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Ozone (O;) and oxides of nitrogen (NO,) are ubiquitous pollutants in many urban
areas around the world. Though they mostly originate outdoors, human inhalation
exposure to these pollutants largely occurs indoors, because of the large fraction of our
time spent inside buildings. Exposure to O; and nitrogen dioxide (NO,) has been
associated with decreased respiratory function, onset of asthma, and cardiovascular
events. Through laboratory testing, field exposure and modeling, this study evaluates the
feasibility and long-term efficiency of using passive removal materials (PRMs) both
indoors and outdoors for removal of O, and NO,.

Three photocatalytic coatings used outdoors and four indoor building materials
were tested for their capacity to remove NO, and O;. Since materials outdoors experience
a wider range of environmental conditions than indoors, their effects on NO, removal by
photocatalytic coatings were evaluated through full factorial experiments representative
of summertime outdoor conditions in Southeast Texas. Photocatalytic coatings were also
exposed to real outdoor environments for a year to assess their long-term viability. Indoor
materials were exposed to real indoor environments for a six-month period and tested
monthly for their capacity to remove O;. Carbonyl emissions from these materials before

and after exposure to O, were also tested at regular intervals during the six-month period.
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Finally, removal capacity of NO and NO, by new indoor building materials was tested as
well.

For outdoor PRMs, results suggest that the effect of certain environmental
parameters (contact time, relative humidity, temperature) on NO, removal effectiveness
are consistent across different photocatalytic coatings, while other effects are coating
specific. The type of semiconductor used and resistance to wear of the coating are
important factors in its ability to retain removal efficacy over time. For indoor PRMs, two
of the four materials tested, an activated carbon mat and perlite-based ceiling tiles,
exhibited consistent O; removal effectiveness over time with low carbonyl emissions,
both before and after ozonation. All materials except for activated carbon mat had higher
post-ozonation than pre-ozonation emissions. Post-ozonation emissions were dominated
by nonanal.

Simulation of the use of indoor and outdoor PRMs on a model building through
multi-zone/CFD modeling showed that indoor PRMs alone could lead to concentration
reductions up to 18 % for O, and 23 % for NO, in rooms of the model building selected.
Addition of PRMs on the outside of the building led to small reductions in pollutant
concentrations in the air infiltrating into the building, leading to negligible changes in

indoor concentrations.
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1. Introduction
1.1. PROBLEM STATEMENT

Oxides of nitrogen (NO,) and ozone (O,) are inter-related pollutants originating
mostly outdoors. Oxides of nitrogen are products of combustion processes taking place in
power production facilities, industries and road vehicles [1] and are present at elevated
levels in most urban areas. They are precursors to the formation of O, [2] through
photochemical processes. Exposure to O; and nitrogen dioxide (NO,) has been associated
with a range of adverse health effects such as decreases in respiratory functions [3-9],
onset of asthma [10-12] and cardiovascular events [13-15]. In the absence of indoor
sources, levels of these pollutants are usually lower indoors than outdoors, due to
homogeneous and heterogeneous reactions indoors [16, 17]. However, since people in
developed countries spend most of their time indoors [18], a large fraction of their
exposure to pollutants of outdoor origin occurs indoors. Weschler [19] estimated that
about half of the U.S. population’s exposure to O, occurs indoors. Similarly, Levy et al.
[17] noted that personal exposures to NO, were more strongly correlated to indoor
concentrations than outdoor concentrations. When indoor sources of these pollutants,
such as gas stoves for NO, [20] or certain types of air cleaners for O, [21], are present, the
fraction of exposure occurring indoors is even higher.

Finding innovative ways to reduce concentrations of these pollutants in the indoor
environment could have beneficial health effects. Conventional strategies for reducing
pollutant levels indoors include source control, ventilation and use of active engineered
systems (e.g. devices integrated in the HVAC system or portable air cleaners). Since O,
originates mostly outdoors and the primary source of NO, in many homes is outdoor air,

source control requires control of their sources outdoors. This has been the focus of
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legislation related to these pollutants in the past decades, e.g. in North America, Europe
and Asia [22]. Emission reductions have been generally successful [23, 24]. However,
concentrations of these pollutants remain high and several urban areas are still in non-
attainment in the United States. Providing more outdoor air to buildings is not an
appropriate solution for pollutants originating outdoors. On the other hand, reducing
ventilation has been the trend in new and retrofitted buildings in order to reduce energy
consumption due to heating and air conditioning. In the case of O;, reducing building air
exchange rates leads to increased exposure to the products of ozone-initiated chemistry
[25], some of which may be even more harmful than O itself [26]. Finally, the use of
engineered systems can be applied to reduce levels of contaminants inside buildings but
often involves a tradeoff associated with increased energy usage.

