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Abstract 

This dissertation focuses on the effects of temperature and relative humidity on 

filter loading by simulated atmospheric aerosols and COVID-19 related mask and 

respirator filtration study. There are two objectives of this dissertation: the first one is to 

fill the gap between lab filter testing and actual filter operation, and the second one is to 

help curb the COVID-19 spreading from filtration perspective. 

Filter life is an important criterion to evaluate air filters, and longer life is preferred 

before reaching the replacing pressure. Filter life could be evaluated in the laboratory by 

loading lab-generated contaminants on the test filter sample, typically at high 

concentrations to accelerate the testing process. However, the current filter loading testing 

protocols and standards use the non-hygroscopic micron dust or less-hygroscopic lab salt 

particles (NaCl, KCl) as challenging particles. Meanwhile, the testing environment, 

especially relative humidity, have not been strictly controlled. With increasingly more 

stringent pollution control requirement in place in past decades, sub-micron particles are 

becoming more important, such as inorganic salts ((NH4)2SO4, NH4NO3), soot, organic 

compounds, which are more hygroscopic than lab salts. Therefore, there have been 

discrepancies between lab filter testing and actual filter operation, including challenging 

particle species, testing relative humidity and temperature. It is vital to understand how air 

filters perform in the actual environment so that both filter recommendations and 

optimization could be done confidently and wisely. 

This dissertation thrives on the effects of temperature and relative humidity on filter 

loading by simulated atmospheric aerosols. A Lab-simulated Ambient Environment Air 
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Filter Test Rig was firstly built with controlled temperature and relative humidity testing 

environment, simulated atmospheric aerosols generation, and advanced filter testing 

capability. The testing temperature and relative humidity are well controlled to simulate 

different filter operating conditions. The techniques to generate atmospheric aerosols were 

developed, including inorganic salt generation and dry/wet state control at various testing 

relative humidities, fresh soot and aged soot by organic compounds coating. The versatile 

atmospheric aerosols generation techniques enable filter loading tests with “real” 

atmospheric aerosols rather than lab salts. 

The temperature effect on filter loading was studied, and it is found that temperature 

is a minor factor affecting filter life, compared to relative humidity. The relative humidity 

effect on filter loading was then investigated with conventional cellulose filter and 

nanofiber coated cellulose filter. The testing relative humidity covered from below salts’ 

efflorescence relative humidity to above their deliquescence relative humidity, and both 

dry and wet particles at different relative humidities were loaded on test filters. It is found 

that, in general, the higher the loading relative humidity, the longer the filter life. But the 

filter life also depends on the filter structure and challenging particle state. Filtration 

efficiency evolution was also studied. 

To better simulate atmospheric aerosols, test filters were loaded with (NH4)2SO4 

and NH4NO3 mixture particles and soot aged by organic compounds coating separately at 

various relative humidities. It is found that relative humidity is a very strong factor 

affecting filter life, particularly for salt mixtures. There is a discrepancy between fresh soot 

and aged soot, and aged soot should be used in filter loading since it can represent 

atmospheric soot more realistically. These studies reveal that actual filter operation with 
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atmospheric aerosols is complex, and the filter recommendation should be carefully made, 

and the actual operating conditions should be considered as much as possible. 

The above research was conducted at constant loading relative humidity, which is 

not possible in actual filter operation. Hence the effect of relative humidity change on 

hygroscopic salt loaded filters was studied. This study broadens the understanding of the 

loaded filter behavior in varying relative humidity which could benefit potential techniques 

to prolong filter life or to clean filters by reverse pulsing. 

The ultimate goal of the first objective is to recommend filters based on operating 

locations. Whereas it is still challenging to achieve filter selection and optimization based 

on all research mentioned above. We developed and established a Global Air 

Pollutant/Meteorological Condition Database and a Smart Sensor for Filter Performance 

Monitoring System. For a city of interest, this Database can report historical pollutants 

speciation and concentration, historical monthly average temperature and RH, and 

pollutant concentration trend in past years. The Smart Sensor could monitor filtration 

efficiency, the differential pressure across the filter, and operating temperature, RH in real-

time. With millions of the Smart sensor installations, massive filter operation data could be 

received for machine learning and big data analysis. With the aid of the Database and Smart 

Sensor, the above experiment conclusions could be utilized to better test and recommend 

filters based on operating locations. 

COVID-19 becomes a global challenge in 2020. Two mask and respirator studies 

were carried out to help curb the spread of COVID-19 and relieve the severe shortage of 

masks and respirators. The first one compared common materials that have the potential to 

be used as alternative masks for the public in daily protection. The second one aimed to 
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evaluate the effect of decontamination of the commercial and alternative mask and 

respirator materials from the filtration perspective. 
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In Part 1, the methodologies used in this dissertation are introduced. Chapter 1 

introduces the Lab-simulated Ambient Environment Filter Test Rig, which can test filters 

under specified temperature, relative humidity, particle compositions and states (dry/wet), 

etc. Chapter 2 presents the soot generation and organic compound soot coating method. 

Chapter 3 introduces a novel filter performance monitoring system, which can monitor air 

filter efficiency and pressure drop in real-time. Chapter 4 covers the Global Air Pollutant 

Meteorological Condition Database, which has the potential to recommend filters with the 

aid of the filter performance monitoring system. 

  



 3 

Chapter 1: Lab-simulated Ambient Environment Air 

Filter Test Rig 

 

1.1 Introduction 

Air filters are designed to remove particulate air pollutants to provide cleaner air. 

It is a particularly important protection for the equipment or people behind the filter. The 

best air filter should have low pressure drop, high efficiency, and long filter life. It is 

essential to understand how the pressure drop and efficiency of an air filter evolution during 

the air filter operation, and how long it takes before the air filter reaches a target pressure 

drop. The characterization of an air filter could be achieved with a filter test rig, which can 

control the flowrate through the filter media, measure the pressure drop across the filter 

media, and measure the filter media efficiency. 

To simulate the aging process of an air filter, filter loading could be performed on 

a filter test rig. The loading process is to load the air filter with high concentration of 

challenging particles. Some filter test standards, such as ASHRAE 52.2, ISO 5011, ISO 

16890, and EN 779, use the synthetic loading dust as the filter loading particles, which 

consists of fine dust, powdered carbon, and cotton linter (ASHRAE 2017, European 

Committee for Standardization 2012, ISO 2014, 2016). Some respirator loading testing 

protocols, such as 42 CFR Part 84, use sodium chloride (NaCl) or dioctyl phthalate (DOP) 

as the filter loading particles (42 C.F.R. § 84, Office of the Federal Register 1995). 

However, there are several shortcomings of the current testing methods. The first one is 

that the synthetic loading dust and NaCl particle could not well represent the real particles 
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during the operation. The second one is that the relative humidity (RH) and temperature 

are also not carefully controlled and cannot represent the operating conditions. The testing 

particles, RH and temperatures of several filter testing standards are shown in Table 1–1. 

Table 1–1. Testing conditions of several filter testing standards 

Standard Testing Particles 
Relative 

Humidity 
Temperature 

ASHRAE 52.2-2017 KCl / Synthetic Loading Dust 45 ± 10% 10 ⁓ 38℃ 

ISO 5011:2014 ISO A2 & A4 Dust 55 ± 15% 23 ± 5℃ 

ISO 16890:2016 Synthetic Loading Dust 45 ± 10% 23 ± 5℃ 

EN 779:2012 DEHS / Synthetic Loading Dust < 75% 
Room or 

outdoor air 

42 CFR Part 84 NaCl(N-series)/DOP(R,P-series) 30 ± 10% 25±5℃ 

For the first shortcoming, in laboratory studies, sodium chloride (NaCl) and 

potassium chloride (KCl) are used as the testing particles for the filter loading research, 

because they are inexpensive, widely available, and non-toxic. The most common method 

of generating salt particles is by atomizing a salt solution and dry atomized droplets to yield 

dry salt particles. According to the ASHRAE standard 52.2-2017, to dry droplets, the RH 

of the particle-laden air must be controlled less than 55% for NaCl, and 70% for KCl, which 

is feasible to achieve in the laboratory by diffusion drying and mixing with dry air 

(ASHRAE 2017). 

On the other hand, the global population-weighted PM2.5 composition study by 

Philip et al. (2014) shows that mineral dust is about 30% in PM2.5 composition. In another 

study, a Surface Particulate Matter Network (SPARTAN) measures particulate matter 

concentrations, speciation of 21 cities around the world, and the average crustal material 

percentage in PM2.5 is 13.4 % ± 9.9 % (Snider et al. 2015, Snider et al. 2016). With more 

stringent pollution control in past decades, sub-micron particles are concerned, such as 
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inorganic salts, soot, organic compounds. Many filed measurements have depicted that 

inorganic salts, ammonium sulfate ((NH4)2SO4) and ammonium nitrate (NH4NO3), 

accounts for at most 50% of the PM2.5 in some highly urbanized regions, and soot and 

organic compounds are also major pollutants (Cheng et al. 2016, He et al. 2001, Philip et 

al. 2014, Snider et al. 2015, Snider et al. 2016, Sun et al. 2004, Yang et al. 2011, Yao et al. 

2002, Zhang et al. 2007). 

For the second shortcoming, due to the use of the synthetic loading dust, the RH 

and temperature are not strictly controlled in those loading process. This is because 

moisture has the limited effect on the dust loading. Also, synthetic loading dust is not 

hygroscopic, and the particle size is in the micron range so that the capillaries between 

particles are difficult for water vapor to condense. However, as mentioned above, the 

synthetic loading dust does not include salt particles, which is a critical component of 

ambient pollutants. The use of KCl and NaCl particles avoids the delicate RH control. The 

salt particles would be solid, provided that the testing RH is below the deliquescence 

relative humidity (DRH) of the testing salt. In addition, when the RH is considered, the 

temperature control is also critical as temperature variation would affect the RH 

stabilization. 

Therefore, to simulate the atmospheric inorganic salt pollutants that air filters may 

encounter, (NH4)2SO4 and NH4NO3 are better challenging particles in filter tests. However, 

(NH4)2SO4 and NH4NO3 are more hygroscopic than KCl and NaCl, which means that they 

are more active with water vapor at a given RH, and different ambient air RHs may affect 

the state of (NH4)2SO4 and NH4NO3. For soot and organic compounds, their 

hygroscopicities vary from hydrophobic to hydrophilic. Therefore, their hygroscopicities 
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will potentially affect soot deposition on air filters and further affecting the air filters 

performance. 

The existing filter test apparatus are not capable to achieve a better control of the 

testing conditions mentioned above. To understand the effect of different particulate 

pollutants and operating conditions on filter performance, a Lab-simulated Ambient 

Environment Air Filter Test Rig (LAEAF Test Rig) was built in the Particle Technology 

Laboratory. The LAEAF Test Rig could test air filter samples under controlled RH and 

temperature, with various simulated pollutants ((NH4)2SO4, NH4NO3, soot, and organic 

compounds). It can perform both filter loading test and filter efficiency test. 

The schematic diagram of the LAEAF Test Rig is shown in Figure 1–1, and the 

photo of the LAEAF Test Rig is shown in Figure 1–2. The LAEAF Test rig consists of 

pollutants generation, temperature-controlled environment, moisture generation, and filter 

monitoring. With different generation methods, salt particles, soot, and organic compounds 

can be generated and introduced to the LAEAF Test Rig, which will be described in detail 

later. The temperature-controlled environment encloses the test filter holders, electric 

heating elements, a circulating cooling coil, and other necessary parts, which can achieve 

filter testing at different temperatures. Details will be described in Section 1.2 Temperature 

Control. To study the RH effect on the filter performance with different challenging 

particles, the testing RH can also be actively controlled. The details about the moisture 

generation and RH control together with the air flow control will be described in Section 

1.3 Air Flow Control and RH Control. The electric control and testing automation will be 

covered in Section 1.5 Electric Control System and LabVIEW Program. 
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Figure 1–1. Schematic diagram of the Lab-simulated Ambient Environment Air Filter Test 

Rig 

 

 

 

 

Figure 1–2. Photo of the Lab-simulated Ambient Environment Air Filter Test Rig 
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1.2 Temperature Control 

To study the temperature effect on the filter performance, essential components of 

the LAEAF Test Rig are enclosed in a temperature-controlled chamber. The chamber is 

built with 80/20® T-slot construction system (Columbia City, IN), and covered with 1-inch 

thick polystyrene foam insulation boards, including the bottom. To increase the overall 

insulation performance, all exposed aluminum frames are covered with insulation boards 

as the aluminum is the thermal bridge in the system (see Figure 1–2). The front door is 

covered with two acrylic sheets, which are mounted on the outside and inside of the frame, 

separately. This double-panel design ensures the insulation and visibility of the front door. 

An extra 1-inch thick polystyrene foam insulation board can be mounted when handling 

temperature around 0 ℃ (not shown in Figure 1–2). 

Electric heating elements and a circulating cooling coil connected to a chiller are 

installed in the enclosure to control the testing temperature. Currently, the testing 

temperature ranges from 0 ℃ to 50 ℃. To efficiently cool the chamber near 0 ℃, ethylene 

glycol and water 1:1 liquid is used so that the cooling liquid would not freeze in the 

circulating tubes. When testing temperature is below room temperature, the temperature 

control is achieved by both cooling and heating since the electric heating elements could 

be controlled with a quicker response so that a more stable temperature could be achieved. 

Consequently, chiller temperature is set to several degrees below the desired testing 

temperature, and the temperature inside the chamber is maintained to the desired testing 

temperature by PID controlled electric heating elements. When the testing temperature is 

above room temperature, only electric heating elements are employed to reach the desired 
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temperature. Two pairs of fans are installed below the cooling coil and electric heating 

elements, and the third pair of circulating fans are installed on the top portion of the 

chamber. The air inside the chamber circulates to reach homogenous desired temperature. 

However, the particle-laden air is isolated from the temperature-controlled 

environment. Two sections of the stainless tubes are used to enhance the heat transfer and 

achieve the desired testing temperature in the particle-laden air system. Figure 1–3 shows 

the details inside the temperature-controlled chamber. There are several temperature 

sensors in the particle-laden air system and temperature-controlled chamber to monitor the 

process temperature and offer temperature controller feedback signal. When the 

temperature is stabilized and equilibrated, the temperature in the particle-laden air system 

reaches the desired testing temperature. 

 

Figure 1–3. Photos of the temperature-controlled chamber and details inside 
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Only essential components are installed in the temperature-controlled chamber, so 

that unnecessary heat loads could be reduced, such as the hotplate for moisture generation 

and soot generator. Meanwhile, the components that can be affected by the temperature are 

also placed outside of the chamber, such as mass flow controllers (MFC) and differential 

pressure sensors (See Figure 1–4). 

 

Figure 1–4. Detailed schematic diagram of the Lab-simulated Ambient Environment Air 

Filter Test Rig (only one filter holder is depicted here for simplicity) 

 

1.3 Air Flow Control and RH Control 

The air flow in the LAEAF Test Rig is labeled with color arrow in Figure 1–4. As 

shown on the left, salt particles are generated by a homemade Collision-type pneumatic 

atomizer, and soot particles are generated by a homemade diffusion flame soot generator, 

which will be described in detail in Section 2.1 Soot Generation. Salt and soot particles can 

be generated separately or simultaneously according to the needs. Dry filtered compressed 

air could be added to desiccate salt or soot particles based on needs. A chilled mirror 
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hygrometer (System 1100DP, GE General Eastern Instruments, Wilmington, MA) is 

installed to sample the particle-laden air in order to measure the RH. The reason why a RH 

sensor is installed at this location will be discussed in Section 1.4 Salt Dry/Wet State 

Control. A capacitive RH and temperature sensor (AM2302, ASAIR, Guangzhou, 

Guangdong, China) is also installed in series to measure the RH and temperature as a 

reference. Moisture generation is on the right side, and the moisture is generated by 

sparging the filtered air into warm water bath at a controlled temperature. There are two 

proportional valves in the moisture generation part. One controls the flow rate of dry 

compressed air through the distilled water (wet air) and the other one controls the bypass 

flow rate (dry air). The total flow rate through two proportional valves is about a constant, 

and the amount of the moisture introduced into the LAEAF Test Rig depends on opening 

percentages of two proportional valves. The opening percentage is PID controlled by a 

LabVIEW program, which will be covered in Section 1.5 Electric Control System and 

LabVIEW Program. The purpose of moisture generation is to increase the RH but only 

water vapor is preferred. To avoid introducing water droplets, the dry and wet combined 

air is connected vertically to a reservoir cup so that no water droplets could reach the main 

flow that would interfere the humidity measurement and filter testing. 

When the particle-laden air meets the generated moisture, they would mix in the 

stainless tube. The mixed air is drawn to the test filter holder. The RH of test filter upstream 

air is sampled to the second chilled mirror hygrometer (DewMaster, Edgetech Instruments 

Inc. Hudson, MA) and the second AM2302 RH/Temp sensor, where the testing RH is 

measured. Before the test particles reach the test filter, a Po-210 Staticmaster® Alpha 

Ionizer (NRD, LLC. Grand Island, NY) neutralizer brought the charge level of challenging 
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particles to Boltzmann equilibrium charge distribution. The test filter is placed on a 47mm 

filter holder (Gelman Science 2220, Pall Corporation, Port Washington, NY), which has 

the pressure ports on both upstream and downstream. The third AM2302 sensor is installed 

at the downstream of the filter holder. The pressure drop across the test filter media was 

measured by a differential pressure sensor (Setra M267, Setra Systems, Inc. Boxborough, 

MA). To measure the challenging particle size distribution and filter efficiency during the 

testing, a scanning mobility particle sizer (SMPS, TSI 3938L56(3082, 3081A, 3756) 

Shoreview, MN) is connected to the upstream and downstream of the test filter by a 3-way 

ball valve. Since different RHs are used in testing, and the hygroscopic particle size is 

sensitive to RH, a silica gel dryer column is added in the differential mobility analyzer 

(DMA) sheath flow to maintain a low RH in the DMA. As shown in Figure 1–3, there are 

two sample holders installed in parallel, which can test two test filters in parallel to achieve 

the efficient testing. Part of the mixed air is exhausted to satisfy the flow equilibrium, and 

the typical flow rate is about 30 liter per minute (LPM). The pressure in the LAEAF Test 

Rig is slightly below the ambient pressure, the pressure is balanced by the pressure balance 

HEPA filter near the moisture generation.  

The sample flow rate of two chilled mirror hygrometers are controlled by critical 

orifices. When the downstream of the critical orifice is connected to the house vacuum, the 

pressure ratio of the upstream and downstream of the critical orifice is greater than the 

minimum pressure ratio for the chocked flow and the flowrate is limited to a constant value 

for a given orifice size. The flow rates of two test filters are controlled by two separate 

MFCs, which could maintain a constant face velocity of test filters and accommodate the 

filter pressure increasing. Since the specific heat of the moist air varies slightly at different 



 13 

RH (Boukhriss et al. 2013), a desiccant column is used before MFCs to remove water vapor 

in the stream. To accommodate the different air flow configurations, the main exhaust flow 

rate is also modulated by an MFC. Similarly, a desiccant column is connected to remove 

moisture. To protect critical orifices and MFCs from challenging particles, HEPA filters 

are installed before them. 

There are six RH sensors in the LAEAF Test Rig: two chilled mirror hygrometers 

and four AM2302 sensors. In Figure 1–4 there are three RH sensor locations. Chilled 

mirror hygrometers and AM2302 sensors are installed in series after the particle generation 

and at the upstream of the test filter. The other two AM2302 sensors are installed at the 

downstream of each test filter. The chilled mirror RH sensors measure RH accurately and 

the one at the upstream of the test filter is used as the feedback signal of the PID RH control. 

Other AM2302 sensors offer temperature measurements and reference RH measurements.  

 

1.4 Salt Dry/Wet State Control 

One of the important properties of hygroscopic salts (e.g., NaCl, KCl, (NH4)2SO4, 

NH4NO3) is the hysteresis of the hydration and dehydration behavior. Salt particles are dry 

at low environment RH. If the environment RH increases then, salt particles does not 

absorb water until the environment RH reaches its deliquescence RH (DRH). At the DRH, 

salt particle abruptly absorbs water and undergoes a phase change from solid to its aqueous 

solution, i.e. a droplet. If the environment RH keeps increasing above the DRH, the salt 

droplet size grows by absorbing more water. If the environment RH decreases from a point 

above the DRH, salt droplet loses water with decreasing RH. The salt droplet does not lose 
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all the water it carries at the DRH, whereas loses all the water at its efflorescence RH (ERH) 

instead. Salt particle stays dry when the environment RH is below the ERH. The hydration 

and dehydration processes are demonstrated in Figure 1–5. The growth factor is the ratio 

of the particle size at different RH to its dry state size, indicating the salt particle size 

change. The hydration path and dehydration path are labeled in the figure with arrows. The 

salt particle dry and wet states are also labeled with wide black and red lines. 

  

Figure 1–5. Demonstration of the hydration and dehydration process of a salt particle 

The ERH of certain salt, when it exists, is always lower than its DRH. When the 

environment RH is between the ERH and DRH of a certain salt, the salt particle can be in 

either solid or droplet state, depending on its hydration-dehydration history. When the 

environment RH is above the DRH of a certain salt, it is in wet state; when the environment 

RH is below the its ERH, it is in dry state (3 regions in Figure 1–5). Table 1–2 lists the 

DRHs and ERHs of the three salts used. It is worth to note that the ERH of NH4NO3 is hard 

to determine and could be considered to not exist. Therefore, NH4NO3 particles remain 

droplet state while smaller in size than droplet generated from atomizer. 
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Table 1–2. Deliquescence and efflorescence relative humidity of potassium chloride, 

ammonium sulfate, and ammonium nitrate from literature 

Salt DRH ERH Sources 

Potassium 

chloride 

KCl 

84.60.3% 58.70.7% (Ahn et al. 2010) 

84.70.2% 57.70.5% (Li et al. 2014) 

851% 561% (Freney et al. 2009) 

83-86% 59% (Cohen et al. 1987a, c) 

Ammonium 

sulfate 

(NH4)2SO4  

79.5% ~36% (Tang 1980) 

80.6-81.3% 48% (Cohen et al. 1987a, c) 

80% 37~40% 
(Tang and Munkelwitz 

1994b) 

791 332 (Cziczo et al. 1997) 

80% 42% (Dougle et al. 1998) 

75% 33% (Liu et al. 2008) 

79.90.3% 37.90.5% (Ahn et al. 2010) 

80.40.6% 37.74.1% 
(Laskina et al. 2015) 

HTDMA 

82.32.5% 43.52.1% 
(Laskina et al. 2015) 

m-Raman 

Ammonium 

nitrate 

NH4NO3 

60% <10% 
(ten Brink and 

Veefkind 1995) 

62% 25~32% (Tang 1996) 

60% <8% (Dougle et al. 1998) 

61.80.3% N/A (Lightstone et al. 2000) 

63% 32% (Lee and Hsu 2000) 

When salt particles are dry, they are solid particles; while they are in paste or liquid 

states when salt particles absorb some water. Consequently, the salt particle dry and wet 

states can dramatically affect the filter performance. To better understand the filter 

performance under different RHs, dry and wet salt particle should be researched separately. 

Two distinct techniques were performed to generate dry and wet salt particles before 

humidifying to the desired testing RH. 
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As aforementioned, salt particles are generated by a homemade Collision-type 

pneumatic atomizer from salt aqueous solution. To generate dry salt particles, salt droplets 

generated from the atomizer must be dried below the salt’s ERH before conditioning to the 

desired testing RH. Salt droplets were firstly dried by a diffusion dryer filled with silica gel 

desiccant, and dry clean air was supplied around the aerosol stream to desiccate particles 

and achieve the RH below its ERH. Conversely, to generate wet salt particles, the 

environment RH must be maintained above its ERH before conditioning to the desired 

testing RH. Hence, silica gel desiccant in diffusion dryer was removed, and dry clean air 

was reduced to maintain the RH above its ERH. Then, Salt particles were conditioned to 

desired testing RH by the introduced moisture mentioned in Section 1.3 Air Flow Control 

and RH Control. 

The particle state control technique mentioned above relies on the accurate RH 

measurement and control before salt particles meet the generated moisture. The System 

1100DP chilled mirror hygrometer (System 1100DP, GE General Eastern Instruments, 

Wilmington, MA) can offer such precise RH measurement. According to Gao (2006), who 

reported that the ERH of (NH4)2SO4 depends on particle size, and ERH of the particles 

with diameter less than 100 nm could be as low as 29.7% RH. To generate dry salt particles, 

this effect should be considered. The RH before conditioning was controlled below 25% 

to prompt (NH4)2SO4 particles drying. The ERH of KCl is about 58%, and the RH before 

humidifying was controlled below 35%. Assuming KCl has the similar size effect on the 

ERH decreasing, 35% is sufficient to dry KCl particles.  

For NH4NO3, it is impossible to generate dry NH4NO3 particles from its aqueous 

solution since it doesn’t have ERH. However, to compare the effect of the RH history on 
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the filter performance of NH4NO3, two methods are applied, that is, keeping the RH as low 

as possible after particle generation and then conditioning to the desired RH (dry particle 

generation method); or directly conditioning to the desired loading RH (wet particle 

generation method). It is worth noting that the dry particle generation method cannot 

generate dry NH4NO3 particle.  

 

1.5 Electric Control System and LabVIEW Program 

The LAEAF Test Rig is automatic controlled by a customized LabVIEW program. 

The customized LabVIEW program is the brain of the LAEAF Test Rig. It analyzes all 

input signals and transmits the output signals. The schematic diagram of the control system 

is demonstrated in Figure 1–6, the NI Data Acquisition chassis (cDAQ-9172, NI, Austin, 

TX) connects most of the sensors and actuators, which is the bridge between the 

customized LabVIEW program and the computer. Two pressure sensors measure two test 

filter holders separately, and both transmit voltage signal to the NI-DAQ. Similarly, two 

chilled mirror hygrometers also transmit voltage signals to the NI-DAQ. Precise flow 

control is critical on the LAEAF Test Rig, and 3 MFCs adjust air flows of two test filters 

and the main exhaust accurately. The soot generator, which will be introduced detailly in 

Section 2.1 Soot Generation, has 6 MFCs controlling propane, air, and nitrogen flows, 

which are all controlled by the NI-DAQ. The testing RH in the LAEAF Test Rig is PID 

controlled, and, as mentioned above, two proportional valves are voltage controlled by the 

NI-DAQ. A solenoid valve that can shut-off the compressed air to the atomizer is also 

connected to the NI-DAQ. So that salt particles generation can halt when the testing filter 
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reaches preset pressure drop, which is useful in the study of Chapter 8. Since the AM2302 

communicates in digital signal, an Arduino microcontroller is employed to modulate 

AM2302 signals. The Arduino microcontroller communicates with the customized 

LabVIEW program by serial communication.  

 

Figure 1–6. Schematic diagram of the LAEAF Test Rig control system 

To measure the challenging particle size distribution and filter efficiency during the 

testing, a SMPS is also connected to the computer. The SMPS communication is 

accomplished by the Aerosol Instrument Manager® from TSI. To measure the soot particle 

mass and mass fractal dimension, an Aerosol Particle Mass Analyzer (APM, Kanomax Inc., 
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Andover, NJ, USA) is also employed, which is used in combination with the modified 

SMPS system. 

The electric heating elements are controlled with two temperature controllers in 

series. The first temperature controller is set to heating on-off control mode with the preset 

of 50 ℃, and it will cut off the power once the temperature inside the temperature-

controlled chamber is above 50 ℃. The second temperature controller is set to heating PID 

mode so that the temperature inside the chamber could be precisely controlled. 

 

1.6 Filter Sample Preparation 

In this study, test filter media sheets are cut with a 47 mm circular cutter to fit in 

the test filter holders. The filter life could be indicated by the weight of deposited particles 

on the test filter when the test filter is loaded to a certain pressure drop. By weighing the 

test filter media sample before and after the loading, mass of salt loaded on test filter media 

can be calculated. However, it was observed that cellulose filter media could absorb 

moisture during storing or loading, and the amount of water absorbed could be even 

comparable to the weight of the salt loaded on the filter. The deposited hygroscopic salt 

particles can also absorb different amounts of moisture depending on surrounding RH 

levels. Therefore, to accurately measure the weight of the deposited salt on the test filter, 

it is critical to maintain the RH stable during the filter storing and weighing. According to 

EPA PM 2.5 mass weighing SOP (EPA 1998), mean RH conditioning filters should be 

between 30% and 40%. Whereas, it is not applicable to this study because of the salts’ 

hygroscopicity may lead to inaccurate mass measurements. For example, when the 
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conditioning RH is between 30% and 40%, it is possible that (NH4)2SO4 loaded on test 

filter media is not completely dried. This is because the ERH of (NH4)2SO4 is about 37%, 

which is in between the 30% and 40%, not to mention the ERH lowering for nanoparticles. 

To solve this problem, a dry storing and weighing chamber was built, in which the RH is 

close to 0%. The low RH inside the chamber is achieved by charging the chamber with 

dried compressed air. All pre-cut test filters are stored in the chamber for at least 48 hours 

before weighing and loading. The post-loading weighing is conducted 24 hours after 

loading, which is sufficient to remove the water absorbed during the loading process. The 

filter sample preparation process is shown in Figure 1–7. A Cahn C-31 micro-balance 

(Thermo Fisher Scientific Inc. Waltham, MA) is used to weigh test filters. One of the 

reasons that EPA regulates conditioning RH between 30% and 40% is that static electricity 

affects the weighing accuracy. In order to avoid the effect of the static electricity, 2 Po-210 

Staticmaster® Nuclespot™ Alpha Ionizers (NRD, LLC. Grand Island, NY) were placed 

inside the balance chamber to eliminate the static electricity. There is a concern that 

NH4NO3 would evaporate faster at the very low RH (Lightstone et al. 2000) An NH4NO3 

loaded test filter was weighed one week after loading; no significant mass loss was 

observed compared to the mass measured 24 hours after loading. This results consistent 

with the conclusion of Lee and Hsu (2000), no significant evaporation loss of NH4NO3was 

found. 



 21 

 

Figure 1–7. Filter sample preparing process 

  

Weigh loaded filter sample

Condition loaded filter sample @ 0.1% RH

Load filter sample at testing condition to a certain 
pressure drop

Weigh new filter sample

Condition new filter sample @ 0.1% RH
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Chapter 2: Soot Generation and Organic Compounds 

Soot Coating 

 

2.1 Soot Generation 

As mentioned in Section 1.3 Air Flow Control and RH Control, a homemade 

diffusion flame soot generator was design and constructed. The design of this soot 

generator was modified from a commercially available soot generator called Standard 

Combustion Aerosol generator (Jing 1999). It has a closed combustion chamber with 

controlled propane, air, and nitrogen supply. The cross section drawing of the soot 

generator is shown in Figure 2–1. Propane is supplied to the center tube of the combustion 

chamber; air is delivered from the outside annular gap in the combustion chamber after a 

laminar flow screen. Since the combustion chamber is closed, a pair of the spark igniter is 

installed to ignite the flame. 

One of the advantages is the fuel/air ratio could be changed to control the 

concentration of the generated soot. When it is the lean burn, the soot concentration is low, 

which could be used to warm-up the soot generator before filter tests, while the rich burn 

can be used to generate high concentration of soot particles for filter tests. Another 

advantage is that, comparing to the open flame design mentioned in Kim et al. (2009b), the 

soot generator can deliver the generated soot to the LAEAF Test Rig with an air-tight 

connection, with more flexibility in flow rates settings. Besides the closed combustion 

chamber, another advanced design is the transverse quench flow. A horizontal nitrogen 

flow is introduced to quench the freshly generated soot particles. The transverse quench 
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flow can cool down the stream temperature and bring soot particles away from the high-

temperature zone above the flame. Since the pure nitrogen is used, it can prevent further 

oxidation and stabilize the morphology of soot particles. The extra dilution air can be added 

to reduce the soot concentration (top of Figure 2–1). 

 

Figure 2–1. Cross section drawing of the homemade soot generator  

The gas flows of the soot generator are all controlled by MFCs (see Figure 2–2), 

and the flow rates can be precisely controlled. As mentioned above, the soot concentration 

could be adjusted by changing propane/air ratio, as well as the dilution air flow rate. The 
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soot particle peak size depends on the flow rate of the nitrogen quench flow. The higher 

the quench flow, the smaller soot particle peak size due to reduced agglomeration time. 

Samples of the soot particles collected is shown in Figure 2–3. 

 

Figure 2–2. Photo of the homemade soot generator 

 

 

 

 

Figure 2–3. Sample of soot particles generated by the homemade soot generator 
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2.2 Organic Compounds Coating Method 

Soot generated from this soot generator could be regarded as the fresh soot when 

the oxidation gas flowrate is higher than a certain point (Barthazy et al. 2006). In the 

atmosphere, soot could be coated by various species, and the secondary organic aerosol is 

a very representative one. The aging of soot in laboratory could be achieved by coating 

fresh soot with organic compounds. A controlled amount of filtered compressed air will be 

used to bubble selected organic liquid and bring a certain amount of organic vapor to coat 

the freshly generated soot. 

Similar to the soot coating process apparatus in Xue et al. (2009), Dalirian et al. 

(2018), and Wang et al. (2018), a vaporization-condensation apparatus is design as Figure 

2–4. The selected organic compound (e.g. glutaric acid) is placed in the mineral oil bath at 

150 ℃. Filtered air flows into the organic compound bottle with constant flow rate to carry 

organic vapor to the outlet of the soot generator. A cooling fan is installed on the upper 

portion of the stainless tube to cool down the organic compound vapor and soot stream so 

that the organic compound vapor will condense on the soot particles, which is similar  to 

the working principle of condensation particle counter. The coated soot particles will then 

be introduced to the LAEAF Test Rig. 
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Figure 2–4. Soot organic compound coating apparatus 
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Chapter 3: Smart Sensor for Filter Performance 

Monitoring System 

 

3.1 Background 

Currently, air filters are installed and operated with limited performance monitoring 

system, such as pressure drop. Meanwhile, criteria of filter replacements are mainly based 

on the installed time or mileage, for example, 3 months for residential HVAC filters, 

~12000 miles for vehicle cabin air filters. However, the actual filter operating time and 

pollutant concentration are not considered. It is quite common that air filters are used with 

prolonged time or cleaned with compressed air and then reused. However, the performance 

of air filters is not closely monitored, especially the efficiency. 

