
 

 

 

 

 

 

 

 

 

Copyright 

by 

Elliott Tyler Gall 

2013 

 

 

  



The Dissertation Committee for Elliott Tyler Gall Certifies that this is the approved 

version of the following dissertation: 

 

 

Ozone transport to and removal in porous materials with applications 

for low-energy indoor air purification 

 

 

 

 

 

Committee: 

 

Richard L. Corsi, Co-Supervisor 

Jeffrey A. Siegel, Co-Supervisor 

Kerry Cook 

Atila Novoselac 

Ying Xu 



Ozone transport to and removal in porous materials with applications 

for low-energy indoor air purification 

 

 

by 

Elliott Tyler Gall, B.S. ENV. E., M.S.E. 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

May 2013 



Dedication 

To Andrea, for her encouragement, support, and humor. 

 

 



 v 

Acknowledgements 

The research of this dissertation was conducted under the guidance of my two 

advisors, Drs. Jeffrey Siegel and Richard Corsi. I would like to thank them both for 

bringing me into the indoor air quality group at the University of Texas, and for their 

guidance, instruction, and feedback as mentors, teachers, and researchers.  

I would also like to acknowledge Drs. Atila Novoselac and Neil Crain for their 

discussions, suggestions, and instruction throughout my time at the University of Texas. 

Their impact on my research is immeasurable. The past and current members of the indoor 

air IGERT community and CEER research groups broadened my professional and personal 

horizons, and I want to particularly recognize Brent Stephens, James Lo, Ellison Carter, 

Matt Earnest, Elizabeth Walsh, Sonny Rosenthal, Erin Darling, Alix Broadfoot, and Tania 

de Souza.  

The UT EWRE program has made Austin, TX my home. Thanks in particular to 

Fernando Salas and Laura Read for the innumerable memories. James Seppi and Taylor 

Cook, James and Tara McDonald, Wil Sarchet, Tina Stanard, Paul Bireta, and David 

Rounce provided critical external support for the duration of this research.   

I would also like to thank my major funding sources, whose support made this 

research possible: the U.S. EPA STAR fellowship program, the NSF IGERT fellowship 

program, the Cockrell School of Engineering Thrust 2000 fellowship, and the ASHRAE 

Grant-in-Aid Award.  

Finally, I would like to acknowledge my family: my parents Rob and Lynn, my 

brothers Spencer and Greg (and Ted), Larry Pecan and Gia Marin, and my new family, the 

Ryans – thank you for all you do.    



 vi 

Ozone transport to and removal in porous materials with applications 

for low-energy indoor air purification 

 

 

Elliott Tyler Gall, Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisors:  Richard L. Corsi and Jeffrey A. Siegel 

 

 In the U.S. and other developed countries, humans spend the vast majority of their 

time within the built environment. As a result, a substantial portion of our collective 

exposure to airborne pollutants, even those of outdoor origin, occurs in indoor 

environments. In addition, building construction materials and operational practices are 

changing as we endeavor to reduce the energy burden of the built environment. These 

changes result in barriers and opportunities in mitigating exposure to indoor pollutants and 

the accompanying implications for human health.  

This dissertation advances knowledge regarding low-energy control of indoor 

ozone. Ozone is often considered a pollutant of outdoor concern. However, ozone in indoor 

environments presents important challenges regarding exposure, intake, and chemistry in 

the built environment. The investigations in this dissertation extend the state understanding 

of indoor transport and transformation of ozone, and the potential for using material-

surface interactions in buildings to suppress concentrations of indoor ozone. The first 

objective relates to the determination of magnitudes of ozone removal and product 

emissions at room or building scales. This objective provides new data on reactive uptake 

and product generation in large-scale environments, develops Monte Carlo models 



 vii 

describing indoor ozone removal by materials in homes, and compares active and passive 

methods of indoor ozone removal. The second objective addresses the need to develop 

improved air cleaning materials through experiments and modeling that address material-

ozone reactions in porous materials. This objective advances the state of modeling 

heterogeneous reactive uptake of ozone by characterizing material physical properties and 

transport phenomena, determining their impact on ozone removal, and using these data to 

develop a more mechanistic model of material-ozone reactions.  

Ultimately, these investigations advance the engineering concepts that support the 

development of passive indoor pollutant controls, an important tool for reducing 

concentrations of indoor pollutants while supporting low-energy building initiatives. The 

combination of experimental characterization of ozone deposition velocities and product 

emission rates, whole-building Monte Carlo modeling, and mechanistic material/pollutant 

models provide important new data and approaches that expand the state of knowledge of 

the fate and transport of reactive pollutants in indoor environments.  
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Chapter 1: Introduction 

1.1 Problem statement 

The risks associated with exposure to air pollution are dominated by what we 

breathe indoors (Nazaroff 2008; Weschler 2009). The sources, fate, and impact of indoor 

pollutants can be complex, and indoor environments contribute substantially to human 

exposure to pollutants of outdoor and indoor origin (e.g., Wallace et al. 1985; Riley et al. 

2002; Weschler 2006). Indoor air pollution contains a wide range of compounds of 

concern, from sensory irritants contributing to decreased productivity (Wargocki et al. 

1999) to chronic disease causing compounds (Guo et al. 2004). Indoor transformation 

mechanisms also affect the balance of indoor sources and sinks of pollutants. For example, 

formaldehyde and acetaldehyde, which are known and possible carcinogens (IARC 1987; 

IARC 2006), respectively, are emitted from indoor materials including engineered woods 

(Hodgson et al. 2002), but can also be emitted as products of oxidative reactions with 

indoor materials (Weschler et al. 1992; Morrison and Nazaroff 2002a). Researchers are 

only beginning to unravel the complex chemistry underlying both homogeneous (gas-

phase) and heterogeneous (surface) chemistry that occurs inside of buildings. However, it 

is increasingly clear that ozone-driven chemistry occurring in indoor environments 

contributes to health effects associated with building occupancy (Wolkoff et al. 2000; 

Weschler 2006; Uhde and Salthammer 2007; Chen et al. 2012).   

The most prevalent source of indoor ozone is outdoor ozone formed in the 

troposphere as a result of a series of reactions involving sunlight, volatile organic 

compounds (VOCs), and oxides of nitrogen (NOx) (Finlayson-Pitts and Pitts 1999; 

Seinfeld and Pandis 2006). Ozone inhalation exposure and intake contributes to increases 

in mortality, asthma morbidity, and cardiovascular effects (Gent et al. 2003; Jerrett et al. 
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2009; Peel et al. 2011). Indoor sources of ozone exist as well, for example laser printers 

(Destaillats et al. 2008), photocopy machines (Leovic et al. 1996), ion generators (Waring 

et al. 2008), and dedicated ozone emitting devices (Jakober and Phillips 2008). While 

generation of indoor ozone can be resolved through source removal, via public health 

outreach efforts or regulation of such devices (Morrison et al. 2011), ambient outdoor 

ozone concentrations are expected to increase.  One estimate of future ozone 

concentrations determined an expected average increase of 4.8 ppb across 50 cities in the 

eastern U.S. by the 2050s and an increase in exceedances of 8-hr regulatory standards 

(currently 75 ppb) of 68% (Bell et al. 2007).  

Increases in outdoor ozone concentration are relevant for indoor environments 

since indoor/outdoor ozone concentration ratios range from 0.2-0.7 (Weschler 2000a). 

Estimates of the contribution of indoor intake of ozone to total intake range from 0.25 – 

0.6 (Weschler 2006), owing to the fact that in spite of lower indoor concentrations 

Americans spend an average of 18 hours indoors for every hour spent outdoors (Klepeis 

et al. 2001). Furthermore, exposure to particularly damaging oxidative reaction products 

are higher indoors than outdoors, potentially contributing to health effects that are 

historically associated with outdoor ozone (Weschler 2006; Chen et al. 2012). 

Concentrations of ozone as low as 20 ppb may be correlated with health effects including 

increased mortality, with safe concentrations possibly at concentrations lower than 10 ppb 

(Bell et al. 2006). For these reasons, the American Society of Heating, Refrigeration and 

Air Conditioning Engineers (ASHRAE) suggests that ozone in indoor environments 

should be reduced to “as low as reasonably achievable” levels (ASHRAE Environmental 

Health Committee 2011). Therefore, it is prudent to consider new indoor control options 

that can limit exposure to and intake of ozone in indoor environments. 



 

 

3 

Complicating the need for diminished indoor ozone concentrations is that 

conventional air cleaning technologies come with an energy penalty.  As such, a national 

move toward low- and zero-energy buildings (McGraw-Hill Construction 2010) will 

require new air cleaning methods and techniques that consume less energy. Reduced 

ventilation rates and tighter building envelopes are often strategies employed to decrease 

building energy use, with a consequence of increasing indoor air residence times and 

increasing the importance of indoor chemistry, often driven by ozone. In its Roadmap to 

Zero-Energy Buildings, the National Institute for Standards and Technology states that 

“passive air-cleaning technologies need to be developed” (U.S. Department of Commerce 

2013). The Environmental Protection Agency has also noted a need to promote energy 

efficiency while improving indoor air quality (U.S. EPA 2010). In light of this need it is 

worthwhile to question whether the large surface area of indoor environments can be 

optimized to remove indoor pollution. Specifically, is it possible to enhance ozone 

removal at indoor surfaces without concomitant formation and release of harmful 

byproducts?  If so, this could be an innovative means of reducing population exposures to 

ozone and its reaction products from both gas-phase and surface reactions.  

The investigations contained in this dissertation all concern the use of indoor 

surfaces as low-energy indoor air cleaners. Because this approach requires no additional 

energy consumption, such materials may be described as passive removal materials 

(PRMs). A large body of previous work suggests reactions with indoor material surfaces 

can reduce concentrations of ozone (Sabersky et al. 1973; Klenø et al. 2001a; Grøntoft 

and Raychaudhuri 2004; Wang and Morrison 2006). However, there is substantial 

variability in the chemical composition of specific materials and therefore many indoor 

reaction pathways between ozone and materials remain uncharacterized (Nazaroff et al. 
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1993). This potential variability in reactive uptake of ozone and the lack of investigations 

on PRMs, particularly in realistic environments, results in considerable uncertainty 

regarding the feasibility of using indoor surfaces to clean indoor air. This dissertation 

advances understanding of passive removal of indoor ozone by improving our 

understanding of the behavior, feasibility, and fundamentals of PRMs as low-energy air 

cleaners.   

1.2 Objectives and scope of research 

The development of passive removal materials to reduce indoor ozone 

concentrations in a low-energy manner is addressed in the content of this body of work.  

The overall objectives of this dissertation can be summarized as: 

1) Estimate the magnitude of ozone removal to and/or reaction product formation 

from indoor materials used or potentially used as PRMs. 

2) Characterize material physical properties and transport phenomena and 

incorporate these data into more mechanistic models of reactive uptake of 

ozone to porous materials.  

Three investigations support the first objective:  

A) An investigation consisting of 24 experiments conducted in a large 

chamber environment that estimate the magnitudes of ozone removal to 

and reaction product formation from materials classified as “sustainable”. 

This investigation provides new data that enables comparisons with small 

chamber experiments conducted in parallel (Lamble et al. 2011; Cros et al. 

2012).   

B) The development of a Monte Carlo model, using previously determined  

experimental data (Kunkel et al. 2010) and data from the literature that 



 

 

5 

determines cumulative distribution functions of ozone removal 

effectiveness under four scenarios across 100 homes with variable building 

characteristics.  

C) Further development of the Monte Carlo model described in Investigation 

B that determines the energy consumption of two different active air 

cleaning approaches and surface area requirements of two different passive 

air cleaning approaches. 

Two investigations support the second objective: 

D) An investigation that includes: 1) characterization of several physical 

properties of five test materials using mercury intrusion porosimetry, 2) 

triplicate experiments characterizing effective diffusion coefficients of 

ozone through the same materials, and 3) triplicate experiments in a bench-

scale chamber characterizing ozone removal at varying material/physical 

property/fluid mechanic conditions (96 total ozone experiments).  

E) The development of a more mechanistic model of reactive uptake of ozone 

using data from Investigation D. The model is applied to 22 

material/thickness/fluid mechanic condition combinations, requiring over 

300 model simulations of coupled differential equations describing ozone 

concentrations in chamber air, the material-air interface, and at 12-96 

nodes discretized through material substrates.  

 

The research objectives and connecting links of these five investigations are 

summarized in Figure 1. In general, the goals of Objective 1 support those in Objective 2 

through experimental approaches that identify the need for more mechanistic modeling 
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and through Monte Carlo modeling that provides broad justification to the topic of using 

PRMs as indoor air cleaners. The overall impact of the dissertation is to advance 

knowledge about the use of PRMs to reduce exposure to ozone as well as advance 

fundamental knowledge of ozone reaction with porous materials. 

 

 

Figure 1. Illustration of the connections between the five research investigations 

conducted in this dissertation.  

This dissertation provides a summary of the interconnections between the five 

investigations described in Figure 1.  Each investigation also resulted in a manuscript, 

presented in condensed form in the Summary of Methods and Research (Chapter 3) and 

in full in Appendices A-E. In Appendix A, the article “Evaluation of several green 

building materials for ozone removal, primary and secondary emissions” (submitted to 

Atmospheric Environment), addresses the goals described in Objective 1, Investigation A. 

In Appendix B, the article “Barriers and opportunities for passive removal of indoor 

ozone” addresses the research goals described in Objective 1, Investigation B (published 

in Atmospheric Environment). In Appendix C, the article “Zero-energy removal of ozone 

in residences” (published in ASHRAE Transactions) addresses the research goals 
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described in Objective 1, Investigation C. In Appendix D, the article “Impact of physical 

properties on ozone removal to several porous materials in indoor environments” (in 

preparation for submission to Environmental Science & Technology) addresses research 

goals of Objective 2, Investigation D. Finally, in Appendix E, the article “Modeling ozone 

removal to materials, including the effects of porosity, pore diameter, and thickness” (in 

preparation for submission to Indoor Air), meets the aims of Objective 2, Investigation E. 
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Chapter 2: Literature Review 

2.1 Ozone sources, fate, and transport in indoor environments 

Over 120 million Americans live in areas where outdoor concentrations of ozone 

exceed the National Ambient Air Quality Standard of 75 ppb (8-hr average) (U.S. EPA 

2013). Outdoor ozone is a regulated air pollutant due to a range of adverse health and 

economic effects. Exposure to ozone is associated with cardiovascular effects (Peel et al. 

2011), asthma symptoms (Romieu et al. 1997), and increases in daily mortality (Levy et 

al. 2005). Reduction of outdoor ozone concentrations may result in substantial economic 

benefits from both decreased hospital visits and missed school and work days (Ostro et al. 

2006) and improvements in agricultural crop yields (Van Dingenen et al. 2009). While 

ozone is often thought of as an outdoor pollutant, activity patterns show a worldwide trend 

of humans spending the vast majority of their time indoors (Klepeis et al. 2001; Institute 

of Medicine 2011). As a result, the indoor environment contributes substantially to human 

exposure and intake of ozone (Weschler 2006).  

Ozone concentrations can vary substantially in indoor environments, and are 

impacted by the physicochemical properties of ozone, occupant behavior, and building 

operation. These factors affect source, sink, and transformation phenomena in buildings 

that are illustrated in Figure 2, a simplified schematic of ozone fate and transport in a 

hypothetical indoor environment. 
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Figure 2. Illustrative framework of ozone fate and transport mechanisms in a typical 

residential environment considered in this work. HVAC is heating, 

ventilation, and air conditioning. 

 Indoor ozone concentrations in residential environments can be determined by 

incorporating the sources and sinks of ozone shown in Figure 2 into a mass-balance 

equation describing an assumed well-mixed volume of indoor air. The rate of change of 

indoor ozone concentrations with respect to time, Cin (ppb), can be described by Equation 

1: 
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Where P (-) is the penetration of ozone through the building envelope, λ (hr-1) is the 

building air exchange rate, Cout (ppb) is the outdoor ozone concentration, E/V (ppb hr-1) is 

the emission of ozone from indoor sources, V (m3) is the volume of the environment, k 

(ppb-1 hr-1) is the bimolecular rate constant for a homogeneous chemical reaction, and Cj 

(ppb) is the concentration of the reactant pollutant. The subscript filter refers to terms that 

describe ozone removal in stand-alone control devices and the subscript HVAC refer to 

terms that describe ozone removal in HVAC systems. In either case, f (-) is the fractional 

run-time, η (-) is the ozone removal efficiency, Q (m
3 hr-1) is the airflow rate. Additionally, 

ηQ can be described as the clean air delivery rate (CADR, m3 hr-1) of the stand-alone filter 

or HVAC system and ηQ/V can be thought of as the loss rate to a control device or HVAC 

system, or Rfilter (hr-1) or RHVAC (hr-1) as shown in Figure 2. The term RS (hr-1) is this first-

order reaction rate constant (or loss rate) for heterogeneous ozone reactions, and kCj can 

be similarly defined as RG (hr-1), the loss rate due to homogenous chemistry shown in 

Figure 2.   

The investigations contained in this dissertation make important assumptions with 

respect to mass balances models of indoor environments. Equation 1 assumes that the 

indoor space is well-mixed, an assumption that may not apply well to all buildings. This 

equation also assumes a constant air density in the range of pressures and temperatures 

typically observed in indoor air, and that infiltration and exfiltration are equivalent (that 

is, air entering the building is equal to air leaving the building). Outdoor concentrations 

(Cout) of pollutants are assumed to be constant, and loss mechanisms are assumed to be 

first-order.   

Other assumptions in this dissertation relate to emission sources and homogeneous 

chemistry. While indoor sources of ozone exist, outdoor ozone is ubiquitous and the 
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predominant contributor to indoor ozone, and therefore is the only source of indoor ozone 

considered in this work. That is, E/V in Equation 1 is assumed to be zero.  However, 

regardless of origin, ozone present in an indoor environment is removed at similar rates 

by an indoor removal mechanism, with the exception of the protective benefit of losses of 

outdoor ozone occurring during penetration across the building envelope. Additionally, 

although homogeneous reactions can be important mechanisms of indoor particle 

generation (Sarwar et al. 2003), it is the losses due to heterogeneous reactions that result 

in lower indoor concentrations of ozone than outdoors (Weschler 2000a), and therefore 

homogeneous chemistry is not discussed in this work as a pathway of appreciably 

reducing indoor concentrations of ozone (i.e., kCjCin in Equation 1 can be neglected).  

Assuming indoor emissions of ozone are not present, and infiltration across 

deficiencies in the building envelope is the only outdoor/indoor transport mechanism, 

indoor ozone is conveyed from outdoors (PλCout
 in Equation 1) by temperature, wind, and 

HVAC-created pressure differentials across building envelopes. Ozone removal occurring 

during transport across building envelopes (the penetration factor, P) may be incorporated 

into whole-building estimates of ozone removal rates (e.g., Sabersky et al. 1973). Recent 

efforts have allowed separation of envelope losses and interior surface losses (Walker and 

Sherman 2012; Stephens et al. 2012). Stephens et al. (2012) reported mean (± standard 

deviation) percentages of ozone penetration of 0.79 ± 0.13 for single family attached 

homes.  

Once indoors, a variety of indoor phenomena affect the concentration of indoor 

ozone, and if accompanied by transformation, potentially contribute to indoor air pollution 

as emission sources of reaction products (discussed in Section 2.2.2). Removal from air 

exchange is characterized by the building air exchange rate, λ. This parameter is broadly 
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characterized in the literature; one study of 2,844 households determined a median value 

of λ of 0.51 hr-1 (Murray and Burmaster 1995) while Meng et al. (2005) reported a median 

air exchange rate of 0.46 hr-1 for approximately 100 homes in Houston.   

Ozone removal in stand-alone filters (Rfilter in Figure 2) have not been estimated in 

the published literature. However, losses in HVAC systems (RHVAC in Figure 2) have been 

well characterized. In an early study, Sabersky et al. (1973) reported average whole 

building ozone losses of 5.4 hr-1 with the HVAC system operating, and 2.9 hr-1 with the 

HVAC system not operating. In residential systems, Zhao et al. (2007) estimated ozone 

removal efficiencies to loaded residential HVAC filters of 10% and to unloaded filters of 

0 to 8%. This contrasts with the findings of Bekö et al. (2007), who observed initial ozone 

removal efficiency of 45% to an unused filter, and found that value decreased to 25% after 

one hour of operation. After 24 hours of exposure to ozone containing air, the removal 

efficiency was reduced to 8%. Hyttinen et al. (2006) observed first-hour ozone removal 

efficiencies to unused fiberglass on the order of 6-19%. These studies imply variability in 

ozone removal effectiveness across filter manufacturer and type. Hyttinen et al. (2003) 

also reported impacts of environmental conditions, with higher ozone removal on 

ventilation filters at higher relative humidity and temperature. Other components of 

HVAC systems have been characterized as well. In work conducted on commercial 

systems, researchers found losses of ozone in HVAC ductwork to be small (Morrison et 

al. 1998). However, exposure of duct liner, sealant, and gasket to ozone caused emissions 

of VOCs that resulted in concentrations that exceeded odor thresholds.   

Finally, due to the importance of indoor materials in suppressing indoor ozone 

concentrations (RS as shown in Figure 2), reactions between ozone and building materials 

have been broadly characterized in the literature. Estimates of removal at materials 
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surfaces has been incorporated into total estimates of whole building removal (e.g., Sutton 

et al. 1976), or characterized as losses to specific materials (e.g., Weschler et al. 1992; 

Reiss, et al. 1995; Wang and Morrison 2006; Nicolas et al. 2007). The remainder of this 

literature review focuses on previous investigations that support the work of this 

dissertation to describe the dynamics, impact, and feasibility of using reactive uptake of 

ozone to passive removal materials (PRMs) as a means of low-energy indoor air cleaning. 

 

2.2 Indoor ozone chemistry 

2.2.1 Heterogeneous reactions at surfaces 

Ozone removal can be estimated with a material/ozone reaction rate constant, RS 

(hr-1), as presented in Equation 1. In modeling heterogeneous ozone chemistry, this 

reaction rate constant is often used to determine the ozone deposition velocity, vd (m hr-1), 

as defined in Equation 2:  

  

A

VR
v S

d 
 

Equation 2 

  

Where V (m3) is the volume of the test environment, and A (m2) is the projected area of 

the test material.  

The deposition velocity can be thought of as a normalized first order removal rate 

constant that includes the effects of both transport and reaction processes. Estimation of 

an ozone deposition velocity requires both experimental and modeling approaches. 

Experimental efforts involve introducing known quantities of ozone into a characterized 

environment and measuring decay rates or reductions in a constant input ozone 
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concentration. Modeling requires solving mass-balances on ozone in an experimental 

environment (similar to that written in Equation 1) for first-order reaction rates. 

At the molecular level, heterogeneous reactions can be modeled by resistance 

uptake theory where physical and chemical processes occurring in a gas-surface system 

are treated in terms of resistances in series, e.g. as outlined by Finlayson-Pitts and Pitts 

(1999) and Cano-Ruiz et al. (1993). This theory describes the deposition velocity in terms 

of the transport limited deposition velocity, vt (m h-1), a characteristic of the fluid 

mechanics of a space, and the reaction probability, γ (-), the likelihood of a reaction given 

a collision between a surface and a gas molecule. This relationship is expressed by 

Equation 3:  

  




vvv td

411

 
Equation 3 

 

Where <v> is the Boltzmann velocity, m hr-1.  

  Previous investigations show that ozone deposition velocities, even those 

determined for similar materials, are subject to considerable variability. Grøntoft and 

Raychaudhuri (2004) summarized values for a variety of materials, ranging from a low of 

0.025 m hr-1 for aluminum to high of 3.6 m hr-1 for wool. Klenø et al. (2001) investigated 

two types of carpet, both nylon carpets with latex backing, and found that ozone deposition 

velocities ranged from 1.15 m hr-1 to 25.2 m hr-1 at constant relative humidity and chamber 

conditions. More consistent values are reported for two types of linoleum samples and 

two types of stainless steel plates, suggesting that variations in a complex material such 

as carpet may contribute to the aforementioned variation in experimentally-determined 
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ozone deposition velocities. Other studies report a more narrow range of ozone deposition 

velocities to synthetic carpet, from 1.4 m hr-1 to 7.2 m hr-1, although these estimates still 

present substantial variability across studies (Morrison and Nazaroff 2000; Grøntoft and 

Raychaudhuri 2004; Nicolas et al. 2007). These variations in reported deposition 

velocities to similar materials present a challenge for predictive modeling, as factors such 

as variations in chamber fluid mechanics, material reaction probability, aging effects, 

relative humidity, and material soiling all play a role in ozone-surface chemistry (Nazaroff 

et al. 1993). Furthermore, differences in substrate geometry are not specifically accounted 

for in these investigations, offering potential new avenues for model development that 

incorporate more detailed inputs describing materials and pollutant behavior in complex, 

porous materials.  

  In addition to material differences arising from manufacture, aging, etc., fluid 

mechanics can affect determinations of ozone deposition velocity. Heterogeneous ozone 

chemistry is often characterized in bench-scale chamber environments, with resulting 

values of ozone deposition velocity representative of small chamber fluid mechanics that 

differ from those in typical indoor environments. If the ozone deposition velocity is 

obtained from bulk concentration data under normal experimental conditions, vt and γ in 

Equation 3 remain unknown and the importance of transport versus reaction processes 

cannot be resolved. However, approaches exist for determining fluid mechanic-

independent estimates of reaction kinetics, usually by separation of the contribution to the 

overall reaction from fluid mechanics (transport to a reaction site) and from fractional 

reaction likelihood (or the reaction probability) in series (Equation 3).   

One common approach for determining reaction probability is to coat materials 

with a highly reactive substance, often potassium iodide (Morrison and Nazaroff 2000). 
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This greatly increases γ in Equation 3, and the resulting vd obtained during such an 

experiment is then approximately equal to vt. Knowing vt allows γ to be calculated for 

similar experiments where the material is not coated.  Other methods involve assumptions 

of negligible transport resistance through packed bed reactors (Shu and Morrison 2011), 

utilizing heat transfer analogies to estimate reaction probability (McMurry and 

Stolzenburg 1987), or the use of low pressure chambers to determine unimolecular 

reaction rates (Stephens et al. 1986). 

Bulk estimates of reactive uptake of ozone, such as the deposition velocity, are 

necessary because ozone reaction mechanisms to indoor materials remain largely 

uncharacterized (Nazaroff et al. 1993). For example, the determination of an ozone 

deposition velocity or reaction probability does not directly account for desorptive 

processes following uptake. The assumption of negligible long-term desorption of ozone 

is supported by experimental studies, e.g., Reiss et al. (1994) noted that during a period of 

exposure to ozone-free air following ozonation, materials re-emit no detectable levels of 

ozone. However, Kuo-Pin Yu (2011) found the inclusion of an ozone desorption term 

from stainless-steel walls, albeit small, resulted in improved modeling of ozone 

concentrations in chamber air. The assumption of irreversible uptake is important as it 

allows simplification of mass balances such that ozone transport to indoor surfaces occurs 

only in one direction. 

The unidirectional reaction of ozone with surfaces can transform materials, or 

compounds sorbed to materials. Ozone is known to attach and cleave carbon-carbon 

double bonds present in some materials, resulting in the formation of a carbonyl and an 

intermediate species, known as a Criegee biradical, a highly reactive species that enables 

a range of other indoor chemical reaction pathways (Weschler et al. 1992; Morrison and 
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Nazaroff 2000). Ozone surface chemistry can also occur as a result of compounds sorbed 

to materials, e.g., terpenes present in cleaning products, increasing reaction rates beyond 

what would occur between ozone and the same compounds but in the gas-phase (Ham and 

Wells 2008).  A number of recent studies have focused on ozone reactions with squalene, 

an organic compound present in skin oil (Wells et al. 2008; Petrick and Dubowski 2009). 

Such reactions are important due to the ubiquity of squalene in indoor environments. 

Ozone is also hypothesized to react catalytically on some materials, e.g., activated 

carbon, first forming surface oxygen complexes and releasing small amounts CO and CO2, 

and eventually molecular oxygen (Yu et al. 2005; Alvarez et al. 2008). Jaramillo et al. 

(2010) note the importance of internal pore structures on overall reactivity of ozone with 

activated carbon. They relate the formation of surface oxygen groups as a cause of 

decreased microporosity following oxidation, a potential underlying cause for the aging 

effects noted in previous investigations of reactive uptake of ozone.  

The variability of reaction pathways on indoor surfaces and the long-term impact 

of understanding material-ozone interactions (e.g., reductions in reactivity due to aging), 

show the importance of elucidating the physicochemical basis of heterogeneous ozone 

chemistry. This is particularly true for porous materials, discussed in greater detail in 

Sections 2.2.4 and 3.2, where the impact of interior complexity on ozone removal to 

indoor surfaces is poorly understood. Improving the knowledge base regarding transport 

and reaction of ozone in material substrates, especially porous materials, will lead to more 

capable models of reactive uptake and support the development and modeling of passive 

removal materials (PRMs) with long-term indoor air cleaning potential.    
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2.2.2 Secondary emissions following material/ozone reactions 

Ozone drives indoor heterogeneous chemistry, resulting in the formation and 

emission of gas-phase reaction products. Carbonyls, mainly aliphatic aldehydes, are a 

major reaction product resulting from material-ozone reactions, and emitted species vary 

between lower ozone concentration (<10 ppb) and higher ozone concentration (>30 ppb) 

environments (Weschler et al. 1992) . Morrison and Nazaroff (2002) reported greater 

aldehyde emission rates from stored carpets exposed to ozone than aired carpets, as well 

as similar patterns of emissions from independent investigations with linseed and tung oils 

likely present on carpets as a result of manufacturing processes.  

Subsequent investigations have expanded the range of material-ozone interactions. 

Reiss et al. (1995) investigated ozone chemistry on interior latex paints, observing 

secondary emissions of polar VOCs such as organic acids and carbonyls. These emissions 

are hypothesized to result from double bonds present in unreacted monomers present in 

paint. Nicolas et al. (2007) and Poppendieck et al. (2007) investigated secondary 

emissions from wide ranges of indoor materials in the presence of ozone, the latter study 

under the extreme setting of ozonation for building disinfection at very high ozone 

concentations (1,000-1,200 ppm). Nicolas et al. (2007) observed similar results to 

previous studies for carpets, with predominant emissions being high molecular weight 

aldehdyes. They noted that for all materials (including pine wood, wall paper, gypsum 

board, carpets, paint, and two types of flooring) the presence of ozone led to altered 

emission profiles. Poppendieck et al. (2007) observed the highest reaction product 

emissions for paper, office partition material, and medium density fiberboard, each over 

38 mg m-2 integrated over a 36 hour test period.    
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Several recent studies have focused on heterogeneous ozone chemistry occuring 

on green building materials. Hoang et al. (2009) reported ozone deposition velocities to 

green building materials. Lamble et al. (2011) characterized ozone removal, primary 

emissions, and secondary emissions for 19 green building materials, finding a clay plaster 

to be a promising passive removal material (PRM) with a high ozone depositon velocity 

and secondary emissions of carbonyls below limits of detection. Darling et al. (2012) used 

this same clay plaster in combined chemical and sensory measurements using a panel of 

human participants to gauge acceptability of chamber air with combinations of ozone, 

carpet, and the same clay plaster present. Perceived air quality was most acceptable when 

the clay plaster was present in the chamber, either alone or in combination with other 

materials. The authors conclude that this is due to the suppression of ozone chemistry that 

results in irritating reaction products.   

 

2.2.3 Control of indoor ozone  

Ozone itself is a harmful pollutant, and ozone reaction products resulting from 

indoor chemistry further motivate the need to control indoor ozone concentrations. A first 

step to addressing the control of indoor ozone is the development of whole-building 

models of indoor ozone (Section 2.1). Generally, these models predict the indoor/outdoor 

ozone ratio (e.g., Weschler et al. 1989), a useful metric used as an input to equations that 

account for time-activity patterns to determine the proportion of ozone inhalation 

exposure and intake in indoor and outdoor environments (Weschler 2006; Chen et al. 

2012). Accounting for the time-dominance of the indoor environment illustrates the need 

for low indoor concentrations of ozone to reduce overall exposure and intake (ASHRAE 

Environmental Health Committee 2011).  Morrison et al. (2011) found that modeling 
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allowable indoor ozone emission rates in four cities resulted, in some cases, in negative 

emissions rates to prevent exceedances of an assumed 20 ppb indoor ozone threshold. This 

implies the need to remove indoor ozone to achieve this building ozone concentration 

target. 

One approach for indoor ozone removal is air cleaning; however traditional 

technologies that purify indoor air require energy consumption. Filtration in HVAC or 

stand-alone systems requires a fan to move air through the filter. Furthermore, ventilation 

is responsible for much as 25% of building energy demand (Liddament and Orme 1998), 

and as a result, air sealing of homes is often employed as a means of saving energy 

(McCold et al. 2008; U.S. DOE 2012). Air sealing may result in reduced infiltration rates, 

particularly in new construction, potentially resulting in increased indoor concentrations 

of combustion products, moisture, radon and other pollutants of indoor origin (Manuel 

2011; Stephens et al. 2011). Reductions in infiltration may also increase concentrations of 

ozone-driven indoor chemical reaction products (Weschler 2004). Wargocki et al. (2000) 

found health, productivity, and comfort benefits are correlated with increased ventilation, 

and that similar benefits may be achieved through the removal of indoor pollutants 

(Wargocki et al. 1999). If this removal of pollutants is achieved in a zero-energy manner 

through the use of passive removal materials (PRMs), indoor air cleaning can complement 

low-energy building goals. PRMs may then enable energy saving reductions in ventilation 

while suppressing indoor concentrations of ozone and ozone reaction products, meeting 

the need for low-energy indoor air purification (U.S. EPA 2010; US Department of 

Commerce 2013). 

Incorporating PRMs as indoor air cleaners will require feasibility assessments of 

low- and zero-energy air cleaning methods. Active and passive means of air cleaning can 



 

 

21 

be compared using the ozone removal effectiveness of each specific intervention. Monte 

Carlo models are well-suited to these tasks due to their ability to incorporate experimental 

uncertainty in model terms, and variability in indoor materials and building stock.  The 

removal effectiveness, Γ (-), defined by Miller-Leiden et al. (1996) is the percent removal 

of a pollutant in a space due to a specific intervention and can be determined from 

indoor/outdoor concentration ratios with and without an air cleaning approach present in 

an indoor environment. Values of effectiveness of 50% and 80% are suggested levels 

associated with minimum and recommended air purifier removal effectiveness, 

respectively (Shaughnessy and Sextro 2006), and can serve as targets of indoor air 

cleaning to compare surface area requirements of PRMs against energy consumption of 

traditional, active methods of air cleaning at the same endpoint effectiveness.  

 

2.2.4 Fundamental models of ozone transport and reaction 

Most previous experimental determinations of ozone deposition velocity (see 

Section 2.2.1) do not independently account for fundamental material descriptors, such as 

porosity and thickness, instead combining the effects of these terms into the ozone 

deposition velocity (Equation 2). Porous diffusion in materials has been noted as a 

potentially important process for reactive uptake of ozone (Reiss et al. 1994), and porous 

materials like activated carbon cloth have been characterized as promising PRMs (Kunkel 

et al. 2010; Cros et al. 2012). However, “lumping” the impacts on ozone removal from 

physical properties, such as porosity and thickness, into the ozone deposition velocity 

limits the ability of models to describe scenarios where the same material may change in 

a simple, physical way (e.g. the material thickness is increased). Models that incorporate 

physical material characteristics in an implicit way, like the deposition velocity model, 
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result in the loss of fundamental understanding of the processes that govern ozone removal 

to materials.  

A more physically-based model of reactive uptake of ozone is shown in Figure 3. 

Similar to the models described in Section 2.2.1, ozone migrates from a well-mixed bulk 

concentration, C∞ (ppb), through the concentration boundary layer by molecular diffusion, 

and reaches the air-material interface at concentration Co (ppb). In contrast with models 

described in Section 2.2.1, that mathematically describe materials only as projected 

surface areas, this framework incorporates internal transport and reaction in materials. 

This can be achieved by incorporating a material thickness (shown in Figure 3 as the 

variable y, from 0 to -h), pore volumes present in the material, diffusion through pores, 

and reaction kinetics on interior surfaces. Material pore volumes are characterized by the 

porosity, ε (-), the ratio of pore volume to total material volume and the pore diameter, dp 

(m). These terms can be determined experimentally (e.g., Blondeau et al. 2003; Xiong et 

al. 2008) and are mathematically related to each other as described by Equation 4: 

 

cv

p

d

d


 

Equation 4 

Where dp (m) is the diameter of a pore and dcv (m) is the diameter of a control volume 

containing that pore.  
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Figure 3. Ozone transport and reaction through pore volumes present in material 

substrates. In this illustration, dcv is the diameter of the control volume and 

dp is the diameter of the pore.  

Transport through material pore volumes involves a variety of processes such as 

molecular diffusion, Knudsen diffusion (where the mean free path is large relative to pore 

size), surface diffusion (where adsorption and subsequent migration along the surface is 

considered) as well as the potential for advective flow driven by pressure gradients 

through materials (Axley and Lorenzetti 1993). Knudsen diffusion is generally important 

in pores on the nanometer scale, while the importance of surface diffusivity for reactive 

gases is questionable due to the assumption of irreversible uptake. Regardless, Treybal 

(1980) reported typical surface diffusivities for physically adsorbed gases on the order of 

10-7 to 10-9 m2 s-1, several orders of magnitude smaller than bulk and Knudsen diffusion. 

Blondeau et al. (2003) noted that diffusion through complex materials can be accurately 

estimated using the effective diffusion coefficient, De, of a gas through a material. They 
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further proposed a methodology for estimating effective diffusion coefficients from pore 

size distributions and bulk diffusion coefficients. 

Models that explicitly incorporate mass transfer in pore volumes of material-

pollutant systems have been developed, but have generally aimed to describe emissions 

or sequestration of volatile organic compounds (VOCs) or semi-VOCs (Xiong et al. 2008; 

Xu et al. 2009). Axley and Lorenzetti (1993) developed a model capable of accounting 

for sorption equilibrium limits, boundary layer diffusion, and diffusion through sorbent 

pores. The authors note the potential of such models to improve estimates of common 

indoor air pollution control systems. Meininghaus and Uhde (2002) developed models 

describing sorptive interactions in pore volumes, with a goal of determining diffusion 

coefficients in material substrates. Determination of effective diffusion coefficients is 

discussed as an important term for enabling modeling of indoor chemical dynamics. 

Marion et al. (2011) developed a model to mechanistically describe acetone emissions 

from wall materials that made use of effective diffusion coefficients. The authors showed 

good initial agreement with experimental data by accounting for boundary layer transport, 

diffusion within pore spaces (described by effective diffusion), and sorption of the gas to 

materials. Similarly, Lee et al. (2005) developed a model of VOC source and sink behavior 

in porous building materials, but also described how the model can be modified to 

incorporate reactions on internal surfaces to produce VOCs.  

Models of ozone transport within porous substrates have a similar mathematical 

basis to soil remediation models where ozone present in contaminated soils results in the 

oxidation of semi-  or non-volatile organic subsurface contaminants. Jung et al. (2004) 

described a one dimensional, transient model of ozone to porous unsaturated media that 

was then developed into a model that includes the effects of soil saturation. Similarly, Hsu 
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and Masten (2001) developed mass balance equations for ozone, a pollutant present in the 

soil matrix, and the soil organic matter itself. Choy and Reible (2000) summarized models 

for the transport of reactive pollutants through porous substrates. These models provide 

an important mathematical framework for the development of a system of equations 

specifically related to ozone interactions with porous materials in the indoor environment. 

One prior example of a model of ozone transport and reaction in an indoor material 

substrate, and therefore the most relevant model for the investigations in the latter part of 

this dissertation, is a transport and reaction model developed by Morrison and Nazaroff 

(2002a).  They incorporated interior surface geometries into a model of ozone reactions 

with carpet fibers and backing and noted that the geometry of carpet is an example of a 

broader class of materials in indoor environments in which material morphology and 

interior intricacy may affect reaction rates. In this investigation they modified a model 

presented by Lai and Nazaroff (2000) to include the effects of diffusive mass transport 

within the carpet itself as well as reaction with the carpet fibers and the backing. Their 

model predicted ozone concentrations in good agreement with available experimental 

data.  

This investigation builds on the prior transport and reaction models discussed in 

this section by developing and testing a model with similar materials with varying physical 

properties. The model developed in this work incorporates 1) molecular diffusion of ozone 

from bulk air through material concentration boundary layers, 2) effective diffusion 

through material pore volumes, and 3) ozone interaction with internal material reaction 

sites. This effort will enable more robust assessment of passive removal materials (PRMs) 

as indoor air cleaners in several ways, 1) by identifying specific physical properties, their 

impact on transport phenomena, and determining their effect on ozone removal, and 2) by 
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using detailed descriptions of reactive uptake to more rapidly assess the wide variety of 

potential PRMs, for example, by eliminating the need to test similar materials at varying 

thickness.  

The literature review presented here highlights substantial effort related to 

characterizing ozone concentrations in buildings through mass-balance approaches and 

the application of mass-balances to describe the behavior of a variety of indoor materials 

in the presence of ozone. Also, there is growing recognition that indoor ozone chemistry 

may affect productivity and health, and harmful or irritating compounds resulting from 

indoor ozone chemistry have been identified. A potential solution to the presence of indoor 

ozone, passive removal materials (PRMs), is a nascent concept and gaps in knowledge in 

several areas of the literature limit further advancement on this topic. Characterizations of 

the behavior of new types of building materials in the presence of ozone are needed, and 

assessments of the validity of such characterizations at varying spatial scales and in 

comparison to active methods of air cleaning will improve our ability to gauge the 

feasibility of PRMs as zero-energy air cleaners. This issue forms the basis of the 

investigations described in Section 3.1. Secondly, porous material may hold particular 

promise as PRMs, but their complex physical structure requires deeper understanding of 

the fundamental mechanisms of ozone transport and reaction in porous indoor materials. 

This topic is addressed in investigations described in Section 3.2. 
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Chapter 3. Summary of Methods and Research 

Investigations conducted in support of the two research objectives outlined in 

Chapter 1 are described in this chapter. Section 3.1 addresses Objective 1 research goals 

related to characterization of the magnitude of ozone removal to and reaction product 

formation from indoor materials. Section 3.2 addresses Objective 2 research goals related 

to fundamental characterization and modeling. Full manuscripts describing each 

investigation appear in Appendices A-E with complete methods, results, discussion, and 

supplemental information.  