The use of existing building surfaces indoors has been investigated as a way to
passively remove pollutants [27, 28], with a recent focus on O, [29-32]. This is a passive
solution that can be implemented to improve indoor air quality while precluding any
energy penalty. The surface-to-volume ratio indoors is large, which is an advantage for
heterogeneous removal of pollutants as it increases the probability of pollutant molecules
coming in contact with reactive surfaces. Hence, using properly selected indoor building
materials that have the ability to remove O, while emitting no to low levels of by-
products appears to be an attractive solution if it is viable for long-term applications.

In addition to indoor surfaces, outdoor surfaces might also be useful for pollutant
removal. Air flows around a building before penetrating the building envelope through
openings. Reactive materials placed on the building envelope might capture some
pollutants before they can reach the indoor environment. Materials placed outdoors are
subject to environmental conditions (e.g., temperature, relative humidity, air speeds) that

usually vary in a wider range than they vary indoors, and effects of these parameters
2



should be taken into account when evaluating effectiveness of outdoor building materials
for pollutant removal. However, the outdoor environment also presents opportunities for
use of renewable, e.g., solar, energy that can increase removal through surface reactions.
The use of outdoor surfaces has been investigated for passive removal of NO, by
photocatalytic materials [33-37]. These materials contain a semiconductor that, once
activated by UV light, can catalyze water molecules adsorbed at the material surface to
form hydroxyl radicals [38], which in turn react with pollutant molecules adsorbed at the
material surface [39]. Hence, using properly selected materials applied on building
facades that have the ability to remove NO, in a wide range of environmental conditions

is an attractive solution if it is viable for long-term applications.
1.2. RESEARCH OBJECTIVES

The general objective of this dissertation is to evaluate the feasibility and long-
term effectiveness of solutions involving passive removal of pollutants on building
material surfaces and surface coatings. Such materials are hereafter referred to as passive
removal materials (PRMs).

Specific objectives are to:
1. Determine the NO, removal capacity of photocatalytic paints and coatings.
2. Determine important environmental parameters influencing the removal
effectiveness of NO, by photocatalytic paints and coatings.
3. Determine kinetic parameters for removal of NO, by photocatalytic paints and
coatings.
4. Determine the capacity of a select group of building materials to remove O; and

NO, from indoor air.



5. Determine by-products resulting from O, reactions on the surfaces of these indoor
materials.
6. Model O, and NO, concentration reductions by use of reactive materials indoors

and a combination of both indoors and outdoors for a representative building.
1.3. SCOPE OF RESEARCH

This research was completed in three major phases as follows, summarized

schematically in Figure 1.1:

Phase 1

Figure 1.1. Graphical summary of research phases



Phase 1: Outdoor PRMs. The first phase consisted of laboratory experiments on
photocatalytic coatings to determine the effects of environmental parameters on
deposition of NO, on these coatings outdoors. The parameters considered were
temperature, light intensity, relative humidity (RH), contact time, and inorganic and
organic pollutant concentrations. The experiments were completed in a stainless-steel
reactor with a flow-through design equipped with UV lights and thermal and
humidity regulation. Pollutants included in the air mixture were ozone, nitric oxide
(NO), nitrogen dioxide, propane and propylene. Oxidation of volatile organic
compounds can lead to the formation of intermediate and stable reaction products,
e.g., carbonyls, that are photo-chemically reactive or themselves detrimental to
outdoor air quality. The reaction products associated with photocatalytic oxidation of
VOCs were not evaluated in this study. A total of 244 experiments were completed
for Phase 1. Material samples were also exposed to real outdoor conditions for a year
at two roadside sites in Austin and Houston, Texas and a field site at the J.J. Pickle
Research Campus in Austin. Exposed samples were tested after a year to evaluate the
influence of outdoor exposure on their NO, removal capacity.

Phase 2: Indoor PRMs. The second phase of the study consisted of a field study and
laboratory experiments involving four indoor materials, including three certified as
green materials. Samples of the materials were tested in laboratory experiments
before, during and after placement at field sites for a six-month period. Field sites
included an institutional building, an unoccupied test house and two homes. Testing
of the samples occurred on a monthly basis. Samples were brought back to the
laboratory where they were tested in a system of three parallel, stainless-steel, flow-

through chambers (48 L). Ozone deposition was evaluated monthly and pre and post-



ozonation VOC emissions were evaluated every three months. Deposition of NO, on
new materials was also evaluated in the same test reactor.