HVAC Air filters are designed to protect people staying indoor, and occupants’ 

health is invaluable. It has been a rising concern that the HVAC system may transmit 

COVID-19, and ASHRAE recommends that MERV-13 or above level filtration should be 

used when it is achievable (ASHRAE 2020). The purpose of using high-level filters is to 

capture virus aerosol in room air, whereas some HVAC engineers worry the improper 

installation of air filters or the leaks around filter edges may jeopardize the overall filtration 

efficacy. Improper installation or defective filters can give people false sense of safety, 

which is not desired. Therefore, it is critical to ensure the HVAC filtration system is 

operating as designed.  

Gas turbines, internal combustion engines, and dust collection systems are all using 

air filters. Comparing to the equipment behind air filters, the price of air filters is minimal, 
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not to mention the repair cost if the equipment is damaged due to defective air filters or 

improper installations.  

Without sufficient air filter performance information, it is unclear whether air filters 

are functioning as designed. When switching to a new filter brand, it is unrealistic for end-

users to judge the quality of the new filters. The uncertainties of air filters performance 

make people or equipment behind the air filters more vulnerable. On the other hand, the 

lack of information could cause early or prolonged filter replacements. When air filters are 

not replaced confidently, it could be either a waste of filters or loss of protections or waste 

of energy to overcome extra filter resistance. 

Concluded from examples above, filter performance monitoring system is highly 

demanded. Currently, there are several commercially available filter monitoring sensors. 

Table 3–1 lists four sensors that can monitor air filters. In fact, all four sensors are based 

on the pressure difference measurements, and none of them could measure filter 

efficiencies, temperature and RH. 3M smart filter and Clean Alert filter monitor are 

designed for residential HVAC applications. 3M smart filter uses Bluetooth to connect with 

customer’s cell phone and it will alert when it is time to replace the filter. However, the 

smart sensor is glued on the HVAC filter and cannot be reused, therefore its cost is higher 

than conventional HVAC filters. The Clean Alert filter monitor can only send a message 

to customers when it is time to replace the HVAC filters. The other two industrial filter 

monitoring sensors have the online monitoring functions, with paid subscription. The 

Donaldson iCue is designed for dust collectors, which gives the differential pressure 

measurement to monitor and predict filter’s life. Mann+Hummel Senzit is designed for the 

truck intake air filter monitoring. It is installed at the downstream of the intake air filter. 
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The data is transmitted through the cellular network and the location of the truck is also 

reported. It is designed for fleet managers to arrange the maintenance in fleet base to reduce 

the fleet operation cost. 

Table 3–1. Comparison of current commercially available products 

Product Application 
Pressure 

transducer 

Online 

Monitoring 

RH, T 

Monitoring 

Filter 

Efficiency 

Monitoring 

3M smart filter 
Residential 

HVAC 
Single 

No 

Bluetooth 

only 

No No 

Clean Alert 

filter monitor 

Residential 

HVAC 

Single or 

Differential 
No No No 

Donaldson iCue 

Industrial 

dust 

collector 

Differential 
Yes Paid 

Subscription 
No No 

Mann+Hummel 

Senzit 

Industrial 

Fleet 
Single 

Yes Paid 

Subscription 
No No 

The current available commercially available sensors are not capable in RH and 

temperature measurements. In addition, filter efficiency is also not reported. The actual 

protections that filters can offer is unclear. With the current monitoring methods, It is 

highly unlikely to detect the improper filter installation and defective filters. Therefore, it 

is vital to design a filter monitoring system with filter efficiency measurement capability. 

With that, filter operation will not be a “black box”, and the protections that filters can 

offer can be reported. At the same time, the comprehensive filter operation condition could 

be recorded, which could be used to predict the filter life more accurate. For example, the 

temperature and RH effect on the filter life will be discussed in Part 2 later. 

 



 30 

3.2 System Description 

To measure the filter efficiency, the particle concentrations at the upstream and 

downstream of the filter are needed. Similarly, the differential pressure can be measured 

by a pair of pressure sensors. Figure 3–1 shows the schematic of the filter performance 

monitoring system. Upstream and downstream measurement signals are processed by an 

Arduino microcontroller, and an I2C multiplexer is employed to switching the I2C 

addresses of each sensor. Currently, the filter operating parameters are uploaded to the 

thingspeak.com via Wi-Fi, which is an open platform for IoT devices. Thingspeak.com can 

be accessed from a computer, a laptop, a tablet, or a cellphone, therefore, the filter operating 

parameters are available wherever there is internet access. 

 

Figure 3–1. Schematic of the filter performance monitoring system 

The microcontroller used in this system is Arduino Uno Wi-Fi R2, the most 

common microcontroller for electronic prototyping. The Arduino Uno Wi-Fi R2 has the 
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built-in Wi-Fi module so it can connect to the internet. The communications between the 

microcontroller and sensors are accomplished by I2C protocol. Each of the sensor has a 

fixed I2C address. Since particle sensors and environmental sensors are used in pairs, the 

I2C addresses will be duplicated. A I2C multiplexer is employed to switch the 

communications between sensors, so that the data transmission is achieved sequentially. 

The particle sensor used in this system is Sensirion SPS30, which is a commercially 

available optical particulate matter sensor. According to the manufacture, the innovative 

contaminant-resistant technology can keep the detection chamber clean to report accurate 

concentration throughout its life for at least 8 years continuous operation. The mass 

concentration limit is up to 1000 µg/m3, that is high enough for the ambient pollutant 

application. Another advantage of the SPS30 is that it can offer 4-channel particle size 

concentrations, PM1.0, PM2.5, PM4.0, PM10. The particle size information is particularly 

important to characterize the particulate pollutants and monitor the filter performance. 

The environmental sensor used in this system is Bosch BME680, which is a 

multifunction sensor. It can measure temperature, RH, pressure, and breathable VOC. The 

RH detection range is 0 ~ 100 %; The temperature detection range is -25 °C ~ 85 °C; The 

pressure range is 300 hPa ~ 1100 hPa. All three parameter’s operating ranges are suitable 

for the ambient air measurement. At the downstream of the filter, the pressure is lower than 

the ambient pressure, so this sensor is suitable for the absolute pressure measurements. 

This sensor has a small footprint of 3.0mm × 3.0mm and it is a surface-mount device that 

can be mounted on a customized printed circuit board in later design. In the current design 

a sensor module with larger footprint is used for prototyping purpose. 
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A photo of the filter performance monitoring system is shown in Figure 3–2. An 

additional display is installed to show the operating status. The one shown in the photo is 

made to compare the sensor readings parallelly. All readings are within 2.5% error and 

hence sensors are interchangeable as claimed. 

 

Figure 3–2. Photo of the filter performance monitoring prototype 

The cost of the filter monitoring system is another aspect worth considering. The 

bill of material of the current prototype is listed in Table 3–2, and the total cost is about 

$190. Unlike some sensors that are attached to air filters, this filter performance monitoring 

system doesn’t need extra replacement except battery. The total cost can be regarded as the 

initial investment, which can be averaged for the life of the system. It should be noticed 

that the Arduino is used here since it is a common platform for prototyping conveniently, 

and the BME680 used here is also mounted on a prototype circuit board. The actual cost 

of the filter performance monitoring could be reduced if Arduino is replaced with ESP32 
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and a customized printed circuit board is design for ESP32 and BME680. In that way the 

total cost could be below $120. 

Table 3–2. Bill of material of the current prototype 

Item Price/unit Quantity Notes 

Arduino Uno WiFi R2 $44.95 1 Microcontroller 

Sensirion SPS30 $46.95 2 Particle sensor 

Bosch BME680 $19.95 2 Environmental sensor 

TCA9548A I2C Multiplexer $6.95 1 Communication component 

Other (wires, breadboard) $5   

Total Cost $190.7   

Two case studies will be covered here to project potential applications of this smart 

sensor for filter performance monitoring system. 

 

3.3 Case study 1: Indoor Air Purifier 

Indoor air purifiers are common residential air cleaning devices. This prototype is 

installed on an indoor air purifier (Oreck Air Instinct 200, Cookeville, TN) to monitor the 

HEPA filter performance. Figure 3–3 shows how the filter performance monitoring system 

is installed on the air purifier. The Arduino and other circuit boards are enclosed in an 

acrylic box, which is mounted on the front panel of the indoor air purifier. The upstream 

module is mounted on the inside of the front panel to measure operating parameters of the 

HEPA filter, which is measuring the indoor air quality, absolute pressure, temperature, and 

RH. Behind the HEPA filter, the downstream module is installed, to detect the air quality, 

temperature, and RH after HEPA filtration. In Figure 3–3, the HEPA filter is not in place 

so that the downstream module can be seen. It was found that the HEPA filter paper frame 
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doesn’t seal tightly, and thus extra foam weather-strip is applied around the HEPA paper 

frame to improve the sealing between the HEPA filter and the air purifier. 

 

Figure 3–3. The filter performance monitoring system on an indoor air purifier (HEPA 

filter is not in place to show the downstream module) 

The sample readings of this system are listed in Table 3–3, where the air purifier is 

set at medium fan speed. Both mass and number concentrations of PM1.0, PM2.5, PM4.0, 

PM10 are reported. It can be found that for the sample readings showing below that 

overwhelming particles are PM1.0, with limited PM2.5 particles, as the readings of PM2.5, 

PM4.0, PM10 are the same. Since PM10 concentrations representing all detected particles, 

both PM10 mass and number efficiencies are calculated at the bottom of Table 3–3. The 

mass and number efficiencies are slightly less than the nominal HEPA efficiency of 

99.97%. which might be due to leaks around the HEPA filter, though weather-strip is 

applied. This is a good example that even with careful sealing, the overall filtration efficacy 

is less than the designed filtration efficiency. The non-sealed filtration efficiency will be 
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discussed later in this section. In addition, the SPS30 sensor can also report the average 

particle size, which is 0.47 µm and 0.39 µm at upstream and downstream, respectively. 

Thus, a slight particle size distribution shift occurred during filtration. The indoor air PM2.5 

mass concentration is 1.94 µg/m3, which is far below the EPA annual PM2.5 standard, 12 

µg/m3. Whereas the PM2.5 mass concentration at the downstream of the air purifier is only 

0.04 µg/m3. This indicates the effectiveness of an air purifier in removing indoor particulate 

matters. At the meantime, the absolute pressures, temperatures, and RHs are also reported. 

The HEPA filter differential pressure could be calculated based on the pressure data, which 

is 44 Pa. 

Table 3–3. Sample readings of the filter performance monitoring system at medium fan 

speed 

Upstream 

Number Concentration / #/cm3 Average 

Particle Size 
0.47 µm 

PM1.0 PM2.5 PM4.0 PM10 

14.51 14.61 14.61 14.61 Pressure 97878 Pa 

Mass Concentration / µg/m3 Temperature 25.63 ℃ 

PM1.0 PM2.5 PM4.0 PM10 Relative 

Humidity 
64.09 % 

1.83 1.94 1.94 1.94 

Downstream 

Number Concentration / #/cm3 Average 

Particle Size 
0.39 µm 

PM1.0 PM2.5 PM4.0 PM10 

0.28 0.28 0.28 0.28 Pressure 97834 Pa 

Mass Concentration / µg/m3 Temperature 25.9 ℃ 

PM1.0 PM2.5 PM4.0 PM10 Relative 

Humidity 
63.2 % 

0.03 0.04 0.04 0.04 

PM10 Number Efficiency PM10 Mass Efficiency Differential Pressure 

98.08% 97.94% 44 Pa 

The air purifier used here has four fan speeds, low (100 CFM), medium (180 CFM), 

high (240 CFM), and turbo (350 CFM). With the same filtration area, the higher the fan 
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speed, the higher the differential pressure. A comparison of differential pressures at 

different fan speeds is shown in Figure 3–4. The average differential pressures for each fan 

speed are calculated from 75 sample points, when the fan speed is stable. It could be found 

a very clear differential pressure raise with increasing fan speed. As mentioned before, the 

HEPA filter does not fit the air purifier tightly, non-sealed differential pressures at various 

fan speeds are also shown in Figure 3–4. It is reasonable that differential pressures of non-

sealed are lower than the sealed conditions due to leaking points. However, differential 

pressure can only be used to verify the installation when the leak is significant enough. It 

is impossible to tell whether the HEPA filter is sealed and whether the HEPA filter is 

performing as expected only by comparing the differential pressures information. 

 

Figure 3–4. Differential pressures of the HEPA filter at different fan speeds 

To verify that the HEPA filter is performing as expected, the filtration efficiency is 

the only criterion. Figure 3–5 shows the comparison of mass and number efficiencies of 

PM10 at various fan speeds. Significant efficiency discrepancies show that the non-sealed 

HEPA filter in the air purifier can only achieve about 70% ~ 80% overall filtration efficacy. 
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The clean air delivery rate is overestimated when the actual filtration efficacy is below the 

designed. This condition may also happen to the residential HVAC furnace filters, whose 

frames are also made of cardboard without sealing foam around them. Hence the protection 

HVAC furnace filters can offer is also overestimated due to the imperfect installation. 

Since indoor air purifiers and residential HVAC furnace filters are circulating indoor air in 

a room which can be regarded as a closed space, the deficient clean air delivery capability 

can be mitigated by extra circulation and longer operating time. However, when air filters 

are handling air with the “single pass” application, such as engine intake air filter, the 

deficient filtration capability can result in severe damage to the engine. 

 

Figure 3–5. Filtration efficiencies of the HEPA filter at different fan speeds 

From the case study of the indoor air purifier, it can be found that the differential 

pressure measurement cannot offer sufficient information to verify that filters are 

performing as designed and there are potential hazards to occupants or equipment behind 

air filters. A pair of particle sensors across the air filter can support a confident operation 
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with filtration efficiency reported. Or at least a single particle sensor at the downstream of 

air filters can offer clean air delivery capability when the absolute cleanness is required. 

 

3.4 Case study 2: Delhi SALSCS Operating Monitoring 

A solar-assisted large-scale cleaning system (SALSCS) was designed to handle the 

regional air pollutions (Cao et al. 2015, Cao et al. 2018a, Cao et al. 2018b). The first 

generation of SALSCS works based on the stack effect, that the heated ground air under 

the transparent solar collector can flow to the chimney by passing the air filter bank. The 

ambient air can be cleaned in this way to mitigate regional air pollutions. In the second 

generation SALSCS, the air flow is reversed, a fan is installed in the chimney to push the 

ambient air to the air filter bank and supply the clean air to the ground level. A 

demonstration system of SALSCS has been built in Xi’an, China. 

The India air quality is a concern for the public health. According to the data 

compiled by IQAir, among the 30 cities with worst air pollution globally, 21 cities are from 

India (IQAir 2020). Many urban area in India are experiencing air pollutions far higher 

than EPA standards (Guttikunda and Calori 2013). To reduce the air pollution burden, India 

government plans to reduce the PM2.5 by 30% in 5 years. The SALSCS demonstration 

system in Xi’an proves that the SALSCS is a useful tool to improve regional air quality, 

hence Delhi is planning to build multiple second generation SALSCS to be compliant with 

the 5-year air quality target. The filter performance monitoring system can be installed on 

the SALSCS to offer filter and system operating monitoring. The schematic diagram of the 

Delhi SALSCS and filter performance monitoring system is shown in Figure 3–6. 



 39 

 

Figure 3–6. Schematic diagram of the Delhi SALSCS and filter performance monitoring 

system (modified from Dr. Sheng-Chieh Chen’s diagram) 

The filter monitoring system is mainly shown on the right side of Figure 3–6, and 

a detailed sensor location diagram is shown in Figure 3–7. 16 yellow circles representing 

the sensor module (particle sensor SPS30+ environmental sensor BME680) are installed at 

the upstream and downstream of the air filter bank (green zigzag). There are two pairs of 

sensor modules on each side of the filter bank to monitor the filter performance (efficiency, 

differential pressure). Because the filter wall has a large area, two sensor modules are used 

to sensing more points. Besides the filter performance monitoring system, 5 TSI DustTrak 

(8543, Shoreview, MN) are also installed around the SALSCS. There is one DustTrak 

inside the chimney to sample the inlet ambient air, and the other four are placed on each 

downstream side to sample the filtered air. The cost advantage of the described filter 

performance monitoring system can be found here. 16 sensor modules can be deployed 

while only 5 DustTrak is planned due to the cost consideration. The more the sample points, 

the more accurate the system operating information can be collected. In addition to the 

filter efficiency monitoring, the fan speed control is also integrated here. 9 TSI 
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micromanometers (Alnor EBT730, Shoreview, MN) are proposed to measure the face 

velocity so that the fan speed can adjust accordingly. 

 

Figure 3–7. Locations of filter performance monitoring system sensors and other 

measurement equipment in the Delhi SALSCS 

The sensing and control system is shown in Figure 3–8. With aforementioned 

sensors, the filter resistance, filtration efficiency, and clean air delivery rate (CADR) can 

be calculated while the fan speed can be adjusted based on the CADR requirement. With 

the filter performance monitoring system reporting the filter resistance and filtration 

efficiency, the SALSCS system can operate more efficiently and effectively and the filter 

replacement can be more confidently. 
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Figure 3–8. Sensing and control system diagram of the Delhi SALSCS 

 

3.5 Conclusion 

With case studies described above, it could be concluded that the filter performance 

monitoring system can offer the filtration efficiency of air cleaning devices together with 

the differential pressure, temperature, and RH. This improvement of the filter monitoring 

enables direct reading of the filtration efficiency, which is the critical parameter to the air 

cleaning devices. The filter will not be a black box with the aid of this system, and the 

protections an air cleaning device offers can be quantified. Residential customers can rest 

assured with their air purifiers or HVAC furnace filter; industrial customers can monitor 

the filtered air cleanness that will enter their internal combustion engines or gas turbines; 
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filters or air cleaning devices manufactures can utilize the collected operating parameters 

to better design and improve their products or to recommend proper products to their 

customers. 
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Chapter 4: Global Air Pollutant/Meteorological 

Condition Database 

 

With the understanding of the effect of the different particulate pollutants and 

operating conditions on the filter performance, which will be discussed in Part 2, the filter 

selection can be decided based on the location to gain a longer filter life. In addition, the 

atmosphere pollution trend is also important information to estimate the filter life. Some 

international organizations (World Health Organization, World Bank) and air pollution 

protection agencies (United States Environmental Protection Agency (EPA), Ministry of 

Ecology and Environment of China (MEE), and European Environment Agency (EEA)) 

have air pollution database. Their data has a very wide coverage, whereas some data is not 

up to date. For some locations, only annual average data is available. Meanwhile, 

meteorological data is not included in the database. 

Considering the insufficient information current databases can offer, a global air 

pollutant/meteorological condition database is built on the Center for Filtration Research 

website. It is designed to offer monthly average temperature, RH, criteria air pollutant 

concentration of the city of interest for past 5 years. It can also show the current weather 

conditions and air quality index (AQI) of the city of interest. The current weather is 

retrieved from the OpenWeather, a platform that provides weather data through application 

programming interface (API). An inquiry will be sent to the OpenWeather when a city of 

interest is input, and the requested weather data will be returned within a second. The 

current AQI data is retrieved in the same method as the weather data from aqicn.org, who 

has a World Air Quality Index project, by its API. 
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Currently, historical air pollution data cover the US cities and Chinese cities. The 

data source of the US cities is the US EPA, and EPA has the API available to access its Air 

Quality System (AQS). The AQS can offer ambient air sample data across the country, and 

it also includes the meteorological data and PM2.5 speciation data. Similarly, MEE of China 

announces its ambient air monitoring data of more than three hundred Chinese cities hourly, 

and a website (www.aqistudy.cn) recorded the published data. The China data used in the 

database here are retrieved from the aqistudy.cn. Both data collected are raw data and they 

are processed to the monthly average to show the pollution trend in a year. Figure 4–1 is 

an example of monthly average PM2.5 of Beijing, Shanghai, and Guangzhou from 2014. It 

could be found that the PM2.5 concentration shows a seasonal variation. The standard 

deviation of Beijing’s data is very high, which is due to PM2.5 declining in recent years. 

 

Figure 4–1. Monthly average PM2.5 concentration of Beijing, Shanghai, and Guangzhou 

from 2014. 
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Figure 4–2 is the yearly average PM2.5 concentrations of Beijing, Shanghai, and 

Guangzhou from 2014. It could be found that there is a significant decay of Beijing’s PM2.5 

concentration. The decay partially explains the high standard deviation of Beijing in Figure 

4–1. The similar plots could be generated on the Center for Filtration Research website for 

any city of interest. 

 

Figure 4–2. Yearly average PM2.5 concentration of Beijing, Shanghai, and Guangzhou 

from 2014 

Meteorological data are also included so that the historical ambient temperature and 

RH could be used as references to select air filters. There are several data sources for the 

historical meteorological data, including EPA, weather-and-climate.com, and weather-

atlas.com. Their data are all included in the database as references.  

All processed data are visualized on the CFR website for quick review. Figure 4–3 
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example cities. It can be found that the temperature band of Phoenix is above 0 ℃ all year 

around, while the temperature band of Minneapolis is shifted to below 0 ℃ in winter. 

Ambient air filter may encounter different RHs in Phoenix and Minneapolis. The RH in 

Minneapolis is relatively stable, fluctuating around 70%, whereas the RH in Phoenix can 

be as low as 20% in June and the highest RH is below 60%. The RH is an important factor 

that may affect filter life, which will be covered in Part 2. 

The fine particle and coarse particle ratio may also affect the filter life according to 

the previous study (Ou et al. 2014). More importantly, the PM2.5 composition can also 

affect the filter life, such as the percentage of the hygroscopic particles. It has been found 

that non-hygroscopic particles, such as aluminum oxide and fine dust, are not sensitive to 

the RH during filter loading (Gupta et al. 1993, Ou et al. 2015); while hygroscopic salt 

particles filter loading can be affected at different RHs (Gupta et al. 1993, Joubert et al. 

2010, Montgomery et al. 2015b, Pei et al. 2019a, Pei et al. 2019b, Ribeyre et al. 2017). The 

filter selection could be done with the supportive information from the database. The 

sulfate and nitrate in Phoenix PM2.5 are only 24%, while they account for more than a half 

in the Minneapolis PM2.5. The PM2.5/PM10 ratio can be used to infer the fine and coarse 

particle ratio. The PM2.5/PM10 ratio of Minneapolis is about 13% higher than that of 

Phoenix. Both the particulate pollutant composition and fine/coarse particle ratio can be 

used to recommend appropriate air filters so that longer filter life could be achieved. 
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Figure 4–3. Sample data extracted from the global air pollutant meteorological condition 

database  
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In Part 2, temperature and RH effect on filter performance will be discussed. Since 

RH is temperature dependent, the temperature effect on the filter performance will be 

discussed in Chapter 5 in the first place. It was found that temperature effect on the filter 

loading is minor, comparing to the RH effect. So that the rest of studies were conducted at 

room temperature. There are two conditions to study RH effect during filter operating: 

constant RH and varying RH. Chapter 6 and 7 studied the constant RH filter loading with 

single species and multiple species, accordingly. Chapter 6 covers the hygroscopic salt 

filter loading on conventional cellulose filter media, nano-fiber coated filter, and the 

efficiency evolution for different salt states. Chapter 7 covers the (NH4)2SO4 and NH4NO3 

mixture filter loading study, and organic compounds coated soot filter loading study. Lastly, 

the varying RH condition was studied on the single species salt loaded air filters in Chapter 

8. 
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Chapter 5: Effects of Temperature on Filter Loading by 

Hygroscopic Salts at Different RH 

This section has been published: Pei, C., Ou, Q. and Pui, D. Y. H. (2020). Effects 

of Temperature and Relative Humidity on Laboratory Air Filter Loading Test by 

Hygroscopic Salts Separation and Purification Technology 255: 117679. 

doi:10.1016/j.seppur.2020.117679 

 

5.1 Introduction 

Air filters are designed to remove particulate pollutants from ambient air. Once they 

are installed, they could operate in various climates, including tropical wet, arid, 

Mediterranean, humid continental, tundra, highland climate, etc. However, as mentioned 

in Section 1.1, the filter testing standards only specify a testing temperature range close to 

room temperature or the testing temperature is not mentioned (see Table 1–1); the RH 

range is broad in an uncontrolled fashion as well. One of the important composition of the 

ambient air particulate pollutants is the hygroscopic portions, including sulfate, nitrate, 

ammonium, etc. (Cheng et al. 2016, He et al. 2001, Philip et al. 2014, Snider et al. 2015, 

Snider et al. 2016, Sun et al. 2004, Yang et al. 2011, Yao et al. 2002, Zhang et al. 2007). 

The hygroscopic pollutant is sensitive to the surrounding temperature and RH, which are 

very important factors affecting the particulate pollutants properties, such as morphology. 

Therefore, the performance of air filters removing the ambient particulate pollutants could 

be also affected by operating temperature and RH due to existence of the hygroscopic 

pollutant. 

The air filter performance under the effect of operating temperature has been 

studied little. Most of the studies of air filter performance were conducted at room 

temperature. Several temperature effects on the coalescence filter have been discussed by 
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Hajra et al. (2003), and they found that the higher the temperature, the higher the filter 

performance. It is worth noting that RH depends on temperature. Therefore, it is important 

to study that whether the RH effect is valid only at room temperature or it is valid in a 

broader temperature range. To describe the RH at a certain temperature, absolute humidity 

(AH) could be used, which is independent to the temperature. Hence, the question of 

whether the temperature affects filter performance at a given RH could be understood as 

the effect of AH on filter performance. For a given AH, different temperatures will lead to 

different RHs, such as AH of 75% RH at 5℃ and 30% RH at 19℃ are very close. By 

combining the temperature and RH to AH, not only the filter performance of the same RH 

at different temperatures could be compared, but that of the same AH at different 

temperatures could also be compared (see Figure 5–1). 

The focus of this study is the temperature effect on filter performance, and the RH 

effect will be covered in detail in Chapter 6, which has been studied a little previously. In 

general, the operating RH is positively correlated with the filter holding capacity, that is, 

the higher the operating RH, the greater the holding capacity at a given terminal pressure, 

which indicates a longer filter life (Gupta et al. 1993, Joubert et al. 2010, Joubert et al. 

2011, Miguel 2003, Montgomery et al. 2015a, Montgomery et al. 2015b, Pei et al. 2019a, 

Pei et al. 2019b). Greater holding capacity at a given terminal pressure reveals a slower 

pressure increasing rate at higher operating RH. Among all the mentioned studies, different 

filter structures and different hygroscopic salt particles have been studied. It is agreed that 

the filter structure is a minor factor regarding the slower pressure increasing rate. The 

particle to particle interaction plays an important role in reducing the pressure increasing 

rate. Deposited hygroscopic particles stick to each other to form the dendrite on the filter 
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with small capillaries between each other. The capillary condensation introduces surface 

water into small gaps between hygroscopic particles even when the surrounding RH is 

below salt’s DRH. Hygroscopic particles can coalesce or pack themselves denser, which 

reduces the specific surface area, therefore less resistance to the incoming airflow. The 

higher the surrounding RH, the more water can condense, consequently the greater the 

mass loading. 

The filter life is a very important factor affecting filter operation, hence it is 

worthwhile to pay attention to the temperature and RH effect on the filter holding capacity. 

To better simulate ambient particulate pollutants, (NH4)2SO4 and NH4NO3 were selected, 

as ammonium, nitrate, and sulfate are the most abundant inorganic ionic components in 

ambient aerosols and PM2.5(Cheng et al. 2016, He et al. 2001, Philip et al. 2014, Snider et 

al. 2015, Snider et al. 2016, Sun et al. 2004, Yang et al. 2011, Yao et al. 2002, Zhang et al. 

2007). As mentioned in Section 1.4, NH4NO3 cannot be dried and remain in wet state, so 

it is used to represent wet ambient salt particles; (NH4)2SO4 represents dry hygroscopic 

ambient salt particles. In addition, a common lab salt, KCl was also studied. In this study, 

three salts were studied individually under different operating conditions (temperature, RH 

and dry/wet particle state). The holding capacities of each operating condition were 

compared to verify the primary factor affecting filter performance. 

 

5.2 Experimental Method and Material 

This study was conducted with the LAEAF Test Rig described in Chapter 1. The 

testing temperature and RH were well controlled. 
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As aforementioned, (NH4)2SO4, NH4NO3 and KCl were selected to represent dry 

and wet ambient hygroscopic salt particles and common lab filter test salt particles, 

respectively. The salt particle dry/wet state control technique has been discussed in Section 

1.4. For each salt, three temperatures were selected. (NH4)2SO4, NH4NO3, and KCl were 

tested at two, three and one RHs at each temperature, respectively. 1 % volume 

concentration salt solutions were atomized by the homemade pneumatic atomizer and 

droplets are dried by a diffusional dryer (see Figure 1–4). The count median diameter is 

about 100 nm and the geometric standard deviation is about 1.8. 

For simplicity, the testing matrix can be several testing RH at different testing 

temperatures. However, as mentioned in Section 5.1, AH can represent the combination of 

RH and temperature. To better compare the effect of AH on filter holding capacity, testing 

temperatures are carefully picked so that the AH of low temperature high RH is comparable 

to that of high temperature low RH. For example in Figure 5–1, the AH of 5℃ 75% RH is 

5.09 g/m3, and the AH of 19℃ 30% RH is 4.89 g/m3; similarly, the AH of 19℃ 75% RH 

is 12.23 g/m3, and the AH of 35℃ 30% RH is 11.88 g/m3. In Figure 5–1, testing 

temperatures and RHs of NH4NO3 were selected in the same fashion. Since the 75% RH 

NH4NO3 filter loading is unstable due to its wet particle state. 45% RH was selected to 

compare the filter mass loading. In addition to 45% RH, 60% RH loading was also 

performed for 9℃ and 16℃ to compare the AH and RH effect. KCl was only tested at 30% 

RH for 10℃, 30℃, and 50℃. At each of the testing condition mentioned above, at least 

three samples were repeated. 
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Figure 5–1. (NH4)2SO4, NH4NO3 testing points and corresponding AHs. Testing 

temperatures are carefully picked so that the AH of low temperature high RH is close to 

the high temperature low RH (two dotted lines indicate two similar AHs). 

The test filter media used in this study is a composite of a synthetic nanofiber layer 

and conventional cellulose fiber filter media. It is used in the application of air intake 

particle removal. Figure 5–2 is the scanning electron microscope (SEM) image of a clean 

test filter sample used in this study. Thin fibers are synthetic nanofibers (nylon). Larger 

cellulose fiber is beneath the synthetic nanofiber layer, which is much thicker than the 

synthetic nanofibers. Though filters were tested under different conditions, all filters were 

prepared and weighed according to Section 1.6. Since the densities of three salts used in 

the study are different, we used the volume loading to represent the amount of the material 

deposited on filters. The volume loading could be calculated by dividing mass loadings 

with corresponding salt densities. 
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Figure 5–2. SEM image of a clean filter sample. Thin fibers are synthetic nanofibers 

(Nylon), and thick fibers beneath the nanofibers are cellulose fibers 

 

5.3 Results 

5.3.1 Dry KCl 

KCl was only tested at 30% RH for 10℃, 30℃, and 50℃, since KCl effloresces 

around 59% RH (Ahn et al. 2010, Cohen et al. 1987a, c, Freney et al. 2009, Li et al. 2014), 

KCl particles are at solid state at 30% RH. The KCl volume loading at 4 inches of water is 

plotted as a function of loading AH in Figure 5–3. It could be found that at the same RH 

30%, the AH of 50℃ is about eight times of that of 10℃, and the AH of 30℃ is about 

three times of that of 10℃. However, the KCl volume loadings are essentially 0.3 mm3/cm2 

for all three temperatures. 
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Figure 5–3. Volume loading of dry KCl at different loading AHs 

The comparison between three different loading temperatures could be achieved by 

the analysis of variance (ANOVA) test to check whether any significant difference between 

them. In the KCl loading test, the temperature is the only independent variable, which 

affects filter loading results. One-way ANOVA was used to analyze data sets.  

In this ANOVA test, the null hypothesis is that all volume loadings of three 

temperatures are the same, and the alternative hypothesis is that at least one volume loading 

is different from that of other temperatures. The ANOVA test was processed with R and 

RStudio (R Core Team 2019, RStudio Team 2019). The ANOVA test result is shown in 

Table 5–1. The Sum Sq column is a measurement of the variation, which is the sum of 

squares of the difference between samples and corresponding means. The Df column is 

degrees of freedom. The Mean Sq is Sum Sq/Df, which is similar to standard deviation. The 

Temperature row lists the above results between different temperatures; the Residuals row 

lists the above results of each sample inside its testing temperature. The F value is the ratio 

of Mean Sq of Temperature and Residuals. The Pr(>F) is the probability that is larger than 
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the F value given the null hypothesis is true. Generally, if the Pr(>F) is less than 0.05, one 

could reject the null hypothesis and accept the alternative hypothesis. In the ANOVA test 

for KCl, the Pr(>F) is 0.8254 which is much greater than 0.05, indicating that it is highly 

likely that the null hypothesis is true. Hence, the temperature effect of the volume loading 

is insignificant, in another word, the AH doesn’t affect the volume loading substantially. 