3.1 Characterization of magnitudes of ozone removal and reaction product 

formation 

3.1.1 Evaluation of several green building materials, comparison with small chamber 

results 

The first investigation of this dissertation involved characterization of the behavior 

of three materials, classified as “sustainable” by at least one industry or trade organization, 

with regard to ozone removal, and primary and secondary emissions of carbonyls. This 

effort provides data regarding indoor heterogeneous reactions for a new class of materials 

that are being rapidly introduced into the built environment, and investigates the impact 

of fluid mechanic and relative humidity conditions on removal and emission phenomena. 

Additionally, because these experiments were conducted at nearly full-scale (in a 70 m3 

environmental chamber) they also provide an important opportunity to compare data 

between these experiments and estimates of the same parameters collected in parallel 

experiments on the same materials in smaller, 10-L and 48-L chambers (Lamble et al. 

2011; Cros et al. 2012).  
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Three “sustainable” materials in this investigation were selected based on 1) 

materials with large potential surface area coverage in buildings (e.g., walls, floors and 

ceilings), 2) a variety of material compositions likely resulting in ranges of material-ozone 

deposition velocity and 3) experiments conducted in parallel in small chambers using the 

same materials (Lamble et al. 2011; Cros et al. 2012). The materials were a recycled carpet 

tile, a perlite-based ceiling tile, and a gypsum wall board prepared with low-VOC paint 

and primer. Materials were tested independently in a large chamber environment (70 m3) 

with variable relative humidity (25%, 50%, and 75%) and variable fluid mechanic 

conditions, 6 hr-1 (low mixing condition) and 12 h-1 (high mixing condition) of 

recirculation air flow. Laboratory air was introduced into the chamber at an air exchange 

rate of 1.1 ± 0.1 hr-1 (mean ± standard deviation). Including background testing (no 

material in chamber), a total of 24 experiments were conducted where ozone deposition 

velocity, primary emissions of C1-C10 carbonyls, and secondary emissions of C1-C10 

carbonyls were estimated.  

Ozone deposition velocities were calculated for chamber surfaces (background) 

and test materials by completing a dynamic mass balance on ozone in the environmental 

chamber. Equation 5 describes the ozone concentration as a function of time in the well-

mixed chamber:  
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Equation 5 

  

Where C is the ozone concentration inside the chamber (ppb), λ is the air exchange rate 

(hr-1), Co is the ozone concentration entering the chamber (ppb), vd is the ozone deposition 

velocity to the material (m hr-1), A is the test material area (m2), V is the chamber volume 
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(m3), vd,SS is the ozone deposition velocity to the stainless steel chamber walls (m hr-1), 

and ASS is the surface area of the exposed chamber walls (m2). Equation 5 was solved in 

discrete form for the ozone deposition velocity using non-linear regression. Note that 

solutions to Equation 5 for experimental scenarios include reducing the background area 

(Ass) by the corresponding surface area coverage of test materials. This correction assumes 

background surfaces of the chamber contribute equally to background removal, and that 

a reduction in Ass would cause a proportional reduction in background ozone loss rate.  

The standard error of the line of best fit is reported for background conditions, or in the 

case of experimental conditions, the quadrature sum of experimental and background 

standard errors.  

 Primary emission rates from each material were estimated with a steady-state 

solution to a mass balance written for the concentration of an emitted carbonyl using 

Equation 6, assuming no sinks or other sources of carbonyls in the test chamber:  
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Equation 6 

  

Where Ean is the area normalized primary emission rate for an analyte (µg m-2 hr-1), Q is 

the flow rate through the environmental chamber (m3 hr-1), Can is the average analyte 

concentration inside the chamber (µg m-3), and other terms as defined previously. 

Chamber inlet air was cleaned with an activated carbon filter; therefore inlet 

concentrations of carbonyls were near zero, confirmed by quality assurance measurements 

of carbonyl concentrations in inlet air.  

Secondary emissions of carbonyls from materials were estimated in the presence 

of a decaying ozone concentration in chamber air with a “boot-strap method” using the 
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average concentration of ozone during the decay period and a time-averaged estimate of 

the molar yield of individual carbonyls based on 1-hr grab samples of carbonyl 

concentration taken during the ozone decay period, as shown in Equation 7: 

 

CvE danan 2  
 

Equation 7 

  

Where Ean-2 is the area normalized secondary emission rate for an analyte (µg m-2 hr-1), 

an is the molar yield of each carbonyl analyte (moles analyte formed/moles ozone 

consumed), and other terms as defined previously. Further details regarding this approach 

and other methods used in this investigation, as well as details of assessing uncertainty in 

calculated parameters are provided in Appendix A. 

Ozone deposition velocities to materials were, with one exception, stable across 

chamber fluid mechanic and relative humidity conditions, as reported in Figure 4. 

Recycled carpet showed increases in deposition velocity with increases in mixing 

condition, possibly resulting from the placement of a mixing fan on the floor of the 

chamber. This finding implies laboratory-determined experimental ozone deposition 

velocities that are applied to building-scale modeling should be estimated within 

representative ranges of building fluid mechanic conditions. It also suggests that for some 

materials, heterogeneity in realistic indoor airflows could affect ozone removal. 

Accounting for these impacts in building-scale modeling will lead to more refined 

assessments of indoor ozone concentrations and implications for human exposure, as well 

as assessments of the benefit of optimal placement of materials in buildings. The 

relationship between fluid mechanics and the ozone deposition velocity of carpet observed 

in Figure 4 may result from the complex, fleecy structure of the material. In such materials, 

transport and reaction in porous media may contribute to enhanced removal at higher 
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mixing conditions, e.g. see Morrison and Nazaroff (2002a), motivating the investigations 

of Section 3.2.  

 

 
Figure 4. Ozone deposition velocities to background chamber surfaces, recycled carpet, 

perlite-based ceiling tile, and painted drywall. Percentages refer to relative 

humidity condition. “Low” refers to low mixing condition; “High” refers to 

high mixing condition.  

 

Values of ozone deposition velocity determined in this study (averages at low fluid 

mechanic conditions of 5.5, 2.3, 0.32 m hr-1) are in general agreement with those 

determined in parallel, small chamber studies. Ozone deposition velocities determined by 

Lamble et al. (2011) were 5.5 m hr-1, 2.3 m hr-1, and 1 m hr-1 to recycled carpet, perlite-

based ceiling tile, and painted drywall respectively. Cros et al. (2012) reported initial 

ozone deposition velocities of 3.5 m hr-1, 2.5 m hr-1, and 1.4 m hr-1 from small chamber 

tests of field-conditioned materials. The greatest discrepancy in ozone deposition 

velocities across studies is observed for painted drywall. This material was the only 
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sample not manufactured in its final state (that is, paint and primer were applied by 

investigators to recycled drywall), and differences in applied quantities of paint and/or 

primer, time elapsed between painting and testing, and differences in storage between 

large samples in this investigation and bench-scale samples could contribute to the 

observed variability across experiments.  

High ozone deposition velocity is desirable, because for a constant projected area, 

a high ozone deposition velocity will result in greater reductions in indoor ozone 

concentrations than a material with a low ozone deposition velocity. However, ozone 

removal must also be considered in the context of concomitant emissions; materials can 

be important indoor sources of volatile organic compounds, especially for low-energy 

buildings with low air exchange rates. Therefore, primary (as manufactured) emissions of 

carbonyls were investigated, and results are shown in Figure 5.  

Total emissions of primary carbonyls across all environmental conditions for 

recycled carpet ranged from 27 µg m-2 hr-1 to 120 µg m-2 hr-1. Total carbonyls emitted from 

ceiling tile ranged from 13 µg m-2 hr-1 to 48 µg m-2 hr-1, after removal of a single outlier 

determined with standard procedures (Natrella 2010). Primary emissions from painted 

drywall ranged from 3.9 µg m-2 hr-1 to 42 µg m-2 hr-1, again following removal of a single 

outlier (Natrella 2010). Chamber fluid mechanic conditions and relative humidity 

appeared to have mixed effects on the materials. In the case of recycled carpet, primary 

emissions under low fluid mechanic conditions increased as RH increased from 25% RH 

to 50% RH, but decreased from 50% RH to 75% RH. At 25% RH, there was a dramatic 

increase in primary emission with an increase in fluid mechanic conditions, but a decrease 

in primary emissions with an increase in fluid mechanic conditions at 50% RH, although 

in the latter case this difference is less than the propagated uncertainty. For ceiling tile and 
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painted gypsum wall board, primary emissions were generally low, resulting in 

propagated uncertainties that overwhelm differences across conditions (see Table S1 in 

Appendix A). An important consideration resulting from these data is that primary 

emissions were highest from recycled carpet, a material that may initially appear 

beneficial to indoor air quality with respect to reactive uptake of ozone alone.     

 

  

Figure 5. Primary carbonyl emissions from background chamber and experimental 

materials. Percentages refer to relative humidity. “Low” refers to low 

mixing condition; “High” refers to high mixing condition. The * symbol 

denotes a statistical outlier as determined by modified z-score test. 

Cros et al. (2012) report total primary emissions of carbonyls from the same carpet 

used in this investigation of approximately 45 µg m-2 hr-1, bracketed by the range found 

in this investigation, but lower than the average across all conditions (average = 85 µg m-

2 hr-1) in this investigation. Cros et al. (2012) also found similar values for primary 
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emissions from ceiling tiles, approximately 22 µg m-2 hr-1, in good agreement with the 

average value (20 µg m-2 hr-1) determined in this investigation. They also used the same 

combination of paint and drywall used in this study and reported an area-normalized 

emission rate of 20 µg m-2 hr-1, compared with an average for this study of 17 µg m-2 hr-1. 

With the exception of recycled carpet, there is general agreement between smaller 

chamber studies and larger chamber studies estimations’ of primary emissions.  

 Primary emissions are an important source of indoor VOCs, including carbonyls. 

However, as noted in Section 2.2.2, the presence of indoor ozone can increase carbonyl 

emissions from materials to values greater than primary emissions. These “secondary” 

emission rates of carbonyls, and the corresponding molar yields of carbonyl formation, 

are shown in Figure 6. In the case of recycled carpet, averages of secondary emissions 

across all conditions were nearly double primary emissions (164 µg m-2 hr-1 versus 85 µg 

m-2 hr-1). This finding highlights the importance of including indoor chemistry in ranking 

and selecting “sustainable” building materials. A downward trend of secondary emissions 

of carbonyls from recycled carpet with an increase in chamber relative humidity (RH) is 

observed in Figure 6. Since both primary emissions and ozone deposition velocities were 

unaffected by RH, this finding indicates that measurement of secondary emissions should 

be conducted under controlled relative humidity.   

 Comparisons with previous investigations indicate greater variability in 

estimating secondary emissions of carbonyls from materials in large and small chambers. 

In the large chamber investigations presented here, total carbonyl yields for carpet at 50% 

RH and low mixing were determined to be 0.28 mol/mol, higher than the 0.12 mol/mol 

determined by Lamble et al. (2011) in small (10 L) chamber work at the same RH 

conditions. However, the reaction product composition of secondary emissions from 
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carpet was similar; yields determined in both investigations were comprised nearly 

entirely of nonanal. Cros et al. (2012) determined a higher value for carbonyl yields from 

carpet using small (48 L) chambers, at 0.46 mol/mol at 50% RH, again with the major 

component of the secondary emissions being nonanal. Molar yields for total carbonyls 

emitted from ceiling tile at 50% RH and low mixing were determined in this study to be 

0.03 mol/mol, comparing favorably to those determined by Lamble et al. (2011) at 0.03 

mol/mol. Cros et al. (2012) determined a higher value, with a total carbonyl yield of 0.12 

mol/mol for ceiling tile. Molar yields for total carbonyls emitted from painted drywall at 

50% RH and low mixing were determined in this study to be 0.03 mol/mol, again 

comparing favorably to those determined by Lamble et al. (2011) at 0.03 mol/mol. Cros 

et al. (2012) again determined a higher value, with a total carbonyl yield of 0.33 mol/mol 

from painted drywall.  

There are several important differences across the large and small chamber studies 

that could account for the observed variability in secondary emission yields. Yields 

determined by Lamble et al. (2011) and Cros et al. (2012) were determined under steady-

state conditions, while those determined in this investigation were estimated with a 

transient mass balance for chamber carbonyl concentrations that was calibrated with a 

time-averaged sample of carbonyl concentration. Additionally, differences in fluid 

mechanics could contribute to this variability as even at similar chamber air exchange 

rates, airspeeds in small chambers could differ dramatically from those in larger chambers. 

Finally, differences in preparation (e.g., painting recycled drywall) and storage could 

contribute to variation in estimations of secondary emissions across similar materials.   

The consideration and characterization of material-ozone reactions in indoor 

environments leads to several important conclusions from this investigation.  Recycled 
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carpet (and other highly reactive materials) may provide more suppression of indoor 

ozone than ceiling tile and painted drywall, however this removal may come at the 

expense of the generation of harmful and/or irritating reaction products. Secondary 

emission of carbonyls from carpet were substantial while those from ceiling tile and 

painted drywall were generally low. This finding that indicates the lower removal of ozone 

to perlite-based ceiling tile may result in a more positive impact on indoor air quality than 

recycled carpet because of the role of secondary emissions.  

 
Figure 6. Secondary heavy aldehyde emissions from background chamber and 

experimental materials. Percentages refer to relative humidity condition. 

“Low” refers to low mixing condition; “High” refers to high mixing 

condition. Mean total carbonyl molar yields are presented at the top of each 

bar with the propagated uncertainty present in parenthesis.  

 

Secondary emissions from carpet decreased with increasing relative humidity 

(RH) at differences that exceeded propagated uncertainty, while ozone deposition 
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velocities showed no observable trend with RH. This indicates that for some materials 

e.g., recycled carpet, stable relative humidity is important for control of confounding 

factors regarding estimation of ozone reaction product emission rates and assessments of 

sustainable materials in the presence of ozone. Fluid mechanic conditions affected only 

the most reactive material, recycled carpet, implying a reaction-limited condition for other 

materials. As a result, increasing transport of ozone to surfaces may not always increase 

ozone removal. Finally, general agreement across investigations conducted in small and 

large environments, especially for ozone deposition velocity results, indicates bench-scale 

estimates of removal and emission phenomena provide reasonable approximations of 

pollutant fate and transformation in larger environments.  

The experimental results described above show that there is substantial difference 

in the source and sink behavior of various materials in the presence of ozone, and to some 

materials in the presence of ozone under varying environmental conditions. Recycled 

carpet had the highest ozone deposition velocity, but also the highest primary and 

secondary emissions of carbonyls. Given this finding, this investigation motivated two 

modeling studies (Section 3.1.2 and 3.1.3) that seek to quantify the feasibility of using 

two materials to remove ozone. These materials, an activated carbon cloth and an 

unpainted gypsum wallboard were previously determined to be promising passive 

removal materials (PRMs) in terms of high ozone removal and low primary and secondary 

emissions (Lee and Davidson 1999; Grøntoft and Raychaudhuri 2004; Nicolas et al. 2007; 

Kunkel et al. 2010). These modeling studies will illustrate the opportunity presented by 

PRMs, and the primary and secondary emission rates determined in this investigation will 

enable future modeling efforts with new “sustainable” materials that can describe not only 
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ozone removal, but resulting product formation, painting a more complete picture of the 

impact of material selection on indoor air quality. 

 

3.1.2  Determination of ozone removal effectiveness across homes with variable 

building stock parameters 

The previous investigation illustrates the potential impact of material selection on 

indoor air quality, and motivates the need to broadly assess the use of passive removal 

materials (PRMs) for low-energy removal of indoor pollutants. This section summarizes 

a Monte Carlo approach applied to a mass balance to characterize indoor ozone 

concentrations across a sample of homes in a high ambient ozone environment. This 

investigation uses previous estimations of ozone reaction rate constants determined in a 

35 m3 bedroom for two materials (Kunkel et al. 2010), an activated carbon cloth (ACC) 

and a gypsum wall board (GWB). This investigation addresses the feasibility and 

effectiveness of using indoor surfaces as air cleaners, or passive removal materials 

(PRMs), in whole-building environments.  

Monte Carlo simulation was conducted on a time-averaged solution to a mass-

balance assuming uncorrelated parameters, and was solved for the indoor/outdoor ozone 

ratio in a hypothetical well-mixed home, as described by Equation 8: 

 

V

A
v

V

A
v

C

C

PRM

PRMd

BG

BGd
o


,,1

1




 Equation 8 

  

Where C is the ozone concentration in an indoor environment (ppb), Co is the outdoor 

concentration of ozone entering the indoor environment, vd is the deposition velocity to 

indoor surfaces (m hr-1), A is the horizontally projected surface area of indoor surfaces 
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(m2), λ is the air exchange rate  (hr-1), V is the volume of the indoor environment (m3), the 

BG subscript indicates that parameters refer to background surfaces present in indoor 

environments, and the PRM subscript indicates that parameters refer to surfaces associated 

with passive removal materials. The central metric, effectiveness, Γ (-), is calculated by 

dividing the steady-state indoor/outdoor ozone concentration ratio with a PRM present 

(Equation 8 above) by the indoor/outdoor ratio without the presence of PRMs (APRM = 0 

in Equation 8) and subtracting from unity, as described by Equation 9: 
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Equation 9 

 

Where CW (-) is the indoor/outdoor ozone concentration ratio with a passive 

removal material (PRM) (or generically, any ozone removing intervention) present and 

CWO is the indoor/outdoor ozone concentration ratio with no PRM present. Model inputs 

to Equation 8 are described in Table 1. A normal distribution of background ozone 

removal was defined from a study of 43 Southern California homes (Lee et al. 1999) and 

a log-normal distribution of air exchange rates was taken from the Relationship of Indoor, 

Outdoor, and Personal Air study (Meng et al. 2005). Other model inputs are the assumed 

surface area coverage per volume ratio of two experimental PRMs, unpainted gypsum 

wall board (GWB) and activated carbon cloth (ACC), and corresponding material-ozone 

deposition velocities determined in a previous study (Kunkel et al. 2010). Full methods 

and results are presented in Appendix B. 
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Table 1. Summary of mass balance parameters. AM = arithmetic mean, ASD = 

arithmetic standard deviation, GM = geometric mean, GSD = geometric 

standard deviation, GWB = gypsum wallboard, ACC = activated carbon 

cloth. 

Variable Value Notes1 

Background ozone loss rate 2.8 hr-1 (1.3 hr-1) AM (ASD) Lee et al. (1999) 

Air exchange rate 0.5 hr-1 (2.13) GM (GSD) Meng et al. (2005) 

PRM surface area to 

volume ratio 

0.075 m-1 Low condition. Assumed 

0.3 m-1 High condition. Assumed 

Deposition velocity 

13 m hr-1 
GWB Low condition. Kunkel et al. 

(2010) 

13.2 m hr-1 GWB High condition. Ibid. 

20.8 m hr-1 ACC Low condition. Ibid. 

23.5 m hr-1 ACC High condition. Ibid. 

 

The presence of GWB and ACC reduces indoor/outdoor ozone concentration 

ratios in the subset of homes in Houston, TX from an average background value of 0.16 

to values ranging from 0.05-0.12. Combinations of high surface area and high ozone 

deposition velocity are shown in Figure 7, and result in median values of effectiveness of 

67% and 54% in the modeled homes for ACC and GWB, respectively. Combinations of 

low surface area and low ozone deposition velocity shown in Figure 7 result in median 

values of effectiveness of 35% and 24% in the modeled homes for ACC and GWB, 

respectively. A median RIOPA home volume of 271 m3 yields PRM surface areas required 

to achieve these values of removal effectiveness under high and low conditions of 81 m2 

and 21 m2, respectively. This work shows that substantial reductions in indoor ozone are 

possible with installations of specific ozone-removing materials on achievable scales. 
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Figure 7. Mass balance cumulative distribution functions illustrating effectiveness of 

two indoor materials in Houston homes. ACC = activated carbon cloth. 

GWB = gypsum wallboard. 

 

While the opportunity for substantial indoor ozone reductions exist, this portion of 

the dissertation also highlights several key barriers requiring further research, including 

1) enhancing transport of ozone to materials in indoor environments, 2) reducing the 

surface coverage needed to achieve a given ozone removal effectiveness while improving 

aesthetics of large surface area installations of air cleaning materials, and 3) comparing 

passive methods of indoor ozone removal to traditional, active methods of air cleaning.  

  These obstacles are addressed in other parts of this dissertation. The implications 

of transport of ozone to materials is introduced in Section 3.1.1, where fluid mechanics 

were seen to affect determinations of ozone deposition velocity for the most porous 

material, recycled carpet, characterized in that investigation. The investigations of Section 
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3.2 describe experimental and modeling efforts that expand on this observation, by 

quantifying the importance of material physical properties on ozone removal to complex 

indoor materials. Determining the impact of specific physical properties on ozone removal 

and the development of more mechanistic and predictive modeling approaches may 

highlight opportunities for incorporating or developing materials that result in a reduction 

of the material surface area requirements necessary to achieve a given ozone removal 

effectiveness. Finally, the investigation described in Section 3.1.3 builds on the Monte 

Carlo model developed in this Section by incorporating active methods of air cleaning 

into the analysis, such that PRM surface are requirements can be compared with recurring 

energy costs of active methods of indoor air cleaning at similar endpoints of ozone 

removal effectiveness.  

 

3.1.3 Comparison of active and passive methods of indoor ozone control 

This research extends the Monte Carlo model developed previously to facilitate 

comparison of surface area requirements of PRMs with energy requirements of active 

methods of indoor air cleaning. Ozone deposition velocities are taken from previous work 

that characterized ozone reaction rates in homes (Kunkel et al. 2010). Energy consumption 

and ozone removal efficiencies for stand-alone filters were assumed to be similar to 

previous rates determined for particle removal in stand-alone filters (Waring et al. 2008). 

Energy consumption and ozone removal effectiveness in HVAC systems were taken from 

Stephens et al. (2010) and Gundel et al. (2002), respectively.  

Hypothetical indoor ozone concentrations were estimated using a time-averaged 

mass balance that accounted for air exchange rates, background removal by surface 
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reactions, and losses to active or passive methods of air cleaning. Indoor concentrations 

of ozone, C (ppb), were determined using the mass balance described in Equation 10:  
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Equation 10 

 

Where λ is the air exchange rate in the indoor environment (hr-1), Co is the outdoor 

concentration of ozone entering the indoor environment, vd is the deposition velocity to 

indoor surfaces (m hr-1), A is the horizontally projected surface area of indoor surfaces 

(m2), V is the volume of the indoor environment (m3), and the BG subscript refers to 

background surfaces or deposition velocities. Loss terms, R (hr-1) were introduced 

independently into the mass balance to account for active removal (Rfilter or RHVAC) or 

passive removal (RPRM). CADR (m3 hr-1) is the clean air delivery rate of the stand-alone 

filter, Qf is the flow rate through the HVAC system (m3 hr-1), ηf is the ozone removal 

efficiency of the HVAC filter (-), and f is the fraction run time of the HVAC system (-). 

A summary of model inputs is provided in Table 2. 
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Table 2. Monte Carlo simulation inputs.  

Variable1 Value Reference 

Air exchange rate λ GM = 0.5 hr-1, GSD = 2.13 Weisel et al. (2005) 

HVAC off BG ozone removal (vdA/V)BG, off 2.9 hr-1  Sabersky et al. (1979) 

HVAC on BG ozone removal (vdA/V)BG,  on 5.4 hr-1  Ibid. 

Background HVAC runtime f 0.25 Stephens et al. (2010) 

Volume V GM = 271 m3, GSD = 1.64 m3 Weisel et al. (2005) 

ACC deposition velocity vd, AC vd, AC = 36.6x0.29 Kunkel et al. (2010) 

GWB deposition velocity vd, GWB vd. GWB = 19.5x0.41 Ibid. 

HVAC off indoor airspeed xHVAC off 0.015 - 0.58 m s-1                                                   Matthews et al. (1989) 

HVAC on indoor airspeed xHVAC on 0.057 - 0.155 m s-1 Ibid. 

Stand-alone purifier efficacy εfilter 1.09 W m-3 hr1 Waring et al. (2008) 

HVAC fan efficacy εHVAC 0.29 W m-3 hr1  Stephens et al. (2010) 

Fan flowrate per volume Qf/V 4.64 hr-1 Ibid. 

HVAC filter efficiency ηf 0.81 Gundel et al. (2002) 

1: HVAC = heating, ventilation and air conditioning, BG = background, ACC = activated 

carbon cloth, GWB = gypsum wall board 2: GM = geometric mean, GSD = geometric 

standard deviation 

 

In this investigation, Equation 10 was combined with Equation 9 to determine 

energy and surface area requirements to both active and passive means of indoor air 

cleaning to achieve a target value of ozone removal effectiveness. Values of effectiveness 

were set to minimum and recommended values for air cleaning devices, at 50% and 80%, 

respectively (Shaughnessy and Sextro 2006). By setting Rfilter, RHVAC, and RPRM in the 

denominator of Equation 10 equal to zero, the indoor concentration with only the presence 

of background removal, or CWO in Equation 9 can be calculated. The known value of CW 

(based on CWO and the set value for ozone removal effectiveness) was then used to 

calculate the surface area requirements or energy consumption for an air cleaning 

intervention. For example, the required filter clean air delivery rate (CADR) to stand-alone 

filtration was calculated by setting RPRM and RHVAC in Equation 10 equal to zero, inserting 
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Equation 10 for CW in Equation 9, and solving for CADR at 50% or 80% ozone removal 

effectiveness. Energy consumption for stand-alone filtration was then calculated by 

multiplying CADR by power efficacy (εfilter) reported by Waring et al. (2008). This process 

was repeated for RHVAC and RPRM where energy use required to provide flowrate 

corresponding with additional HVAC runtime, f, was determined using the HVAC fan 

efficacy, ε (W m-3 hr1)  and pollutant removing material (PRM) area, A, were calculated, 

respectively. A full description of the research methods and results are provided in 

Appendix C. 

The results of the Monte Carlo model conducted in this investigation (Figure 8) 

are cumulative distribution functions (CDFs) that represent the probability that a home in 

the sample will achieve a given level of ozone removal (50% or 80%) with either an active 

or passive approach to removing indoor ozone. For brevity, only results to achieve 50% 

ozone removal effectiveness are discussed here. In active systems, model results in Figure 

8 show that reacting 50% ozone removal in half of the homes in the Houston, TX, subset 

of RIOPA homes would require a daily energy consumption of 30 kWh and 5 kWh, for 

stand-alone filtration and HVAC filtration, respectively. This estimation considers only 

direct consumption to the stand-alone filtration or HVAC system. Indirect impacts, such 

as air conditioning required to remove heat generated by additional motor run-time, would 

increase estimates of energy consumption from those presented here. With a passive 

approach, achieving 50% removal in half of the homes would require surface area inputs 

of 75 m2 and 200 m2 for activated carbon cloth and unpainted gypsum wallboard, 

respectively.  
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Figure 8. Monte Carlo model results showing active and passive approaches to 

achieving 50% ozone removal homes in Houston. 

 

Estimations of energy consumption and surface area requirements at a common 

endpoint enable discussion of the implications of achieving those inputs and requirements 

in practice. In the case of stand-alone filters, achieving the required CADR to remove 50% 

of indoor ozone would necessitate six units in an indoor environment, likely prohibitive 

both in terms of capital cost and aesthetics, let alone energy concerns. HVAC filtration 

would require additional run-time fractions of 0.8, beyond the normal operation run-time 

of 0.25, implying that some homes would require the installation of a larger fan to move 

volumes of air through the HVAC system necessary to achieve ozone removal of 50%. 

Surface area requirements for passive materials, at 75 m2 and 200 m2, are considerable, 

corresponding to surface area to volume ratios of 0.27 m-1 and 0.74 m-1. Integrating 

surface areas on this order of magnitude may only be feasible if aesthetic concerns are 
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overcome by integrating desirable removal properties of a material such as activated 

carbon cloth into existing building materials. However, once integrated into homes, 

benefits of passive removal may be long lasting; Cros et al. (2012) found stable ozone 

deposition velocities to the same activated carbon cloth as used here over a period of six 

months. This analysis illustrates the importance of considering practical impacts of 

providing additional CADR, run-time fractions, and surface area as determined by the 

Monte Carlo model to achieve substantial indoor ozone reductions; both passive and 

active methods may be constrained by real barriers to implementation. 

The investigations conducted in Sections 3.1.2 and 3.1.3 show the potential for 

low-energy, and possibly long term reductions in indoor ozone concentrations. However, 

the Monte Carlo models developed for this study consider only two materials, an activated 

carbon cloth and a gypsum wall board. As there are many possible indoor building 

materials, sustained efforts characterizing ozone removal to a wide variety of indoor 

surfaces is warranted.  Additionally, the modeling analyses in Sections 3.1.2 and 3.1.3 

consider neither primary emission of harmful or irritating compounds from materials nor 

emissions of reaction products resulting from reactions between ozone and materials.  

In spite of these limitations, this work shows that efforts to integrate materials as 

indoor air cleaning devices can yield promising reductions in indoor ozone. Avoidance of 

long-term, recurring energy costs associated with active methods of air cleaning is a 

benefit of passive approaches that justifies Objective 2 investigations. However, the 

Monte Carlo models also identified substantial surface area requirements to achieve 

meaningful indoor ozone cleaning from passive approaches. One opportunity for reducing 

surface area coverage requirements is increasing material thickness. Experiments utilizing 

ACC material in two layer “stacks” were conducted using the same procedure in Kunkel 
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et al. (2010). The measured ozone deposition velocities were then included in the analysis 

above and result in decreases in surface area requirements to achieve 50% ozone removal 

in half of homes of 37% (from the base case result of 75 m2 to 47 m2). However, existing 

modeling approaches that describe materials only as projected surface areas cannot predict 

this impact, and the Monte Carlo model instead relies on situation-specific deposition 

velocities that require independent experiments to elucidate the impact of such physical 

changes. Fundamental approaches to characterizing material-ozone interactions can 

address such barriers and others identified in Objective 1 including: 1) mechanistically 

modeling the impact of physical changes in materials (e.g., changes in material thickness) 

on reactive uptake of ozone, 2) using the model to investigate opportunities for reducing 

surface area requirements of passive approaches of indoor ozone removal and 3) 

predicting ozone reaction rates to similar materials to reduce the experimental effort 

associated with estimating ozone deposition velocities to a wide variety of potential indoor 

surfaces.   
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3.2. Development of fundamental representations of materials and more 

mechanistic models of reactive uptake of ozone. 

This section addresses the second major objective of this dissertation: to improve 

fundamental characterizations of materials and to use the resulting data to support the 

development of a more mechanistic model of material-ozone reaction. A motivation for 

this work is briefly discussed in Section 3.1.3 and Appendix C, where experiments 

involving various thicknesses of indoor materials are discussed as a method of reducing 

surface area coverage requirements for achieving a given ozone removal effectiveness. As 

a result of a reliance on aerial projections of material surface areas, the general approach 

of describing ozone removal with resistance-uptake theory cannot be used to model such 

changes in physical material properties. This limitation exists in spite of reaction 

probabilities that, in theory, describe the percent likelihood of a reaction given a collision 

between a molecule of ozone and a material surface.  

To improve understanding of the impact of physical properties on reactive uptake 

of ozone, Section 3.2.1 describes an investigation to fundamentally characterize material 

physical properties and transport phenomena, and the resulting impact of these 

phenomena on material-ozone deposition velocities. Section 3.2.2 presents a model, 

developed with the experimental results of section 3.2.1 that uses fundamental physical 

descriptions of materials to develop and test a more mechanistic model of material-ozone 

interaction.  

 

3.2.1 Determination of fundamental physical material properties and their impact on 

reactive uptake of ozone to materials 

The research findings of Objective 1 broadly illustrate the potential for using 

indoor surfaces to remove ozone from the built environment. However, models for 
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describing material-ozone reactive uptake (Section 2.2.1) do not incorporate mathematical 

descriptors of materials beyond a projected surface area, a limiting assumption for many 

complex materials present in buildings. This results in contributions to ozone removal 

from transport and reaction phenomena occurring beyond an assumed projected surface 

area of material being “lumped” into estimations of the ozone deposition velocity or the 

reaction probability. To determine the magnitude of these effects, this investigation 

(described in full in Appendix D) takes an experimental approach to quantifying the 

impact of material composition and characteristics on ozone removal through 

determination of 1) physical material properties, e.g., porosity, pore size distribution, and 

thickness, 2) transport phenomena through material substrates, and 3) ozone deposition 

velocities and reaction probabilities to materials with variable thickness, porosity/pore 

size, and effective diffusion coefficient.  

Five materials were chosen to cover wide ranges of chemical compositions and 

material properties: two cellulose filter papers (Whatman, GE Healthcare) of varying 

manufacturer-specified particle retention diameter, 20-25 µm (WF14) and 2.5 µm 

(WF15), two cementitious materials, a pervious pavement (PP) and a Portland cement 

concrete (PCC), and an activated carbon cloth (ACC), consisting of 50% activated carbon 

by mass impregnated on a polyester backing (P/N CO150, Gremarco Industries).  

The five materials, with two to four different thicknesses for each material, were 

tested under high and low fluid mechanic conditions for ozone deposition velocity and 

reaction probability. Three replicates were conducted for each material/thickness/fluid 

mechanic condition, totaling 96 individual material-ozone experiments. This experimental 

matrix enabled comparison of reactive uptake of ozone across different materials, as well 

as within similar materials for differences in ozone deposition velocities and reaction 
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probabilities resulting from changes in thickness, porosity/pore size distribution and 

chamber fluid mechanics.  

Materials were specifically chosen to facilitate these comparisons. Filter papers 

(WF14 and WF15) have identical chemical composition with easily variable thickness 

and two different porosities/pore size distributions. Pervious pavement and Portland 

cement concrete (PP and PCC) were fabricated with similar raw materials to custom 

thicknesses while variations in raw materials (aggregate and sand loadings) resulted in 

variable porosity/pore size. Finally, activated carbon cloth was included due to its 

anticipated high internal surface area and high effective diffusion coefficient, a unique 

combination of features. Previous investigations of ozone chemistry occurring with a 

similar activated carbon cloth also provide data for comparison (Grøntoft 2002a; Kunkel 

et al. 2010; Cros et al. 2012).   

Quantitative descriptions of material properties were made with mercury intrusion 

porosimetry (MIP, AutoPore III Model 9410, Micromeritics). This instrument allowed 

determination of material pore size distribution, internal pore area, and porosity by 

applying step-wise increases in pressure to a penetrometer containing a material sample 

and elemental mercury. The applied pressure and intruded mercury volume was converted 

to a pore size distribution (PSD) via the Washburn equation, described in greater detail by 

Blondeau et al. (2003). By assuming a cylindrical pore volume, the PSD was used to 

determine the internal pore area of a sample.  Material porosity, ε (-), was determined by 

subtracting the ratio of the MIP determined bulk and skeletal densities from unity. 

Limitations in the MIP analysis resulted in the need to correct values of pore diameter and 

porosity for Pervious pavement and activated carbon cloth using direct measurements of 

bulk density and millimeter-scale pores (see Appendix D for further detail).  
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Material-ozone De were determined in triplicate with a dual-chamber apparatus in 

which the upper and lower halves of the chamber were separated by a material sample. A 

known quantity of an inert tracer gas, sulfur hexafluoride (SF6) was injected into the top 

chamber and monitored by sampling 30 mL volumes of air from the top and bottom 

chamber at a known time interval. Samples were analyzed using gas chromatography with 

electron capture detection (Autotrac, Lagus Applied Technology). Values of De 

determined with the mass-balance model written for chamber SF6 concentrations were 

related to the De for ozone by assuming that the ratio of molecular diffusion coefficients 

for SF6 and ozone is equal to the ratio of effective diffusion coefficients for SF6 and ozone. 

This equation was solved for the effective diffusion coefficient of ozone through the 

material. 

Effective diffusion coefficients, along with properties determined through 

mercury intrusion porosimetry, were collectively used to determine other terms describing 

material properties and transport phenomena. The mean diffusion coefficient, D0 (cm2 s-

1), describes the impact of the pore diameter on diffusion in materials and was determined 

from the pore size distribution and D. The tortuosity, τ (-),  relates the length of a curve to 

the distance between its ends, and has been proposed as a term to account for non-idealities 

in pore structure (Woods et al. 2011). This term was calculated with the porosity, D0, and 

De.  

Results from experimental investigations using mercury intrusion porosimetry 

(MIP) and the dual-volume diffusion chamber apparatus are shown in Table 3. This table 

summarizes important improvements in quantitatively describing materials, and when 

paired with quantifications of ozone deposition velocities and reaction probabilities, can 

help elucidate factors that contribute to variation in ozone removal to similar materials.  
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Table 3. Summary of material physical properties and transport phenomena.  

Material 
Toruosity, 

τ (-) 

Effective 

diffusion 

coefficient,        

De (cm2 s-1)a 

Porosity, 

ε (-) 

Median 

pore 

diameter 

(volume), 

dp,V (µm) 

Pore 

Area,     

m2 g-1 

20-25μm filter 

paper (WF14) 
3.2 0.033 ± 0.003 0.77 13 14 

2.5 μm filter paper 

(WF15) 
5.4 0.020 ± 0.001 0.78 15 19 

Pervious 

Pavement (PP) 
4.5 0.021 ± 0.004 0.67* 2681# 13 

Portland Cement 

Concrete (PCC) 
14 0.0024 ± 0.0001 0.26 0.19 2.5      13 

Activated Carbon 

Sheet (ACC) 
1.1 0.12 ± 0.001 0.97* 500# 158 

aUncertainty associated with effective diffusion coefficients is the standard deviation from 

triplicate experiments. *Porosity is corrected for pervious pavement and activated carbon 

cloth by substituting a corrected material bulk density into Eq. 4 of Appendix D. #Values 

for median pore diameter by volume for these materials are corrected according to the 

methodology described in Appendix D.  

 

Material properties and effective diffusion coefficients span orders of magnitude 

across the five materials, expected given the variety of materials present in this 

investigation. The filter papers, WF14 and WF15 had similar physical properties, but 

observable differences in effective diffusion coefficient, a surprising result indicating that 

small differences in porosity and/or pore size distribution may play a substantial role in 

affecting pollutant transport in material substrates. For other materials, the determination 

of porosity and pore diameters with mercury intrusion porosimetry (MIP) helps explain 

the observed differences in effective diffusion coefficient. For example, the lowest De 

material (PCC) had the lowest porosity, highest tortuosity, and smallest median pore 
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diameter by volume. Conversely, the highest De material (ACC) had the highest porosity, 

lowest tortuosity, and a very high median pore diameter by volume.  

The improved quantitative description of the five materials can inform findings 

regarding the relationship of ozone deposition velocity with material properties. Ozone 

deposition velocities to the five materials at varying thickness and fluid mechanic 

condition are reported in Figure 9. A major finding from this investigation was the impact 

of thickness under specific circumstances. Observable differences in ozone deposition 

velocity are present with increases in thickness of filter papers (WF14 and WF15) under 

both high and low fluid mechanic conditions as reported in Figure 9. This is a reflection 

of the millimeter-scale thickness and relatively large effective diffusion coefficient for 

WF14 and WF15, resulting in ozone removal to the deeper layers of filter paper. Under 

high fluid mechanic conditions, where transport-limited deposition velocities increased 

by an average factor of seven over low fluid mechanic conditions, ozone deposition 

velocities to pervious pavement (PP) increased with increases in thickness, while under 

low fluid mechanic conditions they remained constant. This may be explained by pressure 

driven flow through large pores in PP (dp,V = 0.27 cm) under the high fluid mechanic 

condition, where the chamber inlet port directed flow at materials as opposed to the low 

fluid mechanic condition where inlet flow was directed towards chamber walls. This could 

have resulted in advective mass transfer to depths greater than the initial 1.3 cm.  
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Figure 9. Average ozone deposition velocities to experimental materials under (a) high 

fluid mechanic conditions and (b) low fluid mechanic conditions. Material 

thickness (cm) is adjacent to the material name. Error bars illustrate the 

range associated with triplicate experiments.  

Ozone removal to Portland cement concrete (PCC) had no dependence on 

thickness, which was anticipated given its low porosity, small median pore diameter, and 

low effective diffusion coefficient. Activated carbon cloth (ACC) also showed no 

dependence on thickness under either fluid mechanic condition. This was an unexpected 

result given the high De and previous relationship with thickness (Section 3.1.3) 

determined for this material. Additionally, the large pores (> 300 µm) in ACC would result 

in advective flow from a relatively low pressure differential across the material, following 
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similar logic to that discussed for the high fluid mechanic condition of PP.  It is possible 

that high reaction probabilities to ACC  (discussion below and in Figure 10), a relatively 

smaller volume-weighted pore diameter than PP, and a high internal pore area resulted in 

ozone concentrations approaching 0 ppb at depths greater than 0.6 cm regardless of 

transport mechanism (diffusive or advective).  

Further investigation of the transport mechanisms through materials under 

changing bulk fluid mechanic conditions is warranted to better predict and explain the 

impact of material thickness on ozone removal to materials, especially those with large 

pore diameters for which advection may play a role. Results for cellulose papers and 

pervious pavement show that increasing thickness may only enhance ozone removal for 

certain materials under specific fluid mechanic and material porosity/pore size conditions. 

For example, it appears that moderate reactivity materials with large pore diameters (e.g., 

PP) may result in decreased chamber (or room) ozone concentrations under high fluid 

mechanic conditions. At millimeter thickness scales, e.g., WF14 and WF15, De on the 

order of 0.02-0.03 cm2 s-1 appears sufficient to result in transport and reaction in material 

substrates with lower overall ozone deposition velocity.  

Although thickness appears to play a role in reactive uptake under certain 

conditions, changes in porosity and pore size resulted in no observable differences in 

ozone deposition velocity. Despite the dramatic differences in material characteristics of 

pervious pavement and Portland cement concrete, Table 3 shows drastically different 

material structure while Figure 8(a) and (b) show similar vd to these materials. This 

illustrates that any material, with a similar projected surface area and ozone loss rate, will 

result in the same ozone deposition velocity (as calculated with Equation 2 in Section 

2.2.1). It is likely that the underlying physics of ozone removal to PP and PCC are a result 
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of different magnitudes of transport and reaction phenomena obscured by modeling 

limitations: higher reaction probability at a smooth surface in the case of PCC and lower 

reaction probability but increased transport and reaction into the material substrate in the 

case of PP. The modeling effort described in Section 3.2.2 and Appendix E elaborates on 

these concepts further.  

Ozone deposition velocities shown in Figure 8 are calculated with only a projected 

area, and as a result, affect determinations of material-ozone reaction probability. This is 

problematic as material-ozone reaction probabilities, in theory, should represent a 

fractional likelihood of reaction given a collision between a gas-phase molecule of ozone 

and a material surface. However, the lack of physically based descriptors of materials in 

models of reactive uptake result in an inability to define the reaction probability in this 

way.  