* Phase 3: Modeling of the combined effect of PRMs. The third phase involved
computer-based modeling to determine possible reductions in O; and NO,
concentrations in a residential building through the use of outdoor and indoor PRMs.
The UTest House on the J.J. Pickle Research Campus served as a model building.
Scenarios including various combinations of PRMs were compared to a base case
scenario (conventional building materials). The best photocatalytic coating from
Phase 1 and the two best indoor materials from Phase 2 were included in the model.
Material characteristics pertaining to removal of pollutants experimentally measured

during Phases 1 and 2 were used as inputs to the model.

1.4. ORGANIZATION AND LIST OF JOURNAL PAPERS

This dissertation is presented as an executive summary in conjunction with the
full text of four journal articles presented in appendices A through D. These articles are
already published, submitted or ready for submission as described below:

Paper 1: Clement J. Cros, Alexandra L. Terpeluk, Neil E. Crain, Maria G.
Juenger, Richard L. Corsi. Influence of environmental factors on removal of oxides of
nitrogen by a photocatalytic coating. Submitted to Atmospheric Environment on March
20" 2013.

Paper 2: Clement J. Cros, Alexandra L. Terpeluk, Neil E. Crain, Richard L. Corsi,
Maria G. Juenger. Removal of oxides of nitrogen by photocatalytic coatings: influence of
environmental parameters and material properties. Ready for submission to Construction

and Building Materials.



Paper 3: Clement J. Cros, Glenn C. Morrison, Jeffrey A. Siegel, Richard L. Corsi.
Long-term performance of passive materials for removal of ozone from indoor air.
Indoor Air (2011),22,43-53.

Paper 4: Clement J. Cros, Atila Novoselac, Richard L. Corsi. Screening model to
assess the use of indoor and outdoor reactive materials for lowering indoor levels of

ozone and oxides of nitrogen. Ready for submission to Building and Environment.



2. Literature review

2.1. SOURCES OF NO,

Oxides of nitrogen are composed of NO and NO,. Both NO and NO, are products
of combustion. Nitrogen dioxide is also formed in the atmosphere from the reaction of
NO with O;. Major sources of NO, are processes that include the burning of fossil fuels:
power production facilities, industrial facilities and road vehicles [1, 40]. Indoors,
combustion sources can also increase NO, concentrations. For example, gas stoves have

been shown to be responsible for elevated NO, levels in homes [20].
2.2. HEALTH EFFECTS OF NO,

The health effects of NO, have been studied for decades. Several clinical studies
have been conducted to elucidate the effects of NO, exposure. Mohsenin [8] exposed 10
people with asthma to 500 ppb NO, for an hour. Airway reactivity was increased for the
exposed subjects but no other significant changes were noted in other lung functions after
NO, exposure. Bauer et al. [7] exposed 15 subjects with asthma to 300 ppb NO, during
both resting and exercise periods. Nitrogen dioxide exposure produced significant
decrements in forced expiratory rates after exercise periods but not after resting periods.
Frampton et al. [9] tested pulmonary function and airway reactivity of 39 healthy subjects
exposed to various NO, concentrations: continuous exposure to 600 and 1500 ppb NO,
and exposure to 50 ppb with 15-minute peaks at 2000 ppb. Only subjects exposed
continuously to 1500 ppb NO, showed signs of airway reactivity. No other symptoms
were observed.

Epidemiological studies have also been conducted by researchers around the
world. Several researchers have studied effects of early life and childhood exposure to

NO, and found links with respiratory symptoms and onset of asthma [11, 12, 41]. Pilotto
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et al. [41] studied schoolchildren in Australia in classrooms with electric versus gas
heating. During the heating period, children in classrooms with high NO, concentrations
had increased symptoms of sore throat and colds, as well as increased absences. Clark et
al. [12] used data from a cohort study of 37,041 children in British Columbia, Canada,
and estimated their exposure to NO, in utero and during the first year of life. They found
an association between exposure to NO and NO, and onset of asthma with odds ratios of
1.08 and 1.12, respectively, for a 10 ugm” increase in pollutant concentration.
Gauderman et al. [11] followed 208 children in southern California, USA, and measured
NO, concentrations outside their homes for periods of two consecutive weeks, once in the
summer and once in the winter. They found an association between doctor-diagnosed
asthma and average NO, concentration measured over four weeks, with an odds ratio of
1.83 for a 5.7 ppb increase in NO,.