Table 5–1. Analysis of Variance Table of KCl 

 Sum sq Df Mean sq F value Pr(>f) 

Temperature 0.001022 2 0.0005108 0.1972 0.8254 

Residuals 0.01813 7 0.002590   

 

5.3.2 Dry (NH4)2SO4 

(NH4)2SO4 was also tested in their dry state, while under two RHs (30% and 75%) 

and three temperatures (5℃, 19℃ and 35℃). The reason for RH and temperature selection 

has been stated in Section 5.2. The volume loading of (NH4)2SO4 was depicted in Figure 

5–4. The volume loadings of each loading RH are grouped. The average volume loading 

of 30% loading RH is less than that of 75% loading RH, while the volume loading varies 

among the loading temperatures. 
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Figure 5–4. Volume loading of dry (NH4)2SO4 at different loading temperatures and RHs 

When volume loadings are plotted as a function of loading AH (Figure 5–5), it is 

much clear that RH is a more significant factor compared to AH, in another word, 

temperature. Two pairs of the volume loadings of AH 5 g/m3 and 12 g/m3 are nice examples. 

The volume loadings are comparable for the same loading RH, and no significant change 

for the loading AH increases. However, it is a substantial difference between different 

loading RHs while loading AH remains the same. It is important to note that for 75% RH 

cases, the volume loadings are comparable when the loading AHs are about 5 g/m3 and 30 

g/m3, which is 6 times increase. 
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Figure 5–5. Volume loading of dry (NH4)2SO4 at different loading AHs 

Similarly, the results of (NH4)2SO4 are analyzed by ANOVA. For KCl, only a 

single factor, loading temperature, is considered. Hence one-way ANOVA was used for 

KCl. For (NH4)2SO4, two-way ANOVA is used, since both loading RH and temperature 

are considered. When there are two factors, the interactions between two factors may also 

affect outputs. In Table 5–2, three rows of temperature, RH, and their interactions 

Temp:RH are listed. In the Pr(>F) column, both Pr(>F) of the Temperature and RH are 

less than 0.05, and Temp:RH is greater than 0.05. From the ANOVA table, both 

Temperature and RH are significant factors affecting the volume loadings by 0.05 criteria. 

However, the Pr(>F) of RH is much less than that of Temperature (1.977e-11 vs. 

0.000672). These results could be interpreted as that both temperature and RH affect the 

volume loading, whereas the loading RH effect is much more significant compared to the 

temperature. This is consistent with the KCl results, that the loading RH plays a dominant 

role in volume loadings. 



 60 

Table 5–2. Analysis of Variance Table (Type II test) of dry (NH4)2SO4 

 Sum Sq Df F value Pr(>F) 

Temperature 0.06338 2 9.010 0.000672 

RH 0.3222 1 91.61 1.977e-11 

Temp:RH 0.01701 2 2.419 0.1034 

Residuals 0.1266 36   

 

5.3.3 Wet NH4NO3 

Unlike KCl and (NH4)2SO4, NH4NO3 stays in its wet state when it is generated from 

its aqueous solution since its efflorescence RH doesn’t exist (Dougle et al. 1998, Lightstone 

et al. 2000). Therefore, NH4NO3 was tested in its wet state at 30%, 45%, and 60% RH. It 

represents the wet particles in the atmosphere, which is not limited to NH4NO3, and other 

salts could also be in the wet state. Two 60% RH test conditions at 9℃ and 16℃ are added 

besides the 30% and 45% RHs, whose AH is indeed less than that of the 45% RH at 16℃ 

or 23℃, respectively (see Figure 5–1).  

The volume loadings are presented in Figure 5–6, which are categorized by loading 

RH. Despite the standard variation is relatively large, the volume loadings increase as the 

loading RH increases.  
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Figure 5–6. Volume loading of wet NH4NO3 at different loading temperatures and RH 

In Figure 5–7, volume loadings are plotted as the function of loading AH. Similar 

to (NH4)2SO4 results, volume loadings strongly depend on the loading RH rather than the 

loading AH. For example, the AH of 30% and 45% RH at 23℃ are about two times of 

those at 9℃ (9.26 g/m3 to 3.97 g/m3 and 6.17 g/m3 to 2.65 g/m3), whereas the volume 

loadings are comparable. When the loading AH are the same, volume loadings depend on 

the loading RHs. 
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Figure 5–7. Volume loading of wet NH4NO3 at different loading AHs 

The two-way ANOVA test is also used to analyze the NH4NO3 results. In Table 5–

3, the Pr(>F) of the Temperature is 0.9403, which is far more than 0.05, indicating that the 

temperature effect on the volume loadings is insignificant. In contrast, the Pr(>F) of the 

RH is 0.0002172, which is less than 0.05. Therefore, the RH effect on the volume loadings 

is significant. Meanwhile, the Pr(>F) of interactions between the Temperature and RH is 

about 0.6652, showing a small influence on the volume loadings. 

Table 5–3. Analysis of Variance Table (Type II test) of wet NH4NO3 

 Sum Sq Df F value Pr(>F) 

Temperature 0.000419 2 0.0616 0.9403 

RH 0.07061 2 10.38 0.0002172 

Temp:RH 0.005391 3 0.5284 0.6652 

Residuals 0.1428 42   
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5.4 Discussion 

The root cause of the filter volume loading variation at different RHs and 

temperatures is the capillary condensation of moisture below the DRH of salts. The 

dendrite restructuring occurs when water condenses between hygroscopic particles, which 

reduce the overall cake resistance and lead to a greater holding capacity for given terminal 

pressure. The details about the RH effect on the dendrite structure and filter holding 

capacity will be discussed in Chapter 6. In this study, the temperature dependence of both 

the DRH and capillary condensation should be considered. 

 

5.4.1 DRH Temperature Dependence 

For a given loading RH, if the DRH of salts is dependent on the temperature, the 

relative extent from loading RH to the DRH will also change. The closer the loading RH 

to the DRH, the more water could be condensed due to some larger capillary can satisfy 

the Kelvin equation. Therefore, the DRH temperature dependence can affect filter holding 

capacities. 

The temperature dependence of salt DRH has been extensively studied by many 

scientists and researchers, including Wexler and Hasegawa (1954), Rockland (1960), 

Greenspan (1977), Wexler and Seinfeld Wexler and Seinfeld (1991), Tang and Munkelwitz 

(1993), Tang and Munkelwitz (1994a), Xu et al. (1998), Onasch et al. (1999), Gysel et al. 

(2002), and Ebert et al. (2002). The experimental techniques employed include saturated 

solution saturation RH measurement, single-particle levitation observation, FTIR particle 

measurement, and modeling, and studied temperatures cover from -15℃ to 50℃. 
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According to studies mentioned, the temperature dependence of salt DRH is not strong in 

this temperature range. Although the salt DRH is lightly negative proportional to the 

temperature, some researchers claimed this could be neglected.  

In Wexler and Hasegawa’s study (1954), they used saturated salt solutions at a 

controlled temperature to measure the steady-state saturation RH. The results covered three 

older literature results(Adams and Merz 1929, Edgar and Swan 1922, O'Brien 1948) and 

their measurements were from 0℃ to 50℃ with an increment of 5℃. Their results show 

that the DRH of (NH4)2SO4 at 0℃ is 83.7% and 50℃ is 79.1%. Rockland (1960) used a 

similar method and found that the DRH of (NH4)2SO4 at 5℃ is 81 % and that at 40℃ is 

79%, which is consistent with the Wexler and Hasegawa’s study (1954). The single-

particle levitation method was carried out by Tang and Munkelwitz (1993, 1994a), Xu et 

al. (1998). The experiment temperature covers from -9.4℃ to 50℃. Their shared 

conclusion is that the DRH of (NH4)2SO4 decreases as the temperature increases, while Xu 

et al. (1998) pointed out that the DRH of (NH4)2SO4 variation is only 2.2 percentage points 

from -9.4℃ to 25℃. Onasch et al. (1999) utilized FTIR to measure the DRH variation 

from -10℃ to 20℃, and their results agree with some of the studies mentioned above. 

Although a slight decrease of the DRH of (NH4)2SO4 with temperature increase was 

observed, the authors stated: “both the deliquescence and efflorescence relative humidities 

of (NH4)2SO4 are not strongly dependent on the ambient temperature”(Onasch et al. 1999). 

Gysel et al. (2002) utilized the HTDMA developed by Weingartner et al. (2002) to measure 

the RH and temperature dependence of the (NH4)2SO4 particles. Gysel et al. (2002) claimed 

that the temperature dependence could be neglected in the temperature range -10℃ < T < 

25℃. Similar to (NH4)2SO4 results, Ebert et al. (2002) used environmental scanning 
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electron microscopy (ESEM) to determine the temperature dependence of NH4NO3 DRH 

in the temperature range 5℃ < T < 15℃; Tang and Munkelwitz (1993) measured the DRH 

of KCl in the temperature range 0℃ < T < 50℃. Both DRHs of NH4NO3 and KCl decrease 

with temperature increases, whereas the temperature dependence is not strong enough in 

the testing temperature range. In addition, NH4NO3 was tested in its wet state, the DRH is 

not observable, and the DRH doesn’t affect the amount of water absorbed by a wet NH4NO3 

particle. This will be discussed in Section 6.2 in detail. From the thermodynamic property 

modeling perspective, Wexler and Seinfeld’s model (1991), Tang and Munkelwitz’s model 

(1993), and Greenspan’s review (1977) agree with the results of the experiments. 

In conclusion, the DRH temperature dependence is not strong and can be regarded 

as unchanged in the temperature range of 5 ℃ ~ 50 ℃. Therefore, the temperature change 

will not affect the DRH of salts. So that filter holding capacities will not be affected from 

the DRH perspective. 

 

5.4.2 Capillary Condensation 

The capillary condensation is governed by the Kelvin equation below, which 

correlates the equilibrium vapor pressure, saturation vapor pressure with the mean 

curvature of the meniscus, liquid/vapor surface tension, and temperature. 

𝑙𝑛
𝑃𝑣

𝑃𝑠𝑎𝑡
= −

2𝐻𝛾𝑉𝑙

𝑅𝑇
 

Where the ratio of equilibrium vapor pressure and saturation vapor pressure on the 

left-hand side of the equation is the RH. Therefore, the mean curvature of the meniscus H 

could be expressed as a function of the RH, temperature T, surface tension γ and molar 
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volume Vl within the temperature range (273.15 K ~ 323.15 K). Since the surface tension 

γ and molar volume Vl are dependent on the temperature. The mean curvature of the 

meniscus H, which is an indication of how much water is condensed in the capillaries 

between particles, could be plotted as a function of the RH and temperature T as Figure 5–

8. It should be noted that the mean curvature of the meniscus H is reverse proportional to 

the capillary dimensions, which depend on the particle diameters and particle gaps. The 

smaller the H, the larger the capillary that water can condense. For a given capillary site at 

a certain temperature and RH, if the H is above the surface, there will be capillary 

condensations. 

In the surface plot below, the mean curvature of the meniscus H strongly depends 

on the RH. However, the temperature effect on the mean curvature of the meniscus H is 

not strong. It is clear that the RH is the major factor affecting the mean curvature of the 

meniscus H, and the temperature in the plotted range is a minor factor. This would reflect 

on the macro filter loading behavior at different RH and temperature. Filter volume loading 

is mainly loading RH dependent and the loading temperature plays a weaker role in volume 

loading. 
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Figure 5–8. The plot of Mean Curvature of the Meniscus as a function of RH and 

temperature 

 

5.4.3 Suggestions to Atmospheric Particulate Pollutants Control 

Technology 

As an effective atmospheric particulate pollutants mitigation technology, air filters 

are widely used in various scenarios. For example, air filters could be installed on gas 

turbines, internal combustion engines, and any equipment that requires clean air. Air filters 

could also be installed on indoor air purifiers. The operating conditions are based on 

locations of the equipment. Therefore, it is important to understand the effect of operating 

conditions on the filter’s performance, particularly the filter life. Both the experiment and 

theory studies imply that the RH is a major factor affecting the filter loading while the 

temperature is only a minor factor when the hygroscopic particles are involved. In fact, not 

only the inorganic salt particles are hygroscopic, but some other pollutants in the 
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atmosphere are also hygroscopic, such as aged soot, hydrophilic organics. The RH could 

change the morphology or the state, which may affect the filter life significantly, of the 

atmospheric particulate particles based on their hygroscopicities. Therefore, the RH is a 

critical parameter affecting the filter life when it is used to remove atmospheric particulate 

pollutants, and it should be well controlled during the filter loading test, which is ignored 

nowadays. This study suggests the current filter testing standards may be revised by 

considering the air filter operating RH and temperature. In addition, the particle state may 

be distinct from the RH variation due to the hysteresis of the hygroscopic particles. Hence, 

the filter design should be carefully considered based on the application scenarios and the 

possible particle states, rather than assuming all particles are dry. This study also offers an 

insight into the link between the atmospheric particles hygroscopicity and the ambient 

particulate matter mitigation technologies. 

5.5 Conclusion 

In order to understand temperature and RH effect on filter loading to better predict 

the filter life, this study was performed by loading air filter samples with KCl, (NH4)2SO4, 

and NH4NO3 at different temperatures and RHs. A LAEAF Test Rig was employed to 

achieve a temperature and RH controlled filter sample loading process. The testing 

temperature covers from 5 ℃ to 50 ℃ and the testing RH covers from 30% to 75%. KCl 

and (NH4)2SO4 particles were tested in dry state, and NH4NO3 is in its wet state, which 

represent the different particle states in the atmosphere. From experiment results, RH plays 

a significant role in affecting the filter life. In contrast, temperature is a minor factor. By 

analyzing the possible reasons that affect the filter life, including DRH temperature 
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dependence, capillary condensation, they also support the experiment results. This study 

suggests that RH should be considered for the filter testing methods and standards, whereas 

the temperature could be controlled in a relatively wide range. For the atmospheric 

particulate pollutants mitigation applications, the operating location, i.e. filter operating 

environment, local pollution particle hygroscopicity, should be considered as a factor when 

choosing air filters to optimize the filter life. 
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Chapter 6: RH Effect on Filter Loading by Single 

Species 

 

6.1 Conventional Cellulose Filter Media 

This section has been published: Pei, C., Ou, Q., and Pui, D. Y. H. (2019). Effect 

of relative humidity on loading characteristics of cellulose filter media by submicrometer 

potassium chloride, ammonium sulfate, and ammonium nitrate particles Separation and 

Purification Technology 212: 75-83. doi:10.1016/j.seppur.2018.11.009 

 

6.1.1 Introduction 

Cellulose filter media is commonly used to make air intake filters because of their 

low cost and easiness of production. Air intake filters are often used at air inlet of internal 

combustion engines or gas turbines to clean ambient air prior to entering combustion 

chamber. In the use of air intake filters, the holding capacity of filters is an important 

measure of how much contaminant the filter could hold at a given pressure drop. For 

mechanical filter media, the pressure drop across the media gradually increases as the 

deposited particles accumulate. The holding capacity of a filter media can be characterized 

as the amount (usually mass) of particles deposited when the media pressure drop reaches 

a specified value. A greater holding capacity media, which is desired, means it holds more 

particles than media with less holding capacities at the same terminal pressure. Air intake 

filters require replacement at a certain terminal pressure to maintain the desired intake 

airflow and power output level; thus, intake filters with greater mass loading capacity, 

which have longer service time between replacements, are desired. Although it may or may 

not represent the real application well enough, this filter loading process is often evaluated 
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in the laboratory, and the filter holding capacity is often determined by challenging filters 

or filter media with laboratory-generated contaminants, typically at high concentration to 

accelerate the testing process. Besides test dusts (e.g., Arizona Road Dust), often used in 

various industrial filter test standards (e.g., ISO 5011, ISO 16890, etc.), which represent 

the coarse fraction of ambient contaminants, NaCl and KCl are the most commonly used 

model test particles in the laboratory to simulate the finer fraction. As mentioned in Section 

1.1, these two salts are non-toxic, inexpensive, and have relatively high ERH (~47% for 

NaCl and ~57% for KCl), which ease the drying process of salt droplets after being 

generated from an atomizer. In the past, mass loading capacity tests in the lab often ignored 

the RH effect due to the experiment complexity. 

Gupta et al. (1993) studied the sub-micron NaCl and Al2O3 loading characteristics 

on HEPA filter. It was found the specific cake resistance of NaCl decreases with increasing 

RH when it is below the deliquescence relative humidity of NaCl. A nonlinear increasing 

pressure drop and low mass loading capacity were found for RH above the DRH of NaCl. 

Joubert et al. (2010) did a similar research on flat and pleated filters using NaCl and Al2O3, 

in which similar results were found and the hygroscopic particles loading above its DRH 

was characterized as liquid aerosol filtration. In addition to the experiment, a semi-

empirical model was established to predict the pressure drop across a HEPA filter in the 

cake filtration regime when the loading RH is below the DRH. Miguel (2003) also found 

that the performance of the filter was affected by particle hygroscopicity and RH. These 

results suggest that the RH plays an important role on filter loading by hygroscopic salt 

particles. 
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Nevertheless, as mentioned in Section 1.1, neither NaCl nor KCl is a major 

composition of ambient PM2.5 that one of major contaminates for air intake filters. Previous 

studies on PM2.5 chemical speciation show that the most abundant inorganic ionic 

components in PM2.5 are ammonium, nitrate, and sulfate. In terms of the salt compounds, 

NH4NO3 and (NH4)2SO4 are the most common forms (Cheng et al. 2016, He et al. 2001, 

Philip et al. 2014, Snider et al. 2015, Snider et al. 2016, Sun et al. 2004, Yang et al. 2011, 

Yao et al. 2002, Zhang et al. 2007). Thus, (NH4)2SO4 and NH4NO3 could be better 

representative particles to mimic the hygroscopic behavior of ambient aerosols 

encountered in air intake filtration applications. (NH4)2SO4 and NH4NO3 are much more 

hygroscopic than NaCl and KCl, which means that they are more active with water vapor 

at higher RH. Also, (NH4)2SO4 and NH4NO3 represent realistic air pollutants. 

 

6.1.2 Experimental Method and Material 

This study was conducted with early version of the LAEAF Test Rig described in 

Chapter 1, which didn’t have the temperature control function. Therefore, experiments 

were carried-out at room temperature. The testing RH control was the same as the LAEAF 

Test Rig. The hygroscopic salt properties and the dry/wet state control technique have been 

explained thoroughly in Section 1.4. In this study, dry KCl, (NH4)2SO4 and wet NH4NO3 

were used as challenging particles. Cellulose air intake filter media were loaded with sub-

micron KCl, (NH4)2SO4, or NH4NO3 particles at different RHs below their DRHs. This 

study simulated the ambient salt particle loading on the cellulose filter media by using more 

realistic ambient salt particles rather than laboratory model salts. The effect of RH on the 
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salt particle loading behaviors was also considered and studied. The terminal pressure was 

10 inches of water (≈2500Pa) when the filter face velocity is 5.3 cm/s. 

The filter media tested in this study is designed for filters that removing ambient 

air pollution particles. The test filter media, which is made of cellulose, has an efficiency 

rating of F8 according to EN779. An example of the SEM image of the test filter media is 

shown in Figure 6–1. The amount of salts loaded on the filter media at different testing RH 

were compared. The test filter media sample was prepared according to Section 1.6. The 

mass gain is the dry salt mass deposited on the test filter media. Since the densities of three 

salts used in the study are different, again, we used the volume loading to represent the 

amount of the salt deposited on filters. The volume loading could be calculated by dividing 

mass loadings with corresponding salt densities. 

 

Figure 6–1. SEM image of a test filter media sample. It is a conventional cellulose filter 

media with an efficiency rating of F8 according to EN779 

The test matrix was determined according to the hygroscopic properties (ERH and 

DRH) of three salts. For KCl and (NH4)2SO4, test filters were loaded at RH levels of 30%, 

45%, 60%, and 75%. As mentioned above, all salt particles were assumed to release all 

water content before being conditioned to desired loading RH. While for NH4NO3, RH 
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levels of 15%, 30%, and 45% were selected. Considering ERH of NH4NO3 doesn’t exist, 

NH4NO3 particles employed in this study were in wet state, which has been verified by Li 

et al. (2016b). For each test condition, at least two repeats were conducted. Some cases 

were repeated for three times. 

Previous studies suggests filter holding capacity is very sensitive to the size of 

particles being collected (Cheng and Tsai 1998). Therefore, it is very important to keep a 

consistent particle size distribution among different test runs, especially when different 

salts were tested, in order to make the mass loadings comparisons meaningful among tests 

runs. 1% volume concentration solutions of three salts were prepared to generate salt 

particles with similar size distributions. In addition, the atomizer was operated at a constant 

pressure (40 psi  275.79 kPa) and other flow rates in the test system were kept unchanged 

to maintain repeatable particle size distributions and concentration. Figure 6–2 is the 

number-based and mass-based size distribution of three salts. The mean value and error 

bar in Figure 6–2 represent the mean and standard deviation of distributions from all valid 

runs. 

 

Figure 6–2. Salt particle size distribution 
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6.1.3 Results and Discussion 

6.1.3.1 RH Effect of Deposited Hygroscopic Particles 

Filter loading at elevated RHs has been studied by many researchers as mentioned 

in the introduction. Some assumptions have been given to explain the reduction of filter 

flow resistance at elevated RHs. Gupta et al. (1993) proposed that inter-particle adhesive 

force is higher at elevated RHs, and particles would stick to deposited particles rather than 

fill the interstitial spaces during filter loading. This could construct more open cake 

structure, yielding lower cake resistance. Miguel (2003) advised that the stronger adhesion 

between particle at higher RH cause higher compact arrangement of deposited particles. 

Joubert et al. (2010) emphasized the bonding forces between particles caused by liquid 

water could generate a cake with higher porosity. Butt and Kappl (2009) mentioned that 

the water vapor could condense into capillaries or pores of deposited particles when the 

temperature is far above the dew point of surrounding environment. Joubert et al. (2011) 

explained the pressure drop change of a hygroscopic salt loaded filter at elevated RHs as 

the water vapor in the air was absorbed by deposited particles causing a restructuring of 

the deposit. Montgomery et al. (2015a, 2015b) observed both aggregate and dendrite 

morphology change at elevated RHs, with the explanation of absorbing moisture on 

deposited hygroscopic particles impose the restructuring. 

In this study, we propose that when the KCl and (NH4)2SO4 particles are loaded on 

the test filter media, the gaps formed among adjacent deposited particles are the ideal places 

for water vapor to condense at even when RH is less than their DRH (Thomson 1871). The 

water condensed in the gaps among particles could lead to necking which reduces the total 

surface area of the dendrite structure. With more water absorbed, particles could coalesce, 
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the dendrite structure could shrink and open the air passageway therefore further reduce 

the resistance to the air (Figure 6–3). Montgomery et al. (2015b) depicts the process of salt 

dendrites restructuring with capillary condensed water. Besides salt particles, Weingartner 

et al. (1997) studies soot morphology change with RH and finds capillary condensed water 

could cause soot aggregates collapse. According to their study, the restructuring process 

could happen as low as 30% RH, which is far below the DRH of corresponding salt. The 

filter resistance could be reduced if the total surface area of the loaded particles decreases 

and the air passageways are more open at elevated RH. 

It should be noted that the morphology change of the salt dendrites on the filter 

fiber at elevated RH is independent of filter media. The similar phenomena have been 

observed on different filter media (Gupta et al. 1993, Joubert et al. 2011, Miguel 2003, 

Montgomery et al. 2015b). However, this kind of morphology change may help increase 

holding capacity of filters, like cellulose filter in this study; it may have the negative impact 

on the holding capacity in certain circumstance, which will be discussed in Section 6.2. 

 

Figure 6–3. Dendrites restructuring with capillary condensed water 
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6.1.3.2 Loading Curves 

Loading curve represents the pressure drop across the test filter media as the 

particles loading on the test filter media. In this study, as aforementioned, the pressure 

drops as a function of the volume loading of three salts at different RHs will be presented 

and compared. 

Figure 6–4 shows the selected loading curves of the test filter media as a function 

of the volume loading under different RHs for all three salts. The volume loadings were 

compared because the densities of three salts are different. Densities of KCl, (NH4)2SO4, 

and NH4NO3 are 1.99, 1.77, and 1.72 g/cm3, respectively (Haynes 2014, Lide 2005). The 

test filter media has a relatively low initial efficiency which gradually improves over time 

as loading proceeds, so that the pressure drop dependent on the loading time (which is raw 

data recorded by the LabVIEW program) cannot be directly converted as the function of 

the volume loading. Instead, these raw data were converted by considering the filter 

efficiency evolution during the loading. At initial stage of the loading, the actual mass 

loaded on the filter was factored by the efficiency at that time, until the efficiency reached 

nearly 100% at later stage of loading. The final volume loading at the end of each test was 

determined from the dry mass gain from sample weighing, with known density of each salt.  

In Figure 6–4, the loading curves of KCl, (NH4)2SO4 at all RHs and NH4NO3 at 15% 

RH have similar shapes, which share a typical pattern for cellulose media loaded with dry 

submicron particles. It starts from depth filtration at the beginning of the loading, during 

which particles were captured inside the filter and the slope of the pressure drop increasing 

was high. While it proceeds into the transition regime at later loading stage, the increase of 

pressure drop slowed down, asymptotic to pure surface filtration when the slope of pressure 
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drop remains constant. In this study, all loadings stopped at transitional stage (not yet 

reaching pure surface loading) when reaching 10 inches of water (2500Pa) terminal 

pressure. As presented in Figure 6–4, rates of the pressure drop increasing were different 

at each RH. Especially at the later filtration stage, when the particles accumulated near the 

surface of the filter, the pressure drop increased faster when the loading RH were lower. 

The differences in pressure drop increasing rates resulted in the variations in the final 

volume loading on the filter at the same terminal pressure. 

The NH4NO3 loading condition was different from KCl or (NH4)2SO4, considering 

its state is different from the other two, which can be the reason for different shapes of the 

loading curves in Figure 6–4. Interestingly, the NH4NO3 loading curve at 15% RH shared 

the same shape of the loading curve as the other two salts. Although NH4NO3 particles 

absorb moisture they remain in wet state and do not lose water under test environment in 

this study. The water carried by NH4NO3 droplet is limited at 15% RH, thus NH4NO3 

droplets have high viscosity and therefore behave similarly to solid particle loading. 

Whereas 15% RH NH4NO3 loading is slower compared to the other two salts. As for higher 

loading RHs, the pressure drop increasing much slower at 30% and 45% loading RH than 

15% loading RH case at the beginning of loading. Even though the loaded droplets could 

coalesce to reduce the overall resistance, with more and more droplets loaded into the test 

filter, air passageways in the test filter are less and smaller. Eventually, air passageways 

are reduced both in numbers and size, so that the pressure drop increasing dramatically. 

Similar trend was observed by Gupta et al. (1993) and Joubert et al. (2010), it was classified 

as liquid aerosol filtration. According to Contal et al. (2004), droplets fill the interstitial 

spaces at initial stage and the abrupt increasing of the pressure drop is caused by a liquid 
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film forming on top of the filter media with more droplets accumulated. In this study, liquid 

film may not be able to form on top of the test filter media as a cake layer but inside the 

test filter media instead, which will be discussed later in Section 6.1.3.5. It should be 

noticed that the pressure increase of the 30% and 45% loading RHs are abrupt at the end 

of the loading and if the same media was tested until a higher terminal pressure than 10 

inches of water(2500Pa, although rare in practice), their volume loading could become 

close to or even lower than those loaded with KCl or (NH4)2SO4. Because the pressure 

curves of KCl and (NH4)2SO4 is a relatively steady increasing process, and more salt can 

be deposited if a higher terminal pressure is preferred. Whereas for NH4NO3, the pressure 

curve is nearly vertical, a higher terminal pressure will not allow too much salt to be 

deposited. 
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Figure 6–4. Selected loading curves under different RHs.  

Note: The NH4NO3 at 30% and 45% RH loadings have the different shapes of loading 

curves than all other cases, they behave close to liquid aerosol filtration; all other cases 

share the similar shape of loading curves from the depth filtration to the transition to the 

surface filtration. 
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6.1.3.3 Efficiency Curves  

As aforementioned, efficiency curves are not only important to factorize the loading 

curves, they are also beneficial in determining the loading process and state. Efficiency of 

the test filter media could be calculated by alternating particle size distribution 

measurements of upstream and downstream. 

Figure 6–5 depicts the efficiency curves as a function of volume loading for 

different salts under various loading RHs. Similar to loading curves, except for NH4NO3 

at 30% and 45% RH, all other cases reach 100% efficiency before reaching terminal 

pressure. However, for 75% RH of KCl and (NH4)2SO4, the volumes needed to reach 100% 

efficiency are greater than the other low RH cases. Because the efficiency increasing is 

mainly due to the growth of dendrite sticking out from fiber surface, high RH negatively 

affects the dendrite morphology and the speed of its growing. When curves in Figure 6–4 

and Figure 6–5 are matched together, it could be found that at lower RH, both pressure 

drop increasing and the efficiency increasing are faster, which is a mutual effect. For 

NH4NO3 at 30% and 45% RH, the growth of the dendrite is even slower because of their 

hygroscopic properties discussed in previous sections, so that the efficiency could not reach 

100% even at the end of the loading. It was interesting that for 45% loading RH case, the 

efficiency was fluctuating over loading, suggesting an unstable state of the loaded particles 

on the test filter media. 
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Figure 6–5. Efficiency curve as a function of volume loading.  

Note: All efficiency curves except NH4NO3 at 30% and 45% RH loadings achieve 100% 

efficiency during the loading process; NH4NO3 at 30% and 45% RH loadings’ efficiencies 

increase with fluctuation indicating an unstable state of the loaded particles on the filter 

media. 
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6.1.3.4 Volume Loadings 

Figure 6–6 is the volume loadings of the KCl, (NH4)2SO4, and NH4NO3 at different 

loading RHs when the pressure drops of 10 inches of water (2500Pa) were reached. As 

shown in Figure 6–6, in general, the higher the loading RH, the greater the volume loading 

for same pressure drop. KCl and (NH4)2SO4 have the similar volume loading for all loading 

cases except 75% RH, at which RH (NH4)2SO4 has greater volume loading than KCl. These 

indicate that both salts particles clogged the filter with the similar mechanism given the 

comparable size distribution at the same loading RH. NH4NO3 has the much greater 

volume loading at each test RH than the other two salts due to it is in droplet state.  

Besides the capillary condensation mentioned above, the size dependence of DRH 

plays a role in the volume loading deviation at 75% RH between KCl and (NH4)2SO4. 

Reported DRHs of KCl and (NH4)2SO4 are about 84% and 80%, respectively. Thus, 75% 

is below their DRHs, and theoretically volume loading should be comparable as other 

lower RH conditions. The 75% RH volume loading of (NH4)2SO4 is about 60% more than 

that of the KCl. This indicates that the particle states of the KCl and (NH4)2SO4 are different 

compare to their states at lower RHs. According to Orr et al. (1958), the DRH is size 

dependent. For 100 nm diameter (NH4)2SO4 particle, the DRH is a little below 80%; while 

the DRH of 50 nm diameter particle and 20 nm diameter particle are about 75% and 63%, 

respectively. In contrast, the DRH of KCl particles for 106nm, 56nm, and 26nm diameter 

particles are about 84%, 82%, and 77%, respectively. KCl particles nearly don’t absorb 

water at 75% RH, while (NH4)2SO4 particles whose diameter were less than 50 nm absorb 

water when the loading RH was at 75%. Those particles would introduce liquid water on 

the dendrites and test filter media. Therefore, 75% is low enough for (NH4)2SO4 particles 
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to absorb more water than KCl particles, which affected the dendrite morphology and 

further volume loading results. 

 

Figure 6–6. Volume loadings of KCl, (NH4)2SO4, and NH4NO3 at different RH 

Considering the water absorption behaviors of the particles at 75% RH, (NH4)2SO4 

had more chance to absorb water from surrounding environment than KCl to change 

dendrite morphology. Thus, greater volume loading would be loaded when test filter media 

were stopped loading at same terminal pressure. While at the 30%, 45%, and 60% RHs, 

the dominant mechanism absorbing water both were capillary condensation. In this study, 

the particle size of the KCl and (NH4)2SO4 were comparable. Therefore, the amount of the 

water absorbed were close, which could lead to a similar volume loading. 

In Figure 6–6, volume loadings of the NH4NO3 are much greater than the other two 

salts. As explained before, NH4NO3 droplets coalesce into larger particles much easier than 
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hold at the same terminal pressure. The volume loading results verified the assumption. 

The NH4NO3 volume loadings were much greater than the other two salts’ volume loadings 

at same loading RH. 

 

6.1.3.5 Microscopic Observation 

Figure 6–7 and Figure 6–8 are the SEM images of loaded test filter media. Figure 

6–7 shows the images at the 200X magnification. Figure 6–8 intends to compare the details 

at higher magnifications, with KCl and (NH4)2SO4 samples at 10000X and NH4NO3 sample 

at 5000X due to significantly larger particle size on the sample. It should be noticed that 

all SEM samples were prepared after the samples were dried in the 0% condition, and the 

water content on the sample should be removed. During the sample preparation, 

transportation, and coating process, RH was controlled to less than the DRH of the salts. 

Since the SEM chamber was vacuumed, during the observation, samples were all water-

free as well. 

In Figure 6–7, the top surface of test filter media was not covered by salt particles 

which indicates that filter loading did not reach surface filtration. It agrees with the filter 

type and the loading curves discussed above. For KCl and (NH4)2SO4, images of 30% and 

75% loading RH samples were taken, representing the lowest and the highest loading RHs 

in this study. Both 30% and 75% RHs were below two salts’ DRHs, thus the overall 

appearances of the loaded particles are similar. For NH4NO3, images of 15% and 30% 

loading RHs samples were taken. The one at 30% could be compared with the other two 

salts at same RH of 30%. The 30% loading RH NH4NO3 particles appeared less on the 

surface of the filter, even with greater volume loading compared to the one at 15% RH. 
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However, the appearance of 15% one is comparable to the other two salts. This is consistent 

with Figure 6–4, that NH4NO3 loading curves are significantly different between 15% and 

30% loading RHs. As mentioned in Section 6.1.3.2, NH4NO3 at 30% RH does not appear 

covered by a liquid film. Gupta et al. (1993) and Joubert et al. (2010) used HEPA filter, 

which is surface loading dominant. This study used cellulose filter, where particle 

accumulation starts from inside of the filter. Droplets would fill interior of the filter and 

clog the test filter media from inside. Hence the liquid film is not observed here. 