An increasing trend in reaction probability with increasing filter paper thickness 

is an example of a limitation of determining ozone deposition velocities with projected 

areas. Reaction probabilities, averaged across all material thicknesses at high and low 

fluid mechanic conditions are shown in Figure 10. For each filter paper condition, 

estimates of the reaction probability vary by as much as an order of magnitude, translating 

to substantial uncertainty in determinations of a single value of γ for both WF14 and 

WF15. This is a result of increases in ozone deposition velocity observed with increases 

in thickness (Figure 9), but no change to the input for projected surface area into the 

deposition velocity determined using Equation 2.  

Conversely, for materials such as PCC, with large thickness length scales, 

relatively low porosities, and nanometer-scale pore diameters, it appears that the theory 

outlined in Section 2.2.1 accurately describes the reaction probability for this material 
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across varying thickness and varying fluid mechanic conditions. This is logical given that 

PCC more closely approximates the smooth, flat plate often assumed in the derivation of 

the concept of the deposition velocity (Cano-Ruiz et al. 1993).  

 

 
Figure10. Average reaction probabilities of experimental materials. Error bars are the 

range of reaction probabilities determined for each material at all 

thicknesses.  

 

No direct effect on reaction probability was observed with changes in material 

porosity/pore size distribution. However, this is itself an important finding, due to the 

dramatically differing structures of pervious pavement and Portland cement concrete. The 

similar values of reaction probability likely stem from variable, but offsetting transport 

and reaction phenomena in these material substrates. Existing approaches to 

characterizing reactive uptake do not explicitly account for such changes, instead 
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incorporating such effects into estimates of ozone deposition velocities and reaction 

probabilities.   

The results from this investigation show that material properties may directly and 

implicitly affect estimations of material-ozone deposition velocities and reaction 

probabilities. Thickness is shown to affect reactive uptake at millimeter length scales for 

the filter papers (WF14 and WF15) investigated in this study, two materials with moderate 

values of porosity, pore size, and pore area within the sample of five materials investigated 

here. Ozone deposition velocity to the pervious pavement showed a relationship with 

thickness only in the high fluid mechanic condition, where its’ large median pore diameter 

by volume may have enabled advective transport across the material at a relatively low 

pressure differential. Therefore, increasing passive ozone removal to materials by 

increasing thickness may only be a viable approach for relatively lower reactivity 

materials with moderate pore diameters. Values of pore diameters may play an important 

role in determining the effectiveness of additional thickness because it affects pore area, 

that in turn determines the quantity of reaction sites available through a material, but also 

affects modes of transport that enable access to those reaction sites.  

The discussion of the combined effects of physical and transport properties on 

reactive uptake in this section supports the goals of Section 3.2.2 (i.e., the development of 

a quantitative, fundamental model) in two important ways. First, by quantifying terms 

describing material properties and transport phenomena across a range of materials. Such 

characterizations are generally lacking in investigations of reactive uptake of ozone, and 

limit the development of improved models. Secondly, by identifying important 

relationships between material properties and ozone removal, albeit in a more qualitative 

manner than the following section, this investigation highlights phenomena that should be 



 

 

60 

mathematically accounted for in the development of more mechanistic models of material-

ozone interaction.   

 

3.2.2 Development of more mechanistic models of reactive uptake of ozone to 

materials 

The impact of physical properties on ozone removal described in Section 3.2.1 

highlights limitations associated with estimates of ozone deposition velocities and 

reaction probabilities for some materials with the resistance-uptake model discussed in 

Section 2.2.1. In this investigation, a more mechanistic model of material-ozone 

interaction, shown schematically in Figure 11, is developed for the five experimental 

materials described in Section 3.2.1.  The development of the more mechanistic model 

required more detailed descriptions of materials than models described in Section 2.2.1. 

Terms describing material properties and transport phenomena in the model developed in 

this Section are taken from data provided by the previous investigation (Section 3.2.1); 

the mercury intrusion porosimetry experiments and the dual-chamber diffusion  

experiments determined porosity, pore diameter, and the effective diffusion coefficient.  
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Figure 11. Model schematic for ozone transport and reaction within porous materials. 

 The model in this Section is developed for a material paced in an experimental 

chamber (Figure 11), where inlet and outlet flows and ozone concentrations are known.  

A mass balance on the assumed well-mixed bulk air of the experimental chamber, that 

accounts for diffusion of ozone from the bulk air through a concentration boundary layer 

to a material-air interface, and reaction with the surface or diffusion into material pore 

volumes at the interface is described by Equation 11:  
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Where V is the chamber volume (m3), C∞ is the concentration of ozone in bulk test 

chamber air (ppb), t is time (s), Q1 is the flow entering and exiting the test chamber (m3 

hr-1), C1 is the inlet concentration of ozone (ppb), vd,w  is the deposition velocity to the 

surfaces of the chamber (m hr-1), Aw is the area of chamber walls (m2), vd, m is the 

deposition velocity to the experimental material (m hr-1), ε is the material porosity (-), Am 

is the projected area of the top surface of the material (m2), C0 is the concentration of 

ozone in at the material-air interface (ppb), De is the effective diffusion coefficient of 

ozone in the material (m2 hr-1), and y is the axial distance along the pore (m), as shown in 

Figure 11.
 

The mass balance on ozone in test chamber air is linked by a flux-matching 

boundary condition (not shown for brevity) to a mass balance on ozone within an assumed 

cylindrical control volume i of a material with cylindrical pores, as written in Equation 

12:  
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Equation 12 

 

Where ACV is the area of projection in the axial (y) direction of a cylindrical control 

volume (m2), Qi is the advective flowrate through any slice of porous material i (m3 hr-1), 

Ci is the concentration in any given slice of porous material i (µg m-3), P is the perimeter 

of the pore (m), and all other terms as defined previously.   

The solution to the system of equations required discretizing Equation 11 and two 

boundary conditions through time and discretizing Equation 12 through both time and i = 
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n nodes in space (12-96 nodes, depending on the test material). Ozone deposition 

velocities present in Equations 11 and 12 are replaced with a rearranged form of Equation 

3, with assumptions of negligible transport resistance at the air-material interface and 

through pore volumes. Effective diffusion of ozone is assumed to be the driving force for 

transport through material substrates (Qi = 0 in Equation 12). This process allows for the 

estimation of the material-ozone reaction probability from the final system of equations: 

the mass balance on ozone in chamber air, the flux matching boundary condition at the 

air-material interface, mass balances on ozone in pore volume air, and a no-flux boundary 

condition at the material base.  
 

The material-ozone chamber experiments conducted in Section 3.2.1 provide the 

calibration data that result in a best-fit model prediction of the transient ozone 

concentrations in chamber air with each individual material present. The best-fit model 

prediction is made at a single value of reaction probability, which is the model output, 

where total residual error for each independent experiment is minimized. Total residual 

error was recorded by modeling transient ozone concentrations in chamber air, comparing 

modeled concentrations to experimental concentrations, recording the sum of squared 

differences between the two, and repeating this process across a wide range of reaction 

probabilities. This modeling effort resulted in estimations of reaction probability for 22 

material/physical property/fluid mechanic conditions, requiring over 300 model 

simulations. A full description of the model and the methodology used to determine 

material-ozone reaction probabilities is provided in Appendix E.  

Reaction probabilities, when used with the model developed in Appendix E, 

improve on previous models of reactive uptake of ozone by accurately describing ozone 

concentrations in chamber air with varying material configuration. Figure 12 shows 
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modeled ozone concentrations in chamber air compared to the experimental data gathered 

during the investigation described in Section 3.2.1. Plot (a) shows the results of the 

modeling effort for a cellulose filter paper (WF14), while Plot (b) shows the results of the 

modeling effort for Portland cement concrete (PCC). The defining feature of Figure 12(a) 

is the dependence of ozone concentrations in chamber air on material thickness, with 

observable decreases in ozone concentrations in chamber air with an increase in material 

thickness from 0.02 cm to 0.16 cm. The model used in this investigation predicts the 

relationship between thickness and ozone removal by accounting for diffusion and 

reaction in material substrates, resulting in a constant value of reaction probability (1 × 

10-7, see Table 4) across thickness scenarios. This contrasts with the results of the 

investigation described in Section 3.2.1 determined using the resistance-uptake model, 

also summarized in Table 4, that show an increase in the determined ozone deposition 

velocity, and thereby, reaction probability by a factor of six, as thickness increases.  

The experimental data of Figure 12(b), showing results for Portland cement 

concrete, contrast with Figure 12(a) in that there is no observable difference in chamber 

concentrations of ozone with a change in material thickness. The predicted concentrations 

of ozone in chamber air represents this well across both thickness conditions, with a 

reaction probability of 2 × 10-5 (see Table 1) reported for both cases. This is the same 

value as determined in the investigation in Section 3.2.1 that calculated a reaction 

probability with resistance-uptake theory, likely resulting from the low porosity and very 

small pore diameters present in Portland cement concrete. These physical properties, 

coupled with the lower value of effective diffusion coefficient determined for PCC 

increase the importance of surface reactions (that is, at a depth y = 0 as defined in Figure 
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11), resulting in similarity between the models regardless of accounting for transport and 

reaction in material pore volumes. 

 

 
Figure 12. Predicted and experimental chamber ozone concentrations to two 

experimental materials (full results in Appendix E). Plot (a) is WF14 and 

plot (b) is Portland cement concrete. Error bars on experimental data 

correspond with propagation of 1.4 ppb or 2.8% of the measured 

concentrations, whichever is greater.  

Other physical properties had mixed impacts on modeled reaction probabilities, 

and presented challenges for the model developed in this section. For example, Portland 

cement concrete (PCC) and pervious pavement (PP) are composed of similar raw 

materials, but their differences in pore size distribution, porosity, and effective diffusion 

coefficient of ozone result in substantial differences in modeled reaction probability. This 

is in contrast with the similar values of reaction probability determined between these two 

materials in Section 3.2.1. The model developed in Appendix E determined a reaction 

probability to PP in the 1.3 cm condition of more than an order of magnitude higher than 

the 2.5 cm condition. The modeled reaction probability to PP is also greater than PCC in 
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the 1.3 cm condition, but smaller in the 2.5 cm condition. These inconsistencies could 

arise from relatively small changes in ozone concentrations in chamber air across 

experiments because the model applied to PP is insensitive to changes in reaction 

probability (see Appendix E for a comparison of sensitivity and elasticity indices). This 

insensitivity to changes in modeled reaction probability is a manifestation of the selection 

of a median pore diameter by volume for this material. The structure of PP is characterized 

by large gaps between connections of mortar covered aggregate, each containing pores 

ranging to the nanometer-scale. The model developed in this section describes the pores 

present in a material with a single value, an assumption made to facilitate reasonable 

computational solution times. The selection of a large median pore diameter by volume 

(dp,V = 0.27 cm) to represent PP results in a small modeled internal surface area (see Table 

4), creating a reduced interaction area between the material and ozone. The small 

interaction area results in the need for large changes in reaction probability to create an 

observable effect on modeled ozone concentrations in chamber air. Future developments 

of the model in Appendix E may resolve this by incorporating full pore size distributions 

of materials, especially those such as pervious pavement and activated carbon cloth, 

containing both millimeter- and nanometer-scale pores. 

The model approach developed in this section results in a variety of assumptions 

that affect the determination of the reaction probability with respect to methods outlined 

in Section 2.2.1 and reported in Section 3.2.1. Reaction probabilities presented in Table 4 

compare results from the investigations using resistance-uptake theory as defined in 

Equation 2, with those determined in this section, calculated using the more mechanistic 

modeled developed in Appendix E. One important difference between these estimations 

of the reaction probability is that the values determined using the model developed in 
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Appendix E are generally 1-2 orders of magnitude lower than those determined using 

resistance-uptake theory.  

 

Table 4. Comparison of reaction probabilities.  

Material 

Thickness 

(cm) 

γ (-), resistance 

uptake theory – 

Section 3.2.1 

γ (-), this work 

(Section 3.2.2) 

Modeled 

Internal 

S.A. (cm2) 

Cellulose Paper (20-25 

μm retention), WF14 
0.02 1×10-6 ± 5×10-7 1×10-7 8600 

0.16 6×10-6 ± 2×10-6 1×10-7 69000 

Cellulose Paper (2.5 μm 

retention), WF15 

0.02 1×10-6 ± 7×10-7 2×10-7 7600 

0.16 1×10-5 ± 4×10-6 1×10-7 61000 

Pervious Pavement, PP 
1.3 2×10-5 ± 4×10-7 9×10-5 890 

2.5 1×10-5 ± 3×10-7 6×10-6 1800 

Portland Cement 

Concrete, PCC 

1.3 2×10-5 ± 4×10-6 2×10-5 5.4 ×1011 

2.5 2×10-5 ± 4×10-6 2×10-5 1.1×1012 

Activated Carbon Cloth, 

ACC 

0.6 6×10-5 ± 8×10-6 6×10-7 9100 

1.2 4×10-5 ± 8×10-6 4×10-7 18000 

2.5 5×10-5 ± 5×10-6 7×10-8 36000 

 

Differences in reaction probability reported in Section 3.2.1 and 3.2.2 

(summarized in Table 4) are a reflection of the variation in accounting for physical 

material properties between the two approaches. In the model derived by resistance-

uptake theory, all materials are characterized by a constant projected area of 182 cm2. As 

reported in Table 4, surface areas of materials as described by the model developed in 

Appendix E (Section 3.2.2) varies with the porosity, pore diameter, and thickness of the 

material. This results in orders of magnitude increases in modeled internal surface area, 

contributing to the lower estimations of reaction probability by increasing the likelihood 

of a collision between ozone and a material reaction site.  
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For example, in the case of activated carbon cloth (ACC), reaction probabilities 

determined are two orders of magnitude smaller than those determined using resistance 

uptake theory. This difference stems from a factor of 50-200 increase in modeled surface 

area across various thickness conditions, coupled with a high effective diffusion 

coefficient through ACC. The high effective diffusion coefficient results in a flatter 

concentration gradient throughout the material and decreases the reaction probability 

determined in this work due to the modeled presence of greater effective, or accessible, 

internal surface area from increased transport in the axial direction.  Accounting for these 

phenomena directly necessitates a re-imagining of the reaction probability, as typical 

procedures for estimating this term include these effects implicitly. 

One important outcome of the new estimations of reaction probability determined 

with the model developed in Appendix E is the improvement in predictive modeling of 

ozone fate in realistic indoor spaces. The model developed in Appendix E can be used to 

predict indoor concentrations of ozone in a larger environment, and, using the approach 

outlined in Section 3.1.2, the ozone removal effectiveness of the space can then be 

determined. Building on the work of Section 3.1.2, the more mechanistic model here 

enables the determination of both the percent reduction in indoor ozone from the materials 

described in this investigation, as well as a change in a physical property of a material to 

be made. Such modeling exercises can highlight ideal properties, or combinations of 

properties, that will enhance reactive uptake of ozone to materials. However, since 

validation of this model was conducted at bench-scale, the following hypothetical 

scenarios represent only theoretical exercises until full-scale experimental validation of 

the impact of physical material properties on ozone concentrations in realistic spaces can 

be made.   
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  A well-mixed, hypothetical home serves to illustrate the potential of materials, 

and changes in physical properties of materials, as passive air cleaners.  The home is 

assumed to have an air exchange rate of 0.5 hr-1 (Yamamoto et al. 2010), a background 

ozone removal rate of 2.8 hr-1 (Lee et al. 1999), and a transport-limited deposition velocity 

of 0.14 cm s-1. A surface coverage of 0.3 m-1 of one type of filter paper, WF14, at a 

thickness of 0.02 cm results in an ozone removal effectiveness in the home of 4%. In the 

same environment, with the same application of WF14, increasing the thickness of WF14 

from 0.02 cm to 0.16 cm results in an indoor ozone removal effectiveness of 13%. 

Doubling thickness again, to 0.32 cm, results in an increase in ozone removal effectiveness 

to 14%. This indicates that the addition of material thickness beyond 0.16 cm results in 

negligible increases in ozone removal effectiveness for this material. Replacing the same 

surface area of WF14 with a 1.3 cm thickness of Portland cement concrete (PCC), results 

in the determination of a higher ozone removal effectiveness in the home, at 24%. This 

effectiveness remains constant with an increase in thickness of PCC to 2.5 cm, indicating 

no additional benefit for increasing the thickness of PCC.  

 The predictive capability of this model can account for other, hypothetical, 

material property changes that could enhance ozone removal effectiveness in indoor 

spaces.  The pore diameter has a positive sensitivity index, implying a decrease in this 

parameter will cause a decrease in predicted ozone concentrations (or increase in reactive 

uptake of ozone). This is because the pore diameter defines the availability of surface area 

in the internal material. Increasing surfacing area increases the number of material-ozone 

interactions, and at a constant reaction probability, reactions. Model runs calculated with 

a 50% decreased value of dp in the 0.02 cm WF14 scenario increase the ozone removal 

effectiveness in the hypothetical home from the baseline of 4% to 7%. In broad terms, this 
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implies that all other factors being constant, an increase in interaction area leads to an 

increase in reaction sites, resulting in higher ozone removal at a constant reaction 

probability. The porosity, however, has a negative sensitivity index, implying an increase 

in this parameter will cause a decrease in predicted ozone concentrations. This is because 

an increase in porosity, at a constant pore diameter, increases the internal surface area by 

increasing the quantity of pores throughout the material.  Increasing the porosity of WF14 

by 20% results in an ozone removal effectiveness of 5%, an increase of only 1%, implying 

the benefits of altering the porosity of this material are limited. It is important to consider 

that changes to individual terms will cause covariances with other parameters. For 

example, a decrease in pore size may cause reductions in effective diffusion coefficient at 

a constant porosity, reducing the impact of additional internal surface area by reducing 

accessibility. Regardless, the mechanistic capability of the model developed here allows 

determination of the relative importance of specific material characteristics and transport 

phenomena through hypothetical investigations such as these.  

The model presented in this section will provide an enabling tool for determining 

the potential enhancement of ozone removal by changing physical properties (e.g., 

thickness) for indoor materials with substantial surface area in indoor environments, such 

as more typical ceiling and floor materials. For some materials, it may be necessary to 

model non-axial (i.e., x- and z-directions as defined by Figure 11) diffusion and/or 

incorporate pore size distributions into mathematical material descriptions. These efforts 

are warranted given the complexity of many surfaces in indoor environments and the 

potential for greater understanding of material-pollutant interactions. Ultimately, these 

improvements will enable identification or design of materials with physical properties 

that are optimized for pollutant removal effectiveness.  



 

 

71 

Chapter 4. Conclusions 

A total of five investigations were conducted for this dissertation, addressing 

ozone fate, transport and transformation at room or building scales and through 

investigations of more fundamental material-ozone interactions at the micro-scale. 

Collectively, the five investigations improve the state of knowledge of indoor chemistry 

regarding broad impacts of passive removal materials (PRMs), as well as through the 

development of more fundamental explanations of reactive uptake of ozone.  

One important finding of this dissertation was that the incorporation of indoor 

chemistry affects classification of “low-emitting” materials, and that such experimental 

estimations may be scalable to realistic environments. Ozone deposition velocities and 

emissions of carbonyls, in the absence and presence of ozone were estimated for three 

independent materials in a room-scale (70 m3) environment: recycled carpet, perlite 

ceiling tile, and low-VOC paint and primer applied to recycled gypsum board. Ozone 

deposition velocities ranged from 0.32 m hr-1 to 6.1 m hr-1, primary emissions of carbonyls 

ranged from 3.9 µg m-2 hr-1 to 120 µg m-2 hr-1, and secondary emissions of carbonyls 

ranged from 0 µg m-2   hr-1 to 276 µg m-2 hr-1. Recycled carpet had the highest ozone 

deposition velocity, but correspondingly the highest secondary emission rates of 

carbonyls. Consideration of indoor chemistry suggests that even low levels of indoor 

ozone may appreciably affect volatile organic compound emissions from some materials, 

such as recycled carpet.  

The observations of ozone removal and product formation to sustainable building 

materials motivated investigations that quantified the potential of PRMs, determined 

previously as likely promising materials, to act as zero-energy indoor air cleaners. These 

modeling investigations demonstrated the extent of ozone reductions achievable in indoor 
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environments, and will motivate future studies on the effects of relative humidity, fluid 

mechanics, and material properties on ozone removal effectiveness. An important 

outcome of this effort was the finding that materials can act as substantial net removers of 

indoor ozone in building-scale environments. In a sample of approximately 100 homes, 

modeled background indoor/outdoor ozone ratios were 0.16. Installing a range of passive 

removal materials in homes, from lower deposition velocity materials at lower surface 

area coverage (gypsum wallboard installed at 0.075 m-1) to higher deposition velocity 

materials at higher surface area coverage (activated carbon cloth installed at 0.3 m-1) 

reduced indoor/outdoor ozone concentration ratios from background to 0.13 to 0.047, 

respectively. Addressing the potential for reaction product formation and the aesthetics of 

relatively large expanses of materials are summarized as challenges associated with using 

surfaces as indoor air cleaning devices.  This work showed general feasibility of using 

materials as indoor air cleaners; however, this finding prompted the need to compare 

energy consumption to traditional, active air cleaning methods to surface area 

requirements of passive approaches at consistent values of endpoint effectiveness.  

Using the same sample of approximately 100 homes in Houston, TX a Monte 

Carlo model assessed the energy consumption of active modes of air cleaning (stand-alone 

filtration and heating, ventilation, and air conditioning (HVAC) filtration) in relation to 

surface area requirements of passive modes. Through active modes, achieving a target 

indoor ozone removal effectiveness of 50% in half the homes of the sample could be 

realized through 30 kWh of daily energy consumption to stand-alone filtration or 5 kWh 

of daily energy consumption to HVAC filtration. Achieving this same target ozone 

removal effectiveness through passive modes of indoor air cleaning would require 200 m2 

of gypsum wall-board or 75 m2 of activated carbon cloth installed in each home in the 100 
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home sample. This work showed that materials may reasonably compete with active 

approaches that cost, at a rate of $0.10/kWh, in the range of $180-$1100/year in energy 

alone. Improved indoor air quality with low- or zero-impact on building energy use is 

especially promising in light of building energy goals aiming to drastically reduce or 

eliminate the energy burden of buildings. However, surface area requirements to passive 

approaches are substantial, and the need to reduce coverage of passive removal materials 

to achieve a given ozone removal effectiveness was an important conclusion of this study. 

Reductions in surface area requirements observed in Monte Carlo modeling with materials 

with increased thickness was a strong motivator for the fundamental approach developed 

in the latter sections of the Summary of Methods and Research, as limitations in the 

deposition velocity model precluded further exploration of the impact of thickness and 

other material properties as opportunities for reduction of surface area requirements of 

PRMs.  

Research regarding interactions between ozone and indoor building materials in 

the literature is often limited by a lack of physical descriptions of materials; this work 

presented combinations of analytical techniques that enable deep characterization of 

physical material properties and transport phenomena. This dissertation improved our 

understanding of heterogeneous ozone chemistry by demonstrating the impact of physical 

material properties, such as thickness, to appreciably affect determinations of ozone 

deposition velocity and reaction probability. This work paired the impact of changes in 

materials properties and transport phenomena with the impact on reactive uptake of ozone. 

For example, for two types of cellulose filter paper studied, increases in material thickness 

caused observable increases in ozone deposition velocities, implying that increased 

internal surface area contributes to reactive uptake of ozone by materials. For two types 
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of cementitious materials, a pervious pavement and a more typical Portland cement 

concrete, ozone deposition velocities were statistically similar between the two materials, 

although this comparison obscures the varying contribution of transport and reaction 

phenomena occurring at surfaces and in substrates between these two materials. The 

improved characterizations of material properties, transport phenomena, and reaction 

phenomena led to the identification of important relationships between material properties 

and ozone removal. These data supported the development of more mechanistic models 

of material-ozone interaction.  

This dissertation included a modeling effort that was observed to improve on 

existing modeling approaches by predicting ozone concentrations in a controlled bench-

scale chamber environment with changes in material properties. For two cellulose filter 

papers studied, the more mechanistic model developed in this dissertation was able to 

account for observable differences in ozone concentrations in chamber air  as the filter 

papers increased in thickness from 0.02 cm to 0.16 cm. Across these scenarios, the model 

developed in this dissertation determined a constant value for reaction probability, 

highlighting the importance of independently accounting for material substrate geometry. 

This more mechanistic model provides a physical explanation for the increased ozone 

removal observed in prior investigations in this dissertation, and will lead to estimations 

of reaction probability that have greater predictive value. Across all materials, estimations 

of reaction probabilities were 1×10-7, 2×10-7, 4×10-5, 2×10-5, and 4×10-7 for two types of 

cellulose paper, pervious pavement, Portland cement concrete, and an activated carbon 

cloth, respectively. In general, values determined from this more mechanistic modeling 

effort are one to two orders of magnitude lower than other determinations in the literature, 

and warrant discussion regarding the benefits (e.g., more independent estimations of 
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reaction probability) and limitations (e.g., necessity for greater characterization, greater 

computational complexity) of using this more fundamental approach to determining 

material-ozone reaction probabilities. In spite of the characterization and computational 

requirements, these efforts lead to improved understanding of mechanisms of removal of 

ozone to material and may lead to several important benefits: 1) reducing experimental 

effort by eliminating the need to characterize similar materials with varying physical 

properties (e.g., gypsum wall board of varying thickness) and 2) highlighting material 

properties or combinations of properties that lead to enhancement of reactive uptake of 

ozone, resulting in improved passive removal of indoor ozone. 

This dissertation improves knowledge regarding reactive uptake of ozone in 

indoor environments. The investigations of this dissertation develop new approaches and 

techniques for characterizing and modeling heterogeneous chemistry in the context of 

identifying and developing materials that are net-removers of indoor ozone. These efforts 

will support future building energy use targets by enabling the creation of healthy low- 

and zero-energy buildings through passive controls for indoor pollutants. Such approaches 

are predicated upon the improved understanding of the fate and transport of ozone in 

indoor environments summarized in this work. Ultimately, the experimental and modeling 

approaches described in this dissertation will inform building scientists regarding the 

feasibility, implications, and modeling approaches that will further the concept of using 

reactive uptake to materials as a mechanism of low-energy indoor air cleaning.    
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Paper 1. Evaluation of several green building materials for ozone 

removal, primary and secondary emissions 

Elliott Gall, Erin Darling, Jeffrey A. Siegel, Glenn Morrison, and Richard L. Corsi 

Submitted to Atmospheric Environment 

 

ABSTRACT 

Ozone reactions that occur on material surfaces can lead to elevated concentrations 

of oxidized products in the occupied space of buildings. However, there is little 

information on the impact of materials at full scale, especially for green building materials.  

Experiments were completed in a 68 m3 climate-controlled test chamber with three 

certified green building materials that can cover large areas in buildings: (1) recycled 

carpet, (2) perlite-based ceiling tile and (3) low-VOC paint and primer on recycled 

drywall. Ozone deposition velocity and primary and secondary emission rates of C1 to C10 

saturated carbonyls were determined for two chamber mixing conditions and three values 

of relative humidity. A direct comparison was made between ozone deposition velocities 

and carbonyl yields observed for the same materials analyzed in small (10 L) chambers. 

Total primary carbonyl emission rates from carpet, ceiling tile and painted drywall ranged 

from 27-120 µg m-2 hr-1, 13-40 µg m-2 hr-1, 3.9-42 µg m-2 hr-1, respectively. Ozone 

deposition velocity to these three materials averaged 6.1 m hr-1, 2.3 m hr-1 and 0.32 m hr-

1, respectively. Total secondary carbonyl emissions from these materials ranged from 70-

276 µg m-2 hr-1, 0-12 µg m-2 hr-1, and 0-30 µg m-2 hr-1, respectively. Carbonyl emissions 

were determined with a transient approximation, and were found to be in general 

agreement with those found in the literature.  These results suggest that care should be 
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taken when selecting green building materials due to potentially large differences in 

primary and secondary emissions.  

 

INTRODUCTION 

There are many sources of indoor pollution, including primary emissions, e.g., 

those that occur from a building material as manufactured and not from transformations 

(physical, biological or chemical) that occur once the material is placed in the building.  

However, there is also a recognition that chemical reactions between oxidants and many 

materials leads to secondary emissions that are important and deserving of more attention 

(Wolkoff et al. 1997; Weschler 2004).  Ozone is often the driver of interfacial chemistry 

in buildings, and numerous researchers have characterized ozone removal to a wide range 

of building materials (e.g., Morrison et al. 1998; Klenø et al. 2001; Grøntoft and 

Raychaudhuri 2004; Bekö et al. 2006; Poppendieck et al. 2007; Hoang, Kinney, and Corsi 

2009).   

Importantly, ozone reactions with building materials result in secondary emissions 

of aliphatic aldehydes and other reaction products (Weschler et al. 1992; Reiss et al. 1995; 

Morrison and Nazaroff 2002b) Summertime indoor concentrations of ozone reaction 

products have been observed to be significantly greater than wintertime concentrations, a 

result of higher ozone concentrations during the summer months (Reiss et al. 1995). Four 

homes in Rolla, Missouri, had substantial secondary emissions from walls, carpets, floors 

and countertops in the presence of elevated ozone concentrations (Wang and Morrison 

2006). Typical secondary emissions noted in these studies include C1 (formaldehyde), C2 

(acetaldehyde) and C5-C10 (pentanal-decanal) aliphatic aldehydes. There is potential for 

adverse health impacts by secondary emissions of compounds like formaldehyde, a 
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carcinogen, and irritation and occupant discomfort from secondary emissions of 

compounds like nonanal (C9) (Kelly 2003; Peng et al. 2009). It is possible that these 

secondary emissions are responsible for the health effects of what has historically been 

correlated with outdoor ozone. Apte et al. (2008) observed that ambient ozone correlated 

with indoor concentrations of some aldehydes in Building Assessment and Survey 

Evaluation (BASE) office buildings and concluded that ozone-initiated indoor chemistry 

may play an important role in the health of building occupants. For these reasons, efforts 

are being made to incorporate indoor ozone chemistry into population wide assessments 

of ozone and ozone reaction product exposure (Weschler 2006; Chen et al. 2012).  

The primary objective of this research was to complete room-scale chamber 

experiments to determine ozone deposition velocities and reaction product formation rates 

for three certified green materials under varying environmental conditions. A secondary 

objective was to compare these large scale results against small-scale chamber 

experiments reported for the same test materials (Lamble et al. 2011; Cros et al. 2012). 

The materials selected for study were three popular green building materials that are 

increasingly used in homes, commercial buildings, and schools: recycled carpet, perlite 

based ceiling tile, and recycled drywall coated with low-VOC primer and low-VOC paint. 

Determining ozone deposition velocity and byproduct formation rates at varying mixing 

and relative humidity conditions will provide important data regarding material-ozone 

behavior over a diverse set of indoor conditions. Comparisons with small chambers to 

environments representative of full-scale installations furthers the ability to determine if 

extrapolation from studies conducted at small scale is appropriate. Because of the variety 

of green building materials available, such efforts are warranted to promote and facilitate 

the inclusion of in-situ chemistry in testing protocols from green building materials. 
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METHODOLOGY 

Building Materials Tested 

Materials were selected based on:  (1) representation of materials that cover large 

surface areas (walls, floors, and ceiling), (2) representation of different compositions 

between materials, (3) anticipation of large ranges in reactivity with ozone and reaction 

product yields, and (4) recent studies using small test chambers and the same  materials 

(Lamble et al. 2011; Cros et al. 2012).  In all cases, comparisons with these studies were 

made with only results reported for new (unused) materials. Materials selected for this 

research had qualities considered “green” and were certified as such by at least one 

organization. The carpet and drywall considered in this study had high recycled content 

while the perlite-based ceiling tile and architectural coatings (applied to the recycled 

drywall) were considered likely low-emitting and certified low-emitting, respectively.   

The first material tested was recycled carpet (Interface FLOR), certified as green 

by the Carpet and Rug Institute’s Green Label Plus program. It was installed by placing 

25.4 m2 of carpet on the floor of the chamber shown in Figure 1. No underlayment was 

used.  The carpet tiles had dimensions of 50 cm × 50 cm × 0.7 cm and consisted of a 100% 

post-consumer content type-6 nylon loop pile of height 0.43 cm. The carpet had a total 

recycled content of 68%-71%.  

 The second material, 22.5 m2 of ceiling tile (Eurostone, Chicago Metallic 

Corporation), is advertised as being eligible for United States Green Building Council’s 

LEED Environmental Quality credits 4.1-4.4 for having no reportable VOCs present in 

the finished product. These ceiling tiles were installed on the chamber’s suspended ceiling 

using a standard drop ceiling grid. The dimensions of the ceiling tiles were 60.9 cm × 60.9 

cm × 2.22 cm. The ceiling tiles consisted of 50-70% by weight expanded perlite, 15%-
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30% by weight sodium silicate, and 5%-15% by weight kaolin. The ceiling tile density 

was 0.36 g cm-3.  

Recycled drywall was purchased from a local distributor in Austin, Texas. The 

drywall sheets (dimensions of 121.9 cm × 243.8 cm × 0.635 cm) contained recycled paper 

backing, which covered reclaimed gypsum (Sheetrock, synthetic from Galena: USG, 

Chicago, IL, USA).  Three months before experiments, the sheets were painted with low-

VOC, 100% acrylic primer (EcoSpec, Benjamin Moore & Co.) and two coats of low-

VOC, 100% acrylic, flat-finish paint (EcoSpec, Benjamin Moore & Co), each certified as 

green by Benjamin Moore’s internal “Green Promise” designation. The primer contained 

water, acrylic resin, a maximum of 15% titanium dioxide, and a maximum of 6% hydrous 

alum silicate. The paint contained a maximum of 25% titanium dioxide, 15% limestone, 

5% silica and 5% diatomaceous earth. A coverage area of 14.9 m2 of painted drywall was 

installed in the chamber for these tests.  

Apparatus and procedure  

Experiments were completed in a 68 m3 climate-controlled stainless steel 

environmental chamber (Figure 1). Laboratory air was continually introduced into the 

chamber at a measured air exchange rate of 1.1 ± 0.1 hr-1 (mean ± 1 std. deviation) using 

a thermal dispersion airflow plenum probe and transmitter (Model Gtx116, Ebtron, Inc.). 

Average chamber temperature was 25.2 °C ± 0.97 °C.  Prior to entering the chamber, 

laboratory air was filtered in the chamber inlet duct using a 0.5 cm thick activated carbon 

cloth placed between two high efficiency particulate air (HEPA) filters. 

Prior to each background experiment the chamber was cleaned with low-VOC 

glass cleaner, purged at an elevated air exchange rate (~4 hr-1) for two days and treated 

with elevated ozone concentrations (~500 ppb) for two hours the day before each set of 
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experiments to consume reaction sites on chamber surfaces. This cleaning protocol was 

repeated following the removal of a material from the environmental chamber. 

 

 
Figure 1.  Schematic of large environmental chamber for building materials testing. HEPA 

= high efficiency particle air, AC = activated carbon.  

Experiments were conducted in the absence of materials (background 

experiments) and with each independent material. Mixing intensity in the room was varied 

using a floor mixing fan calibrated to two flow rates using a modified Duct Blaster (The 

Energy Conservatory) to relate fan voltage to flow rate: 400 m3 hr-1 and 800 m3 hr-1, or in 

terms of equivalent recirculating air changes per hour, 6 hr-1 (low) and 12 hr-1 (high), 

respectively. The mixing fan was placed 3 inches from the south wall of the chamber, 

while materials were placed on the floor, suspended ceiling, and east wall of the chamber 

for carpet, ceiling tile and painted drywall, respectively. Mixing fan speed was controlled 
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via a single-phase Variac transformer (Model TDGC-0.5KM, ISE, Inc.). Relative 

humidity was controlled at 25%, 50% or 75%, and temperature was held constant 

throughout experiments at 25 ºC by a heating and air conditioning unit and a proportional, 

integral, derivative controller (PID Module Assembly, Allen-Bradley, Inc.). The chamber 

was maintained at a slight positive pressure (~2 Pa) to prevent entrance of unfiltered and 

uncharacterized laboratory air.   

Primary emission rates were determined for each material in the absence of ozone. 

Each material was then exposed to ozone, allowing for determination of ozone deposition 

velocities, yields, and secondary emission rates. The protocol for each experiment was as 

follows: chamber RH, temperature, and mixing conditions were set 24 hours before each 

experiment and monitored until chamber conditions stabilized. An experiment began with 

a one-hour sampling (in duplicate) of carbonyl concentrations to determine primary 

emission rates with concurrent sampling of inlet carbonyl concentrations.  Over the next 

30 minutes, ozone was introduced into the chamber until concentrations reached 140 ± 10 

ppb. The ozone generator was then switched off. Chamber ozone concentrations were 

allowed to decay to 90 ppb, when sampling of carbonyl concentrations to determine 

secondary emissions (in duplicate) was initiated for the next hour. Following completion 

of carbonyl sampling, chamber air exchange rates were elevated to approximately 4 hr-1 

to accelerate flushing of ozone and byproducts from the chamber in preparation of the 

next experiment. Chamber environmental conditions were modified following an 

experimental matrix in which environmental conditions for independently tested materials 

(recycled carpet, ceiling tile, and painted drywall) were varied to two mixing conditions 

(low and high) at three relative humidity conditions (25%, 50%, and 75%). Including 

backgrounds, this experimental plan resulted in a total of 24 experiments.  
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Ozone generation and measurement 

Ozone concentrations were determined via ultraviolet absorbance ozone analyzers 

(Model 202, 2B Technologies, Inc.). Ports on the outlet duct of the chamber provided a 

well-mixed representation of chamber conditions, and were selected as the chamber ozone 

sampling point.  Inlet ozone concentrations were measured downstream of the inlet filter 

assembly. Ozone monitors were calibrated using an ozone calibration source (Model 306, 

2B Technologies, Inc.) prior to the experimental program and re-checked for consistency 

every two weeks during the experimental program. Ozone monitors were calibrated 

utilizing a five-point calibration curve with resulting R2 values of greater than 0.99.  Ozone 

was generated using a modified NOx analyzer (Model 10 NO-NO2-NOx analyzer, 

Thermo Electron Corporation) fed with pure oxygen. Ozone was injected into the chamber 

approximately 2 meters below the inlet ozone sampling location.  

Byproduct sampling  

Light carbonyls (formaldehyde, acetaldehyde, acetone, propanal, and n-butanal) 

were collected using sampling pumps (Model VSS-1, A.P. Buck, Inc.) to draw inlet and 

outlet chamber air through pre-packed 2,4-dinitrophenylhydrazine (DNPH) adsorbent 

tubes (P/N 226-119. SKC, Inc.). A target flow rate of 400 mL min-1 was set utilizing 

internal pump calibration settings. Flow rates were verified for each pump prior to each 

experiment utilizing a bubble flow calibrator (Model Gilibrator 2, Gilian, Sensidyne, LP).  

Sample times of one hour were used throughout the experimental program.  

Heavy aldehydes (C5-C10 n-aldehydes, benzaldehyde, tolualdehyde) in chamber 

air were collected using Tenax-TA (80/100 mesh, Supelco, Inc.) adsorbent packed in glass 

liners (Open liners, tapered, frit, 3 mm I.D. SISS). Prior to sampling, the tubes were 

conditioned at 330 ºC for 2 hours in a gas chromatograph oven (Hewlett-Packard 5890) 
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with a 200 mL min-1 purge of ultra-high purity nitrogen gas. When not in use, the tubes 

were placed in stainless steel holders sealed with stainless steel unions, caps, and PTFE 

ferrules. These assemblies were then placed in a hermetically sealed glass jar filled with 

a 5 cm depth of granular activated carbon to adsorb any contaminants in jar air. Sampling 

pumps (Model VSS-1, A.P. Buck, Inc.) were used to draw inlet and outlet chamber air 

through adsorbent tubes. Low-flow valves were utilized to achieve a target flow rate of 

42 mL min-1. Flow rates were set and verified in the same manner as described for light 

carbonyls.  Sample times of one hour were used throughout the experimental program.  

For each experiment duplicate heavy and light carbonyl samples were collected at 

the chamber outlet. One sample per day was collected at the chamber inlet. Due to the 

high initial ozone concentrations, LpDNPH ozone scrubbers (P/N 505285, Sigma-

Aldrich, Inc.) were installed 1 cm upstream of each sampling tube. Scrubbers were cleaned 

prior to each experiment following previously established protocols (Poppendieck et al., 

2007).  Sample break-through tests for heavy carbonyls were conducted utilizing a 100-L 

Tedlar bag (SKC, Inc.) containing chemicals of interest at near experimental 

concentrations and environmental conditions. Air was sampled from the bag following 

experimental sampling protocols, but with two sorbent tubes placed in series. 

Breakthrough tests were conducted twice during the experimental program for light 

carbonyls by placing two DNPH tubes in series. Less than 1% of mass observed on the 

first tube was found on the breakthrough tube for all chemicals of interest, indicating that 

the pump rate and volume were acceptable.  

Byproduct analysis 

Light carbonyl samples and one lab blank per experiment were wrapped in 

aluminum foil, placed in a polyethylene bag, and refrigerated at approximately 4°C prior 
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to analysis.  Analysis occurred within 30 days of a given experiment.  Samples were 

analyzed using a high pressure liquid chromatograph (HPLC) with UV detector (Waters 

600 Controller, Waters 996 Detector) following EPA Method TO-11A (see Lamble et al. 

(2011) for additional details).  