Other researchers have linked exposure to NO, with cardiovascular incidents.
Perters et al. [15] studied 100 patients implanted with cardioverter-defibrillators. During
follow-up visits they downloaded data from the devices and were able to collect
information about detected arrhythmias. Correlating these data with air pollution data
they found an association between arrhythmia and exposure to NO, with an odds ratio of
1.8 for a 26 ppb increase in NO,. Andersen et al. [42] correlated hospital admissions for
stroke and air quality data and found a weak association between NO, exposure and
stroke incidence and between fatal strokes and NO, exposure.

Some researchers have also found associations between exposure to NO, and lung

cancer [43-45].



2.3. ENVIRONMENTAL EFFECTS OF NO,

Beyond adverse health effects, NO, in urban air are also responsible for acid rain.
Two possible pathways have been established for formation of nitric acid (HNO;) [2].

The first one is a simple reaction between water and NO, to form nitrous and nitric acid:

2N02 @) + HZO(aq) - HN02 @) + HNOg (aq) (1)

The second one involves three reactions leading to the formation of nitric acid:

NO; gy + 03 g) = NO3 () + 02 (g) (2)
NO3 gy + NO; () = N2 05 (g) 3)
N30s (g) + Hy0(aq) = 2HNO3 (qq) 4)

NO, are also precursors to the formation of O, through the following reactions [2]:

NO, + hv - NO + 0 (5)

0O+0,+M-0;+M (6)

The second reaction in this system is the only significant source of O, in the atmosphere

[2], making the role of NO, particularly important for O, formation in urban areas.
2.4. HEALTH EFFECTS OF O,

The health effects of O; have been studied for decades and are now fairly well
understood. Ozone is a strong oxidant and can damage the lungs when inhaled. Several
clinical studies have been conducted to elucidate the effects of O, exposure [4-6, 46, 47].
Clinical studies use fairly elevated O, concentrations (80 ppb to 400 ppb) and usually
expose the subjects for several hours, with or without physical activity. Several
researchers have reported reduction in pulmonary function after exposure to O; [4, 5].

Lavage fluids collected after exposure have also shown signs of inflammation of the
10



lungs [5, 6, 47] and cell damage [6, 46]. Auten et al. [48] reviewed several studies on the
effect of post-natal exposure to O, and concluded that exposure to O, during specific
periods of development could lead to changes in innervation of airways that could
increase chronic sensitivity to other oxidants and allergens. Pre-natal exposure of mothers
to O, was also associated with reduced birth weight [49].

Epidemiological studies have been conducted on the effects of O; around the
world, and have led to well-documented associations between exposure to O, and
increased respiratory symptoms [50], increased blood pressure [14], reduced pulmonary
function [14] and asthma [13]. Finally, increases in O, concentrations have been
associated with increased mortality, especially cardio-vascular and respiratory deaths: a
5 ppb increase in daily O; was associated with a 0.33 % increase in mortality in a study of
23 cities across Europe [51],0.96 % in a study in Lisbon, Portugal [52], 1.09 % in a study
in Moscow, Russia [53]; and a 10 ppb increase in daily O; was associated with a 0.87 %

increase in mortality in a study across 95 urban areas in the United States [54].

2.5. PASSIVE REMOVAL MATERIALS

Ozone concentrations are typically higher outdoors than indoors. However,
people in developed countries tend to spend much more time indoors than outdoors [18].
Weschler [19] showed that 43 to 76 % of exposure to O, occurs indoors. Moreover, the
numerous surfaces and products that are present in indoor environments can react with
O;: furniture, building materials, cleaning and personal care products, furnishings to
name a few [26]. Some of the resulting reaction products may be even more harmful than
O, itself [26]. And this issue is becoming even more predominant with current efforts to
build and retrofit buildings with tighter envelopes to save energy: reactions that were too

slow to compete with air exchange rates in leakier buildings have become more relevant.
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Several researchers [55-59] have shown that building materials, especially those
covering large surfaces indoors, can significantly influence O; concentrations indoors.
Pollutant uptake to surfaces is usually quantified in terms of deposition velocity, which is

defined as the flux of pollutant to a surface divided by its concentration in bulk air:

Vy = ]
d
Chulk

(7

where v, is the deposition velocity (mh™), J is the flux of pollutant to the surface
(ug m>h") and ¢, is the pollutant concentration in bulk air (ug m™).
The inverse of the deposition velocity can be expressed as an overall resistance to

heterogeneous reactions, and is equal to two resistances in series:

1,1 e
vd_rt rs_vt y<v> ®)

where r, is the transport limited resistance (h m™), r, is the surface resistance (h m™), v, is
the transport-limited deposition velocity (m h™), y is the reaction probability (-), and <v>
is the Boltzman velocity (m h™). The reaction probability, y, is the fraction of collisions
between the gas molecules and the reactive surface that lead to chemical reactions.