 

 

Figure 6–7. SEM images of the KCl and (NH4)2SO4 under 30% and 75% RHs, NH4NO3 

under 15% and 30% RHs.  

Note: The test filter media were not fully covered by salt particles indicating the surface 

filtration did not reach, which agrees with the filter type and the loading curves. Note that 

the NH4NO3 under 30% RH appearance is different from the other two salts at 30% RH, 

whereas the NH4NO3 under 15% RH is relatively close to that of the other two salts at 30% 

RH. 

Figure 6–8 is a closer look of the same samples shown in Figure 6–7. It could be 

found that particles in the nanometer range are missing. There are two reasons explaining 
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the missing of small particles. The first one is the particle size measurement limitation. 

Only particle size less than 1m could be measured by the SMPS system. In fact, the 

particles larger than 1m exist in the loading particles. The second reason is that very small 

particles could coalesce with large particles, which verifies the assumption in this study. 

For KCl at 30% and 75% loading RHs, the edges of the particles did not exhibit 

much differences. However, the particle size increase is very significant from 30% to 75%. 

As for (NH4)2SO4, as described above, the size dependence of DRH promoted more water 

to be absorbed by particles. Necking happened on the boundaries between loaded particles. 

Necks between particles were larger than that of KCl. The comparison in this micro level 

image between KCl and (NH4)2SO4 particles at the same RH could explain that the volume 

loadings at 30% loading RH were close; while at 75% loading RH, different degrees of the 

necking caused the different volume loading results. 

It should be noticed that NH4NO3 particles in Figure 6–8 has a different 

magnification level comparing to the other two salts. Although it is at lower magnification, 

the particle size still appears larger than the KCl and (NH4)2SO4 particles. At the same time, 

given the similar size distribution, smaller particles are deficient. It is because that NH4NO3 

droplets were loaded on the test filter media during loading, and smaller droplets coalesced 

with larger droplets. The fact that overall surface area of the loaded NH4NO3 droplets was 

less than the other two salts could be verified by the microstructure of dendrite. The reduced 

overall surface area helped holding more volume loading. The sublimation of ammonium 

nitrate at low RH was another concern. As mentioned by Lightstone et al. (2000), the 

sublimation rate of the ammonium at low RH is faster than at high RH. However, Lee and 

Hsu (2000) observed insignificant NH4NO3 mass change at around 15% RH for 10 hours. 
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In this study, samples were stored in the 0% RH environment continuously before being 

prepared for the SEM observation. The cracks on particles might be the marks of the quick 

evaporation of water content, due to the extreme RH change between loading and storage 

(0% RH). 

 

Figure 6–8. Higher magnification (10000X) of the SEM images of the KCl and (NH4)2SO4 

under 30% and 75% RHs, lower magnification (5000X) of the NH4NO3 under 15% and 30% 

RHs.  

Note: In general, the higher the loading RH, the more necking happened on the loaded salt 

particles. Due to the size effect on the DRH, (NH4)2SO4 necking larger than the KCl by 

absorbing more water at 75% RH. The absence of the small NH4NO3 particles indirectly 

indicates that the small particle may be admitted by the larger particles due to the existence 

of the water absorbed by the salt particles. 

 

6.1.4 Conclusions 

In this study, we tested loading characteristics of conventional cellulose filter media 

that is used for intake air filtration by KCl, (NH4)2SO4, and NH4NO3 sub-micron particles 

under the RH that are below their DRH. Three salts with comparable size distributions 

were loaded separately onto the test filter media until the pressure drop of the test filter 
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media reaches 10 inches of water (2500Pa). During the loading, pressure drop was 

monitored and recorded; The mass gain on the test filter media was weighed. The loading 

curves of KCl, (NH4)2SO4 at all test RHs and that of NH4NO3 at 15% loading RH presented 

dry particle loading curves as expected, while the loading curves of NH4NO3 at 30% and 

45% loading RHs exhibited droplet loading curves due to incomplete drying of NH4NO3 

droplets. The efficiency curves of KCl, (NH4)2SO4 at all test RHs and that of NH4NO3 at 

15% loading RH reached 100% before the end of the loadings, while efficiency curves of 

NH4NO3 at 30% and 45% loading RHs never reached 100% even at the end of loadings. 

For all three salts, the higher the loading RH, the greater the volume loading, when loading 

RH were below their DRH. However, the volume loadings of NH4NO3 were much greater 

than the other two salts given the same loading RH. The volume loadings of KCl and 

(NH4)2SO4 were comparable, and those of (NH4)2SO4 were slightly greater than KCl with 

the increasing loading RH. This study implies that the service life of filters designed for 

ambient particles will be longer when the RH during service was higher especially when 

high hygroscopic content exists. It also implies that the service life of an ambient filter will 

be longer when the percentage of NH4NO3 is dominant. This study proposed a new method 

to prolong the filter service life by increasing the RH when the hygroscopic particles are 

being filtered. However, this study only tested particle loading when the loading RH is 

below the DRH of the salts. Whereas the loading characteristics of the cellulose filter media 

when the salt particle in droplet state while below their DRHs or the loading RH above 

their DRH still unclear and more tests should be conducted to reveal the loading behaviors 

under those conditions. 
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6.2 Nano-Fiber Coated Cellulose Filter Media 

This section has been published: Pei, C., Ou, Q., Yu, T. and Pui, D. Y. H. (2019). 

Loading characteristics of nanofiber coated air intake filter media by potassium chloride, 

ammonium sulfate, and ammonium nitrate fine particles and the comparison with 

conventional cellulose filter media Separation and Purification Technology 228: 115734. 

doi:10.1016/j.seppur.2019.115734 

 

6.2.1 Introduction 

Air intake filter media are commonly made of cellulose, because cellulose is cheap 

and easy to process. However, there are some disadvantages of cellulose filters, such as the 

low initial efficiency, relatively high pressure drops across the filter media, and concerns 

on the filter life. To solve these problems, filter media manufacturers found that a new 

media structure, which is the composite of a synthetic nanofiber layer and conventional 

cellulose filter media, can achieve high initial efficiency, low pressure drop, and longer 

filter service life. A longer filter service life indicates that the holding capacity, typically 

in mass, of the filter is greater, at the same terminal pressure across the filter. The holding 

capacity is an important measure of the filter media service life. The holding capacity can 

be measured in the lab by loading the sample filter media with lab-generated high 

concentration particles. It is an important research topic how to maintaining the low 

pressure drop across the filter while holding more mass, which could reduce costs of the 

filter itself and maintenance costs of the air cleaning equipment. 

As aforementioned, some filter test standards, such as ASHRAE 52.2, ISO 5011, 

ISO 16890, and EN 779, emphasize on the efficiency measurements after filter loading. 

Synthetic loading dust, which consists of fine dust, powdered carbon, and cotton linter, is 

used as the filter loading particles. Relative humidity (RH) is not strictly controlled in those 
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loading process because there is limited moisture involved in the process. Also, synthetic 

loading dust is not hygroscopic, and the particle size is in the micron level so that the 

capillaries between particles are difficult for water vapor to condense. However, the 

synthetic loading dust does not include salt particles, which is an important component of 

ambient pollutants.  

In laboratory studies, NaCl and KCl are used as the testing particles for the filter 

loading research, because they are cheap, widely available, and non-toxic. The most 

common method of generating salt particles is by atomizing the salt solution and dry the 

droplets to yield the dry salt particle. According to the ASHRAE standards 52.2:2017, to 

dry droplets of its solution, the RH of the particle-laden air must be controlled less than 55% 

for NaCl, and 70% for KCl, which is feasible to achieve in the laboratory by diffusion 

drying and mixing with dry air (ASHRAE 2017). Once the particles are dried, NaCl 

remains dry state when the loading RH is less than its DRH of 75~76% (Hu et al. 2010, 

Langlet et al. 2011), and KCl could achieve that when the loading RH is below its DRH 

83~86% (Ahn et al. 2010, Cohen et al. 1987a, c, Freney et al. 2009, Li et al. 2014). RH 

below those DRH is achievable in the laboratory without additional delicate RH monitoring 

and controlling design. 

Gupta et al., Joubert et al., and Miguel studied NaCl loading characteristics of the 

HEPA filter, at different loading RHs. They all found that RH plays an important role in 

filter loading by hygroscopic particles (Gupta et al. 1993, Joubert et al. 2010, Joubert et al. 

2011, Miguel 2003). Montgomery et al. also studied hygroscopic deposit structure change 

with elevated RH and confirmed with fluorescent microscopy (Montgomery et al. 2015a, 

Montgomery et al. 2015b). Besides, Ribeyre et al. studied the effect of RH on the non-



 92 

hygroscopic particles nanostructure deposit on a filter, which showed nanostructure might 

be altered when the deposit is non-hygroscopic (Ribeyre et al. 2017).Their researches are 

fundamental in the RH effect of filter loading. 

However, air intake filters are not designed to remove laboratory generated NaCl 

or KCl particles but to remove particulate pollutants in ambient air to protect equipment, 

such as vehicles, gas turbines. Previous research found that the most abundant inorganic 

compositions of ambient air pollutants are ammonium, sulfate, and nitrate ions (Cheng et 

al. 2016, He et al. 2001, Philip et al. 2014, Snider et al. 2015, Snider et al. 2016, Sun et al. 

2004, Yang et al. 2011, Yao et al. 2002, Zhang et al. 2007). Therefore, the possible salts 

air intake filters may meet are (NH4)2SO4 and NH4NO3. Whereas, (NH4)2SO4 and NH4NO3 

are more hygroscopic than NaCl and KCl. It means different ambient air RHs may affect 

the state of (NH4)2SO4 and NH4NO3 and further affect the filter loading behavior of those 

particles; therefore, (NH4)2SO4 and NH4NO3 are more suitable in filter loading test than 

the NaCl and KCl to simulate ambient pollutants filter loading in laboratories. 

Due to hygroscopicity differences, additional considerations should be taken into 

the RH monitoring and controlling. As introduced in Section 1.4, the ERH of (NH4)2SO4 

is 36%~43% (Ahn et al. 2010, Cohen et al. 1987a, c, Cziczo et al. 1997, Dougle et al. 1998, 

Laskina et al. 2015, Liu et al. 2008, Tang 1980, Tang and Munkelwitz 1994b), which is 

less than that of NaCl and KCl, 45%~48% and 56%~59%, respectively (Ahn et al. 2010, 

Cohen et al. 1987a, c, Freney et al. 2009, Lee and Hsu 2000, Li et al. 2014, Liu et al. 2008, 

Tang et al. 1997), and NH4NO3 doesn’t have an ERH (Dougle et al. 1998, Lightstone et al. 

2000). Therefore, additional dryer or dry gas is required to generate solid state (NH4)2SO4 

particles, and it is impossible to generate solid state NH4NO3 particles from its aqueous 
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solution. DRH of (NH4)2SO4 is 75%~82% RH (Ahn et al. 2010, Cziczo et al. 1997, Tang 

and Munkelwitz 1994b). If the loading RH is not carefully controlled, it may be over 

75%~82%, which will change the state of (NH4)2SO4 particles, from dry to wet. Because 

(NH4)2SO4 and NH4NO3 are more hygroscopic, which means they are more sensitive to 

loading RH than NaCl and KCl, loading RH is critical to them. In addition, the RH in the 

ambient varies seasonally, even diurnally. It is even possible to filter salt particles with 

absorbed water in some operation scenarios; therefore, if (NH4)2SO4 and NH4NO3 are 

selected to load air intake filter media, the loading RH and the state of salt particles must 

be carefully controlled. The control technique has been thoroughly introduced in Section 

1.4. 

In Section 6.1, KCl, (NH4)2SO4, and NH4NO3 sub-micron particles were used to 

load conventional cellulose air intake filter under different loading RH (Pei et al. 2019a). 

The results show that when loading RH is below salts’ DRH, the higher the loading RH, 

the greater the holding capacity of the filter. In that study, we used dry KCl and (NH4)2SO4 

particles, wet NH4NO3 particles due to its hygroscopicity. The holding capacity 

comparisons among salts show that the filter media holding capacities of KCl and 

(NH4)2SO4 are comparable when the loading RH is much less than their DRH; When the 

loading RH is 75%, which is close to their DRH (KCl at 84%, (NH4)2SO4 at 80%), the 

holding capacity of (NH4)2SO4 is higher than that of KCl. The holding capacity of NH4NO3 

is much greater than that of the other two salts. It is possible that the difference in the state 

of particles causes the holding capacity differences. However, only dry KCl and (NH4)2SO4 

particles were used to load conventional cellulose filter media, but wet KCl and (NH4)2SO4 

particles were not tested. It is not clear that if the volume loadings of the wet KCl and 
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(NH4)2SO4 will be greater than that of the dry KCl and (NH4)2SO4 while it is clear that the 

differences in the hygroscopicity do lead to different results in the holding capacities of the 

same filter media.  

In this study, synthetic nanofiber coated cellulose filter media was loaded by KCl, 

(NH4)2SO4, and NH4NO3 sub-micron particles at a certain constant loading RH. The 

loading RH cover from below their ERH, to above their DRH. When the loading RH was 

between the ERH and DRH, particles may have two possible states, dry (solid state) or wet 

(possessing water). This study evaluated dry and wet particle filter loading separately. 

 

6.2.2 Experimental Method and Material 

Generally, filter loading tests in the laboratory simulate filter operation in real 

conditions. The filter loading test measures two aspects of the filter performance. The first 

one is the amount of the particles gained on the filter at a given pressure drop; the second 

one is the pressure drop curve as a function of the mass loaded on the filter. As mentioned 

above, this study chose three different salts and loaded test filter media at different RHs. 

Those two aspects of filter loading performance would be measured and compared. 

The test filter media used in this study is a composite of a synthetic nanofiber layer 

and conventional cellulose fiber filter media, which is the same at the media used in 

Chapter 5. The SEM image of clean test filter media used in this study is shown in Figure 

5–2. Similar to the previous chapters, the test filter samples were prepared and weighed 

according to Section 1.6 sample preparation to yield the dry mass gain under different 

testing conditions. 
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This study was conducted on the LAEAF Test Rig at room temperature. The RH 

control function was used to maintain a stable filter loading RH. Filters’ holding capacity 

at the same pressure drop would be compared in this study. The terminal pressure was 4 

inches of water (≈1000Pa) when the operating face velocity is 5.3 cm/s.  

The size distribution deviation affects the holding capacity given the same pressure 

drop (Cheng and Tsai 1998). Thus, it is important to keep the size distribution consistent 

for all loadings of all three salts. Firstly, the pressure drove the homemade pneumatic 

atomizer was controlled by a regulator and kept the same for all tests. Secondly, the volume 

concentration of the three salts solutions were all 1%. These two methods could assure the 

size distribution consistency. Considering the difference in the density of three salts 

(KCl:1.99 g/cm3; (NH4)2SO4:1.77g/cm3; NH4NO3:1.72 g/cm3 (Haynes 2014, Lide 2005)), 

volume loading will be compared in this study, which is obtained by dividing mass loading 

with corresponding salt density. 

In this study, challenging particles of the test filter media could be either dry or wet. 

For dry particles, the particle size will not change when the loading RH is below the DRH 

of the salt. For wet particles, the particle size distribution shifts to a larger size compared 

to the dry particle size distribution due to the absorption of water. The extent of the size 

distribution shift depends on the loading RH. Therefore, it is difficult to ensure and 

compare the particle size distribution consistency. In this study, we installed a silica gel 

desiccant dryer column in the sheath flow of the DMA to keep the DMA sheath flow dry. 

When wet particles enter the DMA, the low RH sheath flow will dry wet particles and 

revert them to their dry state (minimal water for NH4NO3). For all loading cases, we 



 96 

maintain the dry particle size distribution consistency for convenience. Figure 6–9 is the 

averaged size distribution of all samples in this study for each salt. 

 

Figure 6–9. Number-based and mass-based size distributions of three salts. This is the 

averaged size distribution of all samples in this study for each salt. 

As aforementioned, the particle state is critical in filter loading test, the salt particle 

state was carefully controlled according to the method described in Section 1.4. In this 

study, dry and wet salt particle loadings were researched separately, two distinct techniques 

were performed to generate dry and wet salt particles before humidifying to the desired 

loading RH. Briefly, to generate dry salt particles, droplet generated from atomizer must 

be dried below the salt’s ERH before humidifying to the desired loading RH. Salt droplets 

were firstly dried by the diffusion dryer filled with silica gel desiccant, and dry clean air 

was supplied around the aerosol stream to dry particles and achieve the RH below its ERH. 

Conversely, to generate wet salt particles, the environment RH must be above its ERH 

before humidifying to the desired loading RH. Silica gel desiccant in the diffusion dryer 

was removed, and dry clean air was reduced to maintain the RH above its ERH. Then, Salt 

particles were humidified to the desired loading RH directly. 
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Both dry and wet particles will be tested in this study. By referring to the ERH and 

DRH of KCl, (NH4)2SO4, and NH4NO3 in Table 1–2, and salt states illustration in Figure 

1–5, the test matrix of this study could be concluded as Table 6–1. 

Table 6–1. Test matrix of this study 

Salt 
State 

Dry Wet 

KCl 30%, 45%, 60%, 75% 75%, 90%, 95% 

(NH4)2SO4 30%, 45%, 60%, 75% 45%, 60%, 75%, 85%, 90% 

NH4NO3 30%*, 45%*, 60%* 30%, 45%, 60% 

*NH4NO3 particles undergo the dry particle generation method (keep the RH as low as 

possible after particle generation and humidified to the desired loading RH). 

To compare the volume loadings of the wet and dry salt particle, the same RH is 

selected. For example, the ERH of KCl is 56%~59%; the wet RH could start from 60% 

with an increment of 15%. Whereas due to the sensor accuracy, 60% RH was marginal, 

and only 75% RH condition was applied to compare volume loadings of dry and wet KCl 

salt particles under the same RH. 90% and 95% RH represent the loading RH above the 

DRH and near the saturation. As for the (NH4)2SO4, it is compared at 45%, 60%, and 75% 

RH between the dry and wet states. 85% and 90% RH represent the loading RH above the 

DRH and near the saturation. NH4NO3 doesn’t have an ERH (Dougle et al. 1998, 

Lightstone et al. 2000), and 30%, 45%, and 60% RH are tested. It is impossible to generate 

dry NH4NO3 particles from its aqueous solution due to the non-existence of its ERH. 

However, to compare the effect of the RH history on the loading curves and volume 

loadings of NH4NO3, two methods were applied, that is, keep the RH as low as possible 

after particle generation and then humidified to the desired RH (dry particle generation 

method); or directly humidified to the desired loading RH (wet particle generation method). 
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The dry particle generation method cannot generate dry NH4NO3 particle, but it is listed in 

Table 6–1 under the dry state.  

 

6.2.3 Results and Discussion 

Loading curves as a function of particle loading under various loading RHs and 

particle states are discussed here. These loading curves are useful in characterizing the 

loading process. Besides the loading curves, volume loadings of the different loading RHs 

and particle states would also be presented to compare their effects on volume loadings. 

SEM images of selected samples would be shown at the end of this section. Before 

discussing the loading curves and the volume loadings, the particle state effect and RH 

effect on the filter deposition will be discussed first to understand the loading curves and 

the volume loadings better. 

 

6.2.3.1 Particle State Effect on Filter Deposition 

When dry KCl particles are loaded on the test filter media, the dendrites could grow 

in the direction of air flow that comes from, perpendicular to the filter media, to form a 

cake. The particles accumulate in a 3-dimensional space. It can be found in Figure 6–10 

that dry particle loading curves increase gradually with greater volume loading. Whereas 

the wet particles could not build up as easy as dry particles due to their fluidity. Wet salt 

particles can hardly accumulate in the direction perpendicular to the filter media, which 

yields a low porosity and high resistance deposition layer on the top of the nanofiber layer. 

In this scenario, particles accumulate nearly in a 2-dimensional surface. When the test filter 
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media is clean, the resistance growing is not significant. However, the available open area 

is finite on the test filter media. With the deposition of the wet particles of given 

concentration, the possible open area on the test filter media is reducing. The same 

concentration of the wet particles could only flow through the reducing open area, which 

accelerates the clogging of the air passageways. As in Figure 6–10, the slopes of the wet 

particles loading curves increase with the loading. Once all available open area is covered 

by the low porosity and high resistance layer, the pressure drop across the test filter media 

increases abruptly. Besides this, according to Ahn et al. (2010) when the surrounding RH 

is about 75%, the diameter of a wet KCl particle is about 1.7 times of its dry state. The 

increase in the particle size by absorbing water could also contribute to the resistance 

developing due to the total surface area increases. 

Moreover, wet particles may fully block the space in between particles because they 

could coalesce with each other when loading RH is close to saturation, and particle growth 

is significant. Wet particles, or more accurately salt droplets, block possible air 

passageways on the test filter media as they are being loaded on it. Eventually, salt droplets 

form a continuous film on the top of the nanofiber layer of test filter media (see Figure 6–

16 NH4NO3 at 75% RH). Gupta et al. (1993) reported a similar phenomenon. When HEPA 

filter (similar surface loading mechanism as nanofiber coated cellulose filter media) was 

loaded at RH close to the DRH of NaCl (80% and 90% RH), NaCl droplet could percolate 

into the filter fibers and eventually form a continuous liquid film causing pressure 

drastically increasing. Liew and Conder (1985) proposed liquid aerosol deposited on the 

filter could either locate at the fiber intersections or form liquid bridges between fibers 

depending on the filter packing density. Both Walsh et al. (1996) and Contal et al. (2004) 
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found that there is a redistribution during the filter loading. Contal et al. (2004) found a 

formation of a liquid film on the top of the filter, causing an exponential increase in 

pressure drop. 

 

6.2.3.2 RH Effect on Filter Deposition 

For the constant loading RH, as researched by Gupta et al. (1993), Joubert et al. 

(2010, 2011), and Miguel (2003), increasing of the loading RH could reduce the 

hygroscopic particle specific resistance, which is due to water vapor capillary condensation 

between particles. Montgomery et al. (2015a) found that when loading RH is below the 

ERH of hygroscopic particles, an increase of the loading RH could result in deposit 

restructuring and pressure drop decrease; deposit restructuring is caused by water 

absorption. Montgomery et al. (2015b) verified that deposit restructuring during 

hygroscopic particles are in the dry state. In this study, loading RH is controlled as a 

constant. The higher the loading RH, the slower the pressure drop increases. A similar 

phenomenon has been explained by Pei et al. (2019a) with conventional cellulose filter 

media. Briefly, water could condense in the gaps formed between dry salt particles even 

the surrounding RH is below DRH of corresponding salt. The resistance of the deposited 

particles reducing at higher loading RH by changing of the dendrite morphology and 

expanding of the air passageways. Eventually, at the same terminal pressure, greater 

volume loading was yield at higher loading RH. 

The wet particles loading curves presented distinct shape from the dry particles, 

which has been discussed in previous Section 6.2.3.1. Generally, for wet particle loading, 

the higher the loading RH, the greater the volume loading. Although wet particle size 
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increases with loading RH, which causes surface area of individual particle increasing, wet 

particles could coalesce with each other to reduce the overall surface area. The overall 

resistance from the deposited particle will decrease with the overall surface area reduction. 

Therefore, volume loading is greater at higher loading RH at a given terminal pressure, 

although confined by the wet particle size growth effect. Besides this, Gupta et al. (1993) 

explained the loading RH effect on the surface tension of a droplet on the percolating of 

the test filter media. In this case, for a given wet particle, salt concentration in the droplet 

is higher at lower loading RH due to less water absorbed. Moreover, it is believed that the 

surface tension of a droplet is positively correlated with its concentration. It is more 

difficult for a droplet to percolate the test filter media when its surface tension is higher 

and easier to form the continuous liquid film. Subsequently, less volume loading at lower 

loading RH.  

 

6.2.3.3 Loading Curves 

Figure 6–10 shows the typical loading curves of the KCl, (NH4)2SO4 and NH4NO3 

under different RHs and particle states. In each panel, loading curves of different states are 

labeled in different colors. Loading curves of the dry state KCl and (NH4)2SO4 are plotted 

in black, and that of the wet state KCl and (NH4)2SO4 are plotted in red. For NH4NO3, 

methods of generating dry and wet particles are labeled as method I and method II. Since 

the ERH of NH4NO3 does not exist, both methods should generate the same state of testing 

particles. Both methods were performed to verify the effect of the RH history on the 

NH4NO3 loading curves and volume loadings. It should be noted that all loading curves 
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are originally recorded as a function of loading time, and they are all transferred as a 

function of volume loadings for convenient comparison. 

It is obvious that different particle accumulation mechanism causes distinct shapes 

of dry and wet particles. For all dry KCl and (NH4)2SO4 particles loading, the more the 

particles deposited, the slower the pressure drop increase. All loading curves showed the 

transition from steep to gradual, which indicated particle deposition from the initial stage 

to cake formation on the test filter media. It enters the surface filtration stage when the 

particle accumulation reaches a certain level. The final deposition conditions could be 

verified by SEM images of loaded test filter media, which will be discussed in Section 

6.2.3.6. During the entire loading process, it is clear that the slopes of the loading curves 

decrease with the loading RH increasing, as discussed in previous Section 6.2.3.2. 

For wet KCl, (NH4)2SO4, and NH4NO3 particle loading, the abrupt pressure drop 

increasing could be found. As discussed in Section 6.2.3.1, the initial pressure drop change 

is not significant when the amount of the particles loaded is small. Whereas the pressure 

drop increases abruptly when all available open area is covered by the wet particle layer. 

Moreover, under high RH loading conditions, the pressure drops did not show steady 

growths as the lower loading RH, such as KCl at 95% RH and (NH4)2SO4 at 90% RH. In 

contrast, the loading curve of KCl at 90% is relatively steadier than that of (NH4)2SO4 at 

90%. The difference reflects the distinct hygroscopic properties, considering the DRH of 

KCl is about 4% higher than that of the (NH4)2SO4. The reason for loading curves 

fluctuating will be discussed later with the aid of the SEM images of (NH4)2SO4 loaded 

test filter media at 90% RH.  
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As for NH4NO3, both method I and II generate the wet particles according to that 

ERH of NH4NO3 does not exist. Loading curves of method I and II are comparable at the 

same loading RH, indicating both methods produced wet NH4NO3 particles and the RH 

history does not affect the filter loading. The method I and II converge to a single condition 

of the wet NH4NO3 particle. In Figure 6–10, all six selected loading curves of NH4NO3 

exhibit a similar shape to those of wet KCl and (NH4)2SO4 particles and follow the trend 

that greater volume loading at higher loading RH. 
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Figure 6–10. KCl, (NH4)2SO4, and NH4NO3 sample loading curves under different RH and 

different particle states 

Note: Black curves represent the dry KCl and (NH4)2SO4 particle loading, and red curves 

represent the wet KCl and (NH4)2SO4 particle loading; for NH4NO3, black curves represent 

the dry particle generation method (I), and red curves represent the wet particle generation 

method (II). 
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6.2.3.4 Volume Loading 

Figure 6–11 shows volume loadings of test filter media when the pressure drop 

across the test filter media is 4 inches of water at different loading RHs and particle states. 

Analog to the loading curves figure, volume loadings of dry particles are labeled in black, 

and that of wet particles are labeled in red. For each point, at least three repeated tests were 

done to receive reliable results. Error bars show how spread the volume loadings for a 

given condition. It is worth to point out that since both method I and II produced wet 

NH4NO3 particles, the results of method I and II at the same loading RH are combined in 

the volume loading results. 

6.2.3.4.1 Dry Particles Volume Loading 

For dry KCl and (NH4)2SO4 particle loadings, the higher the loading RH, the greater 

the volume loading. The effect of the loading RH has been explained in Section 6.2.3.2. 

From 30% RH to 75% RH, the volume loading increases for 2-3 times, which is very 

significant. 

When it is compared salt-wise, volume loadings of (NH4)2SO4 are all greater than 

that of KCl at the same loading RH. In the previous study on conventional cellulose filter 

media (Section 6.1), volume loadings of (NH4)2SO4 were also greater than that of KCl but 

not as much as the present study. One possible explanation is that the structure of the filter 

media can affect the volume loading. When particles are deposited on conventional 

cellulose filter media at the early stage, particles will enter the filter media initially, known 

as depth filtration. Whereas for the nanofiber coated cellulose filter media, particles 

directly start with the surface filtration on top of the nanofiber layer. In the latter case, 
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particles are abundant on the top surface of the filter media to form salt particle cake, which 

contains more gaps between particles than that of dendrites in the depth filtration. When 

(NH4)2SO4 and KCl form cake, (NH4)2SO4 could absorb more moisture and neck between 

each other due to its hygroscopicities than KCl. Therefore, the resistance of (NH4)2SO4 

particles would reduce. Eventually, it could cause greater deposition than KCl. The cake 

filtration is more sensitive to the salt hygroscopicity than depth filtration due to more 

particle contacting could occur in particle cake, which increases the amount of the capillary 

condensed water. In addition to that, the depth filtration of cellulose could be affected by 

more factors, such as cellulose and binder hygroscopicity, pore size and fiber morphology, 

while surface filtration could be affected by fewer factors. 

 

6.2.3.4.2 Wet Particles Volume Loading 

As explained in Section 6.2.3.2, all wet particles follow the trend that volume 

loadings are increasing with the loading RH. 

Volume loadings between dry and wet particles of KCl and (NH4)2SO4 at the same 

loading RH could be compared. For KCl at 75% RH, the average volume loading of dry 

particles is 0.8523 mm3/cm2, and that of wet particles is 0.2899 mm3/cm2. The average 

volume loading of dry particles is about three times of that of wet particles. For (NH4)2SO4, 

volume loadings between dry and wet particles also show large discrepancies. The average 

volume loading of dry particles is about 3 to 4 times of that of wet particles. As explained 

in Section 6.2.3.1, dry particles can accumulate in a 3-dimensional space, while wet 

particles only accumulate in a nearly 2-dimensional surface. The accumulation mechanism 

differences cause large discrepancies in volume loading.  
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Figure 6–11. Volume loadings of KCl, (NH4)2SO4, and NH4NO3 at different RH on 

nanofiber coated cellulose filter (the present study) 

When the loading RH is higher than the salts’ DRH, the volume loading is greater 

than that of the lower loading RH. For example, volume loading of KCl at 90% RH is 

greater than its volume loading at 75% RH and volume loading of (NH4)2SO4 at 85% RH 

is greater than its volume loading of 75% RH loading as well. When wet particles are 

loaded, DRH is meaningless to wet particles. The increase of the volume loading is roughly 

linear as a function of the loading RH until the loading RH is above a certain level, for 

example, the volume loading of KCl at 95% RH, the volume loading of (NH4)2SO4 at 90% 

RH and that of NH4NO3 at 75% RH are extremely great. In terms of wet KCl, volume 

loading at 95% RH is about 2 times of volume loading at 90% RH; In terms of wet 

(NH4)2SO4, volume loading at 90% RH is about 3 times of volume loading at 85% RH; in 
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terms of wet NH4NO3, volume loading at 75% RH is about 2 times of volume loading at 

60% RH.  

The possible reason for the extremely high-volume loadings is nanofiber layer 

damage. As shown in Figure 6–12, there is a small hole and a large hole on the filter media. 

The reason causing the nanofiber layer damage is that the filter media is not uniform, and 

there are some fewer resistance locations, where particles can flow through easier. 

However, salt particles absorb water and become a droplet above its DRH. Unlike the solid 

particles, droplets could fully block the preferred locations on the top of the nanofiber layer. 

Both the pressure difference and the gravitational force could cause damage to the 

nanofiber layer. Once the nanofiber layer is broken, the pressure drop will decrease. It is 

worth to point out that particles in Figure 6–12 are more likely the crystals of the (NH4)2SO4 

rather than the originally generated particles, which proves the existence of the (NH4)2SO4 

solutions on the test filter media. The nanofiber damage could expose the base cellulose 

filter media to the loading particles, locally alter the nanofiber coated cellulose filter media 

to conventional cellulose filter media. When loading particles are directly loaded on the 

base cellulose filter media, the filtration stage switches from surface filtration on the 

nanofiber layer to the depth filtration in the cellulose filter media, which is preferable for 

wet particles to achieve a greater volume loading (Pei et al. 2019a). 

The damage to the nanofiber layer on the filter media occurs randomly, which 

causes an unstable loading process for a single loading test and increases the standard 

deviation of volume loadings sharply among test filter media samples. As shown in Figure 

6–10, high RH loading curves are not as stable as that of lower loading RHs. The pressure 

drops are not monotonic increasing but fluctuating during the loading. In Figure 6–11, the 
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standard deviation of volume loading of KCl at 95% RH and that of (NH4)2SO4 at 90% RH 

are significantly greater than the standard deviations of other cases. Especially the test filter 

media sample used in this study is not large enough (=47mm) and the nanofiber coating 

conditions (stiffness, density, cellulose fiber distance, etc.) may vary among samples, the 

occurrence of nanofiber damage on each test filter media sample differs. On the macro 

scale, this difference will lead to variations in volume loadings.  