Heavy carbonyl samples were analyzed using thermal desorption with a 

programmable large-volume injector (ATAS Optic 2) followed by gas chromatography 

(Agilent 6890) with flame ionization detection (TD/GC/FID).  To ensure GC-FID 

consistency, a minimum of one standard of each chemical of interest at a given 

concentration was analyzed each day experiments were conducted. On average, GC-FID 

responses from standards fell within ±5% of the expected mass. Method detection limits 

(MDLs) were determined in accordance with EPA method TO-17. Calculated MDLs 

ranged from 0.09 µg m-3 for heptanal to 0.5 µg m-3 for decanal. The gas chromatograph 

was equipped with a RESTEK, Rxi-5Sil MS column (30 m, 0.25 mm ID; 0.5 μm film 

thickness).  All analyses were completed with a 15:1 split ratio.  The injector temperature 

was ramped at 10˚C s-1 from 60˚C (initial injector temperature) to 305˚C.  The adsorbent 

tubes were desorbed for 20.67 minutes.  The oven temperature program was as follows: 

initial temperature of 50˚C for two minutes, ramp at 15˚C min-1 to 300˚C and hold for two 

minutes at 300˚C.  The GC-FID was calibrated using a five-point calibration curve (R2 > 

0.99) for each individual compound. Calibration curves were generated using stock 

solutions made from pure chemicals (heavy aldehydes) purchased from Fisher Scientific, 

Inc. (pentanal, 97%, hexanal, 98%, heptanal, 95%, octanal, 99%, nonanal, 95%, decanal, 

98%, benzaldehyde, 99%, tolualdehyde, 97%).  
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Data analysis 

Ozone Deposition Velocities 

Ozone deposition velocities were calculated for chamber surfaces (background) 

and test materials by completing a dynamic mass balance on ozone in the environmental 

chamber. Equation 1 describes the ozone concentration as a function of time in the 

chamber:  

 

C
V

A
vC

V

A
vCC

dt

dC SS

SSddo ,   
 

(1) 

  

Where C = ozone concentration inside the chamber, ppb, Co = ozone concentration 

entering the chamber, ppb, λ = air exchange rate, hr-1, vd  = ozone deposition velocity to 

material, m hr-1, A = material area, m2, V = chamber volume, m3, vd,SS = ozone deposition 

velocity to stainless steel chamber walls, m hr-1, ASS = exposed chamber walls surface 

area, m2. Equation 1 was solved in discrete form for the ozone deposition velocity using 

non-linear regression in statistical data analysis software (STATA 11, StataCorp LP). The 

standard error of the resulting line of best fit is reported for background conditions as 

uncertainty, or in the case of experimental conditions is the quadrature sum of 

experimental and background standard errors for that specific combination of chamber 

conditions.  

Emissions 

Primary emission rates from each material at steady-state were estimated using 

Equation 2: 
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A

QC
E a n

a n               (2)       

 

Where Ean = area normalized primary emission rate for an analyte, µg m-2 hr-1,    Q = flow 

rate through environmental chamber, m3 hr-1, and Can = average analyte concentration 

inside the chamber, µg m-3, and other terms as defined previously.  

Oxidized surface reaction product concentrations in air rise and fall as the result 

of changing ozone concentrations and imbalances in generation rates and removal rates 

(such as air exchange). Measurements of reaction products are necessarily integrated over 

one hour and result in a time-average of the dynamically changing concentration. To relate 

the average carbonyl concentration measured to the decaying ozone concentrations 

(measured continuously) a mass balance on an analyte in the chamber was developed, 

discretized in time, and solved for the molar yield of each carbonyl of interest (see 

supplementary material for further explanation of this method).   

Secondary emissions of carbonyls from materials were determined from Equation 

3: 

 

CvE danan 2          (3) 

 

Where Ean-2 = area normalized secondary emission rate for an analyte, µg m-2        

hr-1, γan = the molar yield of each carbonyl analyte (moles analyte formed/moles ozone 

consumed), and all other terms as defined previously. Secondary emission rates were 

estimated using the average ozone concentration during the portion of the decay period 

during which ozone deposition velocities were also determined. The mean average value 

(± std. dev.) was 75 ± 3.7 ppb for background, 75 ± 6.5 ppb for carpet, 76 ± 3.3 ppb for 
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ceiling tile, and 78 ± 3.7 ppb for painted drywall. Uncertainties associated with the 

determination of primary and secondary emission rates were estimated by a propagation 

of errors analysis based on the individual uncertainty associated with terms shown in 

Equation 2 and 3 (see Tables S1 and S2 in supplementary materials for tables showing 

resulting uncertainty).  

 

Transport-limited deposition velocities 

Transport-limited deposition velocities in the chamber were determined by 

applying resistance uptake theory, which describes the ozone deposition velocity in terms 

of a transport limited deposition velocity, vt (m hr-1) and a reaction probability, γ  (-). This 

relationship is expressed by Equation 4:  

  




vvv td

411
                                                (4) 

 

Where <v> is the Boltzmann velocity, m hr-1. 

Reaction probabilities (γcarpet = 3 × 10-5 and  γceiling tile = 9 × 10-6)  determined by 

Lamble et al. (2011) for the same materials used in this investigation were input into 

Equation 4 with ozone deposition velocities reported in this work to back-calculate vt for 

each experiment.  
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RESULTS AND DISCUSSION 

 

Ozone deposition velocity 

Figure 2 shows ozone deposition velocities for each material at the varied mixing 

and relative humidity conditions. Deposition velocity varied significantly between 

materials and to a lesser extent over chamber environmental conditions. Recycled carpet 

exhibited a strong increase in ozone deposition velocity with increases in room mixing. 

This dependency on mixing intensity was not observed for ceiling tile or painted drywall. 

In this investigation, RH appears not to have a substantial effect on ozone deposition 

velocity.   

 
Figure 1. Ozone deposition velocity to background chamber and experimental materials. 

Percentages refer to relative humidity condition. “Low” refers to low mixing 

condition; “High” refers to high mixing condition. Error bars are the larger 

of propagated instrument error or standard error of the ozone decay 

regression.  
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One possible explanation for increased removal to the carpet was the placement of 

the mixing fan in the chamber. The mixing fan was placed on the floor and, as a result, 

increases in fan speed resulted in higher absolute air speeds near the floor than in other 

chamber locations. Anemometer measurements were made under both low and high 

mixing conditions. In the center of the chamber and 0.17 m above the floor, air speeds at 

the low and high mixing conditions were 0.48 m s-1 and 0.83 m s-1, respectively. At the 

same mixing conditions, the airspeeds at a height of 1.8 m above the floor were 0.16 m s-

1 and 0.30 m s-1, respectively. For low mixing conditions at 50% RH, vt was estimated to 

be 12.7 m h-1 for carpet and vt was estimated to be 11.8 m h-1 for ceiling tile. For high 

mixing conditions, vt was 20.2 m h-1 and 25.1 m h-1, respectively, for carpet and ceiling 

tile.  For flat planar surfaces, the transport-limited deposition velocities should vary by 

free stream velocity to a power of 0.5 to 0.8, depending on the Reynolds number (Perry 

and Green 2007). The ratios of transport-limited deposition velocities for carpet and 

ceiling tile under low and high mixing conditions should be 0.76 and 0.73, respectively.  

As such, the ratios of experimentally determined transport-limited deposition velocities 

under low and high mixing conditions for carpet and ceiling tile were 0.31 and 0.48, 

respectively. This implies that mass-transfer models significantly under-predicted the 

degree of mass transfer that occurred, likely due to the non-ideal surfaces of the fleecy 

carpet and rough ceiling tile. The greater difference between the experimentally 

determined ratios of transport limited deposition velocities at varying airspeed implies that 

ceiling tiles are closer to a condition of reaction-limited deposition and additional mixing 

would not result in significant increases in ozone removal because resistance to uptake is 

limited by surface reaction rates.  
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The relative contributions of transport and reaction resistances to ozone removal 

for carpet and ceiling tile are shown in Figure 3. Increasing mixing intensity led to a 

decrease in transport resistance for all conditions except ceiling tile at 25% RH.  However, 

since reaction resistance is a more substantial component of overall resistance for ceiling 

tile than for carpet, increasing mixing (and therefore reducing transport resistance) has a 

less consistent effect on overall resistance for ceiling tile. There is no discernible impact 

of relative humidity on resistances (ozone removal) for either material.  

 

   
Figure 2. Reaction and transport resistance to carpet (denoted by C in figure) and ceiling 

tile (denoted by CT in figure) at varying levels of relative humidity (denoted 

by percentages). 

Separating transport and reaction components of reaction resistance is useful 

because there are upper and lower bounds for mixing conditions indoors. Occupant 
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comfort depends on indoor environmental conditions, such as airspeed, which governs the 

rate of mass transfer of pollutants to surfaces.   

However, there is value in thinking of appropriate materials as passive removal 

devices for ozone, particularly if reaction product formation is small. Specifying indoor 

materials with high reaction probabilities may not always result in a substantial increase 

in ozone removal due to transport limitations inherent to occupied spaces in buildings. 

Alternatively, it may be possible to place high reaction probability materials in specific 

locations with high advective transport (such as downstream of HVAC supply diffusers 

or near ceiling fans) to facilitate enhanced removal of indoor pollutants (Gall et al, 2011; 

Kunkel et al., 2010). 

Results from large chamber experiments were compared with those reported 

previously for the same materials tested in small chambers (Lamble et al. 2011; Cros et 

al. 2012). Lamble et al. (2011) determined an ozone deposition velocity to the same carpet 

used in this investigation of 5.5 m hr-1 using 10-L chamber experiments. Cros et al. (2012) 

observed an ozone deposition velocity of 3.3 m hr-1 for the same carpet using a 48-L test 

chamber. Results from these small chamber experiments are in general agreement with 

results from low-mixing, 50% RH experiments observed in our large chamber. 

Differences in ozone deposition velocity between this study and Cros et al. (2012) may be 

due to differences in transport resistances between the two chambers. Ozone deposition 

velocities for recycled carpet determined in this study (~5.5 – 7.7 m hr-1) are also in good 

agreement with values of 6 m hr-1 and 7.2 m hr-1 determined by Morrison and Nazaroff 

(2000) and Nazaroff et al. (1990), respectively.  

Lamble et al. (2011) and Cros et al. (2012) have reported higher values (by factors 

of approximately 2 – 4) for ozone deposition velocity to painted drywall than that observed 
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in this study. These differences might be due to high relative uncertainties at low 

deposition velocities, varying degrees of material aging, or differences in experimental 

chambers that affected fluid mechanics adjacent to the test material. Poppendieck et al. 

(2007) reported an ozone deposition velocity of 0.42 m h-1 to gypsum wall board painted 

with a different flat paint in the same chamber as Cros et al. (2012) but at a reduced air 

exchange rate (0.5 hr-1 and 50% RH). This value is in good agreement with the results 

presented herein.  

Relatively little research has been conducted regarding perlite-based ceiling tiles. 

Lamble et al. (2011) and Cros et al. (2012) report values of ozone deposition velocity to 

the same type of perlite ceiling tile used in this investigation of 2.3 m hr-1 and 2.6 m hr-1, 

respectively. These values are in excellent agreement with the values determined here. 

Hoang, Kinney, and Corsi (2009) also used small (48-L) test chambers and reported ozone 

deposition velocities to the same perlite ceiling tile used in this study as 1.8         m hr-1, 

also in close agreement with the findings presented herein. The good agreement between 

these past studies and our large chamber experiments is reflective of the greater 

importance of reaction resistance for ceiling tile; differences in fluid mechanics between 

chambers and vt were not as important.   

For two materials similar to those tested in this investigation, surface treated 

gypsum wallboard and synthetic carpet, Grøntoft and Raychaudhuri (2004) found 

increases in ozone deposition velocity with increases in RH from 30% to 70%. However, 

ozone deposition velocities for other materials decreased with increased RH. This 

contrasts with our investigation; no observable effect on ozone deposition velocity 

occurred with changes in RH.  Given the range of indoor RH and spectrum of indoor 

materials, continued testing of materials at a variety of RH is warranted. 
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Primary emissions  

In addition to removing ozone, building materials can act as sources of pollutants 

to an indoor environment. Total primary emissions of carbonyls from carpet in this study 

were generally consistent across environmental conditions, averaging 85 µg m-2 hr-1, while 

primary emissions of carbonyls from ceiling tile and painted drywall in this study were 

generally low. Total carbonyls emitted from ceiling tile ranged from 13 µg m-2 hr-1 to 48 

µg m-2 hr-1, after removal of a single outlier determined with standard procedures (Natrella 

2010). Total carbonyls from painted drywall found in this study ranged from 3.9 µg m-2 

hr-1 to 42 µg m-2 hr-1, again following removal of a single outlier (Natrella 2010). 

Environmental conditions appear to have a limited effect on primary emissions from these 

materials.  

 Results from the large chamber experiments described herein were compared with 

those from small chamber experiments using the same materials (Cros et al., 2012). Cros 

et al. (2012) report total primary emissions of carbonyls from the same carpet used in this 

investigation of approximately 45 µg m-2 hr-1, bracketed by the range found in this 

investigation, but lower than the average across all conditions (85 µg m-2 hr-1). Other 

researchers (Weschler et al. 1992; Morrison and Nazaroff 2002b; Nicolas et al. 2007) 

report total primary aldehyde emissions from non-recycled carpets ranging from a low of 

3 µg m-2 hr-1 to a high of 47 µg m-2 hr-1. This latter value, determined by Weschler et al. 

(1992), was for only heavy aldehyde emissions (ranging from 10 µg m-2 hr-1 - 47 µg m-2 

hr-1 at RH 45% - 55%) and it is similar to the range of heavy aldehydes found in this 

investigation (14 – 51 µg m-2 hr-1). In this study, RH effects on primary emissions from 

carpet were difficult to discern due to the large increase at 25% RH from the low mixing 

to high mixing condition. Coleman et al. (2008) found that increasing RH from 10% to 
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50% causes emissions of carbonyls from materials used in passenger aircraft cabins to 

double. As with ozone deposition velocity, further research regarding the effects of RH 

on emissions from materials is warranted.  

 

 
Figure 4. Primary carbonyl emissions from background chamber and experimental 

materials. Percentages refer to relative humidity. “Low” refers to low 

mixing condition; “High” refers to high mixing condition.  * denotes a 

statistical outlier as determined by modified z-score test. 

Cros et al. (2012) found similar values for primary emissions from ceiling tiles, 

approximately 22 µg m-2 hr-1, in good agreement with the average value (20 µg m-2 hr-1) 

determined in this investigation. They also used the same combination of paint and 

drywall used in this study and reported an area-normalized emission rate of 20 µg m-2 hr-

1, compared with an average for this study of 17 µg m-2 hr-1. For conventional paints, Reiss 

et al. (1995) found average emission rates of formaldehyde, acetaldehyde and acetone of 
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40 µg m-2 hr-1, 8.9 µg m-2 hr-1 and 5.1 µg m-2 hr-1, respectively, in a tubular flow reactor 

coated with latex paint. These compounds were found in only a minority of experiments 

in this investigation, possibly reflecting differences in paint formulations.  

 

Molar yields and secondary emissions  

Molar yields (moles of reaction product i/mole ozone consumed) of carbonyls 

from the three building materials and background are shown in Figure 5. Yields ranged 

from 0.09 to 0.30 for carpet. Yields for ceiling tile are nearly zero for all conditions 

studied. Yields for the painted drywall ranged from 0.001 to 0.21. Molar yields of 

aldehydes from background chamber surfaces appear elevated, but lead to low secondary 

emissions and an amplification of the molar yield for the low ozone removal determined 

for background conditions. Total carbonyl yields for carpet appeared to decrease with 

increasing RH, with nonanal comprising the most substantial byproduct throughout RH 

conditions. Mixing conditions appear to have no effect on carbonyl emissions for the 

conditions studied. Total carbonyl yields for ceiling tile were consistent across mixing and 

RH conditions, while painted drywall varied substantially. Similar to the background case, 

the variation for painted drywall is likely attributable to low ozone removal to painted 

drywall resulting in high apparent yields with low absolute emissions of secondary 

byproducts. 
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Figure 5. Molar yields of aldehydes from green building materials. Percentages on the x-

axis refer to relative humidity. “Low” refers to low mixing condition; “High” 

refers to high mixing condition. 

Total carbonyl yields for carpet at 50% RH and low mixing were determined to be 

0.28, higher than those determined by Lamble et al. (2011) at 0.12. However, the reaction 

product composition of secondary emissions from carpet was similar; yields determined 

in both investigations were comprised nearly entirely of nonanal. Cros et al. (2012) 

determined a higher value than this study and Lamble et al. (2011), reporting total 

carbonyl yields for carpet to be 0.46. Molar yields for total carbonyls emitted from ceiling 

tile were determined in this study to be 0.03, comparing favorably to those determined by 

Lamble et al. (2011) at 0.03. Cros et al. (2012) determined a higher value, with a total 

carbonyl yield of 0.12 from ceiling tile. Molar yields for total carbonyls emitted from 

painted drywall were determined in this study to be 0.03, again comparing favorably to 

those determined by Lamble et al. (2011) at 0.03. Cros et al. (2012) again determined a 

higher value, with a total carbonyl yield of 0.33 from painted drywall.  
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Secondary emissions from materials are presented in Figure 6, and with the 

exception of carpet, are very low. Emissions from carpet follow a similar trend to that 

shown in Figure 5, decreasing with increasing RH. Secondary emissions of aldehydes 

from recycled carpet in this study exhibited a similar emission profile to stored carpets 

studied by Morrison and Nazaroff (2002b). In that study, samples showed low secondary 

emissions of light aldehydes and more significant emissions of heavy aldehydes, mainly 

in the form of nonanal which ranged from 70 µg m-2 hr-1 to 320 µg m-2 hr-1. Secondary 

emissions of nonanal from recycled carpet were similar, at 44 µg m-2 hr-1 – 194 µg m-2 hr-

1. Other heavy aldehydes from stored carpets characterized by Morrison and Nazaroff 

(2002b) were present at lower levels, with emissions ranging from 5 to 30 µg m-2 hr-1, but 

similar to those found in this study, which ranged from 17 µg m-2 hr-1 to 64 µg m-2 hr-1. 

The mean total carbonyl emissions from carpet across all experiments in this study (198 

µg m-2 hr-1) compare favorably with results presented by Cros et al. (2012), at ~150 µg  m-

2 hr-1. Wang and Morrison (2006) report total secondary heavy aldehyde emissions from 

living room carpets in newer homes as ranging from 130 µg m-2 hr-1 to 190 µg m-2 hr-1, at 

indoor ozone concentrations of 65 ppb and 35 ppb, respectively. This outcome is generally 

consistent with the range of total secondary heavy aldehydes presented herein (61 µg m-2 

hr-1 – 238 µg m-2 hr-1). Wang and Morrison (2006) reported secondary emissions 

consisting largely of nonanal, from 65 µg m-2 hr-1 to 80 µg m-2 hr-1, in the range of the 

results reported herein. Utilizing the concentrations, material areas, and flow rates 

reported by Weschler et al. (1992a) to back-calculate secondary heavy aldehyde emission 

rates (C5-C10) from the four carpets they studied results in secondary heavy aldehyde 

emissions of approximately 42 µg m-2 hr-1, 65 µg m-2    hr-1, 117 µg m-2 hr-1, and 200 µg m-
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2 hr-1. These results are similar to secondary heavy aldehyde emission rates that we 

determined for recycled carpet.  

 

 
Figure 6. Secondary heavy aldehyde emissions from background chamber and 

experimental materials. Percentages refer to relative humidity condition. 

“Low” refers to low mixing condition; “High” refers to high mixing 

condition. 

Secondary emissions from ceiling tile were negligible, agreeing with other 

literature suggesting that catalytic decomposition of ozone on mineral oxides results in 

inorganic products such as molecular oxygen (Michel et al. 2003). Cros et al. (2012) found 

average secondary emissions from ceiling tile to be approximately 20 µg m-2 hr-1, 

consisting almost entirely of nonanal. Hoang (2009) report detections of heavy aldehydes 

from green building materials and found that ceiling tile did not emit detectable levels of 

C6, C7, BA, C8, or C10, while C9 (nonanal) was detected. Quantitative comparisons cannot 

be made as concentrations or emission rates were not reported.  
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There is limited published data related to secondary emissions from painted 

drywall, particularly recycled drywall coated with low-VOC paint. In this study, 

secondary emissions from painted drywall ranged from 0 µg m-2 hr-1 to 35 µg m-2 hr-1, 

with an average value across all experiments of 8.5 µg m-2 hr-1. Cros et al. (2012) reported 

average secondary emissions from the same painted drywall to be approximately 35 µg 

m-2 hr-1, consiting almost entirely of nonanal. Wang and Morrison (2006) reported 

aldehyde emission rates from latex-painted walls exposed to ozone concentrations ranging 

from 78 ppb – 150 ppb. In two of the four homes studied, nonanal comprised the majority 

of emitted compounds observed at approximately 18 and 8 μg m-2 hr-1. The other two 

homes studied had negligible levels of secondary emissions from painted walls for the 

aldehydes characterized.  

While secondary emissions and yields determined in this study were 

encouragingly similar to those determined at steady-state in small chambers, there are a 

number of important assumptions and limitations to the approach taken in this 

investigation. The presence of byproducts observed as long as 140 days following 

disinfection at high ozone concentration (1000 ppm) implies desorption processes play a 

role in byproduct emissions from materials (Poppendieck et al. 2007). As such, for this 

study and many others in the published literature, molar yields for reaction products may 

be underestimated. Our analysis also assumes that ozone reactions and byproduct 

formation are first order processes, an assumption validated by studies conducted at 

whole-building scales (Lee et al. 1999) and for some materials, like carpet (Weschler et 

al. 1992). However, Grøntoft (2004) found improved characterization of ozone 

interactions with concrete by accounting for second-order ozone-material kinetics.  

Finally, an assumption of instantaneous mixing was used in this study to make 
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determination of molar yields tractable. However, the time-scales associated with mixing 

a large environmental chamber may result in a further underestimation of yields.  

 

CONCLUSIONS 

Molar yields determined in this investigation illustrate that under specific 

circumstances, secondary emissions from some green building materials may result in 

substantial increases in concentrations of carbonyls; high nonanal yields indicate that 

indoor environments with the carpet considered in this study and even moderate indoor 

ozone concentrations may result in potentially irritating levels of nonanal. While there are 

no known adverse chronic health effects associated with nonanal, it is a nuisance chemical 

and has been associated with occupant discomfort and incidence of sick building 

syndrome symptoms at concentrations as low as 1-4 ppb (Saijo et al. 2004; Peng et al. 

2009). To design healthy buildings, it is not only necessary to control chemicals with 

acknowledged chronic risks, but also those with adverse comfort and sensory impacts.  

This research also illustrates important relationships between ozone deposition to 

materials, carbonyl emissions and changes in relative humidity. Molar yields of carbonyls 

resulting from ozone reactions with the recycled carpet used in this study decrease with 

increasing relative humidity, while ozone deposition velocities remain largely unchanged. 

These findings show that control and standardization of relative humidity and mixing 

conditions will be necessary to allow for the comparison of results between chambers and 

environments.  

Finally, it is promising to find generally consistent agreement in deposition 

velocities, byproduct emission rates, and yields between studies conducted at steady-state 

in small chambers and estimates determined via a dynamic approach in a 70 m3 chamber 
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used in this investigation. Further investigation regarding the interplay of chamber design, 

fluid mechanics, inlet ozone concentrations, relative humidity and emission/desorption 

kinetics is warranted prior to the recommendation of standard ozone removal and 

secondary emission testing protocols. However, it is clear that inclusion of heterogeneous 

chemistry between ozone and building materials in material testing protocols will enable 

more informed decisions regarding their use in buildings.  
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SUPPLEMENTAL INFORMATION 

Determination of molar yields 

The molar yield of each analyte was calculated by completing a mass balance on 

the analyte in the chamber, described by Equation S1: 

 

C
V

A
vλCλC

dt

dC
dananoan

an  ,        (S1) 

 

Where γan = molar yield of analyte, (moles analyte/moles ozone), Can,o= outdoor 

concentration of analyte, ppb, Can= chamber concentration of analyte, ppb, C = 

concentration of ozone in chamber, ppb. Molar yield is defined as the moles of analyte 

formed due to material surface reactions with ozone divided by the moles of ozone 

removed from the air to the material’s surfaces. By this definition, a material that removes 

high amounts of ozone and emits low amounts of analyte has a lower molar yield than a 

material that removes less ozone and emits more analyte. The molar yields of each 

material presented in Figure 6 are yields above background.  

This analysis assumes reaction products are emitted immediately after formation 

from the surface, generation rates are first order with respect to ozone concentrations, and 

that they are well mixed in the chamber over time scales much shorter than that used in 

the discretized model. The molar yield of each secondary analyte was calculated by 

solving a discretized mass balance on an analyte in the chamber, described by Equation 

S2.   
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Where  𝐶𝑎𝑛
𝑡+𝛥𝑡 = chamber concentration of analyte at time t+Δt, ppb,  𝐶𝑎𝑛

𝑡 = chamber 

concentration of analyte at time t, ppb,  Δt = time step, hours, 𝐶𝑡+∆𝑡 = chamber 

concentration of ozone at time t + Δt, ppb, 𝐶𝑡 = chamber concentration of ozone at time 

t, ppb, and 𝐶𝑎𝑛,𝑜= inlet concentration of analyte, ppb , γan = molar yield of analyte 

(dimensionless), and all other terms as defined previously. Using the monitored ozone 

concentrations at the inlet and outlet, and the calculated ozone decay rates, the solution of 

Equation 3 began from the start of an ozone injection and ended at the completion of the 

sampling period; however, the molar yields were determined only from the iterations 

within the one-hour sampling period, with the assumption that the sampled analyte 

concentrations at the chamber outlet represented average concentrations in the chamber 

during the sampling period. Averaging all  𝐶𝑎𝑛
𝑡  during the sampling hour and using an 

iterative solver to set the average equal to a sample analyte concentration allowed the 

calculation of a molar yield for the specific sampling period. The total molar yield of 

carbonyls for each experiment was calculated by summing these individual yields. 

Uncertainties associated with yield measurements are reported in Table S3 and were 

determined through a propagation of errors according the Equation S3.  
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Where ΔCan = uncertainty associated with chamber carbonyl concentrations, 20%, or the 

maximum acceptable deviation between a standard chemical and the instrument response, 

Δλ is  the uncertainty associated with the flow rate measurement used to determine the air 

exchange rate, 1%, Δvd is the error associated with the determined ozone deposition 

velocities, average of 12% across all experiments conducted, and ΔC is the uncertainty 

associated with ozone concentration measurements, 2%.  
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Table S1. Primary emission rate uncertainties (µg m-2 hr-1). AT is acetone, BA is benzaldehyde, TA is toluadelhyde. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      C1 C2 AT C3 C4 C5 C6 C7 BA C8 TA C9 C10 

B
ac

k
g

ro
u

n
d

 25% 
Low 0.20 0.24 0.41 0.41 0.34 0.21 0.20 0.02 0.00 0.16 0.23 0.15 0.00 

High 0.30 0.26 0.39 0.43 0.37 0.00 0.00 0.04 0.02 0.00 0.04 0.06 0.01 

50% 
Low 0.23 0.44 0.57 0.45 0.42 0.40 0.01 0.07 0.06 0.03 0.10 0.12 0.00 

High 0.24 0.51 0.49 0.43 0.38 0.01 0.02 0.05 0.04 0.07 0.10 0.27 0.05 

75% 
Low 0.14 0.54 0.15 0.18 0.13 0.05 0.00 0.02 0.00 0.07 0.25 0.18 0.00 

High 0.21 0.36 0.37 0.44 0.39 0.05 0.01 0.02 0.08 0.02 0.13 0.15 0.04 

C
ar

p
et

 

25% 
Low 0.89 1.12 1.57 1.92 1.62 0.00 0.08 0.16 0.29 0.15 0.47 1.05 0.19 

High 0.98 1.16 3.94 1.89 1.67 0.00 0.28 0.43 0.26 0.43 0.61 2.65 0.22 

50% 
Low 0.92 2.22 5.64 1.81 1.53 0.18 0.17 0.41 0.06 0.49 0.14 2.37 0.00 

High 1.04 3.76 2.33 2.00 1.66 0.00 0.00 0.22 0.03 0.24 0.17 2.79 0.00 

75% 
Low 1.11 1.56 1.99 1.80 2.24 0.01 1.75 0.01 0.00 0.00 0.00 0.84 0.00 

High 1.05 2.18 2.06 1.83 1.69 0.09 0.06 0.07 0.00 0.00 0.00 1.21 0.00 

C
ei

li
n

g
 T

il
e 25% 

Low 0.88 1.13 2.70 1.90 1.63 0.72 0.04 0.14 0.06 0.29 0.00 0.24 0.17 

High 1.06 1.25 2.19 2.14 1.78 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 

50% 
Low 1.00 1.42 2.19 2.15 1.82 0.00 0.09 0.11 0.18 0.32 0.29 0.58 0.12 

High 1.04 1.44 2.08 2.21 1.82 0.00 0.08 0.00 0.04 0.03 0.53 0.67 0.00 

75% 
Low 1.33 2.06 2.30 2.72 2.24 0.00 0.00 0.00 0.00 0.00 0.00 1.22 0.00 

High 1.02 1.40 1.80 2.16 1.78 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.00 

P
ai

n
te

d
 D

ry
w

al
l 

25% 
Low 1.02 0.92 1.46 1.25 2.22 0.00 0.00 0.71 0.00 0.00 0.00 0.53 0.00 

High 1.36 1.00 1.41 1.29 2.03 0.00 0.00 0.00 0.00 0.00 0.00 0.30 0.00 

50% 
Low 1.38 2.04 2.83 2.95 2.48 0.00 0.07 0.00 0.06 0.71 2.01 1.33 0.00 

High 1.53 2.33 2.95 3.15 2.61 0.00 0.19 0.10 0.00 0.00 0.35 0.52 0.00 

75% 
Low 1.51 2.57 2.45 3.01 2.50 0.12 0.02 0.00 2.10 0.62 1.12 5.92 1.21 

High 0.96 2.27 1.15 1.20 1.55 0.00 0.00 0.00 0.09 0.00 0.00 0.42 0.00 
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Table S2. Secondary emission rate uncertainties (µg m-2 hr-1). AT is acetone, BA is benzaldehyde, TA is toluadelhyde. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      C1 C2 AT C3 C4 C5 C6 C7 BA C8 TA C9 C10 

B
ac

k
g

ro
u

n
d

 25% 
Low 0.19 0.24 0.38 0.41 0.34 0.24 0.19 0.00 0.00 0.08 0.14 0.11 0.00 

High 0.24 0.26 0.42 0.00 0.37 0.70 0.02 0.03 0.01 0.02 0.03 0.12 0.00 

50% 
Low 0.22 0.33 0.54 0.45 0.39 0.35 0.03 0.05 0.21 0.00 0.05 0.13 0.00 

High 0.21 0.32 0.54 0.43 0.36 0.19 0.01 0.03 0.22 0.03 0.04 0.19 0.03 

75% 
Low 0.14 0.39 0.16 0.18 0.22 0.00 0.00 0.00 0.05 0.02 0.07 0.15 0.01 

High 0.21 0.30 0.35 0.44 0.38 0.05 0.04 0.06 0.14 0.03 0.08 0.16 0.01 

C
ar

p
et

 

25% 
Low 0.90 1.11 1.64 1.92 1.62 0.00 1.43 1.13 0.19 0.47 0.11 12.07 0.34 

High 0.90 1.11 2.11 1.89 1.76 0.00 1.93 1.26 0.08 0.78 0.18 16.44 0.46 

50% 
Low 0.91 1.85 3.23 1.81 1.54 1.40 1.14 1.12 0.06 0.72 0.10 12.29 0.42 

High 0.99 2.36 2.20 2.00 1.70 0.00 1.60 0.97 0.05 0.64 0.22 13.78 0.22 

75% 
Low 0.92 1.38 1.67 1.80 1.98 0.42 0.28 0.34 0.00 0.22 0.00 4.20 0.00 

High 0.99 1.76 1.94 1.83 1.74 0.16 0.25 0.48 0.00 0.39 0.00 7.10 0.01 

C
ei

li
n

g
 T

il
e 25% 

Low 0.88 1.10 2.35 1.89 1.63 0.00 0.00 0.00 0.00 0.00 0.00 0.16 0.00 

High 0.99 1.32 2.17 2.14 1.80 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 

50% 
Low 1.02 1.39 2.28 2.15 1.83 0.00 0.46 0.15 0.60 0.20 0.11 0.60 0.00 

High 1.25 1.33 2.61 2.21 1.83 0.00 0.03 0.00 0.08 0.00 0.25 0.32 0.02 

75% 
Low 1.31 1.66 2.08 2.71 2.23 0.00 0.00 0.00 0.18 0.00 0.00 0.29 0.00 

High 1.01 1.36 1.72 2.16 1.77 0.00 0.02 0.00 0.23 0.00 0.00 0.34 0.00 

P
ai

n
te

d
 D

ry
w

al
l 

25% 
Low 1.25 1.00 1.66 1.25 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 

High 1.01 1.12 1.63 1.28 1.28 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.00 

50% 
Low 1.37 1.74 2.84 2.95 2.53 0.00 0.00 0.01 0.00 0.00 0.47 0.91 0.00 

High 1.80 1.52 3.40 1.31 1.36 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

75% 
Low 1.04 1.41 1.21 1.25 1.61 0.00 0.25 0.18 0.18 0.02 0.40 1.71 0.09 

High 0.57 2.09 1.13 0.60 0.94 0.00 0.28 0.00 0.01 0.03 0.09 1.31 0.00 
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Table S3. Molar yield uncertainties (-). AT is acetone, BA is benzaldehyde, TA is toluadelhyde. 

 

      C1 C2 AT C3 C4 C5 C6 C7 BA C8 TA C9 C10 

B
ac

k
g

ro
u

n
d

 25% 
Low 0.0000 0.0095 0.0000 0.0015 0.0032 0.0128 0.0061 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 

High 0.0000 0.0046 0.0069 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

50% 
Low 0.0000 0.0000 0.0000 0.0000 0.0000 0.0023 0.0000 0.0000 0.0094 0.0000 0.0000 0.0000 0.0000 

High 0.0098 0.0000 0.0196 0.0000 0.0004 0.0160 0.0000 0.0000 0.0138 0.0000 0.0000 0.0000 0.0000 

75% 
Low 0.0018 0.0000 0.0014 0.0000 0.0014 0.0000 0.0000 0.0000 0.0030 0.0000 0.0000 0.0020 0.0002 

High 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006 0.0018 0.0018 0.0037 0.0008 0.0000 0.0004 0.0000 

C
ar

p
et

 

25% 
Low 0.0002 0.0000 0.0006 0.0006 0.0021 0.0000 0.0072 0.0045 0.0000 0.0012 0.0000 0.0401 0.0006 

High 0.0020 0.0000 0.0000 0.0011 0.0015 0.0006 0.0065 0.0030 0.0000 0.0015 0.0000 0.0381 0.0007 

50% 
Low 0.0009 0.0000 0.0000 0.0002 0.0000 0.0083 0.0057 0.0039 0.0000 0.0015 0.0000 0.0407 0.0015 

High 0.0000 0.0000 0.0000 0.0002 0.0002 0.0000 0.0054 0.0022 0.0000 0.0012 0.0002 0.0280 0.0005 

75% 
Low 0.0018 0.0000 0.0000 0.0002 0.0000 0.0018 0.0000 0.0011 0.0000 0.0007 0.0000 0.0101 0.0000 

High 0.0013 0.0000 0.0000 0.0005 0.0000 0.0004 0.0009 0.0014 0.0000 0.0011 0.0000 0.0151 0.0000 

C
ei

li
n

g
 T

il
e 25% 

Low 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

High 0.0014 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

50% 
Low 0.0015 0.0019 0.0010 0.0000 0.0000 0.0000 0.0019 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 

High 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

75% 
Low 0.0036 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0003 0.0000 0.0000 0.0000 0.0000 

High 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 

P
ai

n
te

d
 D

ry
w

al
l 

25% 
Low 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

High 0.0000 0.0000 0.0000 0.0051 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0341 0.0000 

50% 
Low 0.0000 0.0000 0.0000 0.0000 0.0058 0.0000 0.0000 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000 

High 0.0000 0.0336 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 

75% 
Low 0.0000 0.0194 0.0000 0.0004 0.0000 0.0000 0.0024 0.0015 0.0000 0.0000 0.0000 0.0000 0.0000 

High 0.0000 0.0028 0.0639 0.0000 0.0000 0.0000 0.0028 0.0000 0.0000 0.0000 0.0016 0.0164 0.0000 
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Paper 2. Barriers and opportunities for passive removal of indoor ozone 

Elliott Gall, Richard L. Corsi, and Jeffrey A. Siegel 

Published in Atmospheric Environment 45(19): 3338-3341 

ABSTRACT 

This paper presents a Monte Carlo simulation to assess passive removal materials 

(PRMs) that remove ozone with no additional energy input and minimal byproduct 

formation. Distributions for air exchange rate in a subset of homes in Houston, Texas, were 

taken from the literature and combined with background ozone removal rates in typical 

houses and previous experimentally determined ozone deposition velocities to activated 

carbon cloth and gypsum wallboard PRMs. A median ratio of indoor to outdoor ozone was 

predicted to be 0.16 for homes with no PRMs installed and range from 0.047 to 0.12 for 

homes with PRMs.  Median values of ozone removal effectiveness in these homes ranged 

from 22% to 68% for the conditions investigated. Achieving an ozone removal 

effectiveness above 50% in half of the homes would require installing a large area of PRMs 

and providing enhanced air speed to transport pollutants to PRM surfaces. Challenges 

associated with achieving this removal include optimizing indoor transport and aesthetic 

implications of large surface areas of PRM materials.  

INTRODUCTION 

As building energy use decreases with measures aimed towards increasing building 

energy efficiency, sustainable building protocols incorporate designs to recirculate a 

greater fraction of indoor air. This is because ventilation with outdoor air accounts for 36% 

of space conditioning energy, or 13% of total building energy, on average (Liddament and 

Orme 1998; DOE 2010). Two major drawbacks to the energy efficiency gains realized 
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from reducing ventilation are: 1) the increased potential for exposure to a wide variety of 

pollutants of indoor origin, and 2) the increased potential for indoor reactions, often driven 

by ozone, that can result in harmful byproducts (Weschler 2006). Meeting demands for 

healthy indoor environments in conjunction with energy efficiency goals will require new 

approaches to indoor air cleaning.  

The improvement of indoor air generally involves systems that require electrical 

energy, such as heating, ventilation and air conditioning (HVAC) filtration, increased 

ventilation for dilution of indoor pollutants, or stand-alone air purifiers. In this paper, we 

explore the concept of passive removal materials (PRMs), defined as materials that result 

in the removal of indoor pollutants without generating harmful byproducts and requiring 

no additional energy input beyond normal building operation (Kunkel et al. 2010; Sekine 

and Nishimura 2001). We specifically focus on ozone removal because increases in ozone 

exposure are associated with increased mortality and asthma morbidity (Bell et al. 2005).  

Ozone is also highly reactive, resulting in reaction byproducts that are potentially more 

damaging than ozone itself (Weschler 2000a).   

We utilize Monte Carlo simulation to characterize the opportunity for indoor ozone 

removal utilizing PRMs in homes in Houston, TX. Houston is an ideal setting for the 

modeling of PRMs due to its history of ozone exceedance and the availability of data for 

164 homes from the Relationship of Indoor, Outdoor and Personal Air (RIOPA) 

investigation (Weisel et al. 2004). Using findings from this subset of homes, the 

opportunity for ozone removal by PRMs is discussed in terms of three categories of 

potential barriers to implementation: 1) transport of ozone to PRMs, 2) PRM surface area, 

and 3) potential for byproduct formation from ozone-PRM interactions.   
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MASS BALANCE AND PARAMETERS 

The dominant source of ozone in buildings is outdoor air and indoor ozone 

concentrations are often expressed as a fraction of the outdoor concentration. Equation 1 is 

a time-averaged solution for indoor/outdoor ozone ratio for a hypothetical well-mixed 

home: 
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 Equation 1 

Where C is the ozone concentration in an indoor environment (ppb), Co is the outdoor 

concentration of ozone entering the indoor environment, vd is the deposition velocity to 

indoor surfaces (m hr-1), A is the horizontally projected surface area of indoor surfaces 

(m2), λ is the air exchange rate  (hr-1), V is the volume of the indoor environment (m3), the 

BG subscript indicates that parameters refer to background surfaces present in indoor 

environments, and the PRM subscript indicates that parameters refer to surfaces associated 

with PRMs. The central metric, effectiveness, is calculated by dividing the indoor/outdoor 

ratios of ozone concentration with PRMs present (Equation 1 above) and without the 

presence of PRMs (APRM = 0 in Equation 1) and subtracting from unity (Miller-Leiden et 

al. 1996; Kunkel et al. 2010). Effectiveness has a value of unity when the PRM removes 

all indoor ozone and a value of zero when the PRM has no impact on indoor ozone. 

Removal effectiveness was estimated for the hypothetical presence of two materials 

(PRMs): gypsum wallboard (GWB) and activated carbon cloth (ACC). 

Table 1 summarizes the parameters used in the Monte Carlo simulation based on 

Equation 1. A normal statistical distribution was generated for the background decay rate 

of ozone in homes, with descriptive parameters (arithmetic mean= 2.8 hr-1, arithmetic 
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standard deviation = 1.3 hr-1) taken from a study of ozone decay rates in residences (Lee et 

al. 1999). Yamamoto et al. (2010) reported a median air exchange rate of 0.47 hr-1 for 

Texas homes in the RIOPA study.  For this study we use a geometric mean of 0.5 hr-1 with 

a geometric standard deviation of 2.13 hr-1 (Weisel et al. 2004). 

 

Table 1. Summary of Mass Balance Parameters. AM = arithmetic mean, ASD = 

arithmetic standard deviation, GM = geometric mean, GSD = geometric 

standard deviation, GWB = gypsum wallboard, ACC = activated carbon 

cloth. 

Variable Value Notes1 

Background ozone removal 2.8 hr-1 (1.3 hr-1) AM (ASD) Lee et al., (1999) 

Air exchange rate 0.5 hr-1 (2.13) GM (GSD) Weisel et al, (2005) 

Surface area to volume ratio 
0.075 m-1 Low condition. Assumed 

0.3 m-1 High condition. Assumed 

Deposition velocity* 

13 m hr-1 
GWB Low condition. Kunkel et al., 

(2010) 

13.2 m hr-1 GWB High condition. Ibid. 

20.8 m hr-1 ACC Low condition. Ibid. 

23.5 m hr-1 ACC High condition. Ibid. 

 

The surface area of installed PRMs and the deposition velocity to PRMs were 

simultaneously varied to high and low conditions for each PRM.  “High” and “Low” 

designations following PRM material names refer to model parameter inputs, e.g., GWB-

High refers to gypsum wallboard installed over a large surface area and utilizing high 

deposition velocity. The large surface area to volume ratio (0.3 m-1) was selected to 

approximate a PRM installation equivalent to the projected area of a home’s ceiling. The 

low surface area of PRM to volume ratio (0.075 m-1) was selected to approximate a PRM 

installation equivalent to covering the walls of one bedroom.  Ozone deposition velocities 
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to PRMs were taken as constant values based on experimental results at low and high air 

speeds reported previously (Kunkel et al. 2010). The number of iterations conducted in the 

Monte Carlo simulation was increased from 1,000 in increments of 1,000 until differences 

in median effectiveness values were less than 1% after increasing simulation iterations 

(occuring at 10,000 iterations).  