Ozone-initiated emissions from building materials have also been studied.
Researchers have found that O, reactions with building materials almost always lead to
the formation of carbonyls, with heavier n-aldehydes (Cs-C,,) being most predominant
[59-63]. Ozone-initiated emissions from building materials can be characterized in terms
of yields, calculated as the molar (or mass) emission rate of by-product normalized by the
molar (or mass) uptake rate of O,.

The concept of Passive Removal Materials (PRMs) involves materials that can be

placed indoors and that can scavenge targeted pollutants that come in contact with them,
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without resulting in appreciable by-product emissions or energy use. In the case of O;,
PRMs may be beneficial for two reasons: (1) PRMs can reduce exposure to O itself, and
(2) PRMs make O, less available to other materials that might otherwise lead to the
formation and release of harmful reaction products. Darling et al. [31] conducted
experiments in environmental chambers to test O, uptake and by-product emissions from
carpet in the absence and presence of a PRM, a clay-based wall plaster. It was observed
that O, concentrations as well as aldehyde emissions from the carpet were reduced in the
presence of the PRM. The PRM concept was also tested for O, removal in both
experimental chambers and in the UTest House [29], but ozone-initiated emissions were
not evaluated. Kunkel et al. [29] estimated that total daily O, exposure could be reduced
by 25 — 50 % through the use of PRMs strategically placed in the indoor environment.
Using Monte Carlo simulation for a subset of homes in Houston, TX, Gall et al. [30]
showed that median O; removal effectiveness ranging from 22 to 68 % could be achieved
through the use of activated carbon mats or gypsum wallboard as PRMs. In this study, a
few selected green building materials were tested to evaluate if they could be used as
PRMs for indoor O, removal, by testing their O, uptake and pre and post-ozonation
emissions.

The potential use of PRMs for NO, removal was also studied. Oxides of nitrogen
removal to building materials has not received as much attention as O; removal.
However, NO, levels can be elevated indoors, especially when combustion sources are
present in the building [20].

Most researchers reported whole building or room removal rates instead of
removal by specific materials. Nazaroff and Cass [64] reported results from several of
these studies and found deposition velocities ranging from 0.029 to 0.061 m h™" and 0.22

to 0.65mh™ for NO and NO, , respectively. More recently, Yang et al. [65] reported
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deposition velocities for NO, for whole houses and found an average of 0.33 m h™' for 37
houses tested in Seoul, South Korea. Grontgft and Raychaudhuri [66] reported deposition
velocities of NO, to a variety of conventional indoor building materials ranging from
3.3 mh" for wool carpet to 0.1 m h™" for painted wood. A deposition velocity 5.0 m h''
was also reported for deposition of NO, to an activated carbon cloth. Little literature on
deposition velocity of NO to indoor building materials was available but one study
reported deposition velocities ranging from 0.01 to 0.12 m h™' for conventional flooring

and ceiling materials [67].
2.6. OUTDOOR PRM: PHOTOCATALYTIC MATERIALS

Previous results for PRM use indoors suggest that PRMs may also be applied
outdoors in order to remove pollutants that have distributed sources. Ideally, any surface
outdoors could help remove pollutants emitted into the atmosphere and before they enter
buildings.

Photocatalytic materials are materials that contain a semi-conductor.
Photocatalysis is a process that occurs at the surface of a semi-conductor exposed to light.
When a photon with energy equal or larger than the band gap of the semiconductor is
absorbed, an electron (e") from the valence band is promoted to the conduction band. The
result is the presence of a “hole” in the valence band (h*). These h* and e are strong
oxidizing and reducing agents, respectively. The electron-hole pair may react with
electron donors or acceptors adsorbed on the semi-conductor surface. If reaction does not
occur, the electron-hole pair recombines and the energy is dissipated as heat [38, 68, 69].
Oxygen and water, adsorbed at the semi-conductor surface, are catalyzed to form reactive

species, superoxide anions (O,) and hydroxyl radicals (OH):

h* +H,0 - OH*+ H* 9)
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e +0,—- 0, (10)

Hydroxyl radicals and superoxide anions are strong oxidizing and reducing
agents, respectively. They can react with pollutant molecules adsorbed to the
photocatalytic surface. In the case of NO,, the product of the photocatalytic oxidation is

nitric acid [33, 70-72]:

NO,4s + OH® > HNO, (11)
HNO, + OH* = NO, 445 + H,0 (12)
NOj qqs + OH" = NO3 4qs + H* (13)

Titanium dioxide is the most widely used semi-conductor for photocatalysis
applications. It is inexpensive, chemically and biologically inert and stable with respect to
photo and chemical corrosion [