 

Figure 6–12. SEM image of (NH4)2SO4 at 90% RH 

 

6.2.3.5 Comparison with Conventional Cellulose Filter Media 

It is worthwhile to compare the volume loading of dry and wet particles on different 

filter media. Section 6.1 used conventional cellulose filter media to perform filter loading 

with dry particles (similar size distribution). In that study, conventional cellulose filter was 

loaded to 10 inches of water (2500Pa), while the terminal pressure in the present study is 

4 inches of water (1000Pa). To better compare the volume loadings with this study, Figure 

6–13 shows the adopted volume loading at 4 inches of water on conventional cellulose 
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filter. Compared to conventional cellulose filter media, it is clear that the volume loading 

of dry particles on nanofiber coated cellulose filter media increased from around 0.1 

mm3/cm2 to at least 0.3 mm3/cm2 and at most 1.1 mm3/cm2, which is a very significant 

increase. Nanofiber layer on conventional cellulose filter can considerably improve the 

filter holding capacity. However, it may reduce the holding capacity when the challenging 

particles are wet. For example, volume loading of wet NH4NO3 particle at 30% RH on 

conventional cellulose filter media in Figure 6–13 is about 0.5 mm3/cm2; the volume 

loading of wet NH4NO3 particle at same 30% RH on nanofiber coated cellulose filter media 

in Figure 6–11 is only 0.25 mm3/cm2, which is only a half of that of conventional cellulose 

filter media. 

 

Figure 6–13. Volume loadings of KCl, (NH4)2SO4, and NH4NO3 at different RH on 

conventional cellulose filter (Adopted from Pei et al. (2019a)) 
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Based on the comparison above, the selection of the filter media should be based 

on the particle state that is planned to remove. For hygroscopic salt, the state of the salt 

depends on environment RH and RH history. For a dry salt particle, if the surrounding RH 

was always below its DRH, the particle will stay in dry state, such as desert area or low 

precipitation locations. Alternatively, if the surrounding RH of that dry salt particle 

exceeded its DRH once and decreased below its ERH afterward, the salt particle reverts to 

dry state. In the above scenarios, because of the existence of the dry salt particles, nanofiber 

coated cellulose filter media should be used to improve the filter life and reduce the cost. 

However, if the surrounding RH exceeded its DRH and maintained above its ERH, state 

of salt particles switches from dry to wet. When the overwhelming particles are wet, a 

conventional cellulose filter should be chosen to enhance the holding capacity of the filter. 

 

6.2.3.6 Microscopic Observation 

Figure 6–14 and Figure 6–16 are the SEM images of the loaded test filter media 

under different salts, loading RHs, and particle states. All images are in the same 

magnification, 1000X, to compare the particle size and state conveniently. 

In Figure 6–14, dry KCl and (NH4)2SO4 loaded test filter media are shown, in which 

eight images correspond with the eight black points in Figure 6–11. Half of the images 

(KCl 75% RH, (NH4)2SO4 45%, 60%, 75% RH) show that the filter media has been covered 

by salt particles. The remaining four images are taken on purpose to check the nanofiber 

and particle interaction. The cellulose fiber in the cellulose base layer is not evenly 

distributed so that air passageways are not distributed evenly. Airflow cannot flow through 

some locations on the top of the filter; therefore, the test filter media cannot be fully 
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covered by salt particles. For the four images below (KCl 30%, 45%, 60% RH, (NH4)2SO4 

30% RH), salt particles cover other open air passageways on the test filter media. 

 

Figure 6–14. SEM images of test filter media loaded with dry KCl and (NH4)2SO4 at 

different RH.  

Note: Image size is about 120 μm in width, 96 μm in height. Scale bars in images are 10 

μm. 

Figure 6–14 offers an overview of the loaded test filter media while it is not 

magnified enough to compare the morphology difference between loading RHs. Figure 6–

15 is an example of the magnified salt dendrites of (NH4)2SO4 at 30% and 75% RH. As 

mentioned in section 6.2.3.2, capillary condensation occurs between particles. It could be 

found that particle coalescence occurs at both RHs while it is significant at 75% RH. At 

30% RH, salt particles connect to each other while it shows a clear boundary between 

particles. At 75% RH, salt particles coalesce with adjacent particles with an unidentified 

boundary. Such microscopic observation of the dendrites’ morphology change supports the 

macroscope observation of the volume loading increase with loading RH increase. 

30% 45% 60% 75%

KCl

(NH4)2SO4
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Figure 6–15. SEM images of test filter media loaded with dry (NH4)2SO4 at 30% and 75% 

RH 

Figure 6–16 is the SEM images of test filter media loaded with wet salt particles at 

different loading RHs, which correspond with the red points in Figure 6–11. Comparing to 

dry particle loading in Figure 6–14, deposited particles cover the filter media with a 

relatively thin layer. Volume loadings of wet salt particles are much less than that of the 

dry particles. As introduced in Section 6.2.3.1, wet particles can merely build upon a 2-

dimensional surface. This is verified on their microscopic observation. KCl is the least 

hygroscopic salt among three salts in this study, and it could be found that wet particle at 

75%, 90% RH images still look similar to the dry particle deposition. (NH4)2SO4 is the 

intermediate hygroscopic salt. 45%, 60%, and 75% RH conditions show an almost single 

layer of the wet particles deposited on the test filter media. Loaded test filter at 90% RH is 

also shown in Figure 6–12. It is clear that (NH4)2SO4 recrystallized on the test filter media, 

providing the size and the shape of the particles on the test filter media. NH4NO3 is the 

most hygroscopic salt, and all 4 SEM images show distinct appearances from the other two 

salts. NH4NO3 are all dried after loading while remaining in a much larger size and droplet 

(NH4)2SO4 30% RH (NH4)2SO4 75% RH
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morphology. It is worth noting that there are two holes on the nanofiber layer in the image 

of NH4NO3 at 45% RH. The nanofiber layer damage most likely occurs when the 

challenging particles are wet. As explained aforementioned in section 6.2.3.4.2. 

 

Figure 6–16. SEM images of test filter media loaded with wet KCl, (NH4)2SO4 and NH4NO3 

at different RH.  

Note: Image size is about 120 μm in width, 96 μm in height. Scale bars in images are 10 

μm. 

 

6.2.4 Conclusions 

In this study, the loading characterization of the nanofiber coated cellulose filter 

media was tested with KCl, (NH4)2SO4, and NH4NO3 separately at different loading RHs. 

The loading RHs covered from below the ERH of salts to above the DRH of salts, which 

meant that challenging particle states covered both dry solid particles and wet droplet 

particles. Salt particles had similar dry particle size distribution. All test filter media were 

loaded to 4 inches of water (1000 Pa). The test filter media were weighed in a dry chamber 

30% 45% 60% 75% 90%

KCl

(NH4)2SO4

NH4NO3
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before and after the loading to eliminate the effect of the moisture absorbed in both test 

filter media and loaded salt. 

For dry salt particles, the higher the loading RH, the slower the pressure drop 

increase and the greater the volume loading, which is consistent with conventional 

cellulose filter media results. However, conventional cellulose filter media starts with depth 

filtration followed by surface filtration, but nanofiber coated cellulose filter media starts 

with surface filtration directly. The differences in filtration mechanism cause a subtle 

loading curve shape deviation while do not affect the overall loading behavior. The surface 

filtration is more sensitive to salt hygroscopicity and loading RH than the depth filtration. 

The volume loadings of nanofiber coated cellulose filter media are greater than that of 

conventional cellulose filter media for all RH conditions due to the coating of nanofiber. 

The capillary condensed water between deposited particles contribute to the dendrite 

morphology change and possible air passageway opening, furthermore, reduce the overall 

resistance and improve the volume loading at elevated loading RH. 

As for wet salt particles, it also follows the trend that the higher the loading RH, 

the slower the pressure drop increase and the greater the volume loading. The wet particles 

exhibit a distinct loading curve shape from that of dry particles. The pressure drop 

increased much slower than that of the dry particles initially, whereas the pressure increases 

abruptly at a certain time and reach the terminal pressure in a short time. When the loading 

RH is close to the saturation, the pressure drop fluctuates during the loading process, which 

leads to an unstable loading curve. The loading curves’ shape of the wet particles loading 

on nanofiber coated cellulose filter media is comparable to that of the wet particles loading 

on conventional cellulose filter media. However, the volume loadings of the nanofiber 
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coated cellulose filter media reduced about 50% than that of conventional cellulose filter 

media. It is because that wet particles can only deposit in a nearly 2-dimensional surface 

on the nanofiber layer coating due to their wet state. The wet particle coalescence and the 

surface tension variation at different loading RH affect the volume loadings at different 

loading RHs. 

This study mainly investigated the RH effect on the nanofiber coated cellulose filter 

media, which is mainly used in the application of the ambient air particulate pollutant 

removal. Filter manufactures claim that the nanofiber coating layer could effectively 

improve the service life of the filter. However, this study reveals that the improvement of 

the filter holding capacity depends on the operation RH and the state of the challenging 

particles. When the particles are dry, the higher the loading RH, the longer the service life. 

The switch from conventional cellulose filter media to the nanofiber coated filter media 

could improve the filter service life for at least three times based on the media used in this 

study. However, when the particles are wet, the nanofiber layer reduces the volume loading 

to about 50% based on the media used in this study. In this scenario, volume loading still 

correlates with loading RH positively. 

From the results of this study, we learned that the selection of the filter media should 

be cautious. Nanofiber coated cellulose filter media is not always an upgrade in terms of 

improving the filter life. When the operation RH is low enough to maintain most of the 

challenging particles in dry conditions, nanofiber coated cellulose filter will be a good 

option to switch to. Whereas conventional cellulose filter media should be chosen when 

the operating RH is relatively high, at which most of hygroscopic salt particles absorb water 
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and transform to wet state. For a specific filter, increase the operating RH to a moderate 

level could improve filter life when hygroscopic particles are being removed. 
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Chapter 7: RH Effect on Filter Loading by Multiple 

Species 

 

7.1 (NH4)2SO4 and NH4NO3 Mixture 

This section is in preparation: Pei, C., Ou, Q., Wang, K., Sun, C.C., and Pui, D. Y. 

H., Effect of different ammonium salt mixing ratios on the loading performances of two 

nanofiber coated cellulose filters 

 

7.1.1 Introduction 

As described in Chapter 1, many filed measurements have depicted that inorganic 

salt, (NH4)2SO4 and NH4NO3 accounts for at most 50% of the PM2.5 in some highly 

urbanized regions, and soot and organic compounds are also major pollutants (Cheng et al. 

2016, He et al. 2001, Philip et al. 2014, Snider et al. 2015, Snider et al. 2016, Sun et al. 

2004, Yang et al. 2011, Yao et al. 2002, Zhang et al. 2007). For example, sulfate and nitrate 

account for 25% and 30% mass of PM2.5 in Minneapolis, respectively (Figure 4–3). The 

hygroscopicity of pollutant particles depends on the inorganic particles components, even 

when they are mixture of organic and inorganic particles (Jing et al. 2016, Peckhaus et al. 

2012). It was also found that internally mixed (NH4)2SO4 and NH4NO3 particles could be 

a vital surface provider in the severe haze episodes (Li et al. 2016a). Therefore, the RH 

effect of salt mixture particles on filter loading could provide insight of the ambient particle 

loading on filters. 

The single species constant RH filter loading was studied in Chapter 6 on two types 

of filter media. It was found that both salt species and particle state can affect filter loading 
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performance at different loading RHs. However, the test conditions in Chapter 6 is not 

close to the ambient condition as it is impossible that the ambient pollutant consists of 

single salt species. To better understand how the hygroscopicity of salt mixture can affect 

filter loading, different mixing ratios of (NH4)2SO4 and NH4NO3 particles were tested at 

different loading RHs in this study. Both dry and wet particles were tested to simulate 

different ambient particle states. 

Two-component inorganic salt mixture hygroscopicity studies depicted that 

stepwise phase change may occur during hydration and dehydration processes (Chang and 

Lee 2002, Cohen et al. 1987b, Ge et al. 1996, 1998, Tang 1976, Tang and Munkelwitz 

1993, Tang and Munkelwitz 1994a, Wexler and Seinfeld 1991). Similar to the single-

component salt, two-component salt can deliquesce and effloresce at different RH with 

stepwise change. For a solid mixture particle under increasing environmental RH, the first 

step of water uptake occurs at its mutual deliquescence relative humidity (MDRH), at 

which both salts dissolved in the absorbed water with eutonic composition. With further 

RH increasing, partially dissolved salt keeps absorbing water until reaching DRH of the 

mixture, which depends on the original mixture composition (Ge et al. 1998, Gupta et al. 

2015, Wexler and Seinfeld 1991, Yang et al. 2006). The MDRH is normally below the 

DRH of salt mixture. When the RH is lowered, one of the salts starts crystallization as the 

pure salt core in a salt solution droplet when environmental RH reaches its ERH. With 

further RH decreasing, eutonic composition salt solution effloresce around the pure salt 

core at its mutual efflorescence relative humidity (MERH) to form a heterogenous core-

shell particle (Ge et al. 1996, Gupta et al. 2015, Wexler and Seinfeld 1991). In this study, 

MDRH will be used as the reference RH, which is analog to the DRH of a single-
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component salt. At or below MDRH, absorbed or capillary condensed water may alter the 

morphology of dendrites and further affect the filter loading performance. 

Hygroscopicity of (NH4)2SO4 and NH4NO3 mixtures were studied extensively. 

Dougle et al. (1998) and ten Brink and Veefkind (1995) studied hygroscopicities of both 

lab-generated (NH4)2SO4 and NH4NO3 and ambient particles of Netherlands. By 

comparing particles hydration and dehydration processes of particles generated in the lab 

and collected from atmosphere, they found that ambient (NH4)2SO4 and NH4NO3 mixtures 

are internally mixed with different mixing ratios. In this study, internal mixture of 

(NH4)2SO4 and NH4NO3 with different mixing ratios will also be employed. Sun et al. 

(2018) and Wu et al. (2019) conducted similar studies of (NH4)2SO4 and NH4NO3 mixture 

particles of different mixing ratios with individual particle hygroscopicity system and in-

situ Raman microspectrometry, respectively. They found the MDRH of (NH4)2SO4 and 

NH4NO3 mixture particles varies with composition, which is due to different initial crystal 

structures for various composition. The MDRH is in the range of 63% ~ 68% for 

(NH4)2SO4 and NH4NO3 mixture. 

 

7.1.2 Experimental Method and Material 

This experiment was conducted at constant RH and at room temperature on the 

LAEAF Test Rig introduced in Chapter 1. The RH control function was used to maintain 

a constant loading RH, while the temperature was left at room temperature. As described 

in the introduction, internally mixed (NH4)2SO4 and NH4NO3 particles were generated. 

They were dissolved into a single solution and the solution was then atomized with the 



 121 

homemade atomizer in the LAEAF Test Rig, so that internally mixed salt particles could 

be generated. Since both dry and wet mixture particles were planned to be loaded, two 

methods introduced in Section 6.2.2 were used. Briefly, to generate dry salt particles, 

atomizer generated droplets were first dry to below the ERH and then humidified to the 

loading RH; to generate wet particles, atomizer generated droplets were conditioned to the 

loading RH while maintaining RH above the ERH. According to Wu et al. (2019), ERH of 

the mixture particles is in the range of 20% ~ 40% depending on the composition. Sun et 

al. (2018) reported that ERH of the mixture particles is in the range of 38% ~ 45% when 

the molar mixing percentage of (NH4)2SO4 is more than 30%, and when NH4NO3 is 

dominant ( >70%) no crystallization was observed. The similar phenomenon was also 

reported by Dougle et al. (1998) when NH4NO3 is more than 68.3%. In this study, when 

dry particles were being generated, regenerated silica gel desiccant were used in every run 

to treat mixture particles as dry as possible. 

From the PM2.5 speciation data of selected US cities in the database introduced in 

Chapter 4, it was found that (NH4)2SO4 and NH4NO3 ratios vary from 81%:19% (Orlando) 

to 38%:62% (Los Angeles). To represent different scenarios, the following (NH4)2SO4 and 

NH4NO3 mass ratios were used: 100%:0% (pure (NH4)2SO4), 80%:20%, 50%:50%, 

20%:80%, 0%:100% (pure NH4NO3). Since the MDRH is around 60%, three testing RH 

were picked in this study, 30%, 45%, and 60%. The volume concentration was about 1% 

so that the salt mixture particle count median diameter is about 100 nm and the geometric 

standard deviation is about 1.8. 

Another kind of nanofiber coated cellulose filter media were used in this study. 

Comparing to the one used in Chapter 5 and Section 6.2, it is with thicker and denser 
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nanofiber layer (Figure 7–1). All filter samples were treated following the process in 

Section 1.6. Briefly, all filter samples were conditioned in 0% RH environment before and 

after loading. The dry mass gain was yielded by comparing the filter dry mass before and 

after loading. Since densities of (NH4)2SO4 and NH4NO3 are close to each other (1.77 and 

1.72 g/cm3, respectively (Haynes 2014, Lide 2005)), mass gain was used instead of volume 

loadings. All filter samples were loaded to 4 inches of water (≈1000 Pa). Multiple samples 

were tested at the same test conditions, and the averages and standard deviations were 

calculated to have the statistically meaningful results. 

 

Figure 7–1. SEM image of a clean nanofiber coated cellulose filter with thicker and denser 

nanofibers. 
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7.1.3 Results and Discussion 

7.1.3.1 Dry Mixture Particles Loading 

Mass gains of dry mixture particles on filter samples are shown in Figure 7–2. It 

should be noticed that pure NH4NO3 particles could be considered as wet particles from 

the findings of Section 6.2. By checking the pure (NH4)2SO4 and pure NH4NO3 mass gain, 

it agrees with the conclusions drawn from Section 6.2 that mass loading of (NH4)2SO4 dry 

particles is greater than that of NH4NO3 wet particles. According to Ge et al. (1996) and 

Wu et al. (2019), the eutonic composition of (NH4)2SO4 and NH4NO3 is about 5.6%:94.4%, 

which means all mixtures tested in this study is (NH4)2SO4-rich particles. Wu et al. (2019) 

reported ERH of mixtures with different compositions. The ERH is in the range of 25.8% 

~ 19%, when m((NH4)2SO4):m(NH4NO3) = 20%:80%. This RH was reached during testing. 

In Sun et al. (2018), the particles with this composition were reported behaving like pure 

NH4NO3 particles, that is, particles remained wet even at 5% RH. The contradiction 

between two studies may be used to explain the mass gains of m((NH4)2SO4):m(NH4NO3) 

= 20%:80%, which is close pure NH4NO3 in Figure 7–2 at 30% and 45%. 
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Figure 7–2. Mass gains of dry (NH4)2SO4 and NH4NO3 mixture particles on filter samples 

at different loading RHs 

For the other two compositions, more RH were tested when it is close to the MDRH. 

Mass gains of m((NH4)2SO4):m(NH4NO3) = 80%:20% mixture particles were loaded at 

55%, 58%, and 62% in addition to 30% and 45% loading RH. Figure 7–3 shows mass gains 

and sample loading curves of five loading RHs. From mass gain results, it could be found 

that the mass gain of 45% loading RH is about 50% greater than that of 30% loading RH. 

Mixture particles were in dry state when loading RH were 30% and 45%, which can be 

found from the loading curves. When loading particles are dry, the increasing rate slows 

down after the initial stage (30% and 45% in Figure 7–3). Whereas, the loading curve of 

55% RH is slightly different from that of 45% RH, and the mass loading of 55% RH is 

slightly less than that of 45% RH. By comparing the mass gains and loading curves of 58% 

and 62% RH, it is clear that 55% is a transition RH between dry and wet particles, though 

it is below the MDRH. The MDRH of this composition is about 68.7% RH, which was 
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measured from a single salt mixture measurement (Sun et al. 2018, Wu et al. 2019). 

However, in the filter loading scenario, sub-micron size salt particles accumulated on the 

filter sample at elevated RH, which is close to the MDRH. As described in Section 6.1.3.1, 

capillary condensation could prompt water condensation on salt particles especially when 

the surrounding RH is very close to the MDRH. 

 

Figure 7–3. Mass gains and sample loading curves close to the MDRH of salt mixture 

when m((NH4)2SO4):m(NH4NO3)=80%:20% 

SEM images (Figure 7–4) of filter samples at 30%, 55% and 62% demonstrate the 

deposition conditions on filter samples. In Figure 7–4, filter samples were artificially 

bended before preparing SEM samples, so that salt cake would break, and the cross-section 

can be seen. By comparing SEM images of 30% RH and 55% RH, salt particles coalesce 

more at 55% RH, and a similar phenomenon was observed in previous chapters. However, 

the particle deposition at 62% RH was distinct from the other two RHs, and a thin layer of 

wet mixture particles cover the filter media. Figure 7–4 is a good example of salt particle 

deposition arrangements at different loading RH. 
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Figure 7–4. SEM images and particle deposition illustrations at different loading RH 

It should be recalled that in single species loading studies, particle state conversion 

below its DRH was not observed. Whereas it was found here, even with 20% NH4NO3 in 

mass. Ge et al. (1998) observed water absorption below MDRH for various (NH4)2SO4 and 

NH4NO3 composition. The absorption lowering depends on the composition, the higher the 
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NH4NO3 percentage, the lower the RH water absorption starts. Authors explained that 

cracks formed on the surface of dry particles may cause this phenomenon. Small cavities 

were also observed in this study (Figure 7–5), which could have the similar effect as the 

cracks mentioned in Ge et al. (1998). 

 

Figure 7–5. Small cavities on m((NH4)2SO4):m(NH4NO3)=50%:50% mixture dry particles 

at 30% loading RH. 

Based on the discussion above, mass gains of m((NH4)2SO4):m(NH4NO3)=50%:50% 

could be explained that mass gain starts declining at 50% loading RH. With 50% NH4NO3 

in the mixture, the particle state conversion started at 50% RH, which was 58% when 

NH4NO3 is only 20%. This trend agrees with findings of Ge et al. (1998). Single particle 

analysis was studied in Ge et al. (1998), while capillary condensation plays a role in this 

study, which prompts more water absorption. Loading curves of 50%, 55%, and 60% RH 

in Figure 7–6 exhibit the shape of wet particle loading, which indicating the particle state 

conversion as well. 
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Figure 7–6. Mass gains and loading curves close to the MDRH of salt mixture when 

m((NH4)2SO4):m(NH4NO3)=50%:50% 

The unusual deliquescence process of (NH4)2SO4 and NH4NO3 was also discussed 

in earlier publications (Ge et al. 1998, Wu et al. 2019). As described in previous study, the 

low ERH of NH4NO3 may lead to some metastable droplets at very low RH, where particle 

should be completely dry per thermodynamic prediction (Ge et al. 1998). The ERH of the 

mixture particles were found lower than that of the pure (NH4)2SO4, which may cause 

incomplete efflorescence and maintain aqueous state over a wide RH range (Wu et al. 

2019). Ge et al. (1998) also claimed that the (NH4)2SO4 and NH4NO3 results were difficult 

to explain, and it is not sufficient to use thermodynamics and surface morphology of 

mixture particles. Therefore, the filter loading behavior of the salt mixture particles will 

also be difficult to predict with other particles attached on salt mixture particles in the 

atmosphere. The (NH4)2SO4 and NH4NO3 mixture particle composition, loading RH, and 

particle dehydration history could affect the final loading results, which is a complex 

process needing more research. 
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7.1.3.2 Wet Mixture Particles Loading 

As mentioned in the introduction, various composition wet mixture particles were 

also used for filter loading tests. Based on the previous studies mentioned in Section 7.1.2, 

ERH of the mixture particle is generally below 45%, hence 45% and 60% RH were tested 

for wet mixture particle loading. Figure 7–7 shows mass loadings of various composition 

wet mixture particle loading. It could be found that most of mass gains are comparable 

except mass gains of pure NH4NO3 at 60% RH. 

 

Figure 7–7. Mass gains of wet (NH4)2SO4 and NH4NO3 mixture particles on filter samples 

at different loading RHs 

Wet salt particles remain wet until surrounding RH is below its ERH. The amount 

of water particles carrying depends on the surrounding RH. As described in Section 6.2.3.1, 

wet particles form a liquid film on the top of the nanofiber layer, which cause lower mass 

gains than dry particles. SEM images of all conditions in Figure 7–7 show the similar 
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deposition patterns as well. While the mass gain of pure NH4NO3 wet particles is about 

double of the other mass gains. SEM images of filter samples loaded with pure NH4NO3 

wet particles and wet m((NH4)2SO4):m(NH4NO3)=20%:80% mixture particles at 60% RH 

are showing in Figure 7–8. Again, filter samples were artificially bended before preparing 

SEM samples, so that salt cake would break. For pure NH4NO3 wet particles loaded filter 

sample, wet particles percolate through the nanofiber layer without damaging it. For salt 

mixture wet particles loaded filter sample, wet particle film formed on the nanofiber layer 

without percolating it. From hydration and dehydration curves in Wu et al. (2019) at 60% 

RH, the pure NH4NO3 wet particle growth factor is about 2.8 times in volume than its dry 

state; while it is no more than 1.8 times for other salt mixture wet particles. The extra water 

absorbed by NH4NO3 wet particles made the percolation through nanofiber layer easier, so 

that mass gain would be greater.  

 

Figure 7–8. SEM images of filter samples loaded with pure NH4NO3 wet particles (left) 

and wet m((NH4)2SO4):m(NH4NO3)=20%:80% mixture particles (right) at 60% RH  
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7.1.4 Conclusions 

To better understand ambient hygroscopic salt particles on air filters loading 

performance, (NH4)2SO4 and NH4NO3 mixture particles with various mixing ratios were 

used to simulate ambient hygroscopic salt particles. A nanofiber layer coated cellulose 

filter was used as the test filter, which has the similar structure as the one used in the single 

species salt particle loading (Section 6.2). It was found that mass gains of dry salt mixture 

particles were complex and depend on mixture particle composition, loading RH, and 

particle dehydration history. The mass gain complexity is caused by the salt mixture 

hygroscopicity, which is proven complicated and unpredictable. As aforementioned, ERH 

of NH4NO3 is very low or doesn’t exist, and metastable droplets caused by incomplete 

efflorescence may bring uncertainties in the salt mixture states. Results of wet salt mixture 

particles is a little simpler and they are comparable and less composition, RH dependent.  

This study reveals the complexity of the (NH4)2SO4 and NH4NO3 mixture on filter 

loading at different RH, and it offers insight of lab-simulated ambient particles filter 

loading performance. Based on current experiment results, wet salt mixture particles could 

offer a conservative filter holding capacities estimation, while it cannot represent dry 

particles filter loading pressure evolution curves. With the aid of the Global Air 

Pollutant/Meteorological Condition Database introduced in Chapter 4, a location specified 

(NH4)2SO4 and NH4NO3 mixing ratio could be found, and the location specified filter 

loading tests could be achieved to better predict the holding capacities of candidate filters. 

 



 132 

7.2 Soot with Organic Compounds Coating 

7.2.1 Introduction 

Soot is a major constituent of ambient air pollutants. It accounts for higher 

percentage in urban area, as it is generated from combustions. Transportation, industry, 

biomass burning, and other combustion processes could generate soot particles. Soot 

consists mainly of solid carbonaceous particles with small amount of other organic 

compounds from incomplete combustion. For example, diesel soot exhaust consists of 

solid carbon particles and volatile or soluble organic compounds (Kittelson 1998). Soot 

particles could act as cloud condensation nuclei (CCN) and ice nuclei (IN), and they may 

also have adverse effect on people’s health as they are in inhalable size range. For ambient 

air filters, soot removal performance and filter loading has been studied with lab-generated 

soot particles (Godoy and Thomas 2020, Kim et al. 2009b, Sun et al. 2019). It was found 

that pressure curves of the pure soot loading has a linear relationship with mass loading on 

HEPA filters, and Godoy and Thomas (2020) studied the RH effect during soot particles 

loading and on soot loaded filter samples. It was found that the loading RH does not affect 

soot loading as soot particles are non-hygroscopic, while the pressure of loaded soot 

particles declines at lower RH restructure when it undergoes a higher conditioning RH. 

The aforementioned two studies were carried out with fresh lab-generated soot, 

which is considered as hydrophobic (Kireeva et al. 2010, Popovicheva et al. 2008a, 

Popovicheva et al. 2008b, Tritscher et al. 2011, Weingartner et al. 1995). It has been studied 

extensively that sulfuric acid and some organic compounds can alter the hygroscopicity of 

soot particles in both laboratory and field studies. (Dalirian et al. 2018, Ebert et al. 2002, 

Huang et al. 1994, Kireeva et al. 2010, Köllensperger et al. 1999, Leung et al. 2017, Li et 
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al. 2017, Liu et al. 2020, Mikhailov et al. 1996, Popovicheva et al. 2008a, Popovicheva et 

al. 2008b, Saathoff et al. 2003, Schnitzler et al. 2014, Tritscher et al. 2011, Weingartner et 

al. 1995, Weingartner et al. 1997, Wu et al. 2018, Yuan et al. 2019, Zhang and Zhang 2005, 

Zhang et al. 2008) It was reported that aging process of soot particles could improve 

hygroscopicity (Li et al. 2017, Liu et al. 2020, Weingartner et al. 1995). In the meantime, 

soot particles shrinkage at elevated RH was also reported for both with and without organic 

compounds coating (Ebert et al. 2002, Huang et al. 1994, Ma et al. 2013, Tritscher et al. 

2011, Weingartner et al. 1995, Zhang et al. 2008). Both the hygroscopicity and morphology 

change of soot particles with RH would affect ambient air filters performance. It would be 

worthwhile to study filter loading performance with aged soot particles at different RH, 

which is close to the actual working conditions of ambient air filters. 

The most common aging method for soot particle study is utilizing a smog chamber, 

whereas it is not a continuous flow system. It is good for soot particle study, while does 

not fit filter loading study. For example, in Leung et al. (2017), it took more than 1h to 

activate the aging process, which cannot be applied to filter loading testing experiments. 

Another soot particle coating method was described with continuous flow coating process 

without aging chamber (Dalirian et al. 2018, Xue et al. 2009). Lab-generated soot particles 

would be introduced into a heated organic compounds reservoir where organic compounds 

were vaporized. Organic compounds vapor would condense on the soot particles upon 

cooling to room temperature. This aging method fits filter loading experiments and would 

be used here with some modifications. 
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7.2.2 Experimental Method and Material 

Similar to other filter loading tests introduced before, LAEAF Test Rig was used 

in this study with RH control function at room temperature. Atomizer was not used in this 

study, and the homemade soot generator (Section 2.1) was used together with the organic 

compounds coating apparatus introduced in Section 2.2. Two organic compound carrying 

flow rates were used in this study to compare the effect of the amount of the organic 

compounds on filter loadings. The amount of the organic compounds was controlled so 

that homogenous condensation would not happen. Two organic compounds, glutaric acid 

and oleic acid, were planned to be coated on soot particles separately. Table 7–1 lists the 

chemical and physical properties of glutaric acid and oleic acid. 

Table 7–1. Chemical and Physical Properties of glutaric acid and oleic acid 

 

Molar 

mass 

(g/mol) 

Density 

Melt 

point 

(℃) 

Boiling 

point 

(℃) 

Water 

solubility 

DRH 

Glutaric 

acid 
132.11a 

1.429 g/cm3 

at 15 ℃ a 
95 ~ 98 a 200 a 

639 g/L at 

23.9 ℃ a 

85% 

~90% b 

Oleic 

acid 
282.46c 

0.895 g/cm3 

at 25 ℃ c 
13 ~ 14 c 360 c Insoluble c 

 

a: (National Center for Biotechnology Information 2020b), b: (Parsons et al. 2004), c:(National Center for 

Biotechnology Information 2020a) 

It could be found that glutaric acid is hydrophilic while oleic acid is hydrophobic. 

Glutaric is a byproduct of the fossil fuel or biomass burning. It was also produced from 

unsaturated hydrocarbons and fatty acids (Kawamura and Yasui 2005, Li et al. 2013). Oleic 

acid is generated from cooking, especially meat cooking (He et al. 2004, Rogge et al. 1991). 

The selection of organic compounds is mainly based on their hygroscopicity and 

atmospheric relevance. The coated soot particles could represent hydrophobic or 

hydrophilic coated soot pollutant in the atmosphere. 
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In this study, uncoated and coated soot particles were loaded on filter samples at 

30%, 60%, 90%, and 95% RH. Based on previous studies, soot shrinkage happens when 

surrounding RH is close to saturation, so that 90% and 95% were selected. The air filter 

used in this study is the same as the one used in Section 7.1. And it was also loaded to 4 

inches of water at 5.3 cm/s face velocity. The filter handling process was same as 

descriptions in Section 1.6, so that moisture absorbed in filter samples could be eliminated. 

It should be noticed that mass loading includes organic compounds coated on soot particles. 

Soot particle morphology can be described by mass fractal dimension. McMurry et 

al. (2002) and Park et al. (2003) developed DMA-APM-CPC technique to characterize soot 

structure and density by particle mass m and mobility diameter dm.  

𝜌𝑒𝑓𝑓 =
6𝑚

𝜋𝑑𝑚
3 =

6𝐴𝑑𝑚
𝐷𝑓𝑚

𝜋𝑑𝑚
3 =

6𝐴

𝜋
𝑑𝑚

(𝐷𝑓𝑚−3)
 

ρeff is the effective density and Dfm is mass fractal dimension. Mass fractal 

dimension could be used to describe soot structure. In this study, the soot particle 

morphology would be characterized by mass fractal dimension.  

 

7.2.3 Results and Discussion 

Due to COVID-19 university closure, this study was not completed as planned. 

Only glutaric acid coated soot particles loading was studied with few data points unfinished. 

However existing results can provide some understandings for current filter testing and 

suggestion for future study. 

Mass of pure soot and coated soot particles with DMA selected mobility diameter 

was measured by aerosol particle mass analyzer (APM). Effective density of given particle 
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mobility diameter could be calculated according to the equation above. Figure 7–9 lists 

existing effective densities of pure soot and glutaric acid coated soot. There were two air 

flow rates to bring glutaric acid vapor into the system, 2 LPM and 4 LPM, which could 

adjust the amount of the glutaric acid coating. Since fresh soot particles are fractal-like 

shape, their effective densities declining with larger particle mobility diameter. The power-

law fitting could be used to infer mass fractal dimensions accordingly. 