 

RESULTS AND DISCUSSION 

Ozone removal effectiveness 

Cumulative distribution functions (CDFs) of effectiveness for the four scenarios 

considered are shown in Figure 1. The median and mean background indoor/outdoor ozone 

ratios estimated in this study are 0.16 and 0.17, respectively. This background condition 

generally agrees with experimentally determined indoor/outdoor ratios summarized by 

Weschler (2000).  The presence of PRMs in RIOPA homes reduces the median 

indoor/outdoor ozone ratio to 0.05, 0.07, 0.10, and 0.12 for ACC-High, GWB-High, ACC-

Low and GWB-Low conditions, respectively. Combinations of low deposition velocities 

and high surface areas were modeled in the Monte Carlo simulation, however, at the 

elevated experimental airspeeds performed by (Kunkel et al. 2010) differences in 

deposition velocity to ACC and GWB are moderate relative to the modeled differences in 

surface area. Therefore, only combinations of high surface area, high deposition velocity 

and low surface area, low deposition velocity are shown. Combinations of high surface 

area and low deposition velocity result in median values of effectiveness of 67% and 54% 

in the modeled homes for ACC and GWB, respectively. Combinations of low surface area 
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and high deposition velocity result in median values of effectiveness of 35% and 24% in 

the modeled homes for ACC and GWB, respectively. 

 

 
Figure 1. Mass balance cumulative distribution functions illustrating effectiveness of two 

indoor materials in Houston homes. ACC = activated carbon cloth. GWB = 

gypsum wallboard. Low condition refers to deposition velocities of 13 m   

hr-1 and 20.8 m hr-1 for gypsum wallboard and activated carbon cloth, 

respectively, and a surface area to volume ratio of 0.075 m-1. High condition 

refers to deposition velocities of 13.2 m hr-1 and 23.5 m hr-1 for gypsum 

wallboard and activated carbon cloth, respectively, and a surface area to 

volume ratio of 0.3 m-1. 

An ozone removal effectiveness of 50% represents a value where the ozone 

removal contribution from PRMs is equivalent to other removal mechanisms considered 

(ventilation and background removal), and is a proposed minimum threshold for air 

cleaning devices (Shaughnessy and Sextro 2006).  Figure 1 shows that 10% and 20% of 
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RIOPA homes realize this threshold for GWB-Low and ACC-Low conditions, 

respectively. However, the GWB-High and ACC-High conditions surpass the 50% 

effectiveness threshold in 65% and 100% of RIOPA homes, respectively. The 

recommended effectiveness of 80% noted by Shaughnessy and Sextro (2006) is achieved 

by no homes under Low conditions, and approximately 10% and 25% of RIOPA homes 

under GWB-High and ACC-High conditions, respectively. Increasing PRM surface area 

beyond the High conditions considered here would increase the number of homes 

achieving this recommended effectiveness level. PRMs, however, can largely achieve 

minimum effectiveness values and therefore should be considered as a credible option for 

indoor air cleaning, potentially in combination with other ozone control strategies. 

Mandates limiting the energy use of buildings lend further support to pursuing 

implementation of PRMs in buildings.  

 

Enhancing Transport to PRMs 

By definition, PRMs should be relatively reactive with ozone and, as such, removal 

of ozone will be largely dependent on transport to the PRM surface. (Kunkel et al. 2010) 

report promising experimental results that illustrate the potential of enhanced pollutant 

transport to PRMs at elevated air speeds. These experiments utilize a small area (< 1 m2) 

of activated carbon cloth placed around ceiling fan blades in a living room, resulting in an 

increase in ozone decay rate of 33% above background (effectiveness = 44%, assuming the 

mean air exchange from the RIOPA study).  Elevated air speed in the region of PRMs is 

desirable for enhanced mass transport. The range of air speeds corresponding with 

deposition velocities to materials used in this study ranged from 0.42 to 0.75 m s-1, 
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measured 10 cm away from the material during previous experiments in a controlled test 

house (Kunkel et al., 2010). These air speeds are higher than what is found in bulk air of 

typical indoor environments, which generally range from 0.05-0.15 m s-1 (Matthews et al. 

1989). Model simulations utilizing this typical range of indoor air speeds would result in 

decreased effectiveness compared to results presented in Figure 1. In residential buildings, 

air speed above typical ranges could correspond with southern facing walls with convective 

currents or areas downstream of ceiling and floor fans. Regions downstream of HVAC 

supply diffusers provide an opportunity for enhanced transport during HVAC operation, 

and could be combined with other techniques, such as designing turbulent conditions near 

PRMs for further enhancement of mass transport.  Some commercial HVAC technologies, 

such as ceiling mounted slot diffusers, have much higher velocities (>1 m s-1), and thus 

present additional opportunities for integration with PRMs. 

Locating PRMs near ozone sources (both indoor sources and ozone transported 

from outdoors) and occupants are also strategies to improve PRM effectiveness. (Ferro et 

al. 2009) found reductions of SF6 between source and receptor rooms of 20%-99%, 

indicating significant spatial heterogeneity in pollutant concentrations in this residence. 

Because of this, PRMs should be preferentially placed in rooms with a higher probability 

of high ozone concentration, HVAC operation, and occupancy.  Future research should 

incorporate time-activity patterns into PRM placement models to ensure that maximum 

pollutant removal occurs where occupants spend most of their time.  
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Surface Area Requirements 

The extensive surface area present indoors represents an opportunity for the 

implementation of PRMs. As illustrated in Figure 1, the GWB-High case results in higher 

effectiveness than ACC-Low. This is due to quadrupling the PRM surface area between 

GWB-High and ACC-Low compared to an increase of only 60% in deposition velocity 

between ACC-Low and GWB-High. Furthermore, at low and high air speeds, deposition 

velocity to ACC and GWB increases by only 13% and 2%, respectively, with an 80% 

increase in air speed. This is likely a result of the high air speeds associated with deposition 

velocities referenced in this study, a range where further increases in air speed result in 

small marginal increases in deposition velocity. Indoor comfort and energy expenditure are 

also concerns with high indoor air speeds, and illustrate the need to consider materials with 

potential for high surface area installations. This will allow design flexibility to optimize 

pollutant removal at lower indoor air speeds.  

Incorporation of surface areas necessary to achieve minimum recommended 

effectiveness represents an important barrier to the implementation of PRMs.  For 

widespread adoption in homes, PRMs must be made aesthetically pleasing to a wide 

demographic or engineered into common indoor materials. The lower surface area 

conditions presented (Low conditions), correspond to an average of 24 m2 of PRM surface 

area in the Houston RIOPA homes.  This is approximately ⅓ to ½ of the typical wall and 

ceiling area of a typical bedroom.  The High conditions presented in this work correspond 

to an average of 97 m2 of PRM surface area in the Houston RIOPA homes. Future work 

should focus on researching materials that have known acceptability in indoor 

environments, as well as favorable pollutant scavenging properties. Inorganic materials 

such as perlite ceiling tiles and clay wall coverings are two promising PRMs commonly 
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found in current building materials and that appear to be promising PRMs based on 

ongoing studies at the University of Texas. Novel PRM placement, such as incorporating 

PRMs into existing furnishings and surfaces or developing architectural coatings which 

allow substrate reactions with underlying PRMs may be promising designs which could 

aid in achieving additional indoor surface area on the order of 10-100 m2. 

 

Ozone-material reactions 

PRMs present an opportunity for achieving a dual benefit of reduced indoor ozone 

concentrations and reduced formation of harmful ozone reaction byproducts. In the case of 

carpets, for example, Morrison and Nazaroff (2002b) found secondary formation of 

aldehydes as high as 600 µg m-2 hr-1 for some carpets following exposure to 100 ppb of 

ozone.  The formation of these aldehydes is hypothesized to result from the cleaving of 

carbon-carbon double bonds in oleic acid present as a result of the manufacturing process. 

Alternatively, in the case of activated carbon, the major ozone reaction products are 

oxygen, CO2, H2O, and small amounts of CO (Alvarez et al. 2008; Subrahmanyam et al.). 

Optimizing removal of ozone to materials such as activated carbon will result in less ozone 

reacting with carpets and other materials, which emit harmful secondary products.  

Other PRMs, such as GWB, pose a similar opportunity for reduced formation of 

ozone reaction byproducts, but illustrate the need for careful consideration of ozone 

reaction mechanisms. Nicolas et al. (2007) observed small increases in emission rates of 

aldehydes resulting from ozone reactions with GWB. Acetaldehyde emissions increased 

by 1 µg m-2 hr-1 following reaction with approximately 110 ppb of ozone. A conservative 

analysis in the median RIOPA home  (volume = 271 m3 , λ = 0.5 hr-1), assuming a high 
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GWB coverage (0.3 m2 m-3) and a very high indoor ozone concentration of 110 ppb (higher 

than reasonably anticipated), results in a predicted acetaldehyde emission rate of  97.2 µg 

hr-1.  This conservative upper bound would result in a steady-state indoor acetaldehyde 

concentration of 0.6 µg m-3 in the median RIOPA house, a value lower than the 

Environmental Protection Agency reference concentration (RfC) of 0.9 µg m-3 for this 

chemical (EPA 2007) This RfC is a value that the EPA estimates as a safe level for a 

lifetime of continuous exposure. Regardless, this emission presents a trade-off: the benefits 

of reduced acute and chronic impacts associated with ozone exposure, as well as the 

prevention of other byproduct formation mechanisms that would occur as a result of 

reactions with other surfaces must be weighed against this increase in acetaldehyde 

concentration. In determining PRM viability, quantity and type of reaction byproducts must 

be well characterized prior to implementation. 

 

Model limitations 

There are a number of sources of uncertainty to consider in this analysis. Indoor 

emissions of ozone were not incorporated since all homes in areas of high outdoor ozone 

are affected, over which homeowners have limited control. Indoor sources of ozone exist, 

however are utilized in a small fraction of homes (California Air Resources Board, 2007) 

and typically have emission rates lower than the corresponding source strengths from 

outdoor ozone (Britigan et al. 2006). Furthermore, indoor ozone emissions can be easily 

controlled by eliminating sources. Liu and Nazaroff (2001) reported a wide range of ozone 

penetration factors which would affect absolute exposure; however, no change to 

effectiveness will be realized as penetration factor affects the background and PRM cases 
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similarly. Removal in the HVAC system was deemed of limited importance due to the 

removal capacity of HVAC filters of only 5% - 25% for residential filters, likely a range 

of upper bounds due to low filter face velocity during these experiments (Zhao et al. 2007).  

Combined with typical residential HVAC operating times of 15 minutes per hour (Stephens 

et al. 2010), ozone removal on HVAC filters would not exceed 5%.  This analysis also 

assumes that background removal is unaffected by the presence of PRMs, introducing a 

small bias if PRMs are assumed to cover low ozone deposition velocity surfaces, such as 

painted drywall (Grøntoft and Raychaudhuri 2004). Finally, material reactivity with ozone 

is known to change in time in some environments. The existence of such degradation would 

reduce the calculated values of effectiveness below those presented in this investigation.  

 

CONCLUSIONS 

The known health effects associated with ozone exposure coupled with the 

documented temporal importance of the indoor environment warrant investigation into low 

energy methods for indoor ozone control. The use of passive indoor controls will allow 

building designers to improve the quality of indoor air by capitalizing on existing building 

phenomena to reduce or eliminate energy inputs typically required for air purification. 

Passive removal materials will also allow for ozone control to be readily deployed to 

susceptible populations where the health benefits are greatest. To further the aim of 

creating healthy indoor environments, the exploration of PRMs that remove or sequester 

other common indoor pollutants such as particles, microbiological contaminants, and 

VOCs is warranted.  
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Paper 3. Zero-energy removal of ozone in residences 

Elliott Gall, Richard L. Corsi, and Jeffrey A. Siegel 

Published in ASHRAE Transactions 117(1): 411-417 

 

ABSTRACT 

Ozone is present indoors largely as a result of the transport from outdoors.   

Conventional strategies to remove ozone require energy and thus are not appropriate for 

zero-energy buildings.  We explore the use of passive reactive materials (PRMs), indoor 

surfaces that remove ozone with no additional energy input and without producing 

byproducts, to reduce indoor ozone concentrations. This work presents the results of a 

Monte Carlo simulation to assess the ozone removal effectiveness of active and passive 

methods of indoor ozone removal. We compare two different PRMs to stand-alone 

activated carbon filtration and HVAC filtration. Housing stock data for approximately 100 

homes in Houston, TX are taken from the literature to calculate energy and material 

requirements to achieve 50% and 80% indoor ozone removal effectiveness in these homes. 

Model results indicate that to achieve 50% ozone removal in half of the homes requires 

approximately 30 kWh and 5 kWh per home each day for stand-alone filtration and HVAC 

filtration, respectively. To achieve this same level of indoor ozone reduction with PRMs 

requires 75 m2 (807 ft2) for activated carbon and 200 m2 (2153 ft2) of unpainted gypsum 

wallboard. These results indicate that PRM use represents a viable option for zero-energy 

control of indoor ozone. 
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INTRODUCTION 

Indoor air quality (IAQ) is of increasing concern due to the large number of 

pollutants present indoors, many with adverse impacts on human health and comfort.  

Mandates to improve building energy efficiency, such as the Department of Energy’s 

(DOE) goal to achieve net zero-energy in 50% of U.S. commercial buildings by 2050 (U.S. 

DOE 2010) complicate strategies to improve indoor air quality. Energy efficiency goals 

have resulted in green building protocols that specify the reduction of building ventilation, 

responsible for as much as 25% of building energy demand (Liddament and Orme 1998).  

These reductions in ventilation result in increased concentrations of pollutants of indoor 

origin, as well as increases in concentrations of indoor chemical reaction products 

(Weschler 2004). These reductions in ventilation may lead to adverse health effects, as 

Wargocki et al. (2000) found health, productivity and comfort benefits have been 

correlated with increased ventilation.  However, removal of indoor pollutant results in 

similar benefits (Wargocki et al. 1999), and if cleaning can is achieved in a zero-energy 

manner, complement zero-energy building goals. 

Many health risks have been associated with indoor environments; however indoor 

ozone exposure has received significant attention in the last decade due to correlations of 

outdoor ozone levels with increases in daily mortality (Bell et al. 2006), asthma morbidity 

(McConnell et al. 2002), its ability to drive indoor gas-phase chemistry (Weschler 2000a), 

and its reactivity with indoor surfaces (Wang and Morrison 2010) . Indoor intake of ozone 

is substantial, accounting for 25-60% of the total dose for a typical American (Weschler 

2006). Furthermore, the products of indoor ozone initiated chemistry, such as 

formaldehyde and secondary organic aerosols are health hazards with implications for 

human well-being.  
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Reducing concentrations of indoor pollutants with health and comfort impacts, like 

ozone, while accomplishing critical energy efficiency goals, requires new approaches to 

indoor air cleaning. This aim is identified as a necessary milestone on the roadmap to net 

zero-energy buildings promulgated by the National Institute of Standards and Technology 

(NIST). This roadmap highlights a mid-term need to develop “passive air-cleaning” 

technologies and a long-term need to consider “whole building IAQ” (US Department of 

Commerce 2013). Passive reactive materials (PRMs), introduced previously by Kunkel et 

al. (2010), present an approach to achieving both goals. Surface reactions play an important 

role in indoor chemistry, and are largely responsible for why indoor concentrations of 

ozone are lower than outdoor concentrations. PRMs are indoor surfaces that are optimized 

to remove indoor pollutants. An ideal PRM reacts with harmful pollutants to generate no 

or only benign reaction by-products, and does so in a manner that requires no additional 

energy input beyond ordinary building operation. Kunkel et al. (2010) observed two 

promising PRMs, activated carbon cloth (ACC) and gypsum wall-board (GWB), which 

were placed on walls in an experimental test house (Kunkel et al. 2010). To place the indoor 

air cleaning potential of these PRMs in context, PRMs are contrasted with active ozone 

removal methods by comparing air cleaning requirements of both active and passive 

strategies using Monte Carlo analysis of approximately 100 homes in Houston, Texas.    

 

METHODOLOGY 

The effectiveness of three indoor ozone removal strategies in approximately 100 

homes in Houston, TX, were determined in this study. Homes were initially part of the 

Relationship of Indoor, Outdoor and Personal Air (RIOPA) investigation (Weisel et al. 

2004). Three indoor ozone removal strategies were considered in this paper are: 1) active 
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ozone removal by stand-alone activated carbon air filters (denoted in text by filter), 2) 

active ozone removal in HVAC systems with activated carbon filtration (denoted in text 

by HVAC), and 3) passive ozone removal by PRMs. A Monte Carlo approach was applied 

to a mass balance analysis of the RIOPA Texas homes. This method results in distributions 

of energy requirements for HVAC and filter and surface area requirements for PRMS to 

achieve ozone removal effectiveness values of 50% and 80%. This paper contrasts the two 

active indoor ozone removal methods with two PRMs, ACC and GWB. The mass balance 

utilized for these ozone removal strategies is shown in Equation 1:  

 

 
 

 
PRMV

A
dPRMf

f

HVAC

CADR

filter

PRMHVACfilterBGV
A

d

o

vRf
V

Q
R

V

Q
R

RRRv

C
C






,, 





    

 (1)  

 

Effectiveness for active and passive systems was calculated using Equation 2 

(Miller-Leiden et al. 1996): 
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Ozone removal effectiveness has a value of unity when the removal strategy is 

perfectly effective at removing indoor ozone and a value of zero when the removal strategy 

has no impact on indoor ozone. In this paper, Γ is set to values of 50% and 80% 

effectiveness, proposed elsewhere as minimum and recommended air purifier effectiveness 

values, respectively (Shaughnessy and Sextro 2006). By setting Rfilter, RHVAC, RPRM in the 
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denominator of Equation 1 equal to zero, CWO in Equation 2 can be calculated. Required 

filter clean air delivery rate (CADR) was calculated by setting RPRM and RHVAC in Equation 

1 equal to zero, inserting Equation 1 for CW in Equation 2, and solving for CADR. This 

process was repeated for RHVAC and RPRM and where HVAC runtime (f) and PRM area (A) 

were calculated, respectively. Solving Equation 1 requires assumptions of a home as a well-

mixed contiguous volume as well as a time-averaged solution to address varying outdoor 

ozone concentrations. Energy implications associated with stand-alone filtration and 

HVAC filtration consider only direct energy inputs for equipment operation. PRMs 

placement in homes is assumed to add ozone removal capacity above background levels, 

that is, PRMs do not reduce ozone transport to existing surfaces.  

Simulation inputs are summarized in Table 1. A distribution of air exchange rates 

in Houston RIOPA homes was calculated from (Weisel et al. 2004) with descriptive 

parameters shown in Table 1. Background ozone removal was assumed as a weighted 

average of ozone removal values in a private residence with and without HVAC operation 

(Sabersky et al. 1973). Homes were assumed to follow residential cooling HVAC runtime 

ratios reported by Stephens et al. (2010), implying that background indoor ozone removal 

was 2.9 hr-1 for 75% of the time and 5.4 hr-1 for 25% of the time. A lognormal distribution 

of Houston RIOPA house volumes was calculated from Weisel et al. (2004). Deposition 

velocity to PRMs was calculated from a power law relationship of experimentally 

determined data at varying airspeeds from data presented by Kunkel et al. (2010). Indoor 

airspeeds with and without HVAC operation, published by Matthews et al. (1989), were 

input to this power law relationship as a bounded uniform distribution. This allowed a 

randomized input to Equation 1 of deposition velocities to PRMs at realistic indoor 

airspeeds with and without HVAC operation.  
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Table 1. Monte Carlo simulation inputs 

Variable1 Value2 Reference 

Air exchange rate λ GM = 0.5 hr-1, GSD = 2.13 Weisel et al. (2005) 

HVAC off BG ozone 

removal 
(vdA/V)BG, off 2.9 hr-1  

Sabersky et al. 

(1979) 

HVAC on BG ozone 

removal 
(vdA/V)BG,  on 5.4 hr-1 Ibid. 

HVAC runtime f 0.25 Ibid. 

Volume V 
GM = 271 m3, GSD = 1.64  Weisel et al. (2005) 

(GM = 9563 ft3, GSD = 58) Ibid. 

ACC deposition velocity vd, ACC[m hr-1] vd, ACC = 36.6x0.29[x= m s-1] Kunkel et al. (2010) 

ACC deposition velocity vd, ACC[ft hr-1] vd, ACC = 84.8x0.29[x= ft s-1] Ibid. 

GWB deposition velocity vd, GWB [m hr-1] vd. GWB = 19.5x0.41
, [x= m s-1]  Ibid. 

GWB deposition velocity vd, GWB[ft hr-1] vd. GWB = 39.1x0.41[x= ft s-1] Ibid. 

HVAC off indoor airspeed xHVAC off 
0.015 - 0.58 m s-1                         

(0.05 - 0.19 ft s-1) 

Matthews et al. 

(1989) 

HVAC on indoor airspeed xHVAC on 
0.057 - 0.155 m s-1                     

(0.19 - 0.51 ft s-1) 
Ibid. 

Stand-alone filtration 

efficacy 
εfilter 

1.09 W m-3 hr-1                              

(0.11 Btu ft-3) 
Waring et al. (2008) 

HVAC fan efficacy εHVAC 
0.29 W m-3 hr-1                           

(0.029 Btu ft-3) 

Stephens et al. 

(2010) 

Fan flowrate per house 

volume 
Qf/V 4.64 hr-1 Ibid. 

HVAC filter efficiency ηf 0.81 Gundel et al. (2002) 

1: HVAC = heating, ventilation and air conditioning, BG = background, ACC = 

activated carbon cloth, GWB = gypsum wall board 2: GM = Geometric 

mean, GSD = Geometric standard deviation 

Energy inputs for stand-alone filtration were calculated by multiplying CADR by 

power efficacy (εfilter) reported by Waring et al. (2008). This assumes that the CADRs for 

the hypothetical ozone removing stand-alone filters in this paper have equivalent CADRs 

as they do for particle removal. This assumption was made due to limited data on stand-
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alone filters for ozone, however, the high reactivity of ozone implies these CADRs are 

likely also achievable for ozone. Energy inputs for HVAC filtration were calculated by 

multiplying typical HVAC fan efficacies (εHVAC) and flow rates per volume (Qf/V ) reported 

by (Stephens et al. 2010)and home volume. The daily energy associated with normal 

operation (0.25) was subtracted from this value.  

Ozone removal efficiencies associated with HVAC filtration (ηf) were assumed as 

81%, based on an average efficiency reported by Gundel et al. (2002) for activated carbon 

filtration of ozone over the first two months of filter use. Ozone removal efficiencies for 

PRMs and stand-alone filtration are incorporated into deposition velocity values and stand-

alone filtration CADR assumptions, respectively. 

 

RESULTS AND DISCUSSION 

Cumulative distribution functions (CDFs) describe the likelihood that a random 

variable will be found at less than a specified value. CDFs allow many variables to be 

incorporated into a statement describing the probability of Houston RIOPA homes 

achieving a given ozone removal effectiveness. CDFs of effectiveness for stand-alone 

filtration, HVAC filtration, and PRMs are shown for 50% and 80% ozone removal 

effectiveness in Figure 1.  In active systems, model results indicate that achieving 50% 

ozone removal in half of the Houston subset of RIOPA homes requires approximately 30 

kWh and 5 kWh each day for stand-alone filtration and HVAC filtration, respectively. 

Achieving 80% ozone removal in 75% of these homes requires increases in daily energy 

use of 195 kWh and 55 kWh per day for stand-alone filtration and HVAC filtration, 

respectively. In passive systems, the model illustrates that achieving 50% ozone removal 

in half of homes would require approximately 200 m2 (2153 ft2) of GWB and 
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approximately 75 m2 (807 ft2) of ACC. Increasing ozone removal effectiveness to 80% for 

75% of the homes increases PRM area required to 500 m2 (5382 ft2) and 1390 m2 (14962 

ft2) for ACC and GWB, respectively.   

  

 
Figure 1. Ozone removal effectiveness for stand-alone filtration, heating, ventilation and 

air conditioning (HVAC) filtration, activated carbon (AC) PRMs, and 

gypsum wallboard (GWB) PRMs. (A) reports cumulative frequencies 

associated with achieving 50% ozone removal effectiveness. (B) reports 

cumulative frequencies associated with achieving 80% ozone removal 

effectiveness. Black lines (active removal) correspond with the left 

(primary) axis while gray lines (passive removal) correspond with the right 

(secondary) axis.  

 

This model assumes that stand-alone air filters can be added to an environment until 

CADR in the environment achieves a specified ozone removal effectiveness. In practice, 

this represents a serious limitation to the use of stand-alone filters for indoor ozone control. 

Achieving 50% removal in 50% of homes would require approximately six stand-alone 

filters operating simultaneously on high-speed. The intrusiveness and noise of these units 

would prevent this option from being considered by many homeowners. Doubling the 

CADR per unit, in line with the higher efficiency stand-alone filter described by Waring et 
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al. (2008), would halve the number of units necessary, however likely at additional cost 

per unit. Furthermore, since an identical flow is required, noise concerns may not be 

significantly alleviated. Achieving higher removal effectiveness in more homes would 

require corresponding increases in the number of stand-alone filtration units.  

HVAC systems move large quantities of air, and theoretically present a viable 

option for substantial indoor ozone control, however important hurdles may complicate 

their performance in this regard.  Energy considerations appear more favorable than stand-

alone filtration.  However HVAC energy demand calculations assume HVAC run-time 

fractions can increase unbounded, beyond a theoretical limit of 1 (or 100% fan run-time), 

until Qf is sufficient to achieve a set ozone removal effectiveness.  HVAC run-time 

fractions greater than 1 imply that a larger system fan is necessary to achieve the required 

Qf. Assuming typical HVAC operation run-time fractions of 0.25, the Monte Carlo 

simulation shows that achieving the condition of 50% removal in 50% of homes requires 

an additional run-time fraction of 0.80. This finding illustrates that HVAC recirculation 

fans in all homes would at least undergo continuous operation while a small fraction of 

homes would require a larger fan. Operation run-time fraction for 80% removal in 75% of 

homes is approximately 4.5, implying that much larger system fans would be required in 

homes to achieve this removal effectiveness. Implications for system operation are not 

considered in this analysis, and would likely alter cooling and heating performance, 

infiltration, and duct leakage. Energy considerations associated with increases in cooling 

loads from infiltration and duct leakage during summer months coupled with high outdoor 

ozone concentrations may dominate energy considerations associated only with fan 

operation. Larger fans also change system power draws due to changes in fan efficiency 

curves, a factor not considered in this analysis. 
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The surface area associated with 50% ozone removal by PRMs in 50% of homes 

(75 m2 (807 ft2) for AC and 200 m2 (2153 ft2) for GWB) are achievable in typical indoor 

environments. The median RIOPA home has a volume of approximately 270 m3 (9535 ft3), 

resulting in a required surface area to volume ratio for ACC under these conditions of ~ 

0.3 m2 m-3 (0.9 ft2 ft-3). Background surface area (of all indoor surfaces) to volume ratios 

present in typical homes are approximately 3 m2 m-3 (9 ft2 ft-3) (Nazaroff et al. 2003). This 

implies that 10% additional indoor surface area above background, comprised of ACC, is 

required in homes to achieve 50% ozone removal in 50% of homes. Assuming a ceiling 

height of 2.5 m (8 ft), this is roughly equivalent to covering the median home’s ceiling with 

ACC. In the case of GWB, achieving 50% removal in 50% of homes, requiring 200 m2 

(2153 ft2) of coverage could be nearly achieved by utilizing interior perimeter wall surfaces 

as GWB PRMs. Since GWB is commonly used for these interior surfaces, developing 

aesthetically pleasing bare GWB would allow for considerable reductions in indoor ozone 

concentrations with no additional material cost or implementation effort. Material input 

requirements increase significantly to achieve 80% removal in 75% of homes, to the extent 

that GWB is no longer a feasible option for this level of indoor ozone control. The 500 m2 

(5382 ft2)  of ACC required to achieve the higher indoor ozone removal level would likely 

necessitate specifically designed ACC for indoor environments, as this area of material 

represents covering approximately 60% of indoor surfaces with material. Aesthetic 

concerns associated with this degree of material installation are likely the most significant 

hurdle to achieving substantial indoor ozone reductions using PRMs.  

In the case of ACC PRM, filter depth presents a promising opportunity for the 

reduction of surface area requirements associated with PRMs. Experiments utilizing ACC 

material in single layer sheets as well as two layer “stacks” of ACC result in increased 
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ozone loss rates of 37% (1.89 hr-1 to 2.59 hr-1). Stacked installations will result in 

corresponding increases in deposition velocity and decreases in required surface coverage 

to achieve a given ozone removal effectiveness. Applying this deposition velocity increase 

to the 50% removal in 50% of homes and 80% removal in 75% of homes reduces ACC 

surface coverage requirements to 47 m2 (506 ft2) and 315 m2 (3391 ft2), albeit at a cost of 

doubling the required amount of material.  Increased deposition velocity (and decreased 

surface coverage) may also be accomplished by increasing mass transfer to PRMs using 

buoyant plumes from solar insolation or enhanced mixing from indoor fans.  

The energy and surface area requirements previously discussed for these ozone 

removal do not facilitate direct comparison, however, they can be linked by an equivalent 

CADR. PRM ozone removal can be compared to CADR by multiplying material deposition 

velocity (vd) by the horizontally projected surface area (A) assumed to be installed in a 

home. Figure 2 illustrates the energy-material tradeoffs inherent in comparing active and 

passive removal options. The energy demand associated with providing this CADR with 

active methods is calculated and compared to the necessary material area. Figure 2 shows 

that linearly increasing PRM area is equivalent to linear increases in daily energy demand 

for both HVAC and stand-alone active filtration. For example, 100 m2 of ACC installed in 

the typical RIOPA homes results in the same CADR of 40 kWh per day of energy input to 

stand-alone filtration or 10 kWh per day of energy input to HVAC filtration. Under these 

conditions, GWB equates to 10 kWh per day of energy input to stand-alone filtration of 2 

kWh per day of energy input to HVAC filtration. Note that Figure 2 only considers direct 

energy costs associated with active removal operation. Secondary energy impacts such as 

duct leakage, for example, may introduce non-linearity as a result of the second order 

relationship between HVAC duct pressure and velocity.     
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Benefits associated with PRM installation are likely to perpetuate for years beyond 

installation. Energy offsets will increase by amounts calculated previously (or some 

fraction thereof if vd decreases over time) each year in a cumulative fashion, assuming 

continued operation of PRMs. PRM longevity is of concern to address long-term building 

sustainability goals. Shields et al. (1999) found removal to commercial charcoal filters 

maintained constant efficiencies over periods of 5-8 years, albeit at reduced levels than the 

two-month average utilized for HVAC filtration in this study. Nevertheless, the potential 

for continued passive removal eight or more years beyond installation of PRMs encourages 

their development and use in buildings.   

  
Figure 2. PRM area versus daily energy demand to achieve comparable clean air delivery 

rates by active removal of indoor ozone. Black lines compare stand-alone 

filtration to activated carbon cloth (ACC) and gypsum wall-board (GWB), 

gray lines compare heating, ventilation and air conditioning (HVAC) 

filtration to ACC and GWB.”eq.” = equivalent 
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Long term assessments of PRM viability is complicated by environmental factors 

and model limitations. For example, soiling of PRMs by indoor activities may alter reactive 

or sorptive processes by which indoor pollutants are removed. These effects may alter 

cleaning or regeneration time-scales associated with indoor PRM use and warrant 

continued investigation (Cros 2010).  

Other model assumptions may introduce uncertainty into this analysis. The 

assumption that parameter inputs are uncorrelated in time may not always be valid, for 

example, HVAC operation may decrease during high outdoor ozone in the middle of the 

day when many homes are unoccupied. Nevertheless, time-averaging is less restrictive than 

a steady-state model due to the diurnal nature of outdoor ozone concentrations. The well-

mixed assumption could introduce error into this analysis as outdoor ozone may penetrate 

buildings through a specific location, such as active supply ducts or open windows. Since 

ozone surface removal time scales are often greater than indoor air exchange rates, well-

mixed indoor ozone concentrations may only be achieved in specific situations. Future 

work should incorporate this heterogeneity into models of PRM placement. Finally, PRM 

areas required to achieve pollutant removal assume that no decrease in preexisting 

background removal occurs as a result of their placement. Since this increases overall 

removal, this assumption may appear to bolster support for PRM usage. However, since 

ozone reaction by-products can be as harmful as ozone exposure itself, it may be beneficial 

to utilize PRMs in buildings in a manner that reduces background ozone removal, forcing 

ozone-material reactions to surfaces known to have low adverse by-product yields. This 

would require indoor PRM areas higher than those previously presented.  

Long term studies in realistic indoor environments will allow determinations of 

PRM lifespans to be made, and refinement of efforts to quantify costs and benefits.  Future 
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cost-benefit determinations should incorporate indoor time-activity patterns into PRM 

placement models. For example, ozone concentrations are low at night, potentially 

allowing reduced PRM coverage in bedrooms, where activity is likely to be reduced during 

high ozone hours. Future efforts should characterize ACC and GWB impacts on other 

indoor pollutants and develop of other PRMs which address a wider variety of pollutants 

of concern.  

 

CONCLUSIONS 

Reducing indoor ozone improves human health by reducing primary exposure to 

ozone and reducing exposure to secondary pollutants formed as products of ozone 

reactions. PRMs present a viable option for the low or zero-energy control of indoor ozone. 

A Monte Carlo simulation illustrates that the extent of material inputs necessary to reduce 

indoor ozone to minimum and recommended air cleaning effectiveness values are 

achievable in indoor residential environments in Houston quantified in the RIOPA study. 

Optimization of PRM operation, through enhanced mass transport via improved fluid 

mechanics, PRM “stacking”, or intelligent placement for improved occupant proximity 

may significantly reduce PRM coverage areas. Active systems, such as stand-alone filters 

or filters installed in HVAC systems, while proven to reduce indoor concentrations of 

pollutant, may not be ideally suited to address indoor ozone due to their continuous energy 

use. Increasing concern regarding building energy use illustrate the need for research and 

development regarding multifaceted PRMs which improve indoor air quality while 

allowing architects and building engineers to pursue goals aimed at achieving net zero-

energy buildings. 
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NOMENCLATURE 

C = the indoor concentration of ozone (ppb); 

λ = air exchange rate (AER) (hr-1); 

Co = outdoor ozone concentration (ppb); 

vd = deposition velocity (m hr-1, ft hr-1); 

x= indoor air speed (m s-1, ft s-1); 

A = PRM area (m2, ft2); 

V = home volume (m3, ft3);  

R = removal rate of ozone removal strategy (hr-1); 

QCADR = stand-alone filtration clean air delivery rate (m3 hr-1, ft3 hr-1); 

Qf = flow rate through the HVAC system (m3 hr-1, ft3 hr-1); 

ηf = the HVAC activated carbon filter efficiency (dimensionless);  

f = fraction of time where the HVAC is operating.  

Γ = effectiveness (dimensionless); 

CW = steady state indoor ozone concentration with active or passive indoor ozone 

removal, ppb; 

CWO = steady state indoor ozone concentration with only background ozone removal, 

ppb 

Subscripts 

BG = removal of indoor ozone to background 

PRM= removal of indoor ozone to passive reactive materials; 

filter = removal of indoor ozone to stand-alone filtration; 

HVAC = removal of indoor ozone to in-duct HVAC filtration; 

Off = value with HVAC system off;  

On = value with HVAC system on 
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Paper 4. Impact of physical properties on ozone removal to several 

porous materials in indoor environments 

Elliott T. Gall, Jeffrey A. Siegel, and Richard L. Corsi 

In preparation for Environmental Science & Technology 

 

ABSTRACT 

We investigate the effect of changing physical material properties and experimental 

chamber fluid mechanic conditions on reactive uptake of ozone to five materials: two 

cellulose filter papers, two cementitous materials, and an activated carbon cloth. Results 

include: 1) material porosity and pore size distributions, 2) effective diffusion coefficients 

for ozone in materials, and 3) material-ozone deposition velocities and reaction 

probabilities. Average reaction probabilities to the five materials ranged from 3×10-6 for 

one type of filter paper to 5×10-5 for an activated carbon cloth. Increasing thickness from 

0.02 cm to 0.16 cm caused increases in reaction probabilities from 1×10-6 to 5×10-6 for on 

type of filter paper and from 1×10-6 to 1×10-5 for a second type of filter paper. Similar 

deposition velocities and reaction probabilities to cementitious materials with drastically 

different structures implies that the role of porosity and pore size may be obscured by 

implicitly accounting for physical properties. Increasing chamber transport limited 

deposition velocities by, on average, a factor of seven resulted in moderate observed 

increases in reaction probabilities, by a factor of 2.0 and 1.4, to a pervious pavement and 

an activated carbon cloth, respectively. Differences in reaction probabilities to materials 

with varying physical properties and fluid mechanic conditions suggest that, for some 

materials, accounting for transport and reaction of ozone in material substrates may 

improve models of reactive uptake of ozone in indoor environments.  
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1.0 INTRODUCTION 

Tropospheric ozone is a regulated air pollutant due to adverse effects on human 

health (U.S. EPA 2006) including cardiovascular effects (Peel et al. 2011; Devlin et al. 

2012), asthma symptoms (Romieu et al. 1997), and increases in daily mortality (Bell et al. 

2006; Bell et al. 2004; Levy et al. 2005). Economic impacts are also substantial; the value 

associated with reducing ambient ozone concentrations to 70 ppb in California alone is 

$4.5 billion (Ostro et al. 2006).  

Indoor environments contribute 25-60% of total ozone intake (Weschler 2006), a 

result lower indoor concentrations and Americans spending 90% of their time indoors 

(Klepeis et al. 2012). Lower indoor concentrations are a result of surface reactions; 

previous studies show a range indoor/outdoor ozone concentration ratios, from 0.1 or less 

when heating, ventilation, and air conditioning systems are operating (Weschler 2000b) to 

as high as 0.62 in buildings with high ventilation rates (Zhang and Lioy 1994).  The impact 

of surface removal on indoor ozone concentrations has led to investigations of specific 

materials’ interaction with ozone, ranging from unused materials (Klenø et al. 2001b; 

Grøntoft 2002a; Nicolas et al. 2007; Lamble et al. 2011), materials taken from field 

environments (Cros et al. 2012), and experiments in the field (Wang and Morrison 2006).  

 Indoor ozone chemistry also has important implications for the generation and 

emission of irritating or harmful reaction products. Ozone reaction products with indoor 

surfaces can yield a wide variety of compounds including carbonyls (Weschler et al. 1992), 

free radicals (Weschler 2000b), and secondary organic aerosols (Waring et al. 2011). To 

address indoor ozone while simultaneously preventing the production of harmful reaction 

products, there is interest in identifying and using reactive materials with benign ozone 

reaction products for interior building surface areas and envelopes (Yu and Neretnieks 
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1993; Morrison and Nazaroff 2000; Gall et al. 2011; Cros et al. 2012; Darling et al. 2012; 

Stephens et al. 2012). 

Generally, material-ozone interactions are characterized by determining a first-

order loss rate, L (µg s-1) and calculating the deposition velocity (Eq. 1):   

 

 

(1) 

  

Where vd is the steady-state ozone deposition velocity (cm s-1), C is the bulk ozone 

concentration (µg cm-3), and A is the projected area of the material (cm2).  

Resistance uptake theory (Cano-Ruiz et al. 1993; Finlayson-Pitts and Pitts 1999) 

can then be applied to describe the deposition velocity in terms of a transport limited 

deposition velocity, vt (cm s-1), and a reaction probability, γ (-), as shown in Equation 2:  

 

 (2) 

 

Where <v> is the Boltzmann velocity, cm s-1. 

While the approach described by Equations 1 and 2 separates surface reaction 

phenomena from bulk fluid mechanics, it has several important limitations: 1) deposition 

velocity calculations require an area, which is usually a projected area that does not take 

into account the complexity of porous surfaces, and 2) transport into and reactions within 

material substrates are lumped into vd. For some materials and fluid mechanic conditions, 

these limitations may prevent identification of phenomena that can affect estimates of 

ozone removal. For example, Klenø et al. (2001a) note the potential for wide variability in 
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ozone removal to similar building materials, finding ozone deposition velocities to two 

nylon carpets with latex backing ranging from 1.15 m hr-1 to 25.2 m hr-1.  In general, such 

variability may stem from phenomena such as material aging and soiling (Morrison et al. 

1998; Cros et al. 2012), but may also result from differences in physical properties of the 

material and transport phenomena that are implicitly combined into the deposition velocity.   

In spite of the potential impact of physical material properties and transport 

phenomena on estimates of experimental ozone deposition velocities and reaction 

probabilities, direct comparisons of the effects of these phenomena are rarely present in the 

literature. In this paper, we take an experimental approach to investigate material 

characteristics and transport phenomena and their impact on reactive uptake of ozone. This 

effort may highlight parameters that have important effects on ozone removal, identifying 

potential causes of variability when estimating ozone deposition velocities to similar 

materials. Additionally, such efforts may identify common properties of materials with 

high ozone removal. This is a first step towards developing new approaches to describing 

and optimizing ozone reactions with materials.    

2.0 METHODS & MATERIALS 

Experiments were conducted to explore the impact of material composition, 

material properties (thickness, porosity, and pore size distribution), and transport 

phenomena on ozone deposition velocities and reaction probabilities. Five materials were 

chosen to cover wide ranges of chemical compositions and material properties: two 

cellulose filter papers (Whatman, GE Healthcare) at varying manufacturer-specified 

particle retention diameter, 20-25 µm (WF14) and 2.5 µm (WF15), two cementitious 

materials, a pervious pavement (PP) and a Portland cement concrete (PCC), fabricated 
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following protocols outlined in the supplemental information, and an activated carbon cloth 

(ACC) consisting of 50% activated carbon by mass impregnated on a polyester backing 

(P/N CO150, Gremarco Industries). Material masses and corresponding thicknesses are 

summarized in Table S1. Characterization of material properties was performed with 

mercury intrusion porosimetry (MIP, Section 2.1), transport phenomena in a dual-chamber 

apparatus (Section 2.2), and reactive uptake of ozone in a single-chamber apparatus 

(Section 2.3).   