 

Figure 7–9. Effective densities of pure soot and glutaric acid coated soot particles with 

different mobility diameters 

Table 7–2 lists mass fractal dimensions of all cases in Figure 7–9. It could be found 

that mass fractal dimension is positively correlated with amount of the glutaric acid coating 

and RH. The glutaric acid coating results agrees with Xue et al. (2009), and authors found 

that soot particles shrank when glutaric acid coating was applied and this restructuring 
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could be boosted by elevated RH (90%). The pure soot restructuring was not significant. 

There are several possible reasons: as mentioned in the introduction, pure soot is 

hydrophobic and not sensitive to the RH change; pure soot restructuring was insignificant 

and only local compaction could happen when condensed water is limited (Ma et al. 2013). 

These finding indicating a saturation and oversaturation should be tested to in the future to 

achieve more compacted soot particles. However, the compaction induced by glutaric acid 

coating is significant enough. The amount of the glutaric acid and the coated particle 

EC/OC ratio was not tested due to time constrain, which should be quantified in the future. 

Table 7–2. Mass fractal dimensions of pure soot and glutaric acid coated soot at different 

RHs 

RH Pure soot Soot+GA@2LPM Soot+GA@4LPM 

30% 2.137 2.193 2.575 

90% 2.198 2.173 2.734 

95% / / 2.851 

To compare pure soot particles and coated soot particles visually, a filter sample 

was firstly loaded with pure soot particles and followed by glutaric acid coated soot 

particles. The filter sample was bent to damage the soot layer before SEM image was taken. 

Figure 7–10 shows clear differences between pure soot particles and glutaric acid coated 

soot particles. Pure soot particles are fractal-like structure while the glutaric acid coated 

soot particles are more compact clump-like structures. The restructuring induced by 

coating process could improve filter holding capacity by reducing the total area. The 

structure change occurred before soot particles deposited on the filter, which is different 

from the effect of RH on deposited salt particles mentioned in previous chapters. 
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Figure 7–10. SEM images of a filter sample loaded with pure soot in the bottom and 

glutaric coated soot on the top 

Mass Gains of pure soot particles and glutaric acid coated soot particles at different 

loading RHs are shown in Figure 7–11. It could be found that the RH effect on mass gain 

is not significant. These results agree with mass fractal dimension findings that soot 

restructuring is insignificant when condensed water is limited. It should be noticed that the 

mass gain in Figure 7–11 is the total mass of the soot and glutaric acid coating. As 

mentioned above, the amount of the glutaric acid coating was not measured. However, the 

mass gains of 4LPM glutaric acid flow is much more than that of 2LPM one. With the aid 

of the mass fractal dimension and SEM images above, it could be inferred that glutaric 

coating could improve filter holding capacity when the coating amount reach a certain level. 

According to filed measurements, the aged soot in the atmosphere is covered with various 

pollutant to restructured to embedded soot (Li et al. 2017, Wu et al. 2018, Yuan et al. 2019). 

Therefore, the glutaric acid coated soot particles could simulate the aged soot in the 
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atmosphere to a certain extent. Further particle analysis should be conducted so that the 

percentages of the soot particles and coating could be identified. 

 

Figure 7–11. Mass Gains of pure soot and glutaric coated soot at different loading RH 

 

7.2.4 Conclusions 

This study used soot particles coated with lab-generated common atmospheric 

organic compound to simulate the aged soot in ambient air. Effective densities and mass 

fractal dimensions of pure soot particles and glutaric acid coated soot particles were 

characterized with DMA-APM-CPC technique. Glutaric acid coating and elevated RH can 

restructure pure soot particles to a more compact structure. The simulated aged soot 

particles were loaded to nanofiber coated filter media to 4 inches of water. Mass gains of 

organic compounds coated soot particles is higher than that of pure soot particles. 

According to field studies, ambient aged soot particles are more compact than fresh soot, 

which were simulated in this study. Previous filter loading testing used fresh lab-generated 
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soot particles to represent ambient soot. However, the ambient soot aging process 

restructures soot particles, which could result in a higher mass loading. Though only 

glutaric acid coating was tested, this study implies that to better simulate ambient soot 

particles in labs, aging process should be considered. RH effect on the aged soot particles 

is worthwhile to study, with both hydrophobic and hydrophilic organic compounds. Some 

other treatments that may prompt the hygroscopicity, such as UV and Ozone, could be 

added in the future to better simulate aging process in a continuous flow system to test air 

filters. 
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Chapter 8: Effect of RH Change on Pressure Drop of 

Hygroscopic Particles Loaded Cellulose Filter Media 

This chapter is in preparation: Pei, C., Ou, Q., and Pui, D. Y. H., Effect of relative 

humidity change on pressure drop of loaded cellulose filter media with hygroscopic 

deposits 

 

8.1 Introduction 

Cellulose media is a common material for air filters, because it is inexpensive and 

easy to process. It is commonly used in many air-cleaning applications, including gas 

turbine filters, engine intake filters, HVAC system filters. Whereas there are some 

shortcomings that hinder the use of cellulose filter media, such as low initial efficiency, 

relatively high differential pressure, and limited holding capacity. Nanofiber technology 

development highlights the potential of improving air filters with sub-micron fibers, whose 

diameter is normally less than 1 µm. When nanofibers are coated on the cellulose substrate, 

the performance of overall cellulose air filters could be improved. The filter initial 

differential pressure is reduced due to thin fibers and less drag force. The dense nanofiber 

coating layer improves the initial filtration efficiency significantly. The smaller pore size 

and greater fiber surface area contribute to the efficiency improvement. In addition, the 

holding capacity is also improved. With the aid of the nanofiber layer, surface filtration is 

achieved, which forms a high-efficiency particle cake and linear pressure drop. In this study, 

the nanofiber coated cellulose filter will be studied. 

In Chapter 5, 6, and 7, temperature and RH effect on air filter performance were 

studied, however they were all conducted at a constant RH, which is not realistic in actual 

filter operation. Based on the conclusion of Chapter 5, air filters operating RH is dominant 
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in air filter performance comparing to the operating temperature. The RH effect on air filter 

performance should be studied in a more realistic way other than a constant RH. From 

Chapter 4, Global Air Pollutant/Meteorological Condition Database, it can be found that 

RH seasonal variation is significant in some places. Whereas the seasonal variation is a 

gradual process that RH will not change abruptly. Air filter operating RH can be regarded 

as relatively stable in the time scale of one month or one season. However, there are some 

scenarios that the RH will change rapidly. For example, thunderstorms can raise the 

ambient RH to 100%, and the RH will revert to close to previous level afterwards. 

Commercial aircraft cabin is normally conditioned to 20% RH to prevent metal from 

rusting, which is less than the comfortable RH of a person. When the aircraft is parked on 

the ground with the outside hot and humid air entering the cabin, the powerful cooling 

system will cool the outside air down, so that condensation could happen and cause fogging 

in the cabin, which can bring cabin RH to 100%. The effect of this kind of RH spike on air 

filters should be studied to better understand the filter performance change after such RH 

spike. 

The study of effect of the RH variation on the filter performance is limited. 

Montgomery et al. (2015a) studied the impact of the relative humidity on the loaded HVAC 

filter with hygroscopic (NaCl) and non-hygroscopic (Al2O3) particles. It was found that the 

elevated RH could cause the irreversible pressure reduction and efficiency drop when the 

HVAC filter is loaded with hygroscopic particle. When the HVAC filter is loaded with 

non-hygroscopic particles, the similar phenomenon was not observed. Authors speculated 

the small growth factor increase could change the dendrite morphology when the RH is 

below its DRH. Joubert et al. (2011) performed similar experiments and explained as the 
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absorption of moisture from the high RH air by cake particles, which could restructure the 

dendrites and create preferential air passageways. However, their studies limited elevated 

RH to below DRH of NaCl. The filter performance of elevated RH above the DRH was 

not covered. Wang et al. (2020) studied electret filter under the RH varying condition with 

KCl deposition. It was found that the differential pressure of electret filter drops when the 

filter is treated at the RH higher than the loading RH, which agrees with conclusions of 

Montgomery et al. and Joubert et al. Wang et al. also treated the loaded filter sample with 

lower RH than the loading RH and found the differential pressure stayed unchanged. Both 

of studies loaded and treated filters below the DRH of testing salts, which cannot apply to 

the scenarios mentioned before. In addition, as emphasized previously, the challenging salt 

species and states are critical when the test filter is designed to remove ambient particles. 

In this study, KCl, (NH4)2SO4 and NH4NO3 are used to load nanofiber coated 

cellulose filters in their wet or dry states. Both conditioning RH below and above the 

loading RH are tested so that different scenarios are simulated. The loading and 

conditioning RH cover from below the ERH to above the DRH of challenging salts, which 

is a comprehensive test matrix to simulate the actual operation conditions. 

 

8.2 Experimental Method and Material 

This study was carried out on the LAEAF Test Rig. The test temperature was at the 

room temperature, and the RH control function was employed. The test system was 

described in detail in Chapter 1. A solenoid valve is added on the compressed air line as 

the shut-off valve to atomization (Figure 1–6). The atomization will stop when test filters 
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reach preset pressure. This study used the same filter media as Chapter 5 and Section 6.2 

(Figure 5–2). The filter substrate is cellulose media and the nanofiber coating is made of 

nylon. 

In this study, filter samples were firstly loaded to 4 inches of water (≈1000 Pa) at 

the loading RH (X %) and the face velocity is 5.3 cm/s. Atomizer shut-off valve would 

stop the compressed air and salt particle generation was halted. The system RH would 

automatically switch to the conditioning RH (Y %) and the test filter flow rate remain the 

same. Since two filter samples cannot reach 4 inches of water at the same time, only one 

sample holder on the LAEAF Test Rig was used in this study. The criterion of conditioning 

termination is the differential pressure change rate is less than 0.1 inches of water/hour. 

Figure 8–1 is the flowchart of the loading and conditioning processes. Only one-step RH 

change was performed in this study. 

 

Figure 8–1. Loading and conditioning processes of the test filter sample 

 

Stop until Pressure Drop (Terminal Pressure) instantaneous 
decreasing rate less than 0.1in. H2O/hr

Condition test filter at Y% RH

Shut down atomizer while keep the test filter flow

Load test filter at X% RH until 4 in. H2O Pressure Drop
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According to Section 1.4, the state of a hygroscopic salt particle depends on the 

surrounding RH and hydration history. Figure 8–2 shows four possible states A-D of a salt 

particle. For any given loading RH, there are two possible conditioning RH. For example, 

when the filter sample is loaded at A, it could be conditioned at B or D. This RH variation 

may or may not cause the salt particles state change. From A to B, salt particles remain in 

dry state, but with higher chance to absorb more moisture; whereas from A to D, dry salt 

particles will absorb moistures from surrounding air and become salt droplets. The possible 

loading and conditioning RH process is listed in Table 8–1. It should be noticed that A, B, 

C, D represent salt states rather than exact RH. A could be any RH below the ERH, B and 

C could be any RH below the DRH while above the ERH, and D could be any RH above 

the DRH. In this study, all the possible processes were studied with KCl, (NH4)2SO4, and 

NH4NO3, when it is feasible. As discussed in Section 1.4 and Section 6.2, only wet state pf 

NH4NO3 can be achieved with the current system (Dougle et al. 1998, Lightstone et al. 

2000). Therefore, only C and D are available for NH4NO3 and the processes can only 

happen between C and D, both in wet states. 
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Figure 8–2. Illustration of possible states of loading and conditioning processes (KCl and 

(NH4)2SO4) 

 

Table 8–1. All possible process from loading RH to Conditioning RH 

Loading RH Conditioning RH State Change 

A 

A Dry => Dry 

B Dry => Dry 

D Dry => Wet 

B 

B Dry => Dry 

A Dry => Dry 

D Dry => Wet 

C 

C Wet => Wet 

A Wet => Dry 

D Wet => Wet 

D 

D Wet => Wet 

C Wet => Wet 

A Wet => Dry 
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8.3 Results and Discussion 

8.3.1 KCl Loaded Filter Sample 

According to the conclusions from Chapter 6 and previous studies, for hygroscopic 

salts filter loading, the higher the loading RH, the less resistance of the salt cake. For a 

given amount of the deposited salt, the surrounding RH growth can lead to a differential 

pressure reducing. Figure 8–3 is the differential pressure curve during conditioning. It only 

shows the conditioning curves of KCl loaded filter samples at 30% loading RH. The 

horizontal axis is the time after salt particle generation was halted. The RH of air flow 

through the filter sample started to switch to the conditioning RH and stabilize quickly. It 

can be found that the time took for reaching a stabilized pressure drop for different 

conditioning RH varies from 2000 seconds to 12000 seconds. The larger the difference 

between loading and conditioning RH, the shorter the time needed for stabilization. This 

phenomenon was also observed in Montgomery et al. (2015a) and Wang et al. (2020). The 

possible explanation is the higher the conditioning RH, the more moisture can be absorbed, 

so that dendrite restructuring is easier to take place with more condensed water.  

It should be noted that the differential pressure also declined when the conditioning 

RH is the same as the loading RH. This was also observed by Montgomery et al. (2015a), 

when NaCl was loaded on the HVAC filters. During the filter loading, there could be two 

competing mechanism in the pressure increasing. The first one is the particle deposition 

process that can cause pressure growth. While the deposition structure may not be the most 

stable structure under the influence of the RH, and the particle cake may restructure 

afterwards. However, the pressure reduction was not observed in Wang et al. (2020). It is 

because the amount of salt particles deposited on the electret media was limited, and 
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dendrites were not formed on filter fibers. So that dendrite restructuring could not take 

place. Joubert et al. (2011) found the pressure unchanged when NaCl was loaded and 

conditioned at 5% RH, which is very low, and the influence of moisture is very limited. 

 

Figure 8–3. KCl loaded filter samples pressure stabilization during the RH conditioning 

process 

 

The terminal pressures of other loading RH and conditioning RHs are shown in 

Figure 8–4. Solid points represent dry salt particle loadings and open points represent wet 

salt particle loadings. When filter samples were loaded with dry KCl particles at 75% RH, 

the terminal pressure of 30% conditioning RH is very close to 4 inches of water. While the 

terminal pressure of 90% conditioning RH dropped to about 2 inches of water. The overall 

trend of dry particle loading is the higher the conditioning RH, the lower the terminal 

pressure. 
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Figure 8–4. KCl terminal pressures of different loading and conditioning RHs 

To understand the salt cake structure changes when dry salt particles loaded filter 

samples are conditioned at higher RH, SEM images were taken. Figure 8–5 is the SEM 

images of KCl loaded filter sample that was loaded at 30% RH and conditioned at 90% 

RH. It could be found that the salt cake is a very open structure comparing to the filter 

sample without conditioning (Figure 6–14). Nanofiber coating layer can be observed on 

the right-side magnified image. The differential pressure reduction to almost clean filter 

pressure drop can be explained by this SEM image and dendrite restructuring shown in 

Figure 6–3. 90% RH is above the DRH of KCl, the salt particles exhibit a coalesced state, 

that nano particles are dissolved and combined to micrometer size salt particles. When the 

conditioning RH is lower than 90%, capillary condensation can also introduce water 

between salt particles, which would help dentrite restructuring (Figure 6–3). However, the 

cake structure was retained in Figure 8–5, which may be due to the limited amount of the 

water absorbed at 90%. The conditioning at 100% RH will be discussed in Section 8.3.2 

for (NH4)2SO4 loaded filter sample. 
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For wet particle loading, the differential pressure reduction is not significant as dry 

particle. The 75% wet KCl loaded filter samples holded 4 inches of water when they were 

conditioned at 30% and 75%. The terminal pressure reduction was observed at 90% 

conditioning RH. The wet particle loaded filter sample conditioning will be discussed in 

Section 8.3.2 as well. 

 

Figure 8–5. SEM images of KCl loaded filter sample that was loaded at 30% RH and 

conditioned at 90% RH. Left: 1000X; Right: 5000X. 

 

8.3.2 (NH4)2SO4 Loaded Filter Sample 

The terminal pressures of (NH4)2SO4 loaded filter samples at different loading and 

conditioning RHs are shown in Figure 8–6. In general, the trend is similar to the KCl case. 

Two processes will be discussed. The first one is filter samples that were loaded with wet 

particles and conditioned at lower RH. The second process is filter samples that were 

conditioned at 100% RH. For the second process, both dry and wet salt particle loaded 

filter samples will be discussed. 
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Figure 8–6. (NH4)2SO4 terminal pressures of different loading and conditioning RHs 

As described in Section 6.2.3.1, wet particle deposition on nanofiber coated 

cellulose filter media can hardly accumulate in the direction perpendicular to the filter 

media and a film will be form on the top of nanofiber layer. When it was conditioned at 

the same RH as the loading RH, there are possibility that salt can percolate through the 

nanofiber layer or even damage the nanofiber layer. When these conditions happened, the 

terminal pressure would drop. When the conditioning RH is below the loading RH, the 

terminal pressure could hold at 4 inches of water. As shown in Figure 8–7, water in the 

film evaporated at 30% conditioning RH, while retain the film structure so that the 

differential pressure held at 4 inches of water. The same condition can also be seen when 

the conditioning RH is 45% RH. 
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Figure 8–7. SEM images of (NH4)2SO4 loaded filter sample that was loaded at 90% RH 

and conditioning at 30% RH 

Figure 8–8 shows the process that filter samples were conditioned at 100% RH. It 

is clear that there is limited amount of salt particles on the nanofiber layer on both dry and 

wet particle loaded filter samples. The terminal pressures in Figure 8–6 is close to a new 

filter sample. It is highly possible that deposited particles absorb water at 100% RH. The 

amount of water absorbed at 100% RH can dissolve salt particles so that salt solutions can 

percolate into filter sample to reduce the flow resistance. 
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Figure 8–8. SEM images of (NH4)2SO4 loaded filter sample that was loaded at 45% RH 

and conditioning at 100% RH. Left: dry particle loading; Right: wet particle loading 

 

8.3.3 NH4NO3 Loaded Filter Sample 

NH4NO3 loaded filter sample was also studied. NH4NO3 is the wet particle loading 

condition. The overall trend that the higher the conditioning RH, the lower the terminal 

pressure still holds. There is a terminal pressure discrepancy when the conditioning RH is 

60%. The terminal pressure of 30% loading RH is only about a half of 60% loading RH. 

One of the possible reasons is that the amount of salt deposited on filter media can also 

affect the terminal pressure. In Figure 6–11, the volume loading of 60% RH NH4NO3 is 

about twice of that of 30% RH. Though salt deposition film can percolate into the filter, 

the extent is limited by the amount of the water absorbed. When the conditioning RH is 

100% (Figure 8–8), almost all salt can percolate into the filter; while when the conditioning 

RH is 60%, the absorbed water is limited. 



 154 

 

Figure 8–9. NH4NO3 terminal pressures of different loading and conditioning RH 

Similar to other wet particles, when NH4NO3 was loaded at 60% RH, and 

conditioned at 30% RH, the film could also form as seen in Figure 8–10. Comparing to wet 

(NH4)2SO4 particles, NH4NO3 particles coalescence more, but droplets boundaries are still 

distinct. Even without ERH, the RH drop can cause water evaporation so that the salt 

deposition retains its shape and maintain the pressure drop across the filter media. 

 

Figure 8–10. SEM images of NH4NO3 loaded filter sample that was loading at 60% and 

conditioning at 30% RH 
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8.4 Conclusions 

This study focused on the pressure variation of hygroscopic salt particles loaded 

filter samples when the surrounding RH changes. KCl, (NH4)2SO4, and NH4NO3 dry and 

wet particles were loaded on the nanofiber coated cellulose filter media at the loading RH 

to 4 inches of water. The filter media was then conditioned at conditioning RH. The 

terminal pressure curves and terminal pressure were recorded.  

It was found that for dry particle deposition, the higher the conditioning RH, the 

lower the terminal pressure. When the conditioning RH is below salt’s DRH, the reduction 

of differential pressure is mainly caused by the capillary condensation discussed in Section 

6.1.3.1, and the condensed water prompts dendrite restructuring. The overall pressure of 

loaded filter sample reduced after dendrite restructuring. When the conditioning RH is 

above salt’s DRH, the deliquescence water could prompt a further differential pressure 

reduction. When the conditioning RH is 100%, dissolved salt can percolate through the 

nanofiber layer which would cause a significant pressure reduction, to where the filter 

pressure is close to a new filter. The conditioning at higher RH process could reduce 

hygroscopic particle loaded filter pressure, whereas it is not clear whether this process can 

be used to prolong the filter life or a method to “recover” used air filters. The second round 

loading at lower RH should be done to further investigate the possibility of extending the 

filter life. 

For wet particles, the elevated conditioning RH can prompt pressure reduction by 

introducing more water to salt deposit. However, the lowered conditioning RH would not 

cause a pressure reduction. The reason is that the water in the liquid film evaporated at 
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lower RH while the film structure was retained so that differential pressure remained 

unchanged. This finding is important to alert users that dry air blowing may “freeze” wet 

salt deposit on the filter media so that the pressure will stay unchanged. The results can 

also be used to explain the filter pressure change after a RH spike mentioned in the 

introduction. However, this phenomenon may help in reverse pulse cleaning application, 

where the solidified particle deposition can be peeled off easily. 

This study broadens understandings of RH change effect on the hygroscopic 

particles loaded filters. It covers the condition that RH is above the DRH of salts and the 

condition of wet particle loaded filters. The next step would be cycling RH effect on the 

filter loading, which is closer to the actual conditions. Also, the possibility of utilizing the 

hygroscopic particle to prolong filter life or clean filters could be considered. Since only 

pressure change was studied here, the efficiency variation should also be studied in the 

future. 
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COVID-19 was characterized as a pandemic by WHO on March 11, 2020, and it is 

a global challenge for the world since then. Center for Filtration Research is one of the 

leading filtration research centers in the world, and several COVID-19 related mask and 

respirator filtration studies were conducted at the Center for Filtration Research. Chapter 9 

compared common materials that have the potential to be used as alternative masks for the 

public in daily protection. Chapter 10 aimed to evaluate the effect of decontamination of 

the commercial and alternative respirator and mask materials from the filtration perspective. 

Both two chapters were collaborated with Dr. Qisheng Ou and share the first authorship of 

the published or submitted papers. 
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Chapter 9: Alternative Face Masks Made of Common 

Materials for General Public: Fractional Filtration 

Efficiency and Breathability Perspective 

This section has been published: Pei, C.1, Ou, Q.1, Kim, S. C., Chen, S-C., and Pui, 

D. Y. H. (2020). Alternative Face Masks Made of Common Materials for General Public: 

Fractional Filtration Efficiency and Breathability Perspective Aerosol and Air Quality 

Research 20 doi:10.4209/aaqr.2020.07.0423 

 

9.1 Introduction 

COVID-19 was characterized as a pandemic by World Health Organization (WHO) 

on March 11, 2020, and it is a global challenge. As an infectious disease that is mainly 

transmitted through droplets, the appropriate respiratory protection could protect the 

healthy population from infection (National Academies of Sciences Engineering Medicine 

2020, WHO 2020a). Respiratory protection is especially critical for frontline healthcare 

workers, who have to contact COVID-19 patients directly. When one wears a mask, the 

mask can help reducing virus spreading by capturing most of emitted droplets during 

speaking, sneezing, and coughing (Anfinrud et al. 2020, Davies et al. 2013, Greenhalgh et 

al. 2020, Rengasamy et al. 2010, van der Sande et al. 2008); on the other hand, the mask 

can offer effective protections by filtering virus-laden particles in the air (Johnson et al. 

2009, Lai et al. 2012, Leung et al. 2020b, Wang and Yu 2020, Zuo et al. 2013). Therefore, 

the priority is to ensure that frontline healthcare workers are well protected. However, the 

COVID-19 pandemic has led to the personal protective equipment (PPE) shortage, 

especially respirators and masks. Therefore, various efforts have been paid to allocate 

available respirators and masks inventory for frontline healthcare workers, including 

decontamination (Liao et al. 2020, Ou et al. 2020). 
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As COVID-19 is infectious, it is critical to curb the spread the virus to protect the 

healthcare system from overload, so-called flattening the curve. It has been found that 

asymptomatic infected people and pre-symptomatic infected people could be potentially 

infectious sources (CDC 2020b, National Health Commission and State Administration of 

Traditional Chinese Medicine 2020). On the other hand, it is equally important for the 

general public to wear masks or equivalent face coverings to slow down the spread of the 

virus (CDC 2020c, National Health Commission 2020). As many states are re-starting and 

social activities are recovering in the United States, many governors across the country 

issued orders requiring face coverings when social distancing is unable to maintain 

(Mendelson 2020). WHO updated its advice on the masks use on June 5, which encourages 

the general public masking when physical distancing cannot be maintained (WHO 2020b).  

However, it has been an ongoing debate about whether universal masking is 

necessary. As early as Mar 2nd, 2020, there is a correspondence on the Lancet, discussing 

the necessity of wearing masks in community settings and mentioning that WHO was not 

recommending it due to lack of evidence. Authors emphasized that “absence of evidence 

of effectiveness should not be equated to evidence of ineffectiveness, especially when 

facing a novel situation with limited alternative options” (Leung et al. 2020a). A similar 

concern was also raised by Morawska and Cao (2020) where authors called on considering 

the possible airborne transmission. On July 6th, 239 scientists signed an open letter to the 

WHO to address the airborne transmission of COVID-19, which is published in Clinical 

Infectious Diseases (Morawska and Milton 2020). Later, WHO announced in a press 

conference that WHO plans to update its guidelines. This discussion brings up the question 
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that how respirators and masks can protect wearers from the possible airborne transmission 

of COVID-19. 

Whereas, considering the current desperate shortage of commercially available 

masks and respirators, the use of the common materials to substitute masks for the general 

public can be the only option, such as scarves and bandanas. Also, the Centers for Disease 

Control and Prevention (CDC) offers the tutorial for homemade masks (CDC 2020c). It 

has been studied that homemade masks could not only protect the others from the wearer 

by reducing the amount of the respiratory droplets exhaled from the wearer but also offer 

protection to the wearer from inhaling virus attached particles (Anfinrud et al. 2020, Bae 

et al. 2020, Davies et al. 2013, Howard et al. 2020, Konda et al. 2020, Leung et al. 2020a, 

MacIntyre et al. 2015, Mueller et al. 2020, Prather et al. 2020, Rengasamy et al. 2010, van 

der Sande et al. 2008, Zhao et al. 2020). However, common fabrics, such as T-shirts, cotton 

cloth, were the most often used materials, which is not as good as commercial masks (CDC 

2020d). How the general public could make good use of common materials to improve 

their homemade masks? In this work, we tested several common materials besides common 

fabrics to help the general public to protect themselves and people they interact with. It is 

worth noting that conclusions drawn from this study can offer guidance for the general 

public under the current pandemic. They can also be generalized to do-it-yourself (DIY) 

the alternative air pollution protection gears when a commercial respiratory protection 

equipment is not available. 
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9.2 Experimental Method and Material 

Respirators and masks efficiency and breathability are key performance factors, 

associated with the filtering effectiveness and the breathing resistance of a respirator or a 

mask. In this study, the fractional filtration efficiency and the pressure drop across the filter 

media were measured.  

Air filtration is not as simple as sieving, and there are several filtering mechanisms, 

including inertial impaction, interception, diffusion, electrostatic deposition, etc. With 

different filtration mechanisms particle size less than 0.1 µm or particle size in the range 

of 0.3 - 1 µm particles, overall fractional filtration efficiency curve will be a U-shape (Ou 

et al. 2017, Spurny 1986, Yang 2012). The particle filtration efficiency strongly depends 

on the particle size(Ou et al. 2017, Spurny 1986). The fractional filtration efficiency is 

defined as the number of particles of a given size penetrating the filter medium, divided by 

the total number of particles challenged on it.  

The fractional filtration efficiency was reported in this study for comparing the 

performance of common materials with commercial respirators/masks and to screen 

potential candidate materials. The particle size with the least efficiency of the filter is the 

most penetrating particle size (MPPS), which depends on filter material itself as well its 

operating conditions. For the filter without electrical charges (so-called the mechanical 

filter, e.g., glassfiber HEPA media, engine intake filter media), the MPPS is about 0.1 - 0.3 

µm. For the filter with electrical charges (so-called the electret filter, e.g., some furnace 

filters, N95) the MPPS is around 0.1 µm or less. Common household materials that are not 

designed for filtration can have MPPS larger than 0.3 µm. Fractional filtration efficiency 
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reported in this study was from 0.03 µm to 1 µm, which covers possible MPPS of most of 

materials tested and offers the size-resolved material efficiency.  

The pressure drop of filter media is a measure of the breathing resistance. The 

pressure drop across a filter media is proportional to the face velocity with which the 

fractional filtration efficiency is also correlated. Hence, to compare common materials 

fairly, the same face velocity should be used. In this study, we tested all materials at 10.5 

cm/s. This face velocity is calculated from 85 LPM flow rate and 135 cm2 filtration area. 

The flow rate of 85 ± 4 LPM is used by the National Institute for Occupational Safety and 

Health (NIOSH) to certify N95. The filtration area of 135 cm2 is the lower end filtration 

area of commercial N95s. The lower filtration area results in a higher face velocity, which 

adversely affects the filtration efficiency. Hence, efficiency measurements in this study are 

conservative, representing the worst conditions that may occur. In this study, we used a 

differential pressure gauge (Dwyer, Michigan City, IN) to measure the pressure drop across 

the testing filter media. To ensure the stable and accurate filter face velocity and flowrate, 

several mass flow controllers (MKS Instruments, Inc. Andover, MA) controlled the flow 

in the fractional filtration efficiency measuring system. 

There are different test standards for respirators and masks. NIOSH tests respirators 

according to 42 CFR part 84 (Office of the Federal Register 1995). The challenging particle 

is neutralized NaCl, whose count median diameter is 0.075 ± 0.020 µm and the geometric 

standard deviation is less than 1.86. The testing flow rate is regulated to 85 ± 4 LPM for 

one respirator. For the surgical mask, ASTM and FDA have different testing protocols for 

particle filtration efficiency and bacterial filtration efficiency. In general, the challenging 

particle of particle filtration efficiency is latex spheres, and the face velocity is defined in 
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a broad range from 0.5 cm/s to 25 cm/s. FDA guidance document for surgical mask 510(k) 

calculates the particle efficiency by 0.1 µm latex spheres (FDA), while ASTM F2299 

claimed a particle size range from 0.1 to 5.0 µm (testing by monodisperse particles) (ASTM 

International. 2017). As for bacterial filtration efficiency, the FDA follows ASTM F2101 

to test surgical masks(ASTM International. 2019). Staphylococcus aureus bacteria are used 

with the mean particle size at 3.0 ± 0.3 µm. The testing flow rate is 28.3 LPM. This study 

used the NIOSH protocol as a reference. 

Electron micrographs of SARS-CoV-2 particles show that they are generally 

spherical, and their diameter is around 0.06 to 0.14 µm (Zhu et al. 2020). The respiratory 

generated droplets could be several micrometers or larger, which will then evaporate to a 

smaller nucleus (Anfinrud et al. 2020, Bourouiba et al. 2014, Bourouiba 2020, Gralton et 

al. 2011, Morawska 2006, Morawska et al. 2009, Morawska and Cao 2020, Scharfman et 

al. 2016). Therefore, the fractional filtration efficiency in this study (0.03 µm - 1 µm) 

covered the size range for both the MPPS of common filter media and the SARS-CoV-2 

particle cluster size range. The material filtration efficiency at its MPPS or SARS-CoV-2 

size could offer a conservative evaluation of the material used. It is worth noting that as 

aforementioned, the fractional filtration efficiency curve is a U-shape, even the largest 

particle size used in this study is only 1 µm, the fractional filtration efficiency of several 

micrometers’ particle could be inferred to be higher than the efficiency at 1 µm. Therefore, 

if the MPPS is confirmed, the lowest efficiency is found.  

This study did not test whole respirators/masks due to limited resources. Common 

materials tested in this study were not sewn, so all testing samples are cut to a 40 mm 

diameter disc to fit the filter holder. As aforementioned, the testing face velocity was kept 
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the same as the whole respirators/masks testing, so that the efficiency and pressure drop 

measurement are kept consistent. The filter holder used in this study hold the media by 

tightening the outside mounting nut, so it could adapt different material thickness and seal 

around the sample.  

NaCl particles were selected as the challenging particle to align with the NIOSH 

testing protocols. NaCl submicron particles were generated by atomizing its solutions and 

then dried by a diffusion dryer. In this study, we measured the fractional efficiency with 

monodisperse NaCl particles, hence it is important to keep the particle number 

concentration high enough to get statistically meaningful efficiency measurement in the 

size range in this study (0.03 µm - 1 µm). A pneumatic atomizer (TSI 3076, Shoreview, 

MN) was used in this study, with 0.4 % volume concentration NaCl solution and 30 PSI 

filtered compressed air. 

The efficiency of filter media may change after challenging particles loaded on it, 

which could be mitigated by reducing the amount of the particles deposited on the filter 

media. However, the number concentration at the upstream should be high enough so that 

the efficiency measurement is statistically meaningful. Since we are measuring the 

fractional filtration efficiency, which allows us to measure the efficiency of a certain 

particle size at one time. By allowing only monodisperse particles with the size being 

measured to reach the filter, the loading effect could be mitigated, and the number 

concentration is high enough at the same time. An Electrostatic Classifier (TSI 3080, 

Shoreview, MN) with a long Differential Mobility Analyzer (TSI 3081, Shoreview, MN) 

classified the NaCl particle to the desired size. A Po-210 Staticmaster® Alpha Ionizer 

(NRD, LLC. Grand Island, NY) neutralizer brought the challenging particles to the 
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Boltzmann charge equilibrium. The test filter was then challenged by neutralized 

monodisperse NaCl particles with a certain amount of dilution air to meet the face velocity 

requirement. An Ultrafine Condensation Particle Counter (UCPC, TSI 3776, Shoreview, 

MN) was connected to the upstream and downstream of the filter holder by a pneumatic 

switching three-way valve to measure corresponding concentrations. Testing apparatus is 

shown in Figure 9–1 The fractional filtration efficiency is calculated by the formula below. 

𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐹𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 −
𝐶𝑑𝑜𝑤𝑛

𝐶𝑢𝑝
/

𝐶𝑏𝑙𝑎𝑛𝑘,𝑑𝑜𝑤𝑛

𝐶𝑏𝑙𝑎𝑛𝑘,𝑢𝑝
 

𝐶𝑑𝑜𝑤𝑛 and 𝐶𝑢𝑝 are the UCPC concentration measurement at the upstream and downstream 

of the filter holder, respectively. 𝐶𝑏𝑙𝑎𝑛𝑘,𝑑𝑜𝑤𝑛  and 𝐶𝑏𝑙𝑎𝑛𝑘,𝑢𝑝  are concentration 

measurements without the test material in the filter holder, accounting for the system 

particle loss. Theoretically, Filter penetration could be calculated from the ratio of the 

downstream particle concentration and the upstream concentration. Hence the filtration 

efficiency is calculated from one minus the penetration. However, in practice, there are 

some system loss in measurement. When filter sample is not in place, the system loss could 

be measured. The upstream and downstream sampling length, geometry, and port location 

could cause slight difference in 𝐶𝑏𝑙𝑎𝑛𝑘,𝑑𝑜𝑤𝑛  and 𝐶𝑏𝑙𝑎𝑛𝑘,𝑢𝑝  concentration readings. This 

formula is incorporated with system loss. 
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Figure 9–1. Schematic of the fractional efficiency measurement setup 

Due to the time and resources constraint, all results reported in this article were the 

results from a single measurement. The standard deviation showing on fractional filtration 

efficiency plots are calculated from the particle concentration variation at the upstream and 

downstream based on error propagation. The purpose of this study is to offer a reference 

for the general public to select better alternative mask material. The sample-to-sample 

variation will not jeopardize final recommendations, besides, variations between the 

material the general public used, and the material tested cannot be compensated by more 

replicates. 

 

9.3 Results And Discussion 

9.3.1 Commercial Respirators and Masks 

To study the efficacy of common materials filtering out the particles and droplets 

carrying SARS-CoV-2, available commercial respirators and masks were tested as the 

references in this study. As one of the best filtration research centers in the world, the 

Center for Filtration Research at the University of Minnesota received many test requests, 
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and we also collected available masks and other common materials to screen potential face-

covering candidates. Some masks received were not in its original package, so their 

information was insufficient, such as brands, efficiency ratings, etc. For simplicity, we 

named 10 masks with letters (Mask A to K). Besides 10 flat masks, a shaped KN95 

respirator was received. 3M™ 8210 N95, 3M™ 1820 procedure mask, and Kimberly-

Clark™ 47090 procedure mask were tested from the lab PPE stockpile. This makes a total 

of 14 respirators/masks tested as the reference, which is representative of commercial 

respirators and masks. 

The fractional filtration efficiency and breathing resistance of 14 respirators/masks 

are shown in Figure 9–2. Fractional filtration efficiency curves could be categorized into 

two groups, electret media (blue shade) and non-electret media (orange shade). The lowest 

efficiency of the electret media mask is about 60% at 0.03 µm. The 3M™ 8210 N95, KN95, 

and Mask A are all above 90% efficient. The overwhelming majority of electret masks 

fractional efficiencies fall in 70% ~ 85%. The MPPSs of all electret media are below 0.1 

µm. It could be found the fractional filtration efficiency of all electret media increases with 

greater particle size. The Mask F has the poorest performance among all electret, while the 

fractional filtration efficiency of the Mask F at 1 µm reaches around 85% and will continue 

to increase beyond 1 µm. The non-electret media masks fractional efficiencies are 

significantly lower than that of the electret media mask and their MPPSs are about 0.3 - 

0.4 µm. The fractional filtration efficiency at MPPS is as low as 20%, while the fractional 

filtration efficiency increases towards both smaller and larger particles, showing a U-shape. 

The fractional filtration efficiency of the Mask K increases to 40% at 1 µm particle size 

and it will continue to grow at larger sizes. The overwhelming breathing resistance of 
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respirators and masks are in the 30 Pa to 100 Pa range, and Mask H is extremely low with 

only 5.4 Pa. The breathing resistance of all tested respirators and masks are in the 

acceptable range for normal breath.  

To compare the common material to the commercial respirators and masks, the 

3M™ 8210 N95, 3M™ 1820 procedure mask, and Mask J will be plotted as references in 

common material fractional filtration efficiency and breathing resistance figures (Figures 

9–3 to 9–5 shown below). They represent the N95 level respirators, electret media masks, 

and non-electret media masks. 

 

Figure 9–2. Fractional filtration efficiency and breathing resistance of commercial 

respirators and masks 
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9.3.2 Furnace Filters 

Furnace filters are common material that are designed to filtering the dust, pet 

dander, allergen, bacteria, and even virus in the room air. In this study, we collected four 

types of furnace filter: Filtrete™ MPR 1900, 2200, and 2800, and Arm & Hammer™ Air 

Filter. All four furnace filters are pleated and marketed as electret media filter. Filtrete™ 

MPR 1900 and 2200 are rated as MERV 13, this could be confirmed from their fractional 

filtration efficiency curves in Figure 9–3.  Filtrete™ MPR 2800 is rated as MERV 14 and 

has the highest efficiency (ASHRAE 2017). For both Filtrete™ MPR 1900, 2200, and 2800, 

their fractional efficiencies are higher than that of the 3M™ 1820 procedure mask, a mask 

that is commonly used in hospital settings. As designed for handling a large amount of air 

circulation in residential or commercial buildings, the breathing resistances of single layer 

Filtrete™ MPR 1900, 2200, and 2800 are significantly lower than the reference 

respirator/mask as shown in the bar chart in Figure 9–3. Multiple-layer performance of 

collected furnace filters was also evaluated besides the single-layer measurements. The 5-

layer Filtrete™ MPR 1900, 2200, and 2800 perform comparably to 3M™ 8210 N95 

respirators in terms of efficiency and breathing resistance. It can be found that the pressure 

drop of 5-layer media is about 10 times of the single layer media, with the reason being the 

thickness of the stacked multi-layer filter media is reduced due to the pressing seal nature 

of the filter holder. The stacked fluffy media is compressed so that its permeability is 

reduced. The fractional filtration efficiency curve of 2-layer Arm & Hammer™ Air Filter 

is slightly lower than that of the 3M™ 1820 procedure mask, while much better than that 

of the Mask J. Its 1 µm particle efficiency is above 80% and the efficiency could be higher 
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for even larger particle size. Its breathing resistance is only 10.3 Pa, about 1/6 of the 3M™ 

1820 procedure mask.  

 

Figure 9–3. Fractional filtration efficiency and breathing resistance of furnace filters 

 

9.3.3 Vacuum Cleaner Filters 

Vacuum cleaner filters are another common air filter. We tested three grades of 

pleated vacuum cleaner filters and one vacuum cleaner filter bag. The fractional efficiency 

and breathing resistance are shown in Figure 9–4. The Ridgid® 5-Layer Allergen Vacuum 

Cleaner Filter could offer protection even better than N95 respirator. However, its 

breathing resistance is about 10 times of the N95, which is impractical to be used as an 

alternative respirator/mask material. If it was molded as a tight-fitting respirator, just like 

the commercial N95 mask, the breathing resistance would be twice of the breathing 

resistance requirement (343 Pa) indicated in 42 CFR Part 84. On the other hand, if this 
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material was used to make a loose-fitting mask, the overall efficacy of the mask will be 

largely jeopardized since a large portion of the inhaled air would leak through the non-

sealed edge rather than flow through the media because of differential pressure balancing. 

With a similar fractional filtration efficiency as the procedure mask, the breathing 

resistance of the Ridgid® Fine Dust Vacuum Cleaner Filter and the Ridgid® High-

efficiency Dust Bag is about triple and double of the procedure mask. However, the 

efficiency of Ridgid® 1-Layer Pleated Paper Filter is even worse than the Mask J, although 

breathing resistance is slightly lower than that of Mask J. 

 

Figure 9–4. Fractional filtration efficiency and breathing resistance of vacuum cleaner 

filters 
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and breathing resistance perspective on candidate common material of homemade masks. 

We tested several kinds of material, including sterilization wrap, household fabrics, paper 

products, which are representatives of materials that have been widely mentioned recently 

as DIY mask materials. The results are shown in Figure 9–5. 

We tested two sterilization wraps that are designed for sterilized instrument 

wrapping, Halyard H600 and CardinalHealth™ CH600. The sterilization wraps were 

designed for blocking bacteria while allowing gas penetration. They are composed of 

multiple layers of spunbond and meltblown materials; both are widely used as air filtration 

media. Therefore, they share a similar structure with air filters, which helps in particle 

filtration. Electric charges were applied on Halyard H600 to enhance particle capture 

capabilities, according to the manufacturer, which is one of the reasons that the fractional 

filtration efficiency of Halyard H600 is higher than that of CardinalHealth™ CH600 which 

does not have electric charges according to our tests. The breathing resistance of Halyard 

H600 and CardinalHealth™ CH600 are about 2 and 3 times of that for 3M™ 1820 

procedure mask, respectively. 

Four common fabrics were tested to offer the scientific support in material 

selections: 2-layer Thinsulate™, and 5-layer bed sheets, T-shirts, and Swiffer® Sweeper®. 

Their fractional filtration efficiency curves are comparable, and MPPSs are around 0.3 µm 

with 50% efficiency at MPPSs. Thinsulate™ is intended to offer insulation while keeping 

the moisture penetration, which is achieved by highly porous microfibers, an essential 

microstructure of air filters. The efficiency of 2-layer Thinsulate™, therefore, could be 

comparable to that of 5-layer the other three materials. Swiffer® Sweeper® is 

electrostatically charged so that it can pick up and retain small dust and debris when used 
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to swipe off household surfaces. It filters out particles like an electret media, but the charge 

level on it is not as strong as commercial electret filters (e.g., respirators, face masks, 

furnace filters, etc.) so that its MPPS is still 0.3 µm, which is also partially attributed to its 

larger fiber size than most commercial electret filtration materials. 5-layer bedsheets and 

T-shirts tested in this study have similar efficiencies, which are ~ 50% efficient at 300 nm, 

suggesting that stacking sufficient layers of similar fabric materials are necessary to ensure 

desired respiratory protection to the wearer, while simply pulling the collar band above the 

nose is not recommended. From the breathing resistance perspective, the breathing 

resistance of Thinsulate™ and Swiffer® Sweeper® is only about 75% and 50% of that for 

3M™ 1820 procedure mask, respectively. Their efficiency could be further improved by 

adding more layers, where the increased material thickness can be a concern. Additionally, 

known as an excellent thermal insulator, the advantage of Thinsulate™ in its original duty 

now pose a disadvantage for it being used as a face mask material. Exhaling through mouth 

and nose is one of the major routes for the human to expel the body heat, where good 

thermal insulation is not welcome. As the easiest accessible materials in a household, 5-

layer bedsheets and T-shirts tested in this study have significantly higher breathing 

resistance than their procedure mask reference, making them less recommended from 

breathability and facial-leak points of view. Paper products are also discussed widely as 

the candidates for alternative masks. The efficiencies of a 5-layer shop towel and kitchen 

towel are in between of the 3M™ 1820 procedure mask and Mask J. Again, the multiple-

layered configuration is the key for adequate self-protection. One of the concerns of using 

paper products is their breathing resistance, which is high from the measurement and may 

increase further after gradually picking up moisture from human exhalation. Coffee filters, 
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though the only material in this group with a “filter” in its name, is the last material to be 

considered as an air-filtering face mask, owing to its combination of exceptionally low 

efficiency and higher-than-average breathing resistance.  

 

Figure 9–5. Fractional filtration efficiency and breathing resistance of common fabrics 

 

9.3.5 Discussion of The Figure of Merit 

The above discussions about fractional filtration efficiency and breathing resistance 

of common materials recommended the candidates for the alternative mask materials. 

However, it is still hard to compare two materials if one has high efficiency, high breathing 

resistance, and the other one has low efficiency and low breathing resistance. The figure of 

merit is therefore introduced to compare two materials under the same standards. The 

figure of merit (Brown 1993) of filter material can be calculated as 
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𝐹𝑂𝑀 =  − 
ln(1 − 𝐸)

∆𝑃
 

where E is the filter efficiency and ΔP is the differential pressure. The figure of 

merit represents the level of particle capturing a filter media can achieve per unit of flow 

resistance penalty, which accounts for the efficiency and breathing resistance (differential 

pressure) concurrently, so that it can be used to compare the efficiency-resistance tradeoff 

among all the materials tested. Figure 9–6 shows the figure of merit of the selected 

materials. 

The first tier consists of four materials carrying electrostatic charges. The figure of 

merit of Filtrete™ MPR2200 and MPR 2800 are even higher than 3M™8210 N95. It 

should be noticed that Filtrete™ MPR2800 ranked higher than Filtrete™ MPR2200 in 

terms of efficiency, but its figure of merit is slightly lower than that of Filtrete™ MPR2200 

due to its higher breathing resistance. The other two materials, Swiffer® Sweeper® (5 layers) 

and Thinsulate™ (2 layers), have a similar figure of merit as 3M™ 1820 procedure mask. 

All four first-tier materials are the most-recommended candidates from the filtration point 

of view. The second tier includes another four materials: Halyard H600 sterilization wrap, 

RIDGID® 3-layer Fine Dust Filter, and T-Shirt (5 layers) have a similar figure of merit, 

which is comparable to that of the Mask J, a non-electret commercial mask. These results 

show that the quality of those three common materials as good as the Mask J. It could be 

found that the efficiencies of the above three materials are much higher than that of the 

Mask J, at least 30 percentage points (5-layer T-shirt) at MPPS. Therefore, the comparable 

figure of merit to Mask J is mainly because of the high breathing resistance of three 

common materials. The figure of merit of 5-layer bedsheet is lower than the other three, 
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the likely reason is that the breathing resistance of the bedsheet we tested was about double 

that of the T-shirt. The inadvisable material is coffee filters, which is ranked lowest in both 

efficiency plot and figure of merit plot. Even it is called coffee filter, it is designed to 

separate the ground coffee from water, having hundreds of times larger size than the SARS-

CoV-2 virus or other air-borne pathogens a mask needs to filter out.  Although counter-

intuitive at first glance, it needs to be recognized that furnace filters and vacuum filters 

may work well as alternative mask materials, but coffee filters do not work well. 

 

Figure 9–6. The figure of merit of common materials 
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furnace filters, Swiffer® Sweeper®. A combination of a cloth mask and a filter material 

insert is therefore recommended. A cloth mask could be made following various 

instructions online (CDC 2020d). The face-covering part can be made into a double-layer 

design with a slit on the inner side, where a filter material can be cut and inserted to boost 

the filtration efficiency. This makes the use of those difficult-to-sew materials, such as 

furnace filters, possible and it can also reduce the material consumption by using small 

pieces only covering the size of the insert pocket. 

This study evaluated common materials that have the potential to be made into 

alternative masks for the general public under the current COVID-19 pandemic as an 

emergency option. It should be noticed that this study does not endorse the safety of using 

the studied material as an alternative mask. For example, fiber shedding could be potential 

harm to wearer, especially people who have underlying respiratory conditions. Many of 

the tested materials in this study were not intended for respiratory protection so that 

potential fiber shedding was not tested by their manufacturers or certification agencies. 

With the tide of DIY masks using alternative materials, some manufacturers announced the 

notice regarding altering their products to mask use. For example, 3M does not recommend 

altering the furnace filter to other usages (3M 2020); Halyard claims that they cannot 

recommend the off-label use of the sterilization wrap (Halyard 2020); Ridgid has a similar 

notice that their vacuum filter and vacuum filter bag is not designed as a respiratory 

protection material (RIDGID 2020). 

In this study, different commercial respirators, masks, and common materials were 

all tested with a sealed filter holder and the same face velocity, to ensure a fair performance 

comparison of the materials themselves. When a filter material is made into a respirator or 
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mask, even the tight-fitting respirator design experiences various degrees of a facial leak, 

due to design faults, the variation of wear’s facial profiles, and improper use. Such leak is 

more substantial on loose-fitting face mask designs, which most DIY masks are. Face leak 

causes a certain portion of air inhaled not filtered by mask materials, resulting in lower 

overall efficacy than the material efficiency as reported in this study, the degree of which 

varies largely among mask shape/style designs and material’s breathing resistance For 

similar mask designs, the pressure-driven face leak is severer on masks made of materials 

with higher resistance, which emphasizes another reason why breathing resistance is 

treated equally important to filtration efficiency in this study, other than the consideration 

of breathability and wearer’s comfort. The figure of merit is a well-accepted indicator of 

efficiency-resistance balance in filtration society, but its correlation with the overall 

efficacy of a face mask (with face leak counted) is not fundamentally or experimentally 

studied. Although a comprehensive assessment of overall protection efficacy of various 

mask materials and designs is not an easy task, given the large variations from various 

factors, not to mention the fit of a respirator/mask itself is subject dependent, a case study 

showing the comparison of material efficiency and overall efficacy, and its association with 

breathing resistance and other factors, it is urgently needed under current pandemic. 

Since the particles used in this study can not only represent the virus-laden particles 

but also, more importantly, the particulate air pollutant. The most concerning particulate 

pollutant is PM2.5 whose aerodynamic particle size is less than 2.5 µm. The particle size 

studied in this study falls into this size range. Hence, the conclusion of particle filtration 

efficiency and breathability of different common materials could also be applied when the 

general public DIY their masks to prevent particulate air pollutants. This is valuable for 
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the countries suffering from air pollutions, especially developing countries with limited 

access to commercial masks. Under the current pandemic, the SARS-CoV-2 laden particle 

could cause acute respiratory disease, while the particulate air pollutant can also cause 

chronic respiratory diseases. According to many epidemiologic studies, the positive 

association between respiratory diseases and atmospheric pollutants has been proven. It is 

equally important for the general public to be protected from both the pathogens and 

ambient pollutants. The conclusions of this study can guide the general public when the 

commercial respiratory protection equipment is unavailable under a pandemic or a heavy 

air pollution episode. 

 

9.4 Conclusions 

In this study, we tested commercial respirators and masks, furnace filters, vacuum 

cleaner filters, and common household materials. We evaluated the materials’ fractional 

filtration efficiency and breathing resistance, which are primary factors affecting 

respiratory protection. Neutralized monodisperse NaCl particles were used to measure the 

fractional efficiency. Breathing resistances were also compared at the same face velocity. 

To compare the efficiency-resistance tradeoff, the figure of merit of each tested common 

material was also calculated. Filter media with electrostatic charges (electret) is 

recommended due to its high efficiency with low flow resistance; multiple-layer household 

fabrics and sterilization wraps are acceptable materials; a coffee filter is inadvisable due to 

its low efficiency. The outcome of this study can not only offer guidance for the general 

public under the current pandemic but also suggest the appropriate alternative respiratory 

protection materials under heavy air pollution episodes.  
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Chapter 10: Evaluation of Decontamination Methods 

for Commercial and Alternative Respirator and Mask 

Materials – View from Filtration Aspect 

This chapter has been published: Ou, Q.1, Pei, C.1, Kim, S. C., Abell, E. and Pui, 

D. Y. H. (2020). Evaluation of decontamination methods for commercial and alternative 

respirator and mask materials – view from filtration aspect Journal of Aerosol Science 150: 

105609. doi:10.1016/j.jaerosci.2020.105609 

10.1  Introduction 

The COVID-19 pandemic has led to a severe shortage of personal protection 

equipment (PPE) worldwide (WHO 2020e). According to World Health 

Organization(2020c), the novel coronavirus (SARS-CoV-2) is transmitted primarily 

through human respiratory droplets generated by coughing or sneezing(Leung et al. 2020b, 

National Academies of Sciences Engineering Medicine 2020), either through direct contact 

when virus-containing droplets reach the nose, mouth, eyes of a person, or indirectly when 

a person touches virus-contaminated objects or surfaces and then touches his/her eyes, nose, 

or mouth. A respiratory protection equipment is therefore essential for frontline healthcare 

workers who may have direct contact with patients carrying COVID-19 virus. Nevertheless, 

the scarce inventory of N95 respirators and surgical masks in hospitals has been reported 

(Klompas et al. 2020). In light of the urgent needs and the exhausted national stockpile of 

PPEs, although not designed for, the possible decontamination and reuse of disposable 

filtering facepiece respirators (FFRs) becomes necessary (CDC 2020a).  

While tight-fitting respirators provide better protection against airborne sub-micron 

particles (Ollier et al. 2019, Zhou and Cheng 2017), they are generally recommended to be 

reserved for healthcare workers during current pandemic (WHO 2020d). Loose-fitting 
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masks, such as surgical masks and procedure masks, are designed mainly to be used as 

one-way protection, capturing large particles or droplets exiting from the wearer and 

preventing them from being spread to the environment. Surgical masks often have a fluid-

resistant outer layer, which also protect the wearer against large droplets, splashes, or spray 

of bodily or other hazardous fluids. While being reported effective in preventing spread of 

influenza virus (Johnson et al. 2009), these loose-fitting masks are not typically considered 

as proper respiratory protection, since they do not provide the wearer with a reliable level 

of protection from inhaling small airborne particles, which can either penetrate through 

mask materials (insufficient capturing efficiency) (Chen and Willeke 1992) or leak through 

the gap between mask perimeter and wearer’s face (loose-fitting) (Oberg and Brosseau 

2008). Nonetheless, due to the severe shortage of FFRs and the recommendations of 

general publics to wear face-coverings when other social distancing measures are difficult 

to maintain (Feng et al. 2020, WHO 2020d), loose-fitting face masks now become a major 

measure of respiratory protection for general publics, first responder workers, and even 

some frontline healthcare workers (mainly surgical masks in some low risk settings). While 

performance of respirators are well evaluated and many studies on respirator 

decontamination methods are reported (CDC 2020a, N95DECON 2020), the information 

of filtration performance and possible decontamination and reuse strategy for face masks 

is scarce. 

SARS-CoV-2 is a large size virus with a total size of ~ 0.06 to 0.14 µm (Lim et al. 

2016, Zhu et al. 2020). Human exhalation droplets can be several micrometers or larger 

(Anfinrud et al. 2020), but shrink while traveling in air due to water evaporation. Dried 

droplet nuclei are usually less than 5 µm in diameter (Hsiao et al. 2020), and therefore can 
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remain suspended in air for a longer period of time, and travel a further distance away (Yu 

et al. 2004). Efficiency of filter media is a strong function of particle size and filtration 

velocity, as various filtration mechanisms (e.g. diffusion, interception, impaction, 

electrostatic capturing, etc.) work effectively at different size and velocity (Brown 1993, 

Hinds 2012, Ou et al. 2017), which yields a least efficient size, namely most-penetrating 

particle size (MPPS). Under the range of normal operation conditions, most mechanical 

filters have a MPPS between 100 and 300 nm, while electret filters, which most 

commercial respirators and face masks are made of, have smaller MPPS typically below 

80 nm. In United States, respirators are approved by National Institute for Occupational 

Safety and Health (NIOSH), by testing well-sealed respirator at a flowrate of 85 L/min 

using charge neutralized polydisperse sodium chloride (NaCl) particles with a count 

median diameter (CMD) of 0.075 ± 0.02 μm and a geometric standard deviation (GSD) of 

less than 1.86 (NIOSH 2019). A mass integrated efficiency is then determined by a light 

scattering based photometer. Surgical masks, differently, are cleared by the Food and Drug 

Administration (FDA), by reviewing data supplied by the manufacturers that is collected 

from third-part independent testing laboratories. A wide range of testing flowrate or face 

velocity is implemented for testing face masks, and different sometimes confusing 

efficiencies (e.g., PFE, BFE, VFE, etc.) are reported (Rengasamy et al. 2017). In view of 

the lack of a universal standard for testing respirators and various face masks side-by-side, 

in our work, fractional efficiency measurement was conducted which provides efficiency 

at a series of particle sizes from 30 to 400 nm, covering the MPPSs of all samples tested. 

Various disinfection methods have been tested for decontaminating filtering 

facepiece respirators, and a comprehensive review of these studies is available at 
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N95DECON website, a scientific consortium for data-driven study of N95 filtering 

facepiece respirator decontamination (N95DECON 2020). Among all these methods, US 

Center for Disease Control and Prevention (CDC) (2020a) has identified three most 

promising ones: vaporous hydrogen peroxide (VHP) (Battelle 2016, Bergman et al. 2018), 

ultraviolet germicidal irradiation (UVGI) (Lindsley et al. 2015, Viscusi et al. 2009), and 

moist heat (Bergman et al. 2018). Steam treatment (Fisher et al. 2011, Heimbuch et al. 

2011) and liquid hydrogen peroxide (Bergman et al. 2018) are listed as promising methods 

with some limitations. All these methods are evaluated for respirators only and are mainly 

targeted for reuse by healthcare workers. In our study, we attempted to extend the scope a 

little further to include the decontamination of loose-fitting face masks and some 

alternative materials that have been used for making respirators/masks under this crisis, 

and the reuse purpose for both healthcare workers and general publics. Because of that, 

among all applicable decontamination methods being reported to be efficient in 

deactivating COVID-19 and other pathogens, we excluded methods that require 

sophisticated equipment and professions (e.g. VHP), and chose UVGI in view of its wide 

availability in hospitals and small clinics and the heat treatments (both dry oven heat and 

water steaming) for simple household applications. Filtration performance were evaluated 

to assess if these decontamination methods can be implemented without compromising the 

function of respirators/masks. Although it has been well reported that isopropanol (IPA) 

cannot be used to disinfect respirators as it removes charges so that lead to filtration 

deterioration, its possible application for disinfecting non-electret alternative respirator 

material was evaluated in this study. 
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10.2  Experimental Method and Material 

10.2.1  Decontamination Methods 

For the ultraviolet germicidal irradiation (UVGI) method, the respirator/mask 

samples were hung between a Xenex LightStrike Germ-Zapping Robots and a UV 

reflective wall, both < 1m away from the samples. The UV-C light from the source machine 

and the reflected illumination irradiated the samples for 5 minutes. For the oven heating 

method, 77oC (170oF) was chosen because it is the lowest temperature setting for most 

household ovens, and Covid-19 virus is reported deactivated at 70oC (Chin et al. 2020). At 

the target temperature, the respirators/masks were placed on a stack of coffee filters inside 

the oven without touching any metal surfaces to prevent thermal damage and heated for 30 

minutes. For the steam heat treatment method, the respirators/masks were placed on the 

rack of a steamer with boiling water for 30 minutes. For isopropanol (IPA) soaking, test 

samples were soaked in 75% IPA-water solution for 10 min and let dry overnight.  

10.2.2  Filtration Performance Testing 

A round piece of filtration materials with 40 mm diameter was cut from each 

sample and secured in a stainless-steel filter holder with gaskets sealing around the edge 

on both sides to prevent air leakage. The breathing resistance of the materials was 

determined by measuring the differential pressure drop across test samples under testing 

filtration velocity of 10.5 cm/s, which is equivalent to 85 L/min across a filtration area of 

135 cm2. 85 L/min is the standard flowrate at which NIOSH certifies N95s, and 135 cm2 

is the lower end of filtration surface area of typical commercial N95 respirators. The choice 

of lower end value is to ensure our measurement represents the worst scenario, as filtration 
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performance deteriorates with increasing filtration velocity. As a reference, 3M 8210 N95 

respirator has an effective surface area of 150 to 170 cm2, depending on how it is sealed 

for standard NIOSH N95 certification test.  

For particle filtering efficiency, a method called fractional efficiency measurement 

was used. As depicted in Figure 9–1, NaCl nanoparticles generated from a Collision-type 

atomizer (TSI 3076, Shoreview, MN) were employed as challenging aerosol for fractional 

efficiency measurement. The test particles were first passed through a diffusion dryer to 

remove excess moisture from atomizer solution and bring the humidity level of the aerosol 

below deliquescence relative humidity of NaCl. They were then sent into a Po-210 

Staticmaster® Alpha Ionizer (0.5 mCi, NRD, LLC. Grand Island, NY) neutralizer and a 

DMA, which act as a size selector and only allow NaCl particles with a narrow mobility 

range to exit. To save time, the NaCl solution concentration was not changed during the 

measurement, but the number mode was kept at slightly below 65 nm to minimize the 

multiple charge effect in mobility classification for large particles. The size-selected 

particles were then passed through another Po-210 neutralizer (0.5 mCi) to bring the charge 

level of these charged particles to a Boltzmann equilibrium charge distribution (Liu and 

Pui 1974, Wiedensohler 1988), a steady state distribution best representing the charge level 

of ambient aerosols. This second neutralizer is particularly important for testing respirators 

and masks, as most commercial units employ electret media which show much higher 

efficiency on small (<100 nm) charged particles. The importance of testing with neutralized 

(Boltzmann equilibrium) aerosol was overlooked by a recent publication with similar 

topics (Konda et al. 2020), in which un-conditioned aerosols from a mechanical nebulizer 

was employed, whose inherent high charge level would cause overestimation of filtration 
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efficiency. The neutralized test particles were then mixed with dilution air and sent into 

filter holder, whose number concentrations upstream and downstream of test sample were 

measured by a Condensation Particle Counter (TSI 3776, Shoreview, MN) with the 

assistance of a pneumatic three-way switching valve. The fractional efficiency (FE) of the 

sample was determined as 𝐹𝐸 = 1 −
𝐶𝑑𝑛

𝐶𝑢𝑝
/

𝐶𝑏𝑙𝑎𝑛𝑘,𝑑𝑛

𝐶𝑏𝑙𝑎𝑛𝑘,𝑢𝑝
, where 𝐶𝑢𝑝  and 𝐶𝑑𝑛  are the number 

concentrations of NaCl particles at upstream and downstream of the sample, and 𝐶𝑏𝑙𝑎𝑛𝑘,𝑢𝑝 

and 𝐶𝑏𝑙𝑎𝑛𝑘,𝑑𝑛 are the number concentrations of NaCl particles at upstream and downstream 

of the filter holder when no sample presents. The calculated FE accounts for particle 

transportation loss in the test system. FE was determined for 8 sizes spanning from 30 to 

400 nm, which covers the MPPS of both electret and mechanical filtration materials.  

 

10.3  Results and Discussion 

Three commercially available respirator and mask samples were selected as the 

major data set of this study, namely 3M 8210 N95 respirator, Halyard 48207 surgical mask, 

and 3M 1820 procedure mask. Additionally, 2 other materials that are reported being used 

for making respirators/masks under Covid-19 pandemic were selected. One is Halyard 

H600 one-step fabric sterilization wrap, which was first proposed as alternative mask 

material by a team at University of Florida who has a pending patent on this (University of 

Florida 2020). The other material, named as EX101, was donated by Cummins Inc. to 

University of Minnesota as part of a project to supply masks to Minnesota’s M Health 

Fairview network (Businesswire 2020, University of Minnesota 2020).  
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All the 3 commercial respirator and masks and Halyard H600 fabrics have 

electrostatic charges on their fiber surface, which help to boost filtration efficiency without 

causing extra breathing resistance. However, these charges may be completely or partially 

removed by some sterilization methods, which could negatively impact the selection of 

decontamination and reuse strategy for these materials. EX101 is a pure mechanical 

filtration material with no electric charge on it. It was made of polymer fibers: PBT 

polyester, Nylon 6-6, and PET polyester in different layers. 

 

10.3.1  Base Performance Before Decontamination 

Filtration efficiency and breathing resistance of all the five materials are measured 

first without any decontamination treatment was conducted, which is summarized in Figure 

10–1(a). Among all five materials, N95 respirator material and EX101 media have the 

highest level of efficiency, greater than 95% over the entire size range between 0.03 to 1.0 

µm. All three commercial respirator and masks show similar trends of increasing efficiency 

with particle size, suggesting they all possess high level of electrical charge on their fiber 

surface. Unlike N95 respirator having efficiency greater than 95%, surgical mask and 

procedure mask tested have efficiency around 80-90% and 70-80% respectively in the 

range of 0.03 to 0.4 µm. Their efficiency increased sharply after 0.4 µm, to greater than 

95% at 1.0 µm, attributed to the improved capture by interception and inertia impaction. 

Since the efficiency keeps increasing and stays high after 0.4 µm for all 5 materials, only 

the results between 0.03 and 0.4 µm are reported in the rest part of the paper. EX101 has a 

MPPS at ~ 0.1 µm, which is typical for pure mechanical filter with small fiber diameter at 
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this face velocity (10.5 cm/s). The shortcoming of achieving N95 level of efficiency 

without an assistance from electrostatic charge is the highest breathing resistance (323 Pa 

@ 10.5 cm/s) among all, which though is still below NIOSH’s limit of 343 Pa for an N95 

respirator. This breathing resistance can be further reduced by making masks with larger 

effective filtration area. H600 sterilization wrap has the lowest efficiency and the second 

highest breathing resistance among all. It is a surprise that its efficiency is only marginally 

lower than 3M procedure mask, given that this material is not originally designed as a 

filtration material, which is mainly because it has certain level of electrical charge on its 

fibers. This is known by comparing its filtration with that of a 75% isopropanol-soaked 

sample as discussed later. It is worth mentioning that the sterilization wrap is more plastic 

than most non-woven face masks, potentially providing better facial fit than loose-fitting 

masks, although this advantage is partially offset by its higher breathing resistance (causing 

more pressure driven facial leak). All the three commercial respirator and masks have flow 

resistance around 50-75 Pa, which agrees with previous measurement (Kim et al. 2015). A 

recent study (Konda et al. 2020) measured significantly lower flow resistance at as low as 

10-15 Pa may suggest leaks in their test apparatus. 