 The five materials, with two to four thicknesses for each material, were tested under 

high and low fluid mechanic conditions for ozone deposition velocity and reaction 

probability. Three replicates were conducted for each material/thickness/fluid mechanic 

condition scenario, totaling 96 individual material-ozone experiments. This experimental 

matrix enabled comparison of reactive uptake of ozone across different materials, as well 

as within similar materials for differences in ozone deposition velocities and reaction 

probabilities resulting from thickness, porosity/pore size distribution and chamber fluid 

mechanics. Filter papers (WF14 and WF15) have identical chemical composition, variable 

thickness by stacking sheets, and variable porosity/pore size through manufacturer-

specified differences in particle retention. Pervious pavement and Portland cement concrete 

(PP and PCC) were fabricated with similar raw materials to custom thicknesses while 

variations in aggregate and sand loadings resulted in variable porosity/pore size. Finally, 

activated carbon cloth was included due to its anticipated high internal surface area and 

high effective diffusion coefficient, as well as an opportunity to compare results with 

previous investigations using this material (Kunkel et al. 2010; Cros et al. 2012).  
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2.1 Characterization of physical material properties 

Quantitative descriptions of material properties were made with mercury intrusion 

porosimetry (MIP, AutoPore III Model 9410, Micromeritics). This allowed determination 

of material pore size distribution, internal pore area, and porosity by applying step-wise 

increases in pressure to a penetrometer containing a material sample and elemental 

mercury. The applied pressure and intruded mercury volume was converted to a pore size 

distribution (PSD) via the Washburn equation, described in greater detail by Blondeau et 

al. (2003). By assuming a cylindrical pore volume, the PSD was used to determine the 

internal pore area of a sample.  Material porosity, ε (-), was determined by Eq. 3: 

 

 (3) 

 

Where ρb is the bulk density, g mL-1 and ρs is the skeletal density, g mL-1, both determined 

by the MIP.  

Instrument limitations affected several estimates of material properties. Filling 

pressures were set to the lowest possible value, 6.9 kPa to capture large pores. Max 

pressures were 90 MPa for the filter papers (WF14 and WF15) and 414 MPa for the 

cementitious materials and activated carbon cloth (PP, PCC, ACC). A full description of 

MIP settings is provided in the supplemental information.  Two materials, PP and ACC, 

contained measureable pores larger than the diameter corresponding to the 6.9 kPa filling 

pressure (approximately 300 µm) due to the woven polyester substrate and connections of 

mortar covered aggregate, respectively. Therefore, new values of ρb were determined by 

measuring the dimensions and mass of PP and ACC samples with a vernier caliper (Model 

s
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6420, Central Tool Company) and a laboratory balance (VA-16000, Acculab), 

respectively. These corrected values result in more logical determinations of porosity, e.g., 

prior to correction, the PP had a lower porosity than PCC. Corrections were also made to 

the MIP-determined median pore diameter by volume for PP and ACC. Fifty measurements 

of visible pores in each material were made with a vernier caliper and the median reported 

in place of the MIP-determined value.  

 

2.2 Characterization of transport phenomenon 

Effective diffusion coefficients for ozone (De) were measured to estimate the rate 

of diffusion of ozone through void spaces in each material. With some modification, the 

approach followed that of researchers measuring internal diffusion of VOCs through 

building materials (Little et al. 1994; Bodalal et al. 2000). Values of De for the five 

materials are determined an d included in this paper to: 1) discuss differences in ozone 

deposition velocities and reaction probabilities in the context of transport into materials 

and 2) support future modeling efforts with these materials.  

 Effective diffusion coefficients were determined in triplicate with a dual-chamber 

apparatus (Figure S1) in which the upper and lower halves of the chamber were separated 

by a material sample. A known quantity of an inert tracer gas, sulfur hexafluoride (SF6), 

was injected into the top chamber and monitored by sampling 30 mL volumes of air from 

the top and bottom chamber at a known time interval. Samples were analyzed using gas 

chromatography with electron capture detection (Autotrac, Lagus Applied Technology). 

Further description of the mass-balance model used to determine De  for each material is 

provided in the supplemental information.  
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Values of De for SF6 can be related to the De for ozone by assuming the ratio of 

molecular diffusion coefficients for SF6 and ozone in air is equal to the ratio of effective 

diffusion coefficients for SF6 and ozone in material pores, and solving for De,ozone, as 

described by Eq. 4:  

 

6

6,,

SF

ozone
SFeozonee

D

D
DD   

(4) 

Where D refers to the molecular diffusion coefficient (cm2 s-1) in air  and De is the effective 

diffusion coefficient (cm2 s-1) in a test material, respectively, of the indicated species 

(ozone and SF6).  

Effective diffusion coefficients, along with properties determined through mercury 

intrusion porosimetry, can be collectively used to determine other terms describing 

material properties and transport phenomena. The mean diffusion coefficient, D0 (cm2 s-1), 

describes the impact of the pore diameter on diffusion in materials and was determined 

from the pore size distribution and D. The tortuosity, τ (-),  relates the length of a curve to 

the distance between its ends, and has been proposed as accounting for non-idealities in 

pore structure (Woods et al. 2011). This term was calculated with the porosity, D0, and De. 

Further details outlining the process of calculating both D0 and τ are provided by Blondeau 

et al. (2003).  

 

2.3 Ozone experiments 

Ozone deposition velocities and reaction probabilities for test materials were 

determined with the apparatus shown in Figure 1 by analysis of steady-state inlet and outlet 

ozone concentrations using theory outlined by Cros et al. (2012). An electro-polished 
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stainless-steel chamber (CTH-24, Eagle Stainless) served as the reactor in which materials 

were placed after the base and sides of the material were covered with a material- and 

thickness-specific polytetrafluoroethylene (PTFE) barrier. Lab air entering the chamber 

was cleaned and dehumidified by passing through a column packed with a drying agent 

(Drierite Company, Xenia, OH, USA) and an activated carbon sheet. Relative humidity 

(RH) was controlled by splitting the flow into two streams, one of which passed through 

an impinger (Model 31760-300, Pyrex) filled with distilled water. The flows were 

modulated by rotameters (PMR-010797, Gilmont) to provide a stream of constant RH air 

flow to Dilution Chamber 2. Temperature and RH were recorded (Model U12, Onset) every 

five minutes in Dilution Chamber 2.  

 

 

 

 

 
Figure 1. Experimental apparatus for ozone-material experiments. Tests were conducted 

under the following environmental conditions (mean ± standard deviation):  

23.4 ± 0.3 °C and 50.7 ± 1.9 % RH. Flowrates through the reaction chamber 

resulted in an air exchange rate of 11.7 ± 0.1 hr-1. Ozone concentrations 

entering the reaction chamber were 105 ± 6.3 ppb. Experiments were 

conducted in triplicate for each condition. Background vd were, on average, 

less than 0.003 cm s-1. 
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Ozone was generated from pure oxygen (99% purity, Airgas) using a corona-based 

ozone generator (Model OL80WT, Yanco Industries). Ozone concentrations in Dilution 

Chamber 2 and the reaction chamber were measured with an ozone monitor (Model 205, 

2B Technologies) that was calibrated every two weeks (Model 306, 2B Technologies). 

Chamber inlet concentrations were monitored prior to and following each experiment by 

bypassing the reaction chamber and measuring directly from Dilution Chamber 2. Mass 

flow controllers (FMA 5400, Omega) maintained a constant flowrate through the reaction 

chamber, verified with a bubble flow meter (Gilibrator 2, Sensidyne LP). A minimum of 

one background experiment, consisting of the chamber and a PTFE material holder, was 

run each day experiments were conducted. The average of background loss rates of ozone 

with the chamber and specific PTFE barrier was then subtracted from the appropriate loss 

rate with a material present.     

Material-ozone experiments were conducted at two fluid mechanic conditions, one 

with the chamber inlet port directly impinging on the material (high vt, average transport-

limited deposition velocity across all experiments = 1.1 cm s-1) and a second with the inlet 

port altered to direct flow towards chamber walls (low vt, average transport-limited 

deposition velocity across all experiments = 0.17 cm s-1). Values of vt were determined for 

each material type and at each fluid mechanic condition by coating material surfaces with 

a solution of 100 g of potassium iodide (≥99% purity, Sigma Aldrich) dissolved in 125 mL 

of distilled water. Reaction probabilities were calculated using the appropriate vt, vd, and 

literature values for <v> in Eq. 2.  
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3.0 RESULTS & DISCUSSION 

Physical properties determined in this investigation (Section 3.1) affect material 

transport phenomena (Section 3.2), and both physical properties and transport phenomena 

affect reactive uptake of ozone to materials (Section 3.3). This investigation focuses on 

identifying and quantifying differences in physical properties and material transport 

phenomena that may qualitatively explain observed impacts on ozone deposition velocities 

and reaction probabilities. Comparisons are made across the five materials, to the same 

material at varying thickness, and to similar materials with varying porosity and pore size 

distribution at two fluid mechanic conditions. 

 

3.1 Physical properties results 

Materials were selected with variable physical properties with the intention of using 

estimates of physical properties across materials to inform qualitative explanations of 

differences in transport phenomena and reactive uptake of ozone to materials. Differences 

in porosity and pore size distribution (PSD) were expected for the two types of filter paper 

studied, given the manufacturer-specified difference in particle retention diameter (WF14 

at 20-25 µm versus WF15 at 2.5 µm). However, these materials appear to have similar 

porosities and pore areas (Table 1 and Figure 2(a)). It is possible that the experimental 

uncertainty associated with mercury intrusion porosimetry (MIP) was unable to 

differentiate pore diameters in the super-micron range, where stepwise pressure increases 

resulted in large increases in stepwise intruded mercury volumes in the 1-30 µm range. 

Such increases may obscure small differences in pore diameter-intrusion relationships. 
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Figure 2. Pore size distributions determined by mercury intrusion porosimetry. Higher 

porosity materials are grouped in (a) while lower porosity materials are 

grouped in (b). Material void volumes corresponding with pore diameters 

greater than the filling pressure of the mercury intrusion porosimeter 

(approximately 300 µm or a filling pressure of 6.9 kPa) are not accounted for 

in these pore size distributions. 

 

In contrast to the filter papers, there were substantial differences in experimentally 

determined PSDs between pervious pavement (PP) and Portland cement concrete (PCC). 

While the components of each material were similar (aggregate, cement, water, and in the 

case of PCC, sand), because the PP mixture contained no sand, the final product was a 

network of mortar covered aggregate. This leads to a larger pore diameter and greater 

porosity for PP, while the presence of sand resulted in a smaller pore diameter and lower 

porosity for PCC.  

In the case of activated carbon cloth (ACC), an abrupt jump in volume in the pore 

diameter range of 200-300 µm is exhibited in Figure 2(a).  This is due to the presence of 

large pores resulting from the woven polyester backing that provides structural support to 

the sheet. In addition to these large pore diameters that contribute to high porosity, ACC 
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also has a high volume of pores in the 0.003-0.3 µm pore diameter range. This is the cause 

for the substantially higher pore area for ACC than other materials, as reported in Table 1. 

 

Table 1. Summary of physical properties of materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

*Porosity is corrected for pervious pavement and activated carbon cloth by substituting a 

corrected material bulk density into Eq. 4 (see Section 2.2). #Values for median pore 

diameter by volume for these materials are corrected according to the methodology 

described in Section 2.2. 

 

 

Where available, comparisons of physical material properties with values 

determined in the literature yield mixed results. The ACC analyzed here has approximately 

half the internal surface area of an activated carbon cloth measured by Grøntoft (2002). 

Porosity of the PCC shown in Table 2 is similar to the value of 0.299 for aerated concrete 

analyzed with MIP by Blondeau et al. (2003), while the pore area measured here is an order 

of magnitude higher. Future work should incorporate replicate testing of materials to 

determine typical ranges of uncertainty on measurements of terms describing material 

properties. Sufficient replicates to test statistical significance of differences in physical 

properties between multiple samples of one material and samples of similar types of 

Material 
Porosity, 

ε (-) 

Median 

pore 

diameter 

(volume), 

dp,V (µm) 

Median 

pore 

diameter 

(area), 

dp,A (µm) 

Pore 

area,   

m2 g-1 

20-25μm filter paper, WF14 0.77 13 0.51 14 

2.5 μm filter paper, WF15 0.78 15 0.39 19 

Pervious Pavement, PP  0.67* 2700# 0.044 2.5 

Portland Cement Concrete, 

PCC 
0.26 0.19 0.054 13 

Activated Carbon Sheet, ACC  0.97* 500# 0.036 160 
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materials will bolster qualitative explanations of observed differences in reactive uptake of 

ozone.  

 

3.2 Transport through materials 

Transport experiments were conducted under similar environmental conditions, 

therefore, differences in the effective diffusion coefficient (De) arise from variations in 

material structures, where pore size, porosity, and tortuosity play roles in determining the 

rate of diffusion of a compound through materials. Material-ozone effective diffusion 

coefficients are reported for the five materials in Table 2, with accompanying estimates of 

mean diffusion coefficients (D0) and tortuosity (τ).  

 

 Table 2. Average effective diffusion coefficients of ozone through materials.  

Material 

Effective 

diffusion 

coefficient, De 

(cm2 s-1)a 

Mean diffusion 

coefficient, D0 

(cm2 s-1) 

Tortuosity, 

τ (-) 

20-25 μm filter paper, WF14 0.033 ± 0.003 0.1497 3.2 

2.5 μm filter paper, WF15 0.024  ± 0.001 0.1476 5.4 

Pervious Pavement, PP 0.021 ± 0.004 0.1345 4.5 

Portland Cement Concrete, PCC 0.0024 ± 0.0001 0.1359 14 

Activated Carbon Sheet, ACC 0.12 ± .01 0.1337 1.1 
aUncertainty in effective diffusion coefficients is the standard deviation across with 

triplicate experiments. 

 

 

The De of the WF15 filter paper sample was 73% of the value of the WF14 sample, 

an unanticipated finding given that the MIP analyses revealed similar overall material 

properties. However, a small increase in nanometer scale pores in the WF15 sample 

resulted in a slightly smaller D0, and this is also reflected in the reduced area-weighted 

median pore diameter for the WF15 sample. Differences in De and D0 are propagated to 
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the determination of the material tortuosity, implying that reductions in De from WF14 to 

WF15 are due to the more tortuous paths present in WF15.  

 In contrast to the filter papers, estimates of De for the two cementitious materials 

were markedly different. Pervious pavement (PP) had a larger De, by 8.5 times, than the 

Portland cement concrete (PCC). The individual mortar covered aggregates that composed 

the PP had lower porosity and smaller pore diameters than PCC, but the higher De for PP 

is the result of large openings between the connected aggregate in the assembled material. 

This is logical given the design intent of PP to allow drainage of water. The PCC had the 

lowest De of the materials studied an expected result given the small volume-weighted 

median pore diameter and low porosity of this material. Figure 2 shows the presence of 

substantial pore volume (34%) being contributed from pore diameters less than 0.1 

micrometer, where wall interactions begin to affect diffusion mechanisms in the pore. This, 

coupled with the lower overall porosity and high tortuosity, contributes to a reduced De for 

PCC.  

The ACC had a De of 0.12 cm2 s-1, near the  molecular diffusion coefficient of ozone 

in air of 0.14 cm2 s-1 reported by Massman (1998). This is due to the presence of substantial 

pore volumes with super-micron diameters that, combined with a very large porosity, result 

in a De that approaches D. Figure 2 and Table 1 also show that ACC has a large internal 

surface area, a result of the presence of pore diameters in the nanometer range. This 

combination of rapid diffusion into the material substrate followed by Knudsen diffusion-

limited transport into nanometer sized pores with very high internal surface area may 

explain the high vd for activated carbon cloth (Grøntoft 2002a; Kunkel et al. 2010; Cros et 

al. 2012). The large pore diameters in ACC may have increased the determined De by 

transporting SF6 across the material via advective, and not diffusive, processes. However, 
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repeatable values of De for ACC slightly below D indicate that diffusive transport 

dominated, as even small pressure drops induced over ACC would result in rapid advection 

across the material, causing De to exceed D.  

3.3 Ozone reactions with materials 

Differences in material composition, material properties, transport phenomena, and 

chamber fluid mechanics contribute to ozone deposition velocities (vd) for the five test 

materials that ranged from 0.021 cm s-1 to WF14 filter paper at low vt to 0.42 cm s-1 to 

activated carbon cloth (ACC) at high vt.  Ozone deposition velocities are summarized in 

Figure 3. Variability in vd was observed across thickness conditions for filter papers and 

pervious pavement, discussed in greater detail in Section 3.3.1. No variability in vd was 

observed with changes in porosity/pore size of filter papers or cementitious materials, an 

important finding for the comparison of pervious pavement (PP) and Portland cement 

concrete (PCC, see Section 3.3.2).  Finally, the observed variability in vd across fluid 

mechanic conditions for pervious pavement, Portland cement concrete, and activated 

carbon cloth, but not filter papers is discussed in Section 3.3.3. These effects have 

important implications for the determination of ozone reaction probabilities with materials, 

as discussed in Section 3.3.4. 

The variability in deposition velocities across material properties and fluid 

mechanic conditions determined here highlight difficulties in making comparisons with 

values determined in other investigations. A characterization of vd to the same filter papers 

used here is not available in the literature, however, Klenø et al. (2001b) observed higher 

values of vd to office paper at >1.49 cm s-1. Poppendieck et al. (2007) determined ozone 

deposition velocities of 0.06 cm s-1 to a stack of 50 sheets of typical office paper at high 

inlet ozone concentrations (> 1000 ppm). Lower values of vd to a stack of eight sheets of 
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WF14 (0.030 cm s-1 averaged across high and low at high vt were observed in this study 

(Figure 3). Values of vd for PP are not available in the literature. Grøntoft and Raychaudhuri 

(2004) characterized vd to coarse and fine concrete, estimating 0.08 cm s-1 and 0.017 cm s-

1, respectively, lower than the average value across all vt determined in this work (0.14 cm 

s-1) determined here for PCC. Ozone deposition velocities to ACC have been characterized 

more extensively in the literature, with values ranging from 0.069 cm s-1 to 0.22 cm s-1, 

over three independent investigations (Grøntoft 2002a; Kunkel et al. 2010; Cros et al. 

2012), generally lower but overlapping with the range of values averaged across all 

thicknesses at low and high vt determined here, i.e., from 0.12 cm s-1 to 0.42 cm s-1, 

respectively.  

  

 
Figure 3. Average ozone deposition velocities to materials under (a) high vt and (b) low vt. 

Material thickness (cm) is adjacent to the material name. Error bars reflect the 

range associated with triplicate experiments. 
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3.3.1 Impact of thickness 

Ozone deposition velocities (vd) were observed to increase in material thickness for 

the two types of cellulose filter paper (WF14 and WF15) at both high and low vt, and for 

pervious pavement (PP) at high vt. On average, the 0.16 cm conditions of WF14 and WF15 

had four times higher vd than the 0.02 cm conditions. However, it appears that the rate of 

change in vd for WF14 and WF15 with respect to material thickness is diminished at length 

scales > 0.08 cm, as observable differences that exceed experimental uncertainty between 

0.08 cm and 0.16 cm samples was found in only one of four scenarios. This is a result of 

material-ozone reactions through the first 0.08 cm of filter paper depth that results in lower 

concentrations of ozone at depths >0.08 cm, limiting the importance of reaction sites at 

greater thicknesses.  

A similar effect to that described for filter papers is evident for PP at high vt, 

possibly implying the transport mechanism is advective, and not diffusive-based. There 

were observable differences in vd between the 1.3 cm and both the 2.5 cm and 5.1 cm 

conditions, but no difference between the 2.5 cm and 5.1 cm conditions. This indicates that, 

at high vt, addition of thickness for this material beyond 2.5 cm does not contribute to 

decreased ozone concentrations in chamber air. There are several potential explanations 

for this. The large median pore diameter by volume of PP (dp,V = 0.27 cm)  may increase 

the likelihood of advective flow through the material under only high vt conditions. 

Alternatively, the smaller pore area (e.g., compared with filter papers) of PP results in 

reduced interaction area and may allow diffusion of ozone to depths greater than 1.3 cm. 

For the De determined for PP, applying Fick’s second law in one dimension results in a 

diffusion length of 12 cm. Accounting for the tortuosity of PP results in a penetration into 

the material substrate of 2.9 cm over the 30 minute experiment. Reactive losses in the 
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material would reduce this depth to values possibly accounting for the differences between 

1.3 cm and both 2.5 cm and 5.1 cm PP thicknesses. 

Portland cement concrete (PCC) had no dependence on material thickness, logical 

given its low porosity, small median pore diameter, and low effective diffusion coefficient. 

Activated carbon cloth (ACC) showed no dependence on thickness at either low or high vt. 

This was an unexpected result given the high De determined for this material. Additionally, 

the large pores (> 300 µm) in ACC would result in advective flow from a relatively low 

pressure differential across the material, following similar logic to that discussed for the 

high vt condition of PP.  It is possible that high reaction probabilities to ACC (see Section 

3.3.5), a relatively smaller volume-weighted pore diameter than PP, and a high internal 

pore area resulted in ozone concentrations approaching 0 ppb at depths greater than 0.6 cm 

regardless of  transport through the substrate (diffusive or advective).  

Further investigation of the transport mechanisms through materials under changing 

bulk fluid mechanic conditions is warranted to better predict and explain the impact of 

material thickness on ozone removal to materials, especially those with large pore 

diameters for which advection may play a role. Results for filter papers and pervious 

pavement show that increasing thickness may only enhance ozone removal for certain 

materials under specific fluid mechanic and material porosity/pore size conditions. For 

example, it appears that moderate reactivity materials with large pore diameters (PP) may 

result in decreased chamber (or room) ozone concentrations at high vt. At millimeter 

thickness scales, i.e., WF14 and WF15, De on the order of 0.02-0.03 cm2 s-1 appears 

sufficient to result in transport and reaction in material substrates with lower overall vd. 
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3.3.2 Impact of porosity and pore size 

Porosity and pore size may affect ozone removal by in several important ways.  

As discussed previously, rates of advective or diffusive transport into materials may be 

impacted by porosity and pore size. Both of these terms also affect the material pore area, 

which is proportional to the number of ozone reaction sites. Additionally, because 

porosity and pore size are more difficult to measure than, for example, material thickness, 

there is potential for variation in porosity and pore size to contribute to uncertainty in 

comparisons of estimates of vd  to apparently similar materials.    

In this investigation, porosity and pore size had mixed and indirect implications on 

reported estimates of vd. No differences in ozone deposition velocity exceeding 

experimental uncertainty were observed between the filter papers (WF14 and WF15) at 

either low or high vt. Due to the similar measured properties (e.g., dp,V, ε, De) of these two 

materials it may not have been possible to detect a difference in vd, if one existed at all.  In 

the case of PP and PCC, similar values for average vd were noted for each material at each 

vt investigated. This finding was surprising, and likely stems from offsetting transport and 

reaction phenomena in the drastically different structure of each material. This also implies 

reaction probabilities to PP and PCC will be similar (see Section 3.3.4) and highlights an 

important aspect of the deposition velocity model when applied with only a projected 

surface area input: transport and reaction phenomena occurring beyond an assumed aerial 

projection of the material surface are implicitly incorporated into the ozone deposition 

velocity and reaction probability.    
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3.3.3 Impact of fluid mechanics 

Bulk fluid mechanics affect estimates of vd, but, unlike thickness, porosity, and pore 

size, can be accounted for through the determination of a transport-limited deposition 

velocity and reaction probability (Equation 2). Increases in vd at high vt for all materials 

were expected, and were found for all thicknesses of PP, ACC, and PCC. Interestingly, 

there were observable differences in vd for only three of the eight comparisons for Whatman 

filters. It appears that vd to thicker materials (ACC, PCC and PP) increased with an increase 

in vt, while thinner materials (WF14 and WF15) did so less consistently. This implies that 

at the length scales of the Whatman filters, the more limiting step for reaction is not 

diffusion through the concentration boundary layer but the decreased quantity of ozone 

reaction sites through a smaller thickness of material. Alternatively, the greater quantity of 

material in the thicker ACC, PP, and PCC materials could be more affected by the potential 

presence of advective transfer at high vt. However, the observable difference across vt 

conditions for PCC, a material with low porosity, high tortuosity, and small volume-

weighted pore diameter for which advective flow would be limited supports the notion of 

diffusive processes affecting material-ozone reactions.  

 

3.3.4 Ozone-material reaction probabilities 

Material composition should dictate the likelihood of a reaction given an ozone-

material collision, described by the reaction probability, γ. However, the previous 

discussion highlights limitations in modeling approaches which result in some transport 

phenomena and substrate effects being lumped into vd. Nevertheless, vd shown in Figure 4 

were used with experimentally determined vt  to determine γ with Equation 2. At low vt, 

average ozone reaction probabilities for the five materials across all thicknesses ranged 
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from 3×10-6 for one type of filter paper (WF14) to 5×10-5 for the activated carbon cloth 

(ACC).  Similar to estimates of vd, reaction probabilities can be impacted by the combined 

effects of transport and reaction through interior pore volumes and surface area. Such 

phenomena complicate the determination of a single value of γ for some materials.  

 

    

Figure 4. Average ozone reaction probabilities for test materials. Error bars are the range 

of reaction probabilities determined for each material at all thicknesses.   

 
 

In the case of filter papers (WF14 and WF15) there is substantial uncertainty in the 

estimate of γ. This is a result of the observed increase in values of vd determined for these 

materials with increasing thickness. With a constant projected area input to Eq. 1, the effect 

of thickness is “lumped” into the calculated vd. As a result, γ varies by as much as an order 

of magnitude for the same material, e.g., the WF15, low vt condition as reported in Figure 

4. Others have determined vd with internal surface areas (Grøntoft 2002a). However, from 
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the increasing vd with increasing thickness shown in Figure 3, it is clear that one value of 

surface area across varying thicknesses will not result in a constant value of reaction 

probability. More mechanistic approaches to modeling ozone reactions with materials, 

particularly those with moderate porosity and pore area at millimeter thickness scales, are 

warranted.  It also appears that for some materials, like the PCC with a relatively smooth 

surface and lower porosity, resistance uptake theory as defined in Eq. 2 describes variations 

in material thickness and vt conditions reasonably well. In this case, the prevailing 

deposition velocity model is adequate, and may be suitable for materials with low porosity 

and small pore diameter at centimeter thickness scales. Finally, it is interesting to note that 

ACC had the highest reaction probability, but also the highest pore area and De; accounting 

for these phenomena directly may decrease the determined values of γ from those presented 

here.     

Material porosity and pore size appeared to present challenges with using resistance 

uptake theory to separate mass transfer resistance from reaction resistance for materials 

with large pores >300 μm (PP and ACC). Transport limited deposition velocities were 

reasonably similar across all materials, ranging from 1.1 cm s-1 to 1.2 cm s-1 for high vt and 

from 0.14 cm s-1 to 0.22 cm s-1 for low vt. However, for PP and ACC, small but observable 

increases (a factor of 2 for PP and a factor of 1.4 for ACC) in reaction probability are 

reported with the increase in vt. In the case of PP, the impact of thickness on vd at high vt 

could explain this discrepancy as thickness effects were not observed at low vt. For ACC, 

this may be due to the assumption of boundary layer resistance and reaction resistance as 

the only resistances contributing to the ACC-ozone reaction. It is possible that the enhanced 

removal occurring under the high vt condition is not occurring at the immediate surface as 

is assumed in Eq. 2, but further into the substrate of the material. Coating the highly porous 
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ACC with a crystalline potassium iodide (KI) compound to determine vt may result in an 

appreciable change in material morphology, decreasing the overall number of reaction sites 

available and resulting in a disproportionate lowering of the vt in the high vt condition, 

which is then borne out in the comparison of reaction probabilities. Determination of 

physical properties of materials following coating with KI may help determine if 

appreciable alterations to material properties result from this process. 

 

3.3.5 Conclusions 

Given that there is substantial variability in reactive uptake of ozone amongst even 

similar indoor materials, the results presented in this paper show challenges and benefits 

associated with characterizing material properties like porosity, pore size, and thickness 

and the accompanying determinations of effective diffusion coefficient, ozone deposition 

velocity, and reaction probability. Determinations of porosity and pore size distribution 

support discussion and the future development of more mechanistic models. Mathematical 

inclusion of the effective diffusion coefficient and reaction through material substrates may 

explain some vd-thickness relationships, although greater characterization of the potential 

for advective transport and its effect on ozone removal in material substrates is warranted. 

Observable impacts of material properties and transport phenomena on ozone removal 

explains some variability in ozone deposition velocities to similar materials, and 

mathematical inclusion of terms describing these phenomena in models of reactive uptake 

may lead to more consistent estimates of reaction probability. This also implies that certain 

combinations of material properties may enhance reactive uptake of ozone. This is an 

important consideration in indoor environments where an abundance of surfaces (e.g., 
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walls, ceilings) have the potential to be covered with materials with thickness on the order 

of millimeters.  
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SUPPLEMENTAL INFORMATION 

 

Table S1. Mass and thickness of experimental materials. 

Material 
Thickness 

(cm) 

Sample 

Mass (g) 

Whatman 1004 

0.02 2.0 

0.04 3.9 

0.08 7.9 

0.16 15.8 

Whatman 1005 

0.02 2.0 

0.04 3.9 

0.08 7.9 

0.16 15.8 

Portland Cement 

Concrete 

1.27 530 

2.54 994 

Pervious Pavement 

1.27 600 

2.54 920 

5.08 1740 

Activated Carbon Sheet 

0.64 5.0 

1.27 9.5 

2.54 20 

 

Fabrication of pervious pavement and Portland cement concrete 

Portland cement concrete (PCC) used in this study was made from (i) ASTM C150 

(ASTM 2012) Type I portland cement (Texas Lehigh Cement Co., processed in June 2009), 

(ii) Colorado river gravel, (iii) Colorado river sand and, (iv) deionized water. The mix 

design included a water to cement ratio of 0.4 with fine and coarse aggregates in the 

saturated surface dry (SSD) condition. All the materials used fall within the typical industry 

standard ranges. A pervious pavement (PP) was fabricated with components same as PCC 

with the exception of using only 0.95 cm coarse aggregate and no Colorado river sand. A 

water to cement ratio of 0.24 was used in the PP mixture. Aggregate gradation was within 
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the recommended guidelines of ASTM C33 (ASTM 2011). Flat samples of 6 inch diameter 

at heights of 1.3 cm, 2.5 cm, 6.5 cm (ozone experiments – section 2.4) and flat samples of 

29.2 cm diameter at a height of 2.54 cm (transport experiments – section 2.3) were mixed 

following ASTM C192 (ASTM 2007). Following mixing, specimens were stored at 23°C 

and a relative humidity of 100% for the first 24 hours.  Then specimens were removed from 

plastic molds and stored at 23°C with a relative humidity of 50% until testing. Weighing 

of specimens occurred on alternative days until the mass stabilized.  

 

Characterization of ozone-material effective diffusion coefficients and example 

results 

 
Figure S1. Schematic of  dual chamber experimental apparatus. All ports on the apparatus 

shown in Figure 1 were sealed with compression fittings set with silicone septa 

(GP Septa, SGE Analytical Science). 
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A mass balance model, described by Eqs. S1-S3, assumes pseudo steady-state 

conditions in the top and bottom halves of the chamber and allows the estimation of De, 

the effective diffusion coefficient (cm2 s-1):  
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Where C is the concentration of SF6 in the top or bottom chamber (mg cm-3), A is the cross 

sectional area of the chamber, Δt is the time step (hr), Vi is the volume of the chamber 

(cm3). Δz is the thickness of the material (cm), and i is a dummy subscript denoting either 

the top of bottom chamber (-). De is the only unknown in this system of equations and was 

solved for as a best-fit parameter by minimizing the sum of squared differences between 

experimental and predicted concentrations. Experiments were conducted at 24 ± 0.6 °C 

and 46 ± 12% RH (mean ± standard deviation). Initial SF6 concentrations were 4.5 ± 1.4 

ppb. To minimize pressure differences created in the chamber when sampling, samples 

were withdrawn simultaneously from the top and bottom chamber, extracting SF6 laden air 

at the same rate. The same volume of makeup air (room air) was then simultaneously re-

supplied to the top and bottom chambers to prevent the chamber from becoming 

increasingly under-pressurized. The injection of makeup air caused a small dilution of 
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chamber concentrations, approximately 0.3% of the chamber volume per sample, which 

was accounted for in the determination of De. 

 

 
Figure S2. Dual-chamber effective diffusion data for 20-25 µm particle diameter 

retention cellulose filter paper (WF14). This data was applied to Equations 

S1-S3 to determine the best-fit effective diffusion coefficient of ozone  

 
Figure S3. Dual-chamber effective diffusion data for 2.5 µm particle diameter retention 

cellulose filter paper (WF15).  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 50 100

S
F

6
C

o
n

ce
n

tr
a
ti

o
n

 (
p

p
b

)

Time (min)

Top

Bottom

0

0.5

1

1.5

2

2.5

3

3.5

4

0 50 100

S
F

6
C

o
n

ce
n

tr
a
ti

o
n

 (
p

p
b

)

Time (min)

Top

Bottom



 

 

171 

 
Figure S4. Dual-chamber effective diffusion data for pervious pavement (PP).  

 

 
Figure S5. Dual-chamber effective diffusion data for Portland cement concrete (PCC).  
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Figure S6. Dual-chamber effective diffusion data for activated carbon cloth (ACC).  
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Mercury intrusion penetrometer settings and full output 

Prior to analysis, materials were dried at 96 °C in an isotemp laboratory oven 

(3511FS, Fisher Scientific).  A penetrometer with maximum measurable volume of 1.057 

cc, stem volume of 1.131 cc, max head pressure of 30.7 kPa, and a penetrometer constant 

of 22.285 uL/pF was used for all analyses. Sample masses were selected such that stem 

volumes used were between 25% and 90%, in accordance with manufacturer 

recommendations. Intrusion times were set to a minimum of 10 seconds. 

 

 
 

Figure S2. Cumulative pore area of 20-25 µm particle diameter retention cellulose filter 

paper (WF14).  
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Table S2. Mercury intrusion porosimeter output for 20-25 µm particle diameter retention 

cellulose filter paper (WF14). 

Pressure 

(psia) 

Mean 

diameter 

(µm) 

Cumulative 

Pore 

Volume 

(mL/g) 

Incremental 

Pore 

Volume 

(mL/g) 

Cumulative 

Pore Area 

(m2/g) 

Incremental 

Pore Area 

(m2/g) 

0.55 326.0981 0.0000 0.0000 0.000 0 

2.40 200.7888 0.2072 0.2072 0.004 0.004 

2.87 69.2284 0.2331 0.0259 0.006 0.001 

3.34 58.5252 0.2606 0.0275 0.008 0.002 

3.93 50.0206 0.3040 0.0434 0.011 0.003 

4.86 41.6082 0.4009 0.0969 0.020 0.009 

5.45 35.2254 0.4417 0.0408 0.025 0.005 

6.36 30.8153 0.5251 0.0834 0.036 0.011 

6.86 27.3904 0.5761 0.0510 0.043 0.007 

7.40 25.3935 0.6066 0.0305 0.048 0.005 

8.35 23.0474 0.6489 0.0422 0.055 0.007 

8.89 20.9997 0.6746 0.0257 0.060 0.005 

9.36 19.8342 0.6979 0.0233 0.065 0.005 

9.94 18.7625 0.7285 0.0306 0.071 0.007 

11.30 17.1021 0.8039 0.0754 0.089 0.018 

12.32 15.3419 0.8619 0.0581 0.104 0.015 

13.36 14.1082 0.9169 0.0550 0.120 0.016 

14.35 13.0736 0.9656 0.0488 0.135 0.015 

15.29 12.2174 1.0065 0.0409 0.148 0.013 

16.28 11.4698 1.0436 0.0371 0.161 0.013 

17.29 10.7846 1.0777 0.0341 0.174 0.013 

18.31 10.1677 1.1072 0.0295 0.185 0.012 

19.29 9.6272 1.1320 0.0248 0.196 0.01 

20.29 9.1467 1.1545 0.0225 0.205 0.01 

25.17 8.0502 1.2353 0.0809 0.246 0.04 

30.15 6.5917 1.2947 0.0593 0.282 0.036 

35.50 5.5472 1.3299 0.0353 0.307 0.025 

41.51 4.7264 1.3629 0.0330 0.335 0.028 

51.08 3.9490 1.4039 0.0410 0.376 0.042 

100.40 2.6710 1.4979 0.0939 0.517 0.141 

200.70 1.3513 1.5479 0.0501 0.665 0.148 

400.88 0.6762 1.5896 0.0417 0.912 0.247 

819.32 0.3360 1.6144 0.0247 1.207 0.295 
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1630.04 0.1659 1.6227 0.0083 1.408 0.201 

1748.23 0.1072 1.6261 0.0034 1.534 0.127 

1879.60 0.0998 1.6312 0.0051 1.741 0.206 

2023.61 0.0928 1.6343 0.0030 1.871 0.13 

2196.06 0.0859 1.6351 0.0008 1.908 0.037 

2358.93 0.0795 1.6380 0.0030 2.058 0.15 

2530.01 0.0741 1.6395 0.0015 2.138 0.08 

2722.86 0.0690 1.6417 0.0021 2.262 0.124 

2941.07 0.0640 1.6430 0.0013 2.345 0.083 

3041.68 0.0605 1.6438 0.0008 2.397 0.052 

3783.57 0.0536 1.6516 0.0078 2.982 0.585 

4564.74 0.0437 1.6565 0.0049 3.428 0.446 

5427.85 0.0365 1.6635 0.0071 4.202 0.774 

6374.21 0.0308 1.6869 0.0234 7.231 3.029 

7283.74 0.0266 1.7047 0.0178 9.901 2.669 

8274.70 0.0233 1.7059 0.0012 10.105 0.204 

10087.13 0.0199 1.7059 0.0000 10.105 0.000 

11013.17 0.0172 1.7108 0.0049 11.257 1.152 

11964.82 0.0158 1.7200 0.0092 13.595 2.338 

 
Figure S3. Cumulative pore area of 2.5 µm particle diameter retention cellulose filter 

paper (WF15). 
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Table S3. Mercury intrusion porosimeter output for 2.5µm particle diameter retention 

cellulose filter paper (WF14). 

Pressure 

(psia) 

Mean 

diameter 

(µm) 

Cumulative 

Pore 

Volume 

(mL/g) 

Incremental 

Pore 

Volume 

(mL/g) 

Cumulative 

Pore Area 

(m2/g) 

Incremental 

Pore Area 

(m2/g) 

0.60 300.4162 0.0000 0.0000 0.000 0.000 

2.41 187.7856 0.2588 0.2588 0.006 0.006 

3.42 64.0221 0.3128 0.0540 0.009 0.003 

4.38 47.0857 0.3607 0.0478 0.013 0.004 

4.85 39.2781 0.3968 0.0361 0.017 0.004 

5.40 35.3781 0.4499 0.0531 0.023 0.006 

6.37 30.9467 0.5658 0.1159 0.038 0.015 

6.91 27.2935 0.5950 0.0292 0.042 0.004 

7.87 24.5766 0.6429 0.0479 0.050 0.008 

8.41 22.2418 0.6689 0.0261 0.054 0.005 

9.37 20.4058 0.7134 0.0445 0.063 0.009 

9.91 18.7806 0.7414 0.0280 0.069 0.006 

11.30 17.1303 0.8117 0.0703 0.085 0.016 

12.31 15.3491 0.8640 0.0523 0.099 0.014 

13.33 14.1300 0.9147 0.0507 0.113 0.014 

14.33 13.0926 0.9626 0.0479 0.128 0.015 

15.35 12.1990 1.0089 0.0463 0.143 0.015 

16.30 11.4371 1.0490 0.0401 0.157 0.014 

17.29 10.7787 1.0868 0.0378 0.171 0.014 

18.30 10.1723 1.1212 0.0344 0.185 0.014 

19.32 9.6225 1.1518 0.0305 0.198 0.013 

20.29 9.1379 1.1783 0.0265 0.209 0.012 

25.18 8.0473 1.2822 0.1040 0.261 0.052 

30.17 6.5881 1.3582 0.0759 0.307 0.046 

35.90 5.5160 1.4045 0.0464 0.341 0.034 

40.77 4.7369 1.4458 0.0412 0.375 0.035 

50.48 4.0095 1.5003 0.0545 0.430 0.054 

101.21 2.6849 1.6154 0.1151 0.601 0.171 

200.51 1.3445 1.6843 0.0689 0.806 0.205 

402.86 0.6755 1.7206 0.0363 1.021 0.215 

818.44 0.3350 1.7359 0.0153 1.204 0.182 

1619.81 0.1663 1.7538 0.0179 1.634 0.430 

1744.57 0.1077 1.7568 0.0030 1.746 0.112 
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1876.86 0.1000 1.7604 0.0036 1.890 0.144 

2020.30 0.0929 1.7650 0.0047 2.090 0.200 

2188.92 0.0861 1.7708 0.0057 2.356 0.266 

2364.01 0.0796 1.7708 0.0000 2.356 0.000 

2528.61 0.0740 1.7708 0.0000 2.356 0.000 

2729.84 0.0689 1.7738 0.0030 2.533 0.177 

2933.68 0.0640 1.7774 0.0036 2.757 0.225 

3166.35 0.0594 1.7774 0.0000 2.757 0.000 

4577.63 0.0483 1.7873 0.0099 3.575 0.818 

5823.77 0.0353 1.7986 0.0114 4.862 1.287 

8583.97 0.0261 1.8201 0.0214 8.154 3.291 

9274.56 0.0203 1.8209 0.0008 8.315 0.161 

9936.35 0.0189 1.8285 0.0076 9.927 1.613 

10627.28 0.0176 1.8352 0.0067 11.447 1.520 

11282.76 0.0165 1.8401 0.0049 12.645 1.198 

12602.16 0.0152 1.8501 0.0100 15.269 2.624 

13275.89 0.0140 1.8570 0.0069 17.256 1.987 

13950.67 0.0133 1.8639 0.0068 19.312 2.056 

 

 
Figure S4. Cumulative pore area for pervious pavement (PP). 
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Table S4. Mercury intrusion porosimeter output for pervious pavement (PP). 