For a better comparison among all the five materials, their quality factor (Q) is 

determined by 

Q =  −
ln (1−𝐸𝑓𝑓)

∆𝑃
, 

where Eff is the fractional efficiency at certain size, while ΔP is the differential pressure 

drop (breathing resistance). Quality factor represents a tradeoff between efficiency and 

resistance of a filtration material under a specified operating condition (e.g., face velocity, 

temperature, etc.), with a higher value preferable. It is clearly seen from Figure 10–1(b), 



 190 

that 3M 8210 respirator has much higher quality factor than the other materials as it is one 

of the highest efficient and the least resistant material among all five tested. With the 

assistance of electrostatic capturing, both surgical mask and procedure mask have decent 

quality factor that is higher than typical filtration materials at this face velocity. As a pure 

mechanical material, the quality factor of EX101 media is among the top tier and is even 

slightly higher than H600 sterilization wrap which has electrical charge on it. The non-

electret nature of EX101 makes it more tolerant to various decontamination methods, 

which will be demonstrated later. 

 

Figure 10–1. Fractional efficiency (a), breathing resistance, and quality factor (b) of 3M 

8210 respirator, Halyard 48207 surgical mask, 3M 1820 procedure mask, Halyard H600 

sterilization wrap, and Cummins EX101 material, before any decontamination treatments 

 

10.3.2  Decontamination by Isopropanol Alcohol  

It is well reported that isopropanol alcohol and soap can cause filtration degradation 

of N95 respirators (Viscusi et al. 2009), and the purpose of this set of test is mainly to 

confirm if similar degradations can be found on other face mask materials and alternative 

respirator/mask materials. As shown in Figure 10–2, after only one treatment, significant 
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decay in efficiency was found in all the materials except for EX101 which is a non-electret 

media. For all four electret media, the degree of efficiency degradation increases with 

particle size, resulting in MPPS shift towards larger size from below 30 nm (except for 

sterilization wrap at 100 nm) before the treatment to 150-300 nm afterwards. The shift of 

MPPS towards larger size is a strong indication that the drop in efficiency level is due to 

charge loss rather than structural change or integrity degradation. Another evidence of this 

conclusion is the unchanged breathing resistance level, which is also shown in Figure 10–

2. Exposure to organic solvents such as isopropanol, acetone, xylene, toluene, and benzene 

has been reported to increase charge mobility in polypropylene fibers, subsequently 

reducing the electrostatic charge on the fibers and their ability of capturing particles (Jasper 

et al. 2006, Kim et al. 2009a). 

Although not as significant as others, EX101 also shows a slight drop in efficiency 

with an unchanged MPPS at 100 nm. At this size, it is 90.5% efficient after treatment 

comparing to 95.7% of untreated media. The change is likely from the loss of small fibers 

when IPA soaks into the material’s micro-structures or evaporates from its fiber surface. It 

is worth noting that although the IPA soaked EX101 sample has an efficiency below 95% 

at MPPS (100 nm), it may still pass N95 certification for two reasons: (1) photometer based 

NIOSH N95 certification test puts more weight on the efficiency at ~ 300 nm; and (2) the 

sample would have been tested under a low face velocity if a respirator was made with 

greater than 135 cm2 effective filtration area, which is the case for most commercial 

respirators. For further justification, an integrated mass efficiency was calculated by 

assuming a lognormal test aerosol distribution with a count median diameter at 75 nm and 
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a geometric standard deviation of 1.86. The calculated mass weighted efficiency was 

95.18%. 

Instead of soaking, a gentler treatment was then implemented by spraying 75% 

isopropanol-water solution onto media surface using a small garden sprayer. Almost 

identical level of efficiency degradations was found on all four electret materials, 

suggesting that the small amount of IPA droplets generated is sufficient to almost fully 

discharge all electrical charges on electret fiber surface. This result suggests that attentions 

should be paid to avoid direct contact of alcohol liquid or vapor with respirators and face 

masks, especially in hospitals and clinics where alcohol or other disinfection agents are 

used routinely. One example of that is adjusting/touching respirators/masks immediately 

after using hand sanitizer. Unlike IPA soaked case, no efficiency degradation was observed 

on IPA sprayed EX101 sample, indicating the nanofibers are strong enough to retain their 

structure when contacting with small amount of IPA droplets. 
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Figure 10–2. Fractional efficiency and breathing resistance of the 5 filter materials before 

and after IPA treatments (soaking or spraying) 

 

10.3.3  Decontamination by UVGI 
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masks after up to 10 cycles. Since the filtration performance testing in this study is a 

destructive method, to save precious PPEs, only one sample was prepared for each 

decontamination method and treatment cycle combination. The small fluctuations (within 

2% for N95s, 11% for surgical mask, and 8% for procedure mask) observed can be mainly 

attributed to variation among different pieces of samples. N95s were reported to keep 

integrity and fit at higher dose of UV-C light (Heimbuch et al. 2011, Lindsley et al. 2015). 

Despite of sample variation, which is shown as efficiency fluctuation evenly over size 

range of 30-400 nm, no efficiency decay associated with charge loss can be identified, 

which would otherwise show higher efficiency reduction in larger sizes. This results are in 

agreement with previous experiments (Bergman et al. 2018, Viscusi et al. 2009, Viscusi et 

al. 2011), suggesting UVGI can be an option to decontaminate respirators and face masks 

under the shortage caused by Covid-19 without causing degradation in filtration. 

As one of the standard disinfection methods used in hospitals, UVGI generally has 

larger availability than other recommended respirator decontamination options (e.g., VHP) 

for hospitals. Question however remains open about UV-C’s ability of penetrating deeply 

into melt-blown materials, which is made of polypropylene, a UV absorber. The amount 

of penetration was found to vary largely among N95 models (Fisher and Shaffer 2011). 

Higher UV-C dose may be necessary to disinfect other pathogens that are less susceptible. 

Both concerns require higher UV-C dose, leading to longer irradiation period. Some studies 

(Heimbuch and Harnish 2019, Mills et al. 2018) demonstrated residual virus on respirator 

straps after UVGI treatment (likely due to the factor that the straps twist so as be shielded 

from UV-C irradiation), suggesting a subsequent disinfection of straps are necessary. The 



 195 

consideration of UV shading also requires that respirators and masks cannot be stacked 

during the treatment, which further limits the decontamination throughput of this method.  

 

Figure 10–3. Fractional efficiency (a-c) and breathing resistance (d) of N95 respirator, 

surgical mask, and procedure mask after multiple UVGI treatment cycles 
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to its relatively low feasibility at home, although there is evidence showing that higher 

humidity will better inactivate viruses similar to SARS-CoV-2 (McDevitt et al. 2010). A 

dry heat temperature of 77oC (170oF) was chosen as it is the lowest temperature setting of 

most household ovens, and a recent evidence showed that dry heat at 70oC for 30 min can 

achieve 1.9-log activity reduction, which further increased to 3.3-log if the treatment 

duration was extended to 60 min (Fischer et al. 2020). Each treatment cycle was chosen to 

be 30 min in this study considering a slightly higher temperature was used and the relatively 

low exposure risk for general publics. As shown in Figure 10–4 (a1-a6), dry heat at 77oC 

did not cause any observable efficiency degradation of the 3 commercial respirator/mask 

materials after 10 cycles. Similar to UVGI method, small fluctuations were observed which 

can be attributed to sample variation rather than any systematic efficiency deterioration for 

the reason explained above already. A slight change of MPPS from below 30 nm to 50 nm 

was found on 3M 8210 N95 respirators, implying a subtle loss on charge level which is not 

sufficient to yield any practically meaningful performance degradation. For sterilization 

wrap, after the first treatment, ~10-15% of reduction was observed at sizes greater than 100 

nm, suggesting certain degree of charge loss occurred at high temperature. Further dry heat 

treatment for multiple cycles (up to 10 cycles) did not seem to cause further filtration 

degradation. Similar to sterilization wrap, EX101 experienced slight (<5%) efficiency drop 

after first dry heat treatment, but further reduction was not observed after multiple cycles 

(up to 10). No MPPS change was observed on EX101, indicating the efficiency drop is 

likely due to small amount of structure change (likely loss of nanofiber).  

Although a precise control of humidity in thermal treatment is not an easy 

implementation in household, steam heat treatment can be a feasible alternative high 
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humidity option which keeps the moisture level near or above saturation. Recent studies 

demonstrated SARS-CoV-2 (Kumar et al. 2020) and bacteriophage MS2 (Massey et al. 

2020) viruses can be deactivated by autoclave or microwave generated steam in shorter 

treatment time (≤ 15 min). As illustrated in Figure 10–4 (b1-b6), although 3M 8210 N95 

respirator retained its efficiency after 10 cycles, efficiency decay was observed on surgical 

mask (after 5 cycles), procedure mask (after 10 cycles), and sterilization wrap (after 1 

cycle). The efficiency reduction is more pronounced at larger sizes, causing shift of MPPSs 

from below 30 nm to ~ 200 nm, which is a strong indication of charge loss during the 

treatments. The almost unchanged breathing resistance provided further evidence that 

change of material integrity or micro-structure is not the major source of efficiency 

degradation. Polypropylene is hydrophobic, but water can condense on polypropylene fiber 

surface under super-saturation, which could potentially deteriorate surface charge by an 

unknown mechanism that requires more study. Accelerated charge degradation on corona-

charged polypropylene fibers has been reported when conditioned at higher humidity levels 

(Motyl and Łowkis 2006). Similar to dry heat case, steam heat induced small (<5%) 

efficiency drop on EX101 samples, which is likely attributed to loss of nanofibers.  

Besides the filtration efficiency of the material, another important property of a 

respirator or mask is the fit, which measures the seal between the respirator/mask and the 

wearer’s face. An annual fit test is required when a healthcare worker needs to wear a tight-

fitting respirator, such as a 3M 8210 N95 respirator. The quantitative fit tests were 

performed using a TSI PortaCount® Pro+ 8038 by a specific researcher in this study. The 

fit factor, defined as the ratio of ambient particle concentration to the particle concentration 

inside the respirator, should be equal to or above 100 to pass the test. The fit tests were first 
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performed with a new 3M 8210 N95 respirator and then performed after 1, 3, 5, and 10 

cycles of 77oC dry heat treatments with the same respirator. A second 3M 8210 N95 

respirator was fit tested after 0, 1, 3, 5, and 10 cycles of steam heat treatment. As shown in 

Table 10–1, dry heat treatment deemed safe for the integrity and the fit of the respirator, 

while the steam heat treatment caused the respirator fail in fit test after 5 treatment cycles. 

It is worth noting that although all the fit tests were performed with the same person 

wearing the respirator in order to minimize variation of wearers, the results reported here 

should be considered as subject-dependent. Different fit factors should be expected if the 

tests were performed on a different wearer, even if with the same respirator. The impact of 

thermal treatment on respirator fit also varies by respirator model (Anderegg et al. 2020, 

Bergman et al. 2018, Fischer et al. 2020, Kumar et al. 2020). Loose-fitting face masks were 

not fit tested in current study. Although a fit test is not required, the overall efficacy of a 

face mask’s respiratory protection is strongly affected by its ability to minimize facial leak 

around edges. With more loose-fitting masks are used by frontline healthcare workers as 

(sometimes the only) respiratory protection PPE, more study is urgently needed to quantify 

the fit factor of these face masks over a wide particle size range in order to provide a 

comprehensive assessment of their respiratory protection efficacy. 

In summary, in terms of retaining both filtration efficiency and fit (tested for 

respirators only), dry heat seems to be a better option over steam heat treatment, while 

evidences (Fischer et al. 2020, Fisher et al. 2011, Heimbuch and Harnish 2019, Kumar et 

al. 2020, Lore et al. 2012, McDevitt et al. 2010) suggested steam heat or moist heat (50-

85% RH) disinfect SARS-CoV-2 or similar viruses at shorter exposure time. Respirators 

and masks can be heat treated in an enclosed rigid heat compatible container with small 
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amount of water added (less than 1 ml for 1.25 quart container size) to help maintain a 

favorable 60-85% RH (Anderegg et al. 2020). It is suggested to keep the water amount low 

to avoid steam generation which may negatively impact efficiency and fit. The authors 

claim this method is scalable, so it can also be potential decontamination options at medium 

or large quantities after the viral inactivation of SARS-CoV-2 on FFRs under the given 

conditions can be confirmed. 

Table 10–1. Quantitative fit testing results of the new N95 respirator and after oven and 

steam heat treatment cycles. 

Oven Treatment 

Exercise New 
Cycles 

1 3 5 10 

Normal Breathing 200+ 200+ 200+ 200+ 200+ 

Deep Breathing 200+ 200+ 200+ 200+ 200+ 

Head Side to Side 200+ 200+ 200+ 200+ 200+ 

Head Up and Down 200+ 200+ 200+ 200+ 200+ 

Talking 135 134 124 170 125 

Grimace Excl. Excl. Excl. Excl. Excl. 

Bending Over 200+ 200+ 151 197 200+ 

Normal Breathing 200+ 200+ 200+ 200+ 200+ 

Overall Fit Factor 188 188 177 195 185 

 

Moist Heat Treatment 

Exercise New 
Cycles 

1 3 5 10 

Normal Breathing 200+ 200+ 191 109 141 

Deep Breathing 200+ 200+ 200+ 184 179 

Head Side to Side 200+ 200+ 92 43 51 

Head Up and Down 200+ 165 101 72 99 

Talking 135 86 80 56 58 

Grimace Excl. Excl. Excl. Excl. Excl. 

Bending Over 200+ 144 136 47 37 

Normal Breathing 200+ 157 180 112 50 

Overall Fit Factor 188 152 124 70 66 
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Figure 10–4. Fractional efficiency and breathing resistance of all five filter materials after 

dry (a) and steam (b) heat treatments. 

 

3M™ 8210 N95 Untreated

3M™ 8210 N95 1 cycle

3M™ 8210 N95 3 cycles

3M™ 8210 N95 5 cycles

3M™ 8210 N95 10 cycles

Steam Heat Treatment

(b1)

E
ff
ic

ie
n

c
y
 [
--

]

90%

92%

94%

96%

98%

100%

Particle Mobility Diameter [µm]

0.02 0.05 0.1 0.2 0.5

Halyard 48207 Surgical Mask Untreated

Halyard 48207 Surgical Mask 1 cycle

Halyard 48207 Sursgical Mask 3 cycles

Halyard 48207 Sursgical Mask 5 cycles

Halyard 48207 Sursgical Mask 10 cycles

Steam Heat Treatment

(b2)

E
ff
ic

ie
n

c
y
 [
--

]

50%

60%

70%

80%

90%

100%

Particle Mobility Diameter [µm]

0.02 0.05 0.1 0.2 0.5

3M™ 1820 Procedure Mask Untreated

3M™ 1820 Procedure Mask 1 cycle

3M™ 1820 Procedure Mask 3 cycles

3M™ 1820 Procedure Mask 5 cycles

3M™ 1820 Procedure Mask 10 cycles

Steam Heat Treatment (b3)

E
ff
ic

ie
n

c
y
 [
--

]

50%

60%

70%

80%

90%

100%

Particle Mobility Diameter [µm]

0.02 0.05 0.1 0.2 0.5

Halyard H600 Sterilization Wrap Untreated

Halyard H600 Sterilization Wrap 1 cycle

Halyard H600 Sterilization Wrap 3 cycles

Halyard H600 Sterilization Wrap 5 cycles

Halyard H600 Sterilization Wrap 10 cycles

Steam Heat Treatment (b4)

E
ff
ic

ie
n

c
y
 [
--

]

50%

60%

70%

80%

90%

100%

Particle Mobility Diameter [µm]

0.02 0.05 0.1 0.2 0.5

EX101 Untreated

EX101 1 cycle

EX101 3 cycles

EX101 5 cycles

EX101 10 cycles

Steam Heat Treatment

(b5)

E
ff
ic

ie
n

c
y
 [
--

]

90%

92%

94%

96%

98%

100%

Particle Mobility Diameter [µm]

0.02 0.05 0.1 0.2 0.5

Untreated

1 cycle

3 cycles

5 cycles

10 cycles

(b6)

D
if
fe

re
n
ti
a

l 
P

re
s
s
u

re
 @

 1
0
.5

 c
m

/s
 [
P

a
]

0

100

200

300

400

3M
™

 8
21

0 
N
95

H
al
ya

rd
 4

82
07

S
ur

gi
ca

l M
as

k

3M
™

 1
82

0

S
ur

gi
ca

l M
as

k

H
al
ya

rd
 H

60
0

S
te

ril
iz
at

io
n 

W
ra

p
E
X
10

1



 202 

10.3.5  Autoclave Treatment on Masks Made of Sterilization Wrap 

Since first introduced as a N95 alternatives, the blue sterilization wrap has been 

well adopted to make face masks over many hospitals and clinics in United States. As 

discussed above, although not really N95 grade, this material does provide good protection 

with efficiency similar to 3M procedure masks at about doubled breathing resistance. 

Unused and worn masks made of this sterilization wrap were provided by a local clinic, 

with all samples underwent an autoclave treatment at 132oC for 30 min after the last use 

(if any) to minimize possible transmission of SARS-CoV-2 virus. Worn masks were used 

in real clinic activities and were treated with autoclave after each work shift and were then 

reused by the same person. 3 masks each were randomly selected after being wore and 

autoclaved for 1 or 2 times. Selected unworn masks were autoclaved up to 4 times as 

control groups. As can be seen in Figure 10–5, autoclaved unworn masks had slight 

efficiency deterioration after only 1 treatment, mainly in large sizes, due to charge loss. 

Multiple treatments caused further degradation, but the impact seemed to fade out after 2 

treatments, with very similar efficiencies observed for samples with 2, 3, and 4 autoclave 

treatments. The largest efficiency reduction after 4 treatments were within 20%. 

On the other hand, worn masks showed much severer efficiency degradation even 

after only one worn-autoclave cycle. The fact of no significant change in breathing 

resistance and the shift of MPPS towards larger size both suggested the filtration 

deterioration was from charge loss. The efficiency of the 3 masks worn by 1 shift reduced 

by 18, 19, and 35% respectively at 300 nm. After 2 shifts, the reductions further developed 

to 23, 36, and 43% respectively. The worst sample of 2-shift cases (#1) showed similar 

efficiency to the IPA-soaked sterilization wrap (the same material the mask is made of), 
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indicating this sample lost almost all the electric charge on it. Respirators/masks used in 

real world may be contaminated by saliva and mucus from human body or chemicals and 

particles from ambient environment. These foreign objects may negatively impact the 

efficiency of electret media by neutralizing or shading their electrical charges (Ji et al. 2003, 

Mahdavi et al. 2015, Raynor and Chae 2004), which cannot be recovered by 

decontamination. Another possible mechanism causing charge loss is the moisture (from 

human exhalation) condensation on filter fibers. The subsequent water molecule 

evaporation from fiber surface could potentially lead to electron exchange, which 

neutralizes the electric dipoles gradually over repetitive exhalation (condensation) and 

inhalation (evaporation) cycles. This hypothesis may also help to explain the mild filtration 

degradation after multiple steaming treatment cycles. Although testing of more field-used 

respirators/masks is needed to confirm this observation and further investigation is 

necessary to validate our hypothesis or any other potential mechanisms, the result from 

limited field-used samples here rises a question that if decontamination tests conducted on 

unworn respirators and masks are sufficient to provide appropriate representation of their 

real-world counterparts being worn and subsequently decontaminated for multiple times. 

Various decontamination methods may be proven to not cause filtration degradation by 

themselves even after 10-20 cycles. The normal human wearing activities, however, may 

cause irreversible filtration deterioration that cannot be recovered by these 

decontamination methods. If this is proven true, it will negatively impact the current 

decontamination and reuse strategy of respirators and masks and may largely limit the 

number of times a respirator or mask can be reused. 
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Figure 10–5. Filtration performance of unworn and worn H600 sterilization wrap masks 

after one or multiple cycle(s) of autoclave treatment. IPA soaked same material is included 

for reference purpose 
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dropped below 100 (fail) after 5 cycles. As an easily accessible method, heat treatment can 

be implemented by general publics in household setting, but our results suggested to keep 

the moisture level below saturation if masks made of electret materials are decontaminated. 

Both IPA soaking and spraying caused significant performance deterioration of all 

electrically charged materials, including the three commercial respirators/masks and 

Halyard H600 sterilization wrap, by largely removing charges from material surface. No 

change of material integrity or structure was observed on any combination of filter 

materials and decontamination methods tested, suggesting the stability of electrical charge 

is the major factor (together with facial fit) that limits the ability of a material being 

decontaminated and reused for multiple times. Non-electret filter materials (e.g. EX101), 

therefore, pose their advantages of wider compatibility with a variety of decontamination 

methods so more attention can be put on retaining the fit and the functionality of other 

auxiliary components (e.g., straps, nose piece, etc.).  

Fractional efficiency measurement approved to be a better method for 

respirator/mask performance evaluation than any size integrated methods (e.g. NIOSH N95 

certification test), by providing size-resolved efficiency information (Rengasamy and 

Eimer 2012). When used for evaluating decontaminated respirators/masks, this method is 

capable of distinguishing efficiency degradation due to charge loss from that caused by 

structure or integrity deterioration, which is not otherwise possible by a size integrated 

method. 

The current study focused on the filtration performance of the filter materials, with 

fit testing conducted only on N95 respirators with selected decontamination methods. With 

more loose-fitting masks being used by frontline healthcare workers, assessing the facial 
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fit performance of these face masks, which is equally important to material filtration testing, 

has become urgently needed and requires more immediate efforts. Moreover, the limited 

results on sterilization wraps in this study implied that normal human wearing activity 

could potentially cause irreversible charge loss and performance deterioration of electret 

materials, which has been overlooked by most respirator/mask decontamination and reuse 

studies. Decontamination tests on real-world used samples, together with the material 

durability evaluation especially after extended reuse and multiple donning/doffing cycles, 

are necessary to fully assess current decontamination and reuse strategy of respirators and 

face masks. 
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Chapter 11: Summary and Future Work 

This dissertation focuses on the effects of temperature and RH on filter loading by 

simulated atmospheric aerosols and COVID-19 related mask and respirator filtration study. 

There are two objectives of this dissertation: the first one is to fill the gap between lab filter 

testing and actual filter operation; the second one is to help curb the COVID-19 spreading 

from filtration perspective. Part 1 and Part 2 focus on the first objective, Part 3 covers the 

second objective. 

 

11.1  Effects of Temperature and RH on Filter Loading by Simulated 

Atmospheric Aerosols 

 

The structure of the first objective of this dissertation is shown in Figure 11–1. It is 

aimed to study the discrepancy between lab filter testing and real filter operation and select 

better filters. 

Part 1 and Part 2 cover the methodology development, and research experiments, 

respectively. Chapter 1 and Chapter 2 introduce the experimental apparatus used in this 

dissertation. Chapter 3 is about a novel filter performance monitoring system, which can 

report filter performance in real-time. Chapter 4 covers a database that can provide both 

historical pollution and meteorological information of the city of interest so that air filters 

can be recommended accordingly with the knowledge gained from this dissertation. 
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Figure 11–1. Structure of the first objective of this dissertation 

Chapter 1 and 2 set the experimental apparatus foundation of this dissertation. To 

study the effects of temperature and RH on filter loading, a Lab-simulated Ambient 

Environment Air Filter Test Rig was built so that both temperature and RH could be well 

controlled for filter testing in the laboratory. To simulate atmospheric aerosols, inorganic 

hygroscopic salts ((NH4)2SO4, NH4NO3), soot and organic compounds coated soot were 

employed. The techniques to generate atmospheric aerosols were established, including 

dry and wet salt particles, fresh and aged soot, and mixture particles. In previous studies, 

dry NaCl or KCl salt particles were used in filter testing. However, hygroscopic (NH4)2SO4 

and NH4NO3 salt particles response at different RHs was carefully considered here so that 

both dry and wet salt particles were employed for filter testing at various RHs. In previous 
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studies, only fresh soot was used in filter testing. Whereas, aged soot filter testing was 

performed here, which can simulate ambient filtration scenario better. 

Chapter 5 focuses on the temperature effect on filter loading. The testing 

temperature covers from 5 ℃ to 50 ℃ and the testing RH covers from 30% to 75%. It is 

found that temperature is a minor factor affecting the filter life. KCl and (NH4)2SO4 

particles were tested in their dry state, and NH4NO3 was in its wet state, which represented 

the different particle states in the atmosphere. From experiment results, RH plays a 

significant role in affecting the filter life. In contrast, the temperature is a minor factor. 

This confirms that filter testing RH should be well controlled while filters can be tested at 

room temperature. Consequently, the following studies were performed at room 

temperature. 

Chapter 6 covers filter loading of the single-species particle at constant RH. In this 

chapter, conventional cellulose filter media and nano-fiber coated cellulose filter media 

were studied. It is found that in general, the higher the loading RH, the longer the filter life. 

While the filter life of dry and wet particles is reversed on two types of filter media due to 

the formation of the liquid film on the nanofiber layer. When the majority of challenging 

particles are dry, the nano-fiber coated filter can last longer; while the conventional filter 

can hold more wet particles. It is learned that filter selection should be cautious, and the 

operating RH and challenging particles’ state should be considered.  

Chapter 7 studied filter loading of the multiple-species particles at constant RH. In 

Chapter 7, (NH4)2SO4-NH4NO3 mixture and organic compounds coated soot were studied 

at constant loading RH. It is found that mass gains of salt mixture particles were complex 

and depend on mixture particle composition and states, loading RH, and particle 
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dehydration history. The mass gain complexity is caused by the salt mixture hygroscopicity, 

which has been proven complicated and unpredictable. This result suggests that filter 

loading test should consider filter operating locations so that (NH4)2SO4-NH4NO3 mixing 

ratio can change accordingly to better simulate filter operation. According to field study, 

aged soot in the atmosphere is more compact than fresh soot. It is found that the test filter 

can last longer when it is challenged by organic compounds coated soot, which is lab 

simulated aged soot. This study implies that to better simulate ambient soot in lab filter 

testing, the aging process should be considered. Chapter 7 reveals the complexity of filter 

loading with particles that are similar to the ambient particulate pollutants at different 

loading RHs and suggests the necessity of testing filters based on their operating conditions. 

Chapter 8 investigated the effect of RH change on the hygroscopic loaded filters, 

which is similar to the actual operating conditions since it is not realistic to have a constant 

RH during ambient filter operation. It is found that for dry particle deposition, the higher 

the conditioning RH, the lower the terminal pressure due to moisture absorption induced 

restructuring. For wet particles, the elevated conditioning RH can prompt pressure 

reduction by introducing more water to salt deposits. However, the lowered conditioning 

RH would not cause a pressure reduction. This study broadens the understandings of RH 

change effect on the hygroscopic particles loaded filters. Also, the possibility of utilizing 

the hygroscopic particle to prolong filter life or clean filters could be considered. 

The ultimate goal of this objective is to recommend filters based on operating 

locations. Whereas it is still challenging to achieve filter selection and optimization based 

on all research mentioned above. Therefore, in Chapter 4, a Global Air 

Pollutant/Meteorological Condition Database was established. For a city of interest, this 
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database can report historical pollutants speciation and concentration, historical monthly 

average temperature and RH, and pollutants concentration trend in past years. Before 

making decisions, the local filter operation conditions could support filter selection and 

optimization. Air filters can be customized in the future to accommodate different needs. 

Meanwhile, even with the customized filter for different locations, the actual filter 

performance is still not well known. Chapter 3 solves this problem by prototyping a Smart 

Sensor for Filter Performance Monitoring System. With such a system, real-time filtration 

efficiency, differential pressure across the filter, and operating temperature, RH are all 

available to closely monitor the filter performance. This system was tested on an indoor air 

purifier to validate the concept and it was justified that such a filter performance monitoring 

system is effective and convenient. This system could be customized to fit all air filter 

applications, which can open the black box of air filter operation. With millions of system 

installations, massive filter operation data could be received. With the advantage machine 

learning tool and big data analysis, filter manufactures could understand the direction of 

the optimization clearly. End-users can stay assured that filtered air qualifies for their needs, 

and occupants’ health and equipment are well protected as desired. 

Both the Global Air Pollutant/Meteorological Condition Database and Smart 

Sensor for Filter Performance Monitoring System could help close the loop of this study 

(Figure 11–1). The discrepancy between the conventional filter testing and the actual filter 

operation is minimized by studies in this dissertation. With more stringent pollution control 

in past decades, sub-micron particulate pollutants are concerned. This dissertation extends 

the understandings of filter testing and operating with sub-micron particulate pollutants at 
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different operating conditions, which will benefit both the scientific research and the 

filtration industry. 

 

11.2  COVID-19 Related Mask and Respirator Filtration Study 

COVID-19 was characterized as a pandemic by WHO on March 11, 2020, and it is 

a global challenge for the world since then. Center for Filtration Research is one of the 

leading filtration research centers in the world, and several COVID-19 related mask and 

respirator filtration studies were conducted at the Center for Filtration Research. Two of 

them are included in this dissertation. 

Chapter 9 compared common materials that have the potential to be used as 

alternative masks for the public in daily protection to slow down COVID-19 spread. Both 

commercially available respirators and masks were evaluated to establish references for 

fractional efficiency and breathability. Furnace filters, vacuum cleaner filters, common 

household materials were tested in the same method. It is found that electret media has a 

good balance between filtration efficiency and breathability, which could be an emergency 

option at the current COVID-19 pandemic. Besides, stacking several layers of fabrics could 

also offer protections while maintaining reasonable breathing resistance. The conclusions 

of this study are not only useful during the current pandemic, but also applicable to severe 

pollution episodes while respirators or masks are not available. 

Chapter 10 aimed to evaluate the effect of decontamination of the commercial and 

alternative mask and respirator materials from the filtration perspective. This study was 

initiated by the desperate shortage of PPE of health care workers, and there were 
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suggestions of reusing respirators after decontamination. But there were also concerns that 

decontamination may jeopardize the filtration capability of respirators or masks. In this 

study, commercial and alternative mask and respirator materials underwent several 

common decontaminations, including isopropanol alcohol, ultraviolet germicidal 

irradiation, thermal treatment, and autoclave treatment, were tested for their fractional 

efficiencies and breathabilities. It is found that ultraviolet germicidal irradiation and dry 

heat treatment cannot cause observable efficiency decay for 10 cycles. However, 

isopropanol alcohol and wet heat (steaming) could lead to efficiency deterioration. The 

possible reason is the loss of charge on electret media since the similar efficiency decay 

was not observed on a mechanical filter media. An N95 respirator fit factors evolution after 

treatment cycles was also studied, which agrees with the media study that dry heat can 

maintain efficiency while moist heat may lead to efficiency deterioration. It is also found 

that normal breathing may lead to charge loss and subsequently efficiency decay, but 

further investigation is needed. 

 

11.3  Future Work 

Though this dissertation drives the lab filter testing closer to the actual filter 

operating condition, it could be improved in the following aspects: 

1. This dissertation only tested conventional cellulose filter and nanofiber coated 

cellulose filter. Another popular filter media, electret filter media, was not 

tested. Luckily, several researchers are working on the electret media (Li et al. 

2020, Wang et al. 2020). While the salt they chose was still limited to KCl and 
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NaCl. Different particle states and RH with (NH4)2SO4 and NH4NO3 should be 

tested on the electret media to achieve a filter testing closer to the actual filter 

operating. From the experience in the Part 3, moisture variation may lead to 

charge loss on electret media, therefore such phenomenon should be considered 

when electret media is tested at different RHs. 

2. Limited efficiency measurements were achieved in this dissertation. Efficiency 

evolution during the loading process at different RHs is also worthwhile to 

study. For example, the wet NH4NO3 efficiency curve never reached 100% in 

Section 6.1. Hence the extra caution is needed in the efficiency change during 

the loading process. 

3. In Chapter 7, soot was only coated with hydrophilic glutaric acid due to 

university closure due to COVID-19 pandemic. The hydrophobic oleic acid 

coating should be also conducted to compare the effect of coating 

hygroscopicity on the filter performance. The testing RH close or above 100% 

with both hydrophilic and hydrophobic coating should also be included. And 

some other treatments that may prompt the hygroscopicity, such as UV, Ozone, 

could be added in the future to better simulate the aging process in a continuous 

flow system to test air filters. 

4. In Chapter 8, only a single step RH change was performed. It is worthwhile to 

study the filter efficiency and loading after the RH change, especially when 

pressure drop declines. RH change could be a potential method to prolong the 

filter life. Another future work that could be tested is the reverse pulse cleaning 

process on filters that were loaded at high RH but conditioned at lower RH. The 
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solidified salt layer on the top of the filter may be peeled off easier than the high 

RH salt paste. 

 

For the COVID-19 related study, there are several studies worth studying: 

1. The overall efficacy of masks when it is worn on a person. All studies presented 

in this dissertation only tested the filtration efficiency of mask and respirator 

materials. For tight-fitting respirators, the overall efficacy could be estimated 

from media efficiencies when the wearer passed the fit testing. While it is 

impossible to estimate the overall efficacy of the loose-fitting masks due to 

leaks between the mask and wearer’s face. It is unclear that which one of the 

two is more important to provide respiratory protection: the media efficiency or 

the seal around wearer’s face. The answer is vital for loose-fitting masks 

development. 

2. The effect of the normal breathing on the electret media in mask and respirator. 

The RH of the exhaled air is very high, while the inhalation process draws 

ambient air, normally a lower RH air, through respirators or masks. The 

alternation of the RH may cause water vapor condensation and evaporation on 

the electret media. The cycling process may cause charge loss on the electret 

media, which leads to efficiency deterioration. If normal breathing could cause 

the efficiency decay, the reuse of respirators and masks should be reconsidered, 

since the decontamination process cannot recover the filtration efficiency. 

Therefore, it is worthwhile to study this topic. 
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