 

Pressure 

(psia) 

Mean 

diameter 

(µm) 

Cumulative 

Pore 

Volume 

(mL/g) 

Incremental 

Pore 

Volume 

(mL/g) 

Cumulative 

Pore Area 

(m2/g) 

Incremental 

Pore Area 

(m2/g) 

1.75 103.5194 0.0000 0 0.000 0.000 

2.43 89.0356 0.0002 0.0002 0.000 0.000 

3.40 63.8732 0.0005 0.0003 0.000 0.000 

4.39 47.1856 0.0006 0.0001 0.000 0.000 

5.89 35.9445 0.0009 0.0003 0.000 0.000 

7.35 27.6651 0.0010 0.0001 0.000 0.000 

8.85 22.5325 0.0012 0.0002 0.000 0.000 

10.77 18.6174 0.0014 0.0002 0.000 0.000 

13.29 15.1990 0.0019 0.0005 0.000 0.000 

16.30 12.3526 0.0025 0.0006 0.000 0.000 

20.23 10.0179 0.0030 0.0005 0.000 0.000 

23.23 8.3633 0.0035 0.0005 0.000 0.000 

25.21 7.4800 0.0039 0.0004 0.000 0.000 

30.14 6.5873 0.0052 0.0013 0.001 0.001 

40.99 5.2066 0.0056 0.0004 0.001 0.000 

50.54 3.9957 0.0074 0.0018 0.003 0.002 

60.71 3.2787 0.0079 0.0005 0.004 0.001 

75.92 2.6807 0.0090 0.0011 0.006 0.002 

91.41 2.1804 0.0097 0.0007 0.007 0.001 

116.22 1.7673 0.0110 0.0013 0.010 0.003 

141.26 1.4183 0.0119 0.0009 0.013 0.003 

176.11 1.1537 0.0127 0.0008 0.016 0.003 

221.24 0.9222 0.0130 0.0003 0.018 0.002 

272.08 0.7411 0.0142 0.0012 0.025 0.007 

332.93 0.6040 0.0149 0.0007 0.030 0.005 

420.57 0.4866 0.0156 0.0007 0.036 0.006 

524.98 0.3873 0.0161 0.0005 0.042 0.006 

654.10 0.3105 0.0169 0.0008 0.051 0.009 

706.23 0.2633 0.0169 0.0000 0.051 0.000 

808.24 0.2399 0.0175 0.0006 0.062 0.011 

1003.75 0.2020 0.0185 0.0010 0.081 0.019 

1255.69 0.1621 0.0191 0.0006 0.096 0.015 

1329.91 0.1400 0.0191 0.0000 0.096 0.000 
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1425.89 0.1314 0.0194 0.0003 0.104 0.008 

1522.95 0.1228 0.0196 0.0002 0.112 0.008 

1620.46 0.1152 0.0198 0.0002 0.120 0.008 

1725.85 0.1082 0.0201 0.0003 0.131 0.011 

1937.05 0.0991 0.0207 0.0006 0.155 0.024 

2081.65 0.0901 0.0211 0.0004 0.170 0.015 

2228.57 0.0840 0.0215 0.0004 0.190 0.020 

2384.12 0.0785 0.0218 0.0003 0.207 0.017 

2529.48 0.0737 0.0222 0.0004 0.226 0.019 

2675.97 0.0695 0.0228 0.0006 0.262 0.036 

2727.52 0.0669 0.0230 0.0002 0.274 0.012 

2877.39 0.0646 0.0233 0.0003 0.291 0.017 

3031.45 0.0613 0.0237 0.0004 0.320 0.029 

3270.66 0.0575 0.0241 0.0004 0.343 0.023 

3534.20 0.0532 0.0248 0.0007 0.400 0.057 

3770.99 0.0496 0.0253 0.0005 0.437 0.037 

4006.73 0.0466 0.0258 0.0005 0.481 0.044 

4330.48 0.0435 0.0262 0.0004 0.520 0.039 

4570.26 0.0407 0.0267 0.0005 0.566 0.046 

4831.87 0.0309 0.0270 0.0003 0.597 0.031 

4999.60 0.0368 0.0271 0.0001 0.612 0.015 

5302.77 0.0351 0.0275 0.0004 0.651 0.039 

5514.71 0.0335 0.0277 0.0002 0.674 0.023 

5737.18 0.0322 0.0277 0.0000 0.676 0.002 

6003.14 0.0308 0.0282 0.0005 0.740 0.064 

6251.93 0.0295 0.0284 0.0002 0.773 0.033 

6511.58 0.0284 0.0287 0.0003 0.817 0.044 

6753.35 0.0273 0.0288 0.0001 0.835 0.018 

6995.47 0.0263 0.0290 0.0002 0.863 0.028 

7492.69 0.0250 0.0294 0.0004 0.919 0.056 

7999.38 0.0234 0.0297 0.0003 0.976 0.057 

8557.31 0.0219 0.0301 0.0004 1.046 0.070 

9046.12 0.0206 0.0302 0.0001 1.062 0.016 

9348.23 0.0197 0.0305 0.0003 1.134 0.072 

9633.17 0.0191 0.0305 0.0000 1.134 0.000 

10096.01 0.0183 0.0307 0.0002 1.163 0.029 

10557.79 0.0175 0.0310 0.0003 1.229 0.066 

11005.88 0.0168 0.0312 0.0002 1.280 0.051 

11505.92 0.0161 0.0313 0.0001 1.301 0.021 



 

 

180 

12011.22 0.0154 0.0314 0.0001 1.337 0.036 

12629.89 0.0147 0.0314 0.0000 1.337 0.000 

13101.13 0.0141 0.0316 0.0002 1.389 0.052 

13681.52 0.0135 0.0319 0.0003 1.476 0.087 

14008.91 0.0131 0.0319 0.0000 1.483 0.007 

14334.20 0.0128 0.0320 0.0001 1.507 0.024 

14589.30 0.0125 0.0320 0.0000 1.521 0.014 

15025.12 0.0122 0.0321 0.0001 1.556 0.035 

15432.18 0.0119 0.0321 0.0000 1.556 0.000 

15811.50 0.0116 0.0322 0.0001 1.594 0.038 

16198.55 0.0113 0.0322 0.0000 1.594 0.000 

16730.55 0.0110 0.0322 0.0000 1.594 0.000 

17097.92 0.0107 0.0323 0.0001 1.602 0.008 

17411.81 0.0105 0.0323 0.0000 1.629 0.027 

17752.36 0.0103 0.0324 0.0001 1.660 0.031 

18214.88 0.0101 0.0324 0.0000 1.660 0.000 

18521.22 0.0098 0.0324 0.0000 1.660 0.000 

18881.22 0.0097 0.0325 0.0001 1.711 0.051 

19299.15 0.0095 0.0325 0.0000 1.711 0.000 

19862.35 0.0092 0.0327 0.0002 1.771 0.060 

20359.92 0.0090 0.0329 0.0002 1.861 0.090 

20909.09 0.0088 0.0330 0.0001 1.913 0.052 

21199.30 0.0086 0.0330 0.0000 1.913 0.000 

21731.96 0.0084 0.0331 0.0001 1.970 0.057 

22143.22 0.0082 0.0332 0.0001 2.012 0.042 

22724.01 0.0081 0.0332 0.0000 2.012 0.000 

23211.04 0.0079 0.0332 0.0000 2.012 0.000 

23827.21 0.0077 0.0333 0.0001 2.058 0.046 

24146.55 0.0075 0.0333 0.0000 2.058 0.000 

24723.44 0.0074 0.0333 0.0000 2.058 0.000 

25084.16 0.0073 0.0334 0.0001 2.145 0.087 

25511.56 0.0071 0.0334 0.0000 2.145 0.000 

25974.05 0.0070 0.0336 0.0002 2.217 0.072 

26429.88 0.0069 0.0336 0.0000 2.217 0.000 

26983.28 0.0068 0.0336 0.0000 2.217 0.000 

27427.88 0.0066 0.0336 0.0000 2.217 0.000 

27793.19 0.0066 0.0336 0.0000 2.217 0.000 

28290.44 0.0065 0.0336 0.0000 2.217 0.000 

28980.33 0.0063 0.0336 0.0000 2.217 0.000 
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29520.42 0.0062 0.0336 0.0000 2.217 0.000 

30098.82 0.0061 0.0336 0.0000 2.217 0.000 

30633.60 0.0060 0.0336 0.0000 2.217 0.000 

30987.98 0.0059 0.0336 0.0000 2.217 0.000 

31509.07 0.0058 0.0336 0.0000 2.217 0.000 

31856.10 0.0057 0.0336 0.0000 2.217 0.000 

32561.05 0.0056 0.0336 0.0000 2.217 0.000 

33088.80 0.0055 0.0336 0.0000 2.217 0.000 

33552.69 0.0054 0.0336 0.0000 2.217 0.000 

34074.82 0.0053 0.0336 0.0000 2.217 0.000 

34717.67 0.0053 0.0336 0.0000 2.217 0.000 

35630.73 0.0051 0.0336 0.0000 2.217 0.000 

36283.75 0.0050 0.0336 0.0000 2.217 0.000 

37056.44 0.0049 0.0336 0.0000 2.217 0.000 

37762.46 0.0048 0.0336 0.0000 2.217 0.000 

38518.66 0.0047 0.0336 0.0000 2.217 0.000 

39258.02 0.0047 0.0336 0.0000 2.217 0.000 

40243.71 0.0046 0.0336 0.0000 2.217 0.000 

40619.52 0.0045 0.0336 0.0000 2.217 0.000 

41172.19 0.0044 0.0336 0.0000 2.217 0.000 

42610.55 0.0043 0.0336 0.0000 2.217 0.000 

43431.67 0.0042 0.0336 0.0000 2.247 0.030 

44154.88 0.0041 0.0337 0.0001 2.320 0.073 

45221.63 0.0040 0.0338 0.0001 2.446 0.126 

46601.04 0.0039 0.0339 0.0001 2.510 0.064 

48026.48 0.0038 0.0339 0.0000 2.510 0.000 

49518.54 0.0037 0.0339 0.0000 2.510 0.000 

50389.14 0.0036 0.0339 0.0000 2.510 0.000 

53090.79 0.0035 0.0339 0.0000 2.510 0.000 

54551.96 0.0033 0.0339 0.0000 2.510 0.000 

55946.12 0.0033 0.0339 0.0000 2.510 0.000 

57837.51 0.0032 0.0339 0.0000 2.510 0.000 

59948.23 0.0031 0.0339 0.0000 2.510 0.000 
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Figure S5. Cumulative pore area for Portland cement concrete. 
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Table S5. Mercury intrusion porosimeter output for Portland cement concrete (PCC). 

 

Pressure 

(psia) 

Mean 

diameter 

(µm) 

Cumulative 

Pore 

Volume 

(mL/g) 

Incremental 

Pore 

Volume 

(mL/g) 

Cumulative 

Pore Area 

(m2/g) 

Incremental 

Pore Area 

(m2/g) 

1.79 101.3086 0.0000 0 0.000 0.000 

2.43 87.8365 0.0002 0.0002 0.000 0.000 

3.47 63.7286 0.0004 0.0002 0.000 0.000 

4.40 47.1034 0.0005 0.0001 0.000 0.000 

5.89 35.9032 0.0007 0.0002 0.000 0.000 

7.35 27.6514 0.0007 0.0000 0.000 0.000 

8.85 22.5278 0.0007 0.0000 0.000 0.000 

10.78 18.6140 0.0008 0.0001 0.000 0.000 

13.31 15.1846 0.0009 0.0001 0.000 0.000 

16.20 12.3739 0.0010 0.0001 0.000 0.000 

20.27 10.0420 0.0012 0.0002 0.000 0.000 

23.19 8.3611 0.0013 0.0001 0.000 0.000 

25.17 7.4925 0.0014 0.0001 0.000 0.000 

30.12 6.5946 0.0016 0.0002 0.000 0.000 

40.23 5.2498 0.0018 0.0002 0.000 0.000 

50.47 4.0397 0.0023 0.0005 0.000 0.000 

60.34 3.2907 0.0027 0.0004 0.000 0.000 

75.95 2.6895 0.0033 0.0006 0.001 0.001 

90.33 2.1919 0.0042 0.0009 0.003 0.002 

115.47 1.7843 0.0058 0.0016 0.007 0.004 

141.21 1.4235 0.0075 0.0017 0.012 0.005 

175.39 1.1545 0.0093 0.0018 0.018 0.006 

220.03 0.9251 0.0128 0.0035 0.033 0.015 

272.23 0.7432 0.0170 0.0042 0.056 0.023 

331.71 0.6048 0.0231 0.0061 0.096 0.040 

421.19 0.4873 0.0327 0.0096 0.175 0.079 

524.71 0.3870 0.0429 0.0102 0.280 0.105 

643.59 0.3129 0.0526 0.0097 0.404 0.124 

700.49 0.2696 0.0564 0.0038 0.461 0.057 

800.34 0.2421 0.0624 0.0060 0.560 0.099 

993.42 0.2040 0.0723 0.0099 0.754 0.194 

1217.42 0.1653 0.0817 0.0094 0.980 0.226 

1319.60 0.1428 0.0851 0.0034 1.076 0.096 
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1416.48 0.1324 0.0879 0.0028 1.161 0.085 

1517.42 0.1234 0.0906 0.0027 1.247 0.086 

1619.34 0.1154 0.0930 0.0024 1.330 0.083 

1719.55 0.1084 0.0951 0.0021 1.408 0.078 

1927.75 0.0995 0.0988 0.0037 1.558 0.150 

2077.44 0.0904 0.1011 0.0023 1.658 0.100 

2230.73 0.0841 0.1031 0.0020 1.753 0.095 

2374.10 0.0786 0.1047 0.0016 1.833 0.080 

2524.44 0.0739 0.1062 0.0017 1.917 0.084 

2679.83 0.0696 0.1076 0.0006 1.996 0.079 

2723.90 0.0669 0.1079 0.0020 2.015 0.019 

2880.78 0.0646 0.1092 0.0009 2.092 0.077 

3017.57 0.0614 0.1101 0.0019 2.157 0.065 

3274.71 0.0576 0.1118 0.0017 2.271 0.114 

3530.11 0.0532 0.1133 0.0015 2.382 0.111 

3769.19 0.0496 0.1145 0.0012 2.479 0.097 

4020.21 0.0465 0.1156 0.0011 2.580 0.101 

4306.74 0.0435 0.1168 0.0012 2.688 0.108 

4556.39 0.0408 0.1178 0.0010 2.783 0.095 

4838.41 0.0385 0.1186 0.0008 2.865 0.082 

5014.91 0.0367 0.1192 0.0006 2.929 0.064 

5299.83 0.0351 0.1200 0.0008 3.028 0.099 

5498.09 0.0335 0.1205 0.0005 3.089 0.061 

5768.98 0.0321 0.1213 0.0008 3.181 0.092 

6002.32 0.0307 0.1219 0.0006 3.256 0.075 

6248.30 0.0295 0.1224 0.0005 3.331 0.075 

6494.40 0.0284 0.1229 0.0005 3.396 0.065 

6750.78 0.0273 0.1234 0.0005 3.467 0.071 

7002.37 0.0263 0.1239 0.0005 3.544 0.077 

7486.26 0.0250 0.1247 0.0008 3.674 0.130 

7974.36 0.0234 0.1254 0.0007 3.801 0.127 

8548.09 0.0219 0.1261 0.0007 3.927 0.126 

9030.93 0.0206 0.1266 0.0005 4.022 0.095 

9317.26 0.0197 0.1269 0.0003 4.082 0.060 

9641.85 0.0191 0.1272 0.0003 4.143 0.061 

10065.38 0.0184 0.1276 0.0004 4.223 0.080 

10531.03 0.0176 0.1279 0.0003 4.312 0.089 

11052.47 0.0168 0.1283 0.0004 4.404 0.092 

11539.88 0.0160 0.1287 0.0004 4.491 0.087 
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12027.28 0.0154 0.1289 0.0002 4.560 0.069 

12614.34 0.0147 0.1294 0.0005 4.675 0.115 

13141.05 0.0141 0.1297 0.0003 4.757 0.082 

13668.81 0.0135 0.1299 0.0002 4.841 0.084 

13990.24 0.0131 0.1301 0.0002 4.892 0.051 

14353.42 0.0128 0.1302 0.0001 4.926 0.034 

14590.28 0.0125 0.1303 0.0001 4.961 0.035 

15006.46 0.0122 0.1305 0.0002 5.026 0.065 

15462.63 0.0119 0.1307 0.0002 5.087 0.061 

15766.17 0.0116 0.1308 0.0001 5.132 0.045 

16218.48 0.0113 0.1310 0.0002 5.193 0.061 

16688.34 0.0110 0.1312 0.0002 5.267 0.074 

17059.60 0.0107 0.1314 0.0002 5.322 0.055 

17371.55 0.0105 0.1315 0.0001 5.358 0.036 

17721.55 0.0103 0.1316 0.0001 5.397 0.039 

18173.02 0.0101 0.1317 0.0001 5.473 0.076 

18536.91 0.0099 0.1319 0.0002 5.518 0.045 

18892.72 0.0097 0.1319 0.0000 5.555 0.037 

19293.11 0.0095 0.1321 0.0002 5.626 0.071 

19816.30 0.0093 0.1327 0.0006 5.898 0.272 

20370.73 0.0090 0.1328 0.0001 5.916 0.018 

20897.45 0.0088 0.1328 0.0000 5.916 0.000 

21248.70 0.0086 0.1328 0.0000 5.916 0.000 

21681.72 0.0084 0.1328 0.0000 5.916 0.000 

22105.62 0.0083 0.1328 0.0000 5.927 0.011 

22687.77 0.0081 0.1330 0.0002 6.010 0.083 

23236.93 0.0079 0.1332 0.0002 6.104 0.094 

23736.97 0.0077 0.1333 0.0001 6.175 0.071 

24152.45 0.0076 0.1334 0.0001 6.221 0.046 

24690.38 0.0074 0.1335 0.0001 6.284 0.063 

25071.80 0.0073 0.1339 0.0004 6.508 0.224 

25463.78 0.0072 0.1339 0.0000 6.523 0.015 

25960.31 0.0070 0.1340 0.0001 6.543 0.020 

26487.72 0.0069 0.1340 0.0000 6.577 0.034 

26964.95 0.0068 0.1340 0.0000 6.577 0.000 

27412.01 0.0067 0.1342 0.0002 6.682 0.105 

27799.05 0.0066 0.1343 0.0001 6.719 0.037 

28283.26 0.0065 0.1369 0.0026 8.360 1.641 

29026.83 0.0063 0.1371 0.0002 8.469 0.109 



 

 

186 

29545.12 0.0062 0.1372 0.0001 8.519 0.050 

30061.30 0.0061 0.1373 0.0001 8.610 0.091 

30582.40 0.0060 0.1374 0.0001 8.667 0.057 

30998.57 0.0059 0.1375 0.0001 8.714 0.047 

31483.87 0.0058 0.1377 0.0002 8.893 0.179 

31918.99 0.0057 0.1380 0.0003 9.065 0.172 

32409.91 0.0056 0.1380 0.0000 9.124 0.059 

33101.90 0.0055 0.1382 0.0002 9.207 0.083 

33677.73 0.0054 0.1384 0.0002 9.356 0.149 

34176.38 0.0053 0.1384 0.0000 9.356 0.000 

34760.98 0.0052 0.1384 0.0000 9.371 0.015 

35681.76 0.0051 0.1386 0.0002 9.511 0.140 

36331.99 0.0050 0.1386 0.0000 9.551 0.040 

37080.47 0.0049 0.1387 0.0001 9.662 0.111 

37701.23 0.0048 0.1388 0.0001 9.731 0.069 

38499.54 0.0047 0.1390 0.0002 9.856 0.125 

39258.20 0.0047 0.1391 0.0001 9.963 0.107 

40199.68 0.0046 0.1392 0.0001 10.024 0.061 

40720.42 0.0045 0.1393 0.0001 10.180 0.156 

41099.75 0.0044 0.1395 0.0002 10.293 0.113 

42573.55 0.0043 0.1397 0.0002 10.527 0.234 

43561.35 0.0042 0.1399 0.0002 10.657 0.130 

44110.17 0.0041 0.1399 0.0000 10.737 0.080 

45076.22 0.0041 0.1401 0.0002 10.891 0.154 

46438.79 0.0040 0.1403 0.0002 11.131 0.240 

47847.68 0.0038 0.1404 0.0001 11.243 0.112 

49394.12 0.0037 0.1404 0.0000 11.243 0.000 

50261.56 0.0036 0.1406 0.0002 11.380 0.137 

52778.27 0.0035 0.1409 0.0003 11.729 0.349 

54313.83 0.0034 0.1414 0.0005 12.304 0.575 

56002.39 0.0033 0.1414 0.0000 12.410 0.106 

57780.43 0.0032 0.1416 0.0002 12.539 0.129 

60016.77 0.0031 0.1418 0.0002 12.904 0.365 
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Figure S6. Cumulative pore area for activated carbon cloth (ACC). 
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Table S6. Mercury intrusion porosimeter output for activated carbon cloth (ACC). 

 

Pressure 

(psia) 

Mean 

diameter 

(µm) 

Cumulative 

Pore 

Volume 

(mL/g) 

Incremental 

Pore 

Volume 

(mL/g) 

Cumulative 

Pore Area 

(m2/g) 

Incremental 

Pore Area 

(m2/g) 

0.55 328.7541 0.0000 0.0000 0.000 0.000 

2.37 202.5778 0.7541 0.7541 0.015 0.015 

3.41 64.6940 0.8196 0.0655 0.019 0.004 

4.38 47.1236 0.8565 0.0369 0.022 0.003 

5.84 36.1093 0.8928 0.0363 0.026 0.004 

7.36 27.7707 0.9143 0.0216 0.029 0.003 

8.82 22.5431 0.9284 0.0141 0.032 0.003 

10.82 18.6056 0.9413 0.0129 0.034 0.003 

13.27 15.1694 0.9524 0.0110 0.037 0.003 

16.29 12.3668 0.9624 0.0100 0.041 0.003 

20.21 10.0265 0.9717 0.0093 0.044 0.004 

23.15 8.3812 0.9771 0.0054 0.047 0.003 

25.17 7.4998 0.9800 0.0029 0.048 0.002 

30.18 6.5897 0.9864 0.0063 0.052 0.004 

40.51 5.2287 0.9950 0.0087 0.059 0.007 

50.66 4.0175 0.9950 0.0000 0.059 0.000 

60.71 3.2747 1.0007 0.0057 0.066 0.007 

75.72 2.6837 1.0130 0.0123 0.084 0.018 

90.54 2.1931 1.0275 0.0144 0.111 0.026 

116.21 1.7770 1.0546 0.0272 0.172 0.061 

140.96 1.4197 1.0779 0.0233 0.237 0.066 

175.94 1.1555 1.1008 0.0228 0.316 0.079 

221.73 0.9218 1.1221 0.0213 0.409 0.092 

271.68 0.7407 1.1357 0.0136 0.482 0.074 

331.86 0.6054 1.1465 0.0108 0.554 0.071 

420.69 0.4875 1.1567 0.0102 0.638 0.084 

526.66 0.3867 1.1603 0.0036 0.675 0.037 

643.18 0.3123 1.1622 0.0019 0.699 0.025 

703.14 0.2692 1.1622 0.0000 0.699 0.000 

807.46 0.2406 1.1628 0.0006 0.709 0.010 

1002.69 0.2022 1.1678 0.0049 0.807 0.098 

1240.59 0.1631 1.1705 0.0028 0.875 0.068 

1319.70 0.1414 1.1715 0.0010 0.902 0.028 
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1418.01 0.1323 1.1715 0.0000 0.902 0.000 

1516.44 0.1234 1.1715 0.0000 0.902 0.000 

1621.49 0.1154 1.1715 0.0000 0.902 0.000 

1717.35 0.1084 1.1715 0.0000 0.902 0.000 

1922.74 0.0997 1.1715 0.0000 0.902 0.000 

2074.00 0.0906 1.1725 0.0010 0.948 0.046 

2232.50 0.0841 1.1747 0.0022 1.052 0.104 

2376.87 0.0786 1.1747 0.0000 1.052 0.000 

2524.23 0.0739 1.1758 0.0011 1.112 0.060 

2674.19 0.0696 1.1766 0.0008 1.159 0.046 

2723.06 0.0670 1.1766 0.0000 1.159 0.000 

2881.77 0.0646 1.1766 0.0000 1.159 0.000 

3024.88 0.0613 1.1766 0.0000 1.159 0.000 

3273.07 0.0575 1.1782 0.0016 1.267 0.108 

3512.92 0.0534 1.1801 0.0019 1.410 0.143 

3757.29 0.0498 1.1801 0.0000 1.410 0.000 

4013.53 0.0466 1.1801 0.0000 1.410 0.000 

4298.53 0.0436 1.1801 0.0000 1.410 0.000 

4542.29 0.0409 1.1810 0.0009 1.495 0.085 

4813.52 0.0387 1.1810 0.0000 1.495 0.000 

5028.98 0.0368 1.1828 0.0018 1.693 0.199 

5300.23 0.0350 1.1835 0.0007 1.773 0.079 

5487.61 0.0335 1.1835 0.0000 1.773 0.000 

5756.41 0.0322 1.1837 0.0002 1.794 0.021 

5993.62 0.0308 1.1837 0.0001 1.806 0.012 

6241.01 0.0296 1.1850 0.0012 1.972 0.166 

6499.62 0.0284 1.1857 0.0007 2.068 0.096 

6737.89 0.0273 1.1862 0.0005 2.145 0.077 

6989.84 0.0264 1.1862 0.0000 2.145 0.000 

7480.07 0.0250 1.1862 0.0000 2.145 0.000 

7977.99 0.0234 1.1892 0.0030 2.664 0.518 

8512.42 0.0220 1.1925 0.0033 3.268 0.604 

9029.65 0.0206 1.1939 0.0014 3.535 0.267 

9307.92 0.0197 1.1948 0.0009 3.723 0.188 

9658.48 0.0191 1.1948 0.0000 3.723 0.000 

10065.53 0.0183 1.1948 0.0000 3.723 0.000 

10520.65 0.0176 1.1957 0.0009 3.917 0.194 

11030.51 0.0168 1.1997 0.0040 4.864 0.947 

11505.28 0.0161 1.2039 0.0042 5.921 1.057 
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11983.21 0.0154 1.2094 0.0055 7.346 1.425 

12613.08 0.0147 1.2124 0.0030 8.149 0.803 

13089.61 0.0141 1.2142 0.0018 8.669 0.520 

13675.97 0.0135 1.2145 0.0003 8.753 0.084 

13983.01 0.0131 1.2156 0.0011 9.086 0.333 

14343.04 0.0128 1.2171 0.0015 9.554 0.468 

14595.37 0.0125 1.2171 0.0000 9.554 0.000 

14995.73 0.0122 1.2171 0.0000 9.560 0.006 

15433.33 0.0119 1.2171 0.0000 9.560 0.000 

15774.75 0.0116 1.2171 0.0000 9.560 0.000 

16211.64 0.0113 1.2171 0.0000 9.560 0.000 

16671.66 0.0110 1.2192 0.0021 10.329 0.770 

17109.24 0.0107 1.2192 0.0000 10.329 0.000 

17467.13 0.0105 1.2357 0.0165 16.635 6.306 

17717.68 0.0103 1.2357 0.0000 16.635 0.000 

18185.09 0.0101 1.2357 0.0000 16.635 0.000 

18501.62 0.0099 1.2357 0.0000 16.635 0.000 

18871.46 0.0097 1.2376 0.0019 17.431 0.795 

19214.63 0.0095 1.2426 0.0050 19.542 2.112 

19904.86 0.0092 1.2496 0.0069 22.539 2.997 

20377.88 0.0090 1.2496 0.0000 22.539 0.000 

20864.96 0.0088 1.2496 0.0000 22.539 0.000 

21262.51 0.0086 1.2521 0.0025 23.710 1.171 

21737.27 0.0084 1.2616 0.0095 28.250 4.540 

22097.65 0.0083 1.2638 0.0022 29.296 1.046 

22715.94 0.0081 1.2689 0.0051 31.829 2.533 

23228.61 0.0079 1.2701 0.0012 32.464 0.634 

23755.31 0.0077 1.2763 0.0061 35.652 3.189 

24126.21 0.0076 1.2799 0.0036 37.566 1.914 

24663.80 0.0074 1.2822 0.0023 38.788 1.222 

25096.11 0.0073 1.2846 0.0024 40.120 1.332 

25469.83 0.0072 1.2847 0.0001 40.172 0.052 

25959.33 0.0070 1.2911 0.0064 43.816 3.645 

26484.98 0.0069 1.2953 0.0043 46.291 2.475 

26966.42 0.0068 1.2975 0.0021 47.559 1.267 

27445.40 0.0066 1.3009 0.0034 49.585 2.027 

27776.65 0.0066 1.3040 0.0031 51.493 1.908 

28293.53 0.0065 1.3070 0.0030 53.378 1.885 

28986.57 0.0063 1.3108 0.0038 55.758 2.380 
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29507.66 0.0062 1.3133 0.0025 57.379 1.620 

30073.31 0.0061 1.3165 0.0032 59.468 2.090 

30599.33 0.0060 1.3165 0.0000 59.468 0.000 

31063.93 0.0059 1.3165 0.0000 59.468 0.000 

31399.04 0.0058 1.3184 0.0020 60.841 1.373 

31932.41 0.0057 1.3195 0.0010 61.552 0.711 

32552.46 0.0056 1.3208 0.0013 62.482 0.930 

33054.61 0.0055 1.3235 0.0028 64.502 2.020 

33677.11 0.0054 1.3258 0.0023 66.181 1.679 

34164.87 0.0053 1.3266 0.0008 66.771 0.590 

34784.57 0.0052 1.3295 0.0029 69.002 2.232 

35534.10 0.0051 1.3325 0.0030 71.323 2.320 

36369.60 0.0050 1.3403 0.0077 77.480 6.157 

37136.67 0.0049 1.3442 0.0039 80.641 3.162 

37745.84 0.0048 1.3460 0.0019 82.207 1.565 

38568.37 0.0047 1.3474 0.0014 83.378 1.171 

39328.77 0.0046 1.3519 0.0045 87.254 3.876 

40072.34 0.0046 1.3553 0.0033 90.179 2.925 

40722.92 0.0045 1.3564 0.0012 91.217 1.038 

41188.56 0.0044 1.3601 0.0037 94.534 3.317 

42668.33 0.0043 1.3652 0.0051 99.285 4.751 

43515.06 0.0042 1.3681 0.0029 102.039 2.754 

44258.63 0.0041 1.3724 0.0043 106.178 4.139 

45177.64 0.0040 1.3772 0.0048 110.919 4.741 

46607.93 0.0039 1.3827 0.0056 116.574 5.654 

48126.65 0.0038 1.3864 0.0037 120.437 3.864 

49631.34 0.0037 1.3895 0.0031 123.811 3.374 

50333.48 0.0036 1.4012 0.0116 136.645 12.834 

53243.55 0.0035 1.4021 0.0009 137.708 1.063 

54562.96 0.0034 1.4047 0.0026 140.847 3.139 

56115.36 0.0033 1.4099 0.0051 147.133 6.286 

57997.97 0.0032 1.4131 0.0033 151.281 4.148 

60064.81 0.0031 1.4183 0.0051 157.993 6.712 

 

 

 

 

 



 

 

192 

Table S7. Summary of p-values from comparison of means of ozone deposition velocity using a parametric, one-tailed, student 

t-test. Comparisons with statistical significance (p < 0.05) are in bold. WF14 and WF15 are cellulose filter papers of 20-25 µm 

and 2.5 µm particle retention diameter, respectively. ACC is activated carbon cloth. PCC is Portland cement concrete.  

  

T-test comparison of means  - Thickness and pore size for high mass transfer condition 

  ACC   Pervious pavement 

  0.6 cm 1.3 cm 2.5 cm   1.3 cm 2.5 cm 5.1 cm 

A
C

C
 0.6 cm       

P
er

v
io

u
s 

p
av

em
en

t.
 

1.3 cm       

1.3 cm 0.26     2.5 cm 0.01     

2.5 cm 0.33 0.19   5.1 cm 0.001 0.09   

     

P
C

C
 

1.3 cm 0.16     

     2.5 cm   0.04   

          

  WF15 WF14 

  0.02 cm 0.04 cm 0.08 cm 0.16 cm 0.02 cm 0.04 cm 0.08 cm 0.16 cm 

W
F

1
5

 0.02 cm                 

0.04 cm 0.27               

0.08 cm 0.22 0.39             

0.16 cm 0.050 0.038 0.08           

W
F

1
4

 0.02 cm 0.017               

0.04 cm   0.37     0.080       

0.08 cm     0.35   0.023 0.123     

0.16 cm       0.22 0.001 0.025 0.12    
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T-test comparison of means  - Thickness and pore size for low mass transfer condition 

  ACC   Pervious pavement 

  0.6 cm 1.3 cm 2.5 cm   1.3 cm 2.5 cm 5.1 cm 

A
C

C
 0.6 cm       

P
er

v
io

u
s 

p
av

em
en

t 

1.3 cm       

1.3 cm 0.28     2.5 cm 0.22     

2.5 cm 0.13 0.07   5.1 cm 0.40 0.21   

     

P
C

C
 

1.3 cm 0.14     

     2.5 cm   0.046   

  WF15 WF14 

  0.02 cm 0.04 cm 0.08 cm 0.16 cm 0.02 cm 0.04 cm 0.08 cm 0.16 cm 

W
F

1
5

 0.02 cm                 

0.04 cm 0.23               

0.08 cm 0.042 0.047             

0.16 cm 0.014 0.018 0.17           

W
F

1
4

 0.02 cm 0.4213               

0.04 cm   0.48     0.21       

0.08 cm     0.12   0.010 0.07     

0.16 cm       0.22 0.006 0.010 0.04    
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T-test comparison of means  - High and low mass transfer conditions 

  ACC   Pervious pavement 

  0.6 cm 1.3 cm 2.5 cm   1.3 cm 2.5 cm 5.1 cm 

A
C

C
 0.6 cm 0.00003     

P
er

v
io

u
s 

p
av

em
en

t 

1.3 cm 0.001     

1.3 cm   0.001   2.5 cm   0.0002   

2.5 cm     0.001 5.1 cm     0.00002 

     

P
C

C
 

1.3 cm 0.006     

     2.5 cm   0.006   

  WF15 WF14 

  0.02 cm 0.04 cm 0.08 cm 0.16 cm 0.02 cm 0.04 cm 0.08 cm 0.16 cm 

W
F

1
5

 0.02 cm 0.38               

0.04 cm   0.42             

0.08 cm     0.047           

0.16 cm       0.066         

W
F

1
4

 0.02 cm         0.039       

0.04 cm           0.31     

0.08 cm             0.14   

0.16 cm               0.037 
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Paper 5. Modeling ozone removal to materials, including the effects of 

porosity, pore diameter, and thickness 

Elliott T. Gall, Richard L. Corsi, and Jeffrey A. Siegel 

In preparation for Indoor Air 

 

ABSTRACT 

We develop an ozone transport and reaction model to determine the importance of 

physical properties such as porosity, pore diameter, and material thickness on reactive 

uptake of ozone to five materials. The one-dimensional model accounts for transport from 

bulk air to the air-material interface, reaction at the interface, and diffusive transport and 

reaction through material pore volumes. Material-ozone reaction probabilities, γ, were 

determined by a minimization of residuals comparing model concentration output with 

previously determined ozone concentrations from controlled bench-scale experiments. 

Values of reaction probability determined in this work are affected by the model framework 

and assumptions; the inclusion of diffusion into substrates and reaction with internal 

surface area generally reduced reaction probability compared to values determined 

previously in the literature, typically based on horizontally-projected external material 

areas. Reaction probabilities determined in this work averaged 1×10-7, 2×10-7, 4×10-5, 

2×10-5, and 4×10-7 for two types of cellulose paper, pervious pavement, Portland cement 

concrete, and an activated carbon cloth, respectively. The transport and reaction model 

developed here was able to account for observed differences in ozone removal to varying 

thicknesses of the cellulose paper by producing a near constant reaction probability as 

material thickness increased from 0.02 cm to 0.16 cm. The more mechanistic approach to 
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describing material-ozone interactions imparted by this modeling effort will further 

understanding of the fate and transport of reactive pollutants in indoor environments. 

1.0 INTRODUCTION 

Tropospheric ozone has been extensively studied due to the known health 

consequences associated with ozone exposure (Bell et al. 2006; Ebi and McGregor 2008; 

Devlin et al. 2012) and the adverse economic impact of elevated outdoor ozone levels 

(Ostro et al. 2006; Selin et al. 2009). In the built environment, high surface area to volume 

ratios (compared with outdoor environments) and the potential for reaction with indoor 

materials (Sabersky et al. 1973; Weschler et al. 1992; Morrison and Nazaroff 2000) may 

enable materials to be used as passive pollutant controls to suppress indoor concentrations 

of pollutants like ozone (Morrison and Nazaroff 2000; Kunkel et al. 2010; Gall et al. 2011; 

Lamble et al. 2011; Cros et al. 2012; Darling et al. 2012). Quantitative estimations of 

material-ozone interactions with deposition velocities are well characterized (Klenø et al. 

2001a; Grøntoft 2002b; Grøntoft and Raychaudhuri 2004; Hoang et al. 2009), as are 

secondary emissions resulting from ozone reactions to a range of materials (Weschler et 

al. 1992; Wang and Morrison 2006; Nicolas et al. 2007; Cros et al. 2012), yet there are 

comparatively few investigations that have been completed to explain reactive deposition 

to materials in indoor environments in a more mechanistic way. New approaches and 

methods that describe the transport and fate of ozone in indoor environments could serve 

as important tools for identifying materials and material characteristics that yield surfaces 

that can serve as passive air pollution control systems in buildings.  

This research is focused on porous materials with varying pore size distribution and 

thickness, and the impact of these material properties on ozone transport and reaction to 

such materials. Porous materials play an important role in indoor air pollution control. 
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Activated carbon is known to adsorb pollutants like VOCs and react with ozone (Lee and 

Davidson 1999; Delage et al. 2000), porous filters are used to remove particulate matter 

from air (Offermann et al. 1985), and porous zeolites can act as a catalyst for the oxidation 

of VOCs in the presence of an oxidizer like ozone (Kwong et al. 2008). However, previous 

studies of indoor material-ozone interactions typically combine the impact of material 

properties, e.g., porosity, into transport and reaction phenomena described by a single 

parameter, the ozone deposition velocity, vd (m h-1). At the molecular level, heterogeneous 

reactions are generally modeled using resistance uptake theory where physical and 

chemical processes occurring in a gas-surface system are treated in terms of resistances in 

series (e.g., see Cano-Ruiz et al. 1993 and Finlayson-Pitts, 1999). This theory describes the 

deposition velocity in terms of a transport limited deposition velocity, vt (m h-1), a 

characteristic of the fluid mechanics of a space, and the reaction probability, γ (-), the 

fractional likelihood of a reaction given a collision between a surface and reactive pollutant 

in air. This relationship is expressed by Equation 1:  

  




vvv td

411

 
Equation 1 

 

 

Where <v> = Boltzmann velocity, m h-1, and other terms are as defined above.   

Mass balance models used to solve for ozone deposition velocities to materials 

relevant to the indoor environment generally assume removal occurs at a smooth, flat 

surface, limiting the ability to model scenarios where the same material may change in a 

simple, physical way (e.g. the material thickness is increased). Models that incorporate 

physical material characteristics in this implicit way result in the loss of fundamental 

understanding of the processes that govern ozone removal to materials.  
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Fundamental models describing the transport of pollutants in materials exist (Axley 

and Lorenzetti 1993; Meininghaus and Uhde 2002) and can address porous diffusion and 

adsorption/desorption processes (e.g., Marion et al. (2011). However, these models 

generally aim to describe indoor materials as sources or sinks of volatile organic 

compounds (VOCs) or semi-volatile organic compounds (SVOCs). These models provide 

an important framework, for example, Lee et al. (2005) developed a model of VOC source 

and sink behavior in porous building materials that can incorporate reactions on internal 

surfaces to produce VOCs, and validated the model using other experimental data on VOC 

desorption processes. While models of ozone transport in porous media exist (Hsu and 

Masten 2001; Jung et al. 2004; Grøntoft 2004), Morrison and Nazaroff (2002a) developed 

a transport and reaction model most relevant to the work in this investigation. They 

characterized interior surface geometries of carpet, diffusive mass transport within the 

carpet itself, and reaction between ozone and carpet fibers and carpet backing. They noted 

that the geometry of carpet is an example of a broader class of materials in indoor 

environments in which material morphology and interior intricacy may affect reaction 

rates. In this work, we build on the mechanistic approach taken by these and other 

researchers, and attempt to decouple material characteristics and transport phenomena from 

ozone reactions with five materials of varying porosity, pore size, thickness, and effective 

diffusion coefficients.  

 

 

 



 

 

200 

2.0 METHODS & MATERIALS 

Five experimental materials of varying thickness, porosity, and pore size 

distribution were selected based on previous work characterizing physical properties and 

effective diffusion coefficients (Gall et al. 2013). The five materials were cellulose filter 

papers of varying manufacturer-specified particle retention diameter (WF14 at 20-25 µm 

and WF15 at 2.5 µm), Portland cement concrete (PCC), pervious pavement (PP), and 

activated carbon cloth (ACC). Materials were chosen to maintain the same (WF14 and 

WF15) or similar (PCC and PP) chemical composition to isolate and assess the impact of 

a wide range of physical properties on ozone removal. ACC was included due to its unique 

combination of high porosity, high effective diffusion coefficient, and large internal surface 

area. As described by Gall et al. (2013), inputs to the more mechanistic modeling, including 

material porosity, pore size distributions, median pore diameters, and effective diffusion 

coefficients were measured using mercury intrusion porosimetry (MIP) and a dual-

chamber diffusion apparatus.  

 

2.1  Model development  

 The transport and reaction model described here was developed to independently 

account for the impact of porosity, pore size, material thickness, and the material-ozone 

effective diffusion coefficient on reactive uptake of ozone to five materials. A schematic 

illustrating the model framework is shown in Figure 1. A volume of a porous material with 

thickness h (m) was placed in a well-mixed experimental chamber at constant temperature 

and relative humidity, with constant ozone concentration C1 (ppb) entering the chamber at 

constant flowrate Q1 (m
3 hr-1). All boundaries of the material, with the exception of the 

upper surface were encased in a custom-formed PTFE barrier such that they were 
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impenetrable by fluid flow within the chamber and essentially unreactive with ozone. The 

ozone present in the air above the material is assumed to have a bulk concentration C∞ 

(ppb), and to migrate by molecular diffusion through the concentration boundary layer and 

reach the surface of the material at concentration C0 (ppb).  

A mass balance on ozone in chamber air gives Equation 2:  
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Equation 2 

 

Where Q1, C1, C0 and C∞ are as defined previously, V is the chamber volume (m3), t is 

time (s), vd,w  is the deposition velocity to the surfaces of the chamber (m hr-1), Aw is the 

area of chamber walls (m2), vd, m is the deposition velocity to the experimental material 

(m hr-1), ε is the material porosity (-),  Am is the projected area of the top surface of the 

material (m2), De is the effective diffusion coefficient of ozone in the material (m2 hr-1), 

and y is the axial distance along the pore (m), as shown in Figure 1.  
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Figure 1. Model schematic for ozone transport and reaction within porous materials. 

 Discretizing this equation in time, substituting the right-hand-side of Equation 1 for 

vd, m , and solving explicitly (using values of concentration from the previous timestep)  

yields Equation 3: 
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                Equation 3 

Where λ is the chamber air exchange rate (hr-1) and Δy is the concentration node spacing 

in the material (m).  

C∞ 

Q1C1 Q1C∞

y = 0

y = -h

y-direction

C0

O3

i-1

i+1

i ∆y

Cylindrical pore volume

Reactive uptake 

to surfaces



 

 

203 

The transport limited deposition velocity, vt, was determined for each independent 

material by coating the exposed surface of materials in a solution of potassium iodide, and 

performing an ozone deposition velocity experiment, described by Gall et al. 2013. 

A mass balance on ozone within an assumed cylindrical control volume i of a 

material with cylindrical pores can be written as shown in Equation 4: 
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 Equation 4 

  

Where ACV is the area of projection in the axial (y) direction of a cylindrical control volume 

(m2), Qi is the advective flowrate through any slice of porous material i (m3 hr-1), Ci is the 

concentration in any given slice of porous material i (µg m-3) and P is the perimeter of the 

pore (m).  Assuming that transport resistance to ozone reactions inside the porous network 

is negligible due to micro-scale path lengths allows Equation 1 to simplify to Equation 5:  
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Equation 5 

 

Discretizing Equation 4 through time and through i = n nodes in space, incorporating 

Equation 5, assuming no advective transport, knowing that the ratio of the control volume 

diameter to the overall pore diameter, dp (m) gives the porosity, and solving for 

concentration explicitly yields Equation 6 for i through n number of nodes:   
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Equation 6 
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Where the number of nodes (n) is chosen based on a number of factors, such as the 

uniformity of the material, the thickness of the material, and the computational efficiency 

of the solution to the ultimate system of equations.  

 Equation 3 and Equation 6 are numerical solutions for the bulk concentration of 

ozone and the concentration gradient throughout the porous material, respectively. The 

two, however, require a mathematical link at y = 0 which is described by a flux-matching 

boundary condition as given by Equation 7:  
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Equation 7 

  

  The left-hand side of this equation describes ozone flux from bulk air through the 

boundary layer. The first term on the right-hand-side describes diffusion through pores 

present at the surface of the material. The second term on the right-hand-side describes 

reactions with the non-porous portion of the external surface of the material. Due to the 

immediate proximity of ozone molecules to the reaction sites at the boundary, vd in 

Equation 7 is determined using Equation 5. The explicit, time-discretized solution to 

Equation 7 becomes: 
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Equation 8 
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A second boundary condition is necessary which describes ozone flux at the base of the 

material, y = -h. Since the experimental material is encased in PTFE this second boundary 

condition is described simply by a no-flux boundary condition: 
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Or in discretized form:   
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Equation 10 

 

2.2 Model application 

Equations 3, 6, 8, and 10 were programmed in MATLAB (Mathworks, Inc.) and 

solved in explicit form. The model was programmed to calculate the dynamic chamber 

concentrations of ozone from t = 0 s to t = 1200 s, with output in 10 s increments to match 

experimental output from a previous experimental effort (Gall et al. 2013).  Each of the 

five materials were evaluated independently. The model end time (1200 s) was selected to 

allow sufficient time for the ozone concentration in the chamber to reach 99% of steady-

state with only background losses and air exchange considered. Grid and time 

independence were tested by varying Δt and Δy until a non-changing solution was achieved, 

defined here as a less than 1% change in predicted ozone concentration in the chamber air 

at t=1200 seconds with a 50% reduction in time step or node spacing. Thicker materials 

(PCC, PP, and ACC) required modification of the code to incorporate a non-uniform grid 

of concentration nodes placed through the materials to support reasonable (< 12 hr) 
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computational times. Model grid spacing for each material is provided in Table S1 in the 

Supplemental Information. Each sample had a diameter 15.2 cm. Pore diameters, dp, were 

assumed to be the median pore diameter by volume for each material as reported previously 

(Gall et al. 2013). Time step, Δt, was 0.025 ms for all scenarios. To facilitate discussion of 

reaction probabilities determined in this work, modeled internal surface areas, SAm (m2), 

were calculated using the material volume (projected area multiplied by thickness), 

material porosity, and median pore diameter by volume using Equation 11: 
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Equation 11 

Where all variables are as described previously.  

Experimental data was taken from material-ozone experiments conducted in 

triplicate, therefore a single experimental run from each set of trials was selected for 

comparison with model results. The first replicate from each set of experimental trials for 

all modeling conducted in this effort  was selected for consistency and to reduce the 

possibility of confounding effects associated with material-ozone “aging” (Morrison and 

Nazaroff 2002a).  To allow comparison between runs with minor variation in inlet ozone 

concentrations, all experimental and modeled ozone concentrations were normalized by 

inlet concentration.  

A best-fit prediction of ozone concentration in chamber air was determined by 

varying the reaction probability input to Equations 3, 6, and 8, recording the residual sum 

of squares, and repeating this process until the reaction probability with the minimum 

residual was determined. Reaction probabilities ranging from orders of 10-3 to 10-9 were 

input for all modeling of experimental concentrations, to ensure that a global minimum 
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total residual over a range of likely reaction probabilities was achieved.  Figure 2 shows an 

example of this total residual minimization process. 

 

 
Figure 2. Example illustrating minimization of total residual for 0.02 cm condition of 20-

25 µm retention cellulose filter paper (WF14). Plot (a) shows the modeled 

data plotted against experimental data and the visual confirmation of 

improved fit at reaction probability 1×10-7.  Higher reaction probabilities 

result in under-prediction of ozone concentrations in chamber air, while lower 

reaction probabilities result in over-prediction. Plot (b) shows the quantitative 

confirmation of this as the total residual is minimized across the reaction 

probabilities modeled for this material at this condition.  

  

Model sensitivity was characterized by conducting a deterministic sensitivity 

analysis through a process outlined by Jain and Singh (2003) to assess the model response 

to changes in inputs that were experimentally determined, e.g., effective diffusion 

coefficient, and therefore have associated uncertainty.  Low and high values of each input 

parameter were changed independently from their base case values and the impact on the 

steady-state concentration (C∞ at t = 1200 s) was recorded.  Sensitivity indices, SI, with 

units of input parameter x per change in output ([x]/ppb) and elasticity indices, EI (-), were 
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calculated for nine experimentally determined model inputs from this deterministic 

analysis according to Equations 12 and 13, respectively.   

 

     xxxCxxCSI ssCx   
2/01200,01200,

 
Equation 12 

 

Where x0 is base case input variable and Δx is the change in input variable x.  

 

  
   CxsCx SIxCxEI 01200,0 /

 
Equation 13 

 

The effect of an individual parameter’s uncertainty on the resulting uncertainty in 

modeled reaction probabilities was determined by first estimating the impact of a change 

of a parameter on C∞,1200 s using Equation 14: 

 

 
  Cxxs SISxC 01200,

 
Equation 14 

 

Where Sx is the uncertainty associated with variable x.  

 The value of ΔC∞,1200 s for each parameter, x0, is then used to estimate the percent 

change in the modeled reaction probability using Equation 15: 
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3.0 RESULTS AND DISCUSSION 

3.1 Model results 

The model developed in Section 2.1 is capable of accurately describing ozone 

concentrations in chamber air with varying material configuration. Figures 3(a) and (b) are 

experimental ozone concentrations in chamber air and model results for the two types of 

cellulose paper, WF14 and WF15. The defining feature of these plots, compared to others 

shown in Figure 3, is a decrease in ozone concentrations in chamber air with increases in 

material thickness. Table 1 reports that across all four conditions of both types of cellulose 

paper, the value of reaction probability for which total residual is minimized ranges from 

1×10-7 to 2 ×10-7, with three of the four conditions being at the former value. This 

represents an important improvement in modeling material-ozone interactions, as previous 

approaches result in increasing reaction probability with increasing thickness, further 

discussed in Section 3.2. Comparisons between WF14 and WF15 show similar ozone 

removal to filter paper with the change in manufacturer-specified particle diameter 

retention. This is likely a result of the identical chemical makeup of the materials as well 

as similar pore size distribution, porosity, and median pore diameter by volume determined 

for both types of filter paper (Gall et al. 2013) .   

While Portland cement concrete (PCC) and pervious pavement (PP) are composed 

of similar raw materials, their differences in pore size distribution, porosity, and effective 

diffusion of ozone result in substantial differences in modeled reaction probability. The 

model developed in this work determined a reaction probability to PP in the 1.3 cm 

condition is more than an order of magnitude higher than the 2.5 cm condition. The 

modeled reaction probability to PP is also greater than PCC in the 1.3 cm condition, but 
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smaller in the 2.5 cm condition. These inconsistencies could arise from relatively small 

changes in ozone concentrations in chamber air across experiments, because the model 

applied to PP is insensitive to changes in reaction probability. For example, the elasticity 

index for the reaction probability to PP is two orders of magnitude lower than for a cellulose 

paper, WF14 (EIγ-C∞ = -0.0004 for PP and -0.0664 for WF14). Differences in ozone 

concentrations in chamber air could be generated from the effects of random structural 

differences between the 1.3 cm and 2.5 cm PP material samples or chamber fluid 

mechanics that affect PP to a greater extent than other materials due to millimeter-scale 

pores present in the material. The volume contribution from these millimeter-scale pores 

results in a large median pore diameter by volume, problematic for PP because this 

selection discounts area contributions from nanometer-scale pores present in mortar 

covered aggregate comprising the material. As reported in Table 1, this results in a low 

modeled surface area. Conversely, reaction probabilities determined in this work for PCC 

are consistent across material thickness conditions. This is logical given the low values of 

porosity, pore diameter, and effective diffusion coefficient determined for this material 

(Gall et al. 2013). When combined with the large increase in material thickness, relative to 

a material like cellulose paper, there is no resulting contribution to reactive uptake from an 

increase in material thickness. 

Reaction probabilities determined for activated carbon cloth (ACC) were lower 

than values determined for cementitious materials, and on average, similar to reaction 

probabilities determined for cellulose filter papers. This result is counterintuitive; however, 

the low experimental ozone concentrations in chamber air observed in Figure 4(e) indicate 

that, in the model developed here, the reaction probability is only one factor governing 

reactive uptake. Because the activated carbon is impregnated on a woven polyester 
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backing, ACC has a unique combination of high internal surface area and high effective 

diffusion coefficient. Like the pervious pavement (PP), ACC has large, millimeter-scale 

pores in the woven backing and smaller micrometer- and nanometer-scale pores in the 

activated carbon media. Large pores present in ACC, a higher De, and a higher modeled 

internal surface area than PP contribute to a reduced reaction probability by increasing the 

number of ozone molecule-surface collisions from accessible internal surface area through 

a greater depth of material. Reaction probabilities for ACC determined in this work 

decrease with increasing depth, a result of the model compensating for an increase in 

modeled reactive uptake  from ozone transport into ACC substrates at depths greater than 

0.65 cm. Since no trend with depth was observed experimentally, the residual error 

between experimental and predicted chamber concentrations is then minimized at a 

decreasing value of reaction probability for larger thickness conditions. This implies an 

overestimation of the effective diffusion coefficient for activated carbon cloth. 
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Figure 3. Predicted and experimental chamber ozone concentrations to the five 

experimental mateirals. Plots (a) and (b) are cellulose paper filters, WF14 and 

WF15, respectively. Plots (c) and (d) are cementitious materials, pervious 

pavement (PP) and Portland cement concrete (PCC), respectively. Plot (e) is 

activated carbon cloth (ACC). Error bars on experimental ozone data 

correspond with 1.4 ppb or 2.8% of the concentration, whichever is greater.  

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 200 400 600 800 1000 1200 1400

C
∞
/C

in
 (
-)

Time (s)

0.02 cm model 0.16 cm model

0.02 cm exp 0.16 cm exp

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 200 400 600 800 1000 1200 1400

C
∞
/C

in
(-

)

Time (s)

0.02 cm model 0.16 cm model

0.02 cm exp 0.16 cm exp

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 200 400 600 800 1000 1200 1400

C
∞
/C

in

Time (s)

1.3 cm model 2.5 cm model
1.3 cm exp 2.5 cm exp

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 200 400 600 800 1000 1200 1400

C
∞
/C

in

Time (s)

1.3 cm model 2.5 cm model
1.3 cm exp 2.5 cm exp

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 200 400 600 800 1000 1200 1400

C
∞
/C

in

Time (s)

0.65 cm model 1.3cm model 2.5 cm model
0.65 cm exp 1.3 cm exp 2.5 cm exp

(a) (b)

(c) (d)

(e)



 

 

213 

3.2 Comparison with resistance-uptake theory 

Reaction probabilities determined in this study are generally one to two orders of 

magnitude lower than those determined from resistance-uptake theory (Table 1).  The 

major factor contributing to this difference is the approach in accounting for surface area 

available for material-ozone interaction. The model developed here incorporates median 

pore diameters by volume on the order of micrometers to millimeters, resulting in a 

substantial increase in the modeled surface area compared to approaches using projected 

surface areas. Modeled internal surface areas are provided in Table 1, while projected 

surface areas used to determine reaction probabilities with resistance-uptake theory derive 

from a constant sample diameter of 15.2 cm. 

As the thickness of the cellulose filters (WF14 and WF15) decreases from 0.16 cm 

to 0.02 cm, the filters more closely resemble the flat plate assumption of the resistance-

uptake model, and the impact of internal surface area on material-ozone interaction is 

reduced. As a result, the estimated reaction probabilities from the two approaches shown 

in Table 1 become more similar. In the 0.16 cm condition, reaction probabilities determined 

in this work are approximately 1.5 - 2 orders of magnitude smaller than values determined 

with resistance-uptake theory, while in the 0.02 cm condition are only one order of 

magnitude smaller.  The modeled internal surface area for the 0.02 cm WF14 material was 

8600 cm2, compared to 182 cm2 of projected surface area (similar results for the WF15 

material). This 47-fold increase in surface area available for ozone-material interaction 

contributes to the reduction in modeled reaction probability in this work. In the 0.16 cm 

WF14 condition, the model developed here accounted for 379 times more surface area than 

the resistance-uptake theory model. The factor of 10 and 50-100 difference between 

resistance uptake theory and reaction probabilities determined here for 0.02 cm and 0.16 
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cm conditions, respectively, indicate a non-linear relationship between modeled internal 

surface area and reaction probability.  

Reaction probabilities to pervious pavement (PP) and Portland cement concrete 

(PCC) determined with resistance-uptake theory are similar, in spite of a profoundly 

different material structure, a reflection of the statistically similar reductions in chamber 

inlet ozone concentrations shown in Figures 3 (c) and (d) and a constant material sample 

size. Reaction probabilities to PP determined in this work differ from those determined 

with resistance-uptake theory, although with an inconsistent trend. The aforementioned 

model insensitivity to the PP reaction probability explains these mixed results. For PCC, a 

lower De, lower porosity, and smaller pore diameter than PP result in a steep concentration 

gradient through the material, with the majority of the depth of the PCC material having 

an ozone concentration of effectively 0 ppb. This results in modeled values of reaction 

probability that are similar to the values determined using resistance uptake theory (2×10-

5 in both cases). Elsewhere, Simmons and Colbeck (1990) determined an ozone reaction 

probability to outdoor concrete of 4×10-5, a factor of two higher than determined for PCC 

here. The similarity in reaction probabilities between the model developed here and models 

with projected areas as inputs suggests that for Portland cement concrete, surface reactions 

(that is, at y = 0 as defined in Figure 1) dominate.  

Model estimations of the reaction probabilities to activated carbon cloth (ACC) 

determined in this work are approximately two orders of magnitude smaller than those 

determined with resistance-uptake theory. Grøntoft (2002b) present data used to calculate 

a reaction probability to an activated carbon cloth of 2×10-5, larger than values predicted 

here by approximately two orders of magnitude, but similar to values determined with 

resistance-uptake theory. This difference stems from a high effective diffusion coefficient 
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through ACC, resulting in a flatter concentration gradient throughout the material and 

decreasing the modeled reaction probability determined in this work due to the modeled 

presence of greater effective, or accessible, internal surface area from increased transport 

in the axial direction. 

 

Table 1. Comparison of reaction probabilities between resistance uptake theory and 

transport/reaction model. vt is the mass transfer coefficient.  

Material 

Thickne

ss, y 

(cm) 

vt,     (cm 

s-1) 

γ (-), resistance 

uptake theorya 

γ (-), 

this 

work 

 

Residual 

(ppb2) SAm, (cm2) 

20-25 µm 

cellulose 

Paper,   WF14 

0.02 
0.14 

1×10-6 ± 5×10-7 1×10-7 652 8600 

0.16 6×10-6 ± 2×10-6 1×10-7 2920 69000 

2.5 µm 

Cellulose 

Paper,  WF15 

0.02 
0.14 

1×10-6 ± 7×10-7 2×10-7 688 7600 

0.16 1×10-5 ± 4×10-6 1×10-7 773 61000 

Pervious 

Pavement, PP 

1.3 
0.22 

2×10-5 ± 4×10-7 9×10-5 477 890 

2.5 1×10-5 ± 3×10-7 6×10-6 633 1800 

Portland 

Cement 

Concrete, PCC 

1.3 
0.2 

2×10-5 ± 4×10-6 2×10-5 501 5.4 ×1011 

2.5 2×10-5 ± 4×10-6 2×10-5 606 1.1×1012 

Activated 

Carbon Cloth, 

ACC 

0.6 

0.17 

6×10-5 ± 8×10-6 6×10-7 831 9100 

1.2 4×10-5 ± 8×10-6 4×10-7 761 18000 

2.5 5×10-5 ± 5×10-6 7×10-8 315 36000 
aBased on experimental data (Gall et al. 2013) applied to resistance uptake theory (Cano-

Ruiz et al. 1993) with a horizontally projected surface area. 

 

Future work should incorporate full pore size distributions into models of reactive 

uptake, with appropriate modes of diffusion in pores of smaller length scales, e.g. Knudsen 

diffusion in nanometer-scale pores. This will help determine if more realistic 

representations of transport and reaction phenomena in material substrates can improve 
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consistency in model results for materials with highly non-uniform pore size distributions, 

e.g., pervious pavement and activated carbon cloth. 

 

3.3 Model response to changes in fluid mechanics 

The model described in Section 2.1 was applied to an alternate experimental 

condition, where the inlet port to the experimental chamber was oriented such that flow 

directly impinged on the materials (Gall et al. 2013).  On average, this change in inlet port 

orientation resulted in transport-limited deposition velocities (vt) seven times higher than 

the original orientation where a tee union was used to direct flow towards walls to drive 

circulation in the chamber.  At high mass transfer, reaction probabilities calculated for 

WF14, WF15, and PCC were 6×10-8, 1×10-7, and 7×10-7, respectively. The model could 

not determine a reaction probability which resulted in predicted values approximating 

experimental values for pervious pavement and activated carbon cloth; in both cases 

experimental concentrations were lower than model concentrations for any value of 

reaction probability. This is likely a result of advective flow through large pores in these 

materials, a phenomenon not accounted for in the model developed in Section 2.1.  

The 0.2 cm WF14 condition at high mass transfer condition showed reasonable 

agreement with the value reported in Table 1 for this work, while the same value was 

determined for WF15 under both low and high mass transfer conditions. Importantly, 

diffusive transport for the thin materials accounted for in the model developed in this work 

results in ozone transport through the substrate on timescales more competitive with 

advection.  The substantial difference between the reaction probabilities determined under 

high and low mass transfer conditions in this work for Portland cement concrete (PCC) 

could have resulted from two factors: 1) the model is sensitive to the mass transfer 
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coefficient (EI = -0.27, see Section 3.3 and Table S3), and an over-prediction of this 

parameter resulted in the model compensating by reducing the reaction probability, or 2) 

mass transfer to the material surface is advection based, resulting in transport to greater 

depths of the PCC material that result in increased material-ozone interaction not captures 

by the diffusion based model. From this exercise, it is evident that more modeling and 

experimental effort to characterize the importance of advection and model behavior is 

necessary to satisfactorily explain experimental scenarios with varying fluid mechanic 

conditions.   

  

3.4 Model sensitivity and uncertainty 

The model developed in this work relies on nine experimentally determined inputs, 

and a result, there is the possibility for propagation of uncertainty from each parameter to 

the modeled reaction probability. Sensitivity and elasticity indices (SI and EI) describe the 

model response to a change in these inputs, and are provided in the Supplemental 

Information (Tables S2-S6) for each experimental material. The greatest elasticity indices 

were, across all materials, associated with the inlet concentration, the chamber flowrate 

and the material diameter. These parameters were all measured with instruments with 2% 

uncertainty or less (Model 205 2B Technologies ozone monitor, FMA5400 Omega mass 

flow controller, and a vernier caliper, respectively). Material properties determined with 

mercury intrusion porosimetry generally had lower EI, but a higher assumed experimental 

uncertainty of 20%. Other experimental properties, such as background ozone losses, were 

incorporated into the sensitivity analysis with their associated experimental uncertainty.  

Because the sensitivity index is the rate of change of the model output with respect 

to a change in any one individual input, an estimate of the impact of uncertainty in input 
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parameters on the reaction probability can be determined. As an example, for the case of 

WF14 and a 20% change in porosity, an estimate of the impact on the reaction probability 

can be made. Using Equation 14, a 20% uncertainty in the porosity measurement of WF14 

(resulting in a porosity of 0.924 rather than 0.77) would decrease the predicted steady-state 

chamber concentration by 0.96 ppb. To compensate for this change, the model will increase 

the reaction probability by approximately 17%. Extending this uncertainty analysis to other 

parameters shown in Figure S1 and summing the resulting percent changes to the modeled 

reaction probability determined with Equation 13 in quadrature results in modeled reaction 

probability uncertainty for the WF14 material condition of ±47%. Summed uncertainty 

associated with reaction probabilities for WF15, PP, PCC and ACC was ±48%, ±1100%, 

±230%, and ±54%, respectively. For comparison, uncertainty in experimentally 

determined reaction probabilities ranged from 3% for 1.3 cm PCC to 28% for 0.02 cm 

WF14(Gall et al. 2013). 

 

3.5 Impact of material properties in an indoor environment 

The model developed in this work (Equations 3, 6, 8, and 10) can be applied to a 

larger scale indoor environment to illustrate the impact of materials and physical material 

properties on hypothetical ozone concentrations in a more realistic built environment. The 

modeled indoor concentrations of ozone can be used to determine the ozone removal 

effectiveness, or the percent removal of ozone in an indoor space resulting from the 

presence of a material, following previously defined protocols (Miller-Leiden et al. 1996). 

The hypothetical building used for this analysis is assumed to have an air exchange rate of 

0.5 hr-1(Yamamoto et al. 2010) , a background ozone removal rate of 2.8 hr-1 (Lee et al. 

1999), and a transport limited deposition velocity of 0.14  cm s-1. Introducing the cellulose 
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paper, WF14, at thickness 0.02 cm increases building ozone removal effectiveness over 

baseline by 4%. Increasing thickness to 0.16 cm results in an increase of building ozone 

removal effectiveness over baseline of 13%. Doubling the thickness of WF14, to 0.32 cm, 

results in an increase in ozone removal effectiveness over baseline by 14%. This shows 

that for WF14, transport and reaction in the material substrate beyond the depth of 0.16 cm 

results in a minimal increase in ozone removal effectiveness.  

 The model can also be used to predict the impact of other material property changes 

that may be made to theoretically enhance ozone removal effectiveness. As identified by 

the sensitivity and uncertainty analysis, sensitivity and elasticity indices indicate the overall 

effect of a change in a material property on predicted ozone concentrations. The pore 

diameter has a positive sensitivity index, implying a decrease in this parameter will cause 

a decrease in predicted ozone concentrations (or increase in reactive uptake of ozone). This 

is because the pore diameter defines the availability of surface area in the internal material. 

Increasing surfacing area increases the number of material-ozone interactions, and at a 

constant reaction probability, reactions. Model runs calculated with a 50% decreased value 

of dp in the 0.02 cm WF14 scenario increase the ozone removal effectiveness in the 

hypothetical home from the baseline of 4% to 7%. The porosity, however, has a negative 

sensitivity index, implying an increase in this parameter will cause a decrease in predicted 

ozone concentrations. This is because an increase in porosity, at a constant pore diameter, 

increases the internal surface area by increasing the quantity of pores throughout the 

material.  Increasing the porosity of WF14 by 20% results in an ozone removal 

effectiveness of 5%, an increase in ozone removal effectiveness of only 1%, implying the 

benefits of altering the porosity of this material are limited. 
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The sensitivity analysis of Section 3.4 and the whole-building modeling described 

in this Section inform our understanding of the fate and transport of indoor ozone by 

independently accounting for the impact of fundamental material property changes on 

material reaction probabilities and whole-building reactive uptake of ozone. Future work 

should conduct these experimental and modeling analyses on a wider array of materials 

with substantial surface area coverage in indoor environments, such as architectural 

coatings, ceiling materials, and floor materials, to identify opportunities for altering 

physical material properties to improve the ozone scavenging ability of wide-spread indoor 

materials.    

 

3.6 Model limitations and future work 

The model presented in this work has a number of important limitations that impact 

the applicability and discussion of modeled reaction probabilities. The model only accounts 

for one-dimensional transport and neglects non-axial diffusion that may be important for 

some materials. The one-dimensional diffusion assumption also discounts any advective 

transport occurring above or into the material. Finally, to facilitate reasonable model 

solution times, a single value for pore diameter throughout the modeled material was used. 

While this is not representative of actual material pore size distributions, the work here 

shows that it may be a reasonable approximation for materials with tighter cumulative pore 

size distributions (WF14, WF15, and PCC) and a limiting assumption for materials with a 

larger range of pore diameters (PP and ACC).  

Since the model has one adjustable parameter, these assumptions and their effects, 

such as the presence of surface area beyond what is modeled due to the single pore 

diameter, are “lumped” into the modeled reaction probability. Similarly, uncertainties 
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associated with experimental parameters, such as porosity and background ozone loss, are 

propagated through the model and impact the determined reaction probability. Future work 

should investigate other methods of determining a representative reaction probability to 

support a fully independent modeling effort. Such investigations are warranted given the 

complexity of many surfaces and the potential for greater understanding of indoor 

pollutant-material interactions. Highlighting specific material properties that improve the 

ability of materials to sequester or react with harmful pollutants may lead to greater 

incorporation of particularly effective types of materials in buildings and the development 

of materials with desirable pollutant removing physical properties.    
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SUPPLEMENTAL INFORMATION 

Table S1. Summary of concentration node spacing in modeled materials. The variable n, 

is the node index. Where variable grid spacing was used, each value of Δy was input into 

the model for ten index values, for a total of 60 nodes through materials. Materials with 

constant grid spacing had 12 nodes and 96 nodes for the 0.02 cm and 0.16 cm condition, 

respectively.  

 

Material 
Thicknes

s (cm) 
Model Grid Spacing, Δy (cm) 

Cellulose Paper 

(20-25 μm 

retention), WF14 

0.02 
0.00167 

0.16 

Cellulose Paper 

(2.5 μm retention), 

WF15 

0.02 
0.00167 

0.16 

Pervious 

Pavement, PP 

1.27 0.00125, 0.00125, 0.002, 0.015, 0.04, 0.07 

2.54 0.00125, 0.002, 0.015, 0.04, 0.07, 0.12 

Portland Cement 

Concrete, PCC 

1.27 0.00125, 0.00125, 0.002, 0.015, 0.04, 0.07 

2.54 0.00125, 0.002, 0.015, 0.04, 0.07, 0.12 

Activated Carbon 

Cloth, ACC 

0.64 0.00125, 0.00125, 0.002, 0.015, 0.02, 0.25 

1.27 0.00125, 0.00125, 0.002, 0.015, 0.04, 0.07 

2.54 0.00125, 0.002, 0.015, 0.04, 0.07, 0.12 
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Table S2. Sensitivity and uncertainty analysis for cellulose paper 1, WF14. SI is the sensitivity index, EI is the elasticity index, 

and Sx is the uncertainty associated with a given parameter.  

Parameter 
Base 

Case High Low SI EI Sx 
ΔC∞.1200 s 

(ppb) Δγ (-) Δγ (%) 

Cin 
Inlet 

concentration 
ppb 102.00 112.20 91.80 0.82 1.000 2% 1.67 1.28E-07 30% 

De 
Effective 

diffusivity 
cm2/s 0.033 0.036 0.030 -1.694 -0.0007 10% -0.006 9.79E-08 -0.10% 

ε porosity - 0.77 0.92 0.62 -6.82 -0.0627 20% -1.05 7.95E-08 -19% 

dp 
Pore 

diameter 
cm 1.30E-03 1.95E-03 6.50E-04 4440.18 0.0690 20% 1.15 1.18E-07 21% 

Q Flow L/min 36.2 39.8 32.6 0.5 0.2040 1% 0.17 1.01E-07 3.1% 

vt 
Mass transfer 

coeff. 
cm/s 0.14 0.17 0.11 -21.24 -0.0355 16% -0.48 8.96E-08 -8.6% 

Lbg 
Loss to 

background 
hr-1 1.01 1.52 0.51 -5.58 -0.0673 20% -1.13 7.81E-08 -20% 

y Thickness cm 0.02 0.08 0.01 -0.56 -0.0001 2% -0.0002 9.80E-08 -0.004% 

d 
Material 

diameter 
cm 15.24 16.00 14.48 -1.09 -0.1981 1% -0.17 9.51E-08 -3.0% 

γ 
Reaction 

probability 
- 9.80E-08 1.47E-07 4.90E-08 -5.67E+07 -0.0664 (-) (-) (-) (-) 
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Table S3. Sensitivity and uncertainty analysis for cellulose paper 1, WF15. SI is the sensitivity index, EI is the elasticity index, 

and Sx is the uncertainty associated with a given parameter. 

Parameter Base Case High Low SI EI Sx 
ΔC∞.1200 

s (ppb) Δγ (-) Δγ (%) 

Cin 
Inlet 

concentration 
ppb 97.00 106.70 87.30 0.78 1.000 2% 1.50 2.55E-07 27.6% 

De 
Effective 

diffusivity 
cm2/s 0.020 0.040 0.010 -5.61 -0.001 10% -0.011 2.00E-07 -0.2% 

ε porosity - 0.78 0.94 0.62 -6.60 -0.068 20% -1.03 1.62E-07 -18.9% 

dp 
Pore 

diameter 
cm 1.50E-03 2.25E-03 7.50E-04 3824.98 0.076 20% 1.15 2.42E-07 21.1% 

Q Flow L/min 35.2 38.7 31.7 0.53 0.246 1% 0.19 2.07E-07 3.4% 

vt 
Mass transfer 

coeff. 
cm/s 0.14 0.17 0.11 -38.26 -0.071 16% -0.86 1.69E-07 -15.7% 

Lbg 
Loss to 

background 
hr-1 1.20 1.80 0.60 -5.02 -0.080 20% -1.20 1.56E-07 -22.1% 

y Thickness cm 0.02 0.04 0.01 -141.44 -0.038 2% -0.0566 1.98E-07 -1.0% 

d 
Material 

diameter 
cm 15.24 16.00 14.48 -1.20 -0.243 1% -0.18 1.93E-07 -3.4% 

γ 
Reaction 

probability 
- 2.00E-07 3.00E-07 1.00E-07 -2.72E+07 -0.072 (-) (-) (-) (-) 
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Table S4. Sensitivity and uncertainty analysis for pervious pavement (PP). SI is the sensitivity index, EI is the elasticity index, 

and Sx is the uncertainty associated with a given parameter. 

Parameter 
Base 

Case High Low SI EI Sx 
ΔC∞.1200 

s (ppb) Δγ (-) Δγ (%) 

Cin 
Inlet 

concentration 
ppb 104.00 114.40 93.60 0.62 1.000 2% 1.29 5.65E-05 527% 

De 
Effective 

diffusivity 
cm2/s 0.021 0.023 0.019 -140.721 -0.0459 10% -0.296 -1.89E-06 -121% 

ε porosity - 0.67 0.80 0.54 -2.09 -0.0217 20% -0.28 -1.31E-06 -115% 

dp 
Pore 

diameter 
cm 0.27 0.40 0.13 1.01 0.0042 20% 0.05 1.10E-05 22% 

Q Flow L/min 35.7 39.2 32.1 0.7 0.3865 1% 0.25 1.82E-05 102% 

vt 
Mass transfer 

coeff. 
cm/s 0.22 0.26 0.18 -57.61 -0.1968 16% -2.03 -6.57E-05 -830% 

Lbg 
Loss to 

background 
hr-1 1.89 2.84 0.95 -3.35 -0.0982 20% -1.27 -3.76E-05 -518% 

y Thickness cm 1.30 2.50 0.65 0.00 0.0000 2% 0.0000 9.00E-06 0% 

d 
Material 

diameter 
cm 15.24 16.00 14.48 -2.34 -0.5530 1% -0.36 -4.12E-06 -146% 

γ 
Reaction 

probability 
- 9.00E-06 5.00E-05 5.00E-06 -2.71E+04 -0.0038 (-) (-) (-) (-) 
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Table S5. Sensitivity and uncertainty analysis for Portland cement concrete (PCC). SI is the sensitivity index, EI is the 

elasticity index, and Sx is the uncertainty associated with a given parameter. 

Parameter Base Case High Low SI EI Sx 

ΔC∞.12

00 s 

(ppb) Δγ (-) Δγ (%) 

Cin 
Inlet 

concentration 
ppb 110.00 121.00 99.00 0.6 1.00 2% 1.34 3.82E-05 91.0% 

De 
Effective 

diffusivity 
cm2/s 0.0024 0.0030 0.0016 -477.0 -0.02 10% -0.114 1.84E-05 -7.8% 

ε porosity - 0.26 0.31 0.21 0.0 -0.0001 20% 0.00 2.00E-05 -0.1% 

dp Pore diameter cm 1.90E-05 2.85E-05 9.50E-06 1688.0 0.0005 20% 0.01 2.01E-05 0.4% 

Q Flow L/min 35.3 38.9 31.8 -0.7 -0.3719 1% -0.25 1.66E-05 -16.8% 

vt 
Mass transfer 

coeff. 
cm/s 0.20 0.24 0.16 -88.0 -0.2645 16% -2.82 -1.83E-05 -191.7% 

Lbg 
Loss to 

background 
hr-1 1.80 2.70 0.90 -3.4 -0.0931 20% -1.24 3.13E-06 -84.4% 

y Thickness cm 1.30 2.50 0.650 0.0 0.0000 2% 0.000 2.00E-05 0.0% 

d 
Material 

diameter 
cm 15.24 16.00 14.48 -2.6 -0.5905 1% -0.39 1.47E-05 -26.7% 

γ 
Reaction 

probability 
- 2.00E-05 3.00E-05 1.00E-05 -7.34E+04 -0.0221 (-) (-) (-) (-) 
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Table S6. Sensitivity and uncertainty analysis for activated carbon cloth (ACC). SI is the sensitivity index, EI is the elasticity 

index, and Sx is the uncertainty associated with a given parameter. 

Parameter Base Case High Low SI EI Sx 
ΔC∞.1200 

s (ppb) Δγ (-) Δγ (%) 

Cin 
Inlet 

concentration 
ppb 112.40 123.64 101.16 0.6 1.00 2% 1.30 1.21E-07 20.7% 

De 
Effective 

diffusivity 
cm2/s 0.125 0.137 0.112 -29.3 -0.06 10% -0.365 9.42E-08 -5.8% 

ε porosity - 0.97 0.99 0.95 -9.0 -0.13 20% -1.75 7.22E-08 -27.8% 

dp 
Pore 

diameter 
cm 5.00E-02 7.50E-02 2.50E-02 105.1 0.08 20% 1.05 1.17E-07 16.7% 

Q Flow L/min 36.5 40.2 32.9 0.8 0.42 1% 0.28 1.04E-07 4.4% 

vt 
Mass transfer 

coeff. 
cm/s 0.39 0.46 0.31 -32.7 -0.19 16% -2.02 6.78E-08 -32.2% 

Lbg 
Loss to 

background 
hr-1 1.79 2.69 0.90 -3.1 -0.09 20% -1.12 8.22E-08 -17.8% 

y Thickness cm 1.30 2.50 0.60 -3.2 -0.06 2% -0.0836 9.87E-08 -1.3% 

d 
Material 

diameter 
cm 15.24 16.00 14.48 -2.4 -0.56 1% -0.37 9.42E-08 -5.8% 

γ 
Reaction 

probability 
- 1.00E-07 1.50E-07 5.00E-08 -6.28E+07 -0.10 (-) (-) (-) (-) 
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Example MATLAB code – WF15, 0.02 cm, Low mass transfer condition 
 

%function [Cin, Csurf,Cchamber, Cexp]=PTRMv3 

%% PHYSICO-CHEMICAL PARAMETERS INPUTS 

format long 

Cin = 97; %inlet ozone concentration (ppb) 

De = .02; %Effective diffusion coefficient Ozone-porous mat'l (cm^2/s) 

D = 0.15; %Diffusion coefficient Ozone-Air(cm^2/s) 

e = 0.78; %porosity (dimensionless) 

Vol = 10857; %volume of chamber (cm^3) 

d = 15.24; %material diameter, projected (cm) 

A = (pi*d^2)/4; %material projected area (cm^2) 

dp1 = .0015; %pore diameter, greater than 1 micron (cm) 

dp2 = .0695E-4; %pore diameter, >.01 <1 (cm) 

dp3 = .0084E-4; %pore diameter, <01 micron (cm) 

porefrac1=1; 

porefrac2=0.000; 

porefrac3=0.000; 

  

%FLUID PROPERTIES 

Q = 2.11*16.6666667; %flow rate through chamber (cm^3/sec) 

u = 1.85E-9; % Dynamic viscosity fo air (N s cm^-2) 

rho = 1.2E-6; %Density of air (kg cm^-3) 

v = 0.27; %airstream velocity (cm/s) 

mu = 1.85E-9; %dynamic viscosity N s cm^-2 

kinvis = 0.1569; %cm^2/s 

Re = d*v*rho/mu; %reynolds number 

lambda = Q/Vol; %air exchange rate (s^-1) 

Sc = kinvis/D; %Schmidt number 

Sh = .664*Re^.5*Sc^.333333; %Sherwood number (-) 

  

%MASS TRANSFER/REACTION PARAMETERS 

kg = .14; %Sh*D/A^0.5; % Mass transfer coefficient - see Perry's 5-59 currently using 

experimentallt determined kg 

gamma = 3E-7; %Reaction probability 

boltz = 36000; %Boltzmann velocity cm/sec 

Lbg = 1.2/3600; %s^-1 %background loss rate in chamber 

Rreact = 4/(gamma*boltz); %reaction resistance 

  

%% MODEL PARAMETERS 

depth =.02; %depth of material + 1 node due to final node inclusion (cm) 

dely = 1/600; %node thickness (cm) 

ymax = ceil(depth/dely); %took away +1 
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end_time = 1200; %duration of model (s) 

delt = 0.000025; %timestep (seconds) - must be divisible by 10 to get full 120 values 

kmax = ceil(end_time/delt)+1; %index for final timestep 

kmaxexp=floor(kmax*delt/10); 

timeexp=zeros(kmaxexp,1); 

i=1; 

j=1; 

  

%Current time step at initial time step is zero 

Ci=zeros(ymax,1); 

Csurf=0; 

Cchamber=0; 

%Previous time step at initial time step is zero 

Ci_prev=zeros(ymax,1); 

Csurf_iprev=0; 

Cchamber_iprev=0; 

  

%Storage matrix for material nodes 

C_stor=zeros(kmaxexp,ymax); 

  

%Storage matrix for Surface 

Csurf_stor=zeros(kmaxexp,1); 

  

%Storage matrix for chamber air 

Cchamber_stor=zeros(kmaxexp,1); 

  

tic 

  

time=(0:delt:end_time); 

for k=2:kmax; %index of timesteps 

     

    for y = 1:ymax % index of nodes 

         

        %Creates non-uniform grid of nodes throughout the material- change spacing by 

changing 

        %dely for specific case within switch function 

        %if y <= 10 

        %       dely = .00125; 

        %elseif y <= 20 

         %       dely = .00125; 

        %elseif y <= 30 

         %       dely = .003; 

        %elseif y <= 40 

         %       dely = .05; 
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        %elseif y <= 50; 

         %       dely = .08; 

        %elseif y <= 60; 

         %       dely = .26; 

        %end 

      

        if y == ymax 

            Ci(ymax,1)=Ci_prev(y-1,1); 

             

        elseif y==1 

            Ci(y,1)=((De/dely^2)*(Csurf_iprev-2*Ci_prev(y,1)+Ci_prev(y+1,1))-

porefrac1*gamma*boltz*Ci_prev(y,1)/dp1-porefrac2*gamma*boltz*Ci_prev(y,1)/dp2-

porefrac3*gamma*boltz*Ci_prev(y,1)/dp3)*delt+Ci_prev(y,1); 

             

        else 

            Ci(y,1)=((De/dely^2)*(Ci_prev(y-1,1)-2*Ci_prev(y,1)+Ci_prev(y+1,1))-

porefrac1*gamma*boltz*Ci_prev(y,1)/dp1-porefrac2*gamma*boltz*Ci_prev(y,1)/dp2-

porefrac3*gamma*boltz*Ci_prev(y,1)/dp3)*delt+Ci_prev(y,1); 

        end 

         

        end    

      

        Cchamber = (lambda*(Cin-Cchamber_iprev)-(Lbg*Cchamber_iprev)-

(((1/((1/kg)+Rreact))*(1-e)*A*Csurf_iprev)/Vol)-((De*(Csurf_iprev-

Ci_prev(1,1))*e*A)/(dely*Vol)))*delt+Cchamber_iprev; 

         

        Csurf = (((kg*Cchamber)+(e*De*Ci(1))/(0.5*dely))/((kg)+(1-

e)*(1/Rreact)+(e*De/(0.5*dely)))); 

         

        Csurf_iprev=Csurf; 

         

        Cchamber_iprev=Cchamber; 

         

        %catalogs concentrations at surface and in chamber in 10 sec 

        %intervals - slows the code down by a factor of 2 

        q1=iswhole(((k-1)*delt)/10); 

        if q1 == 1; 

            Cchamber_stor(j)=Cchamber; 

            %Csurf_stor(j)=Csurf; 

            j=j+1; 

        end 

         

        clear Csurf; 

        clear Cchamber; 
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    %Transfer calculated material node concentrations to previous time step 

    for y = 1:ymax  

    Ci_prev(y,1)=Ci(y,1); 

    %Code will store values at nodes in material at 10 sec intervals - slows code 

    %down by a factor of 4 or so 

                   

    %q=iswhole(((k-1)*delt)/10); 

     %   if q==1 

      %      C_stor(i,y)=Ci(y,1); 

       % if y == ymax; 

        %    i=i+1; 

        %end  

        %end 

    end 

           

end 

%ends timer  

toc 

%calls function to send message alertin code is complete 

send_text_message('3528714100','sprint','code is done','1005_Indirect_02cm') 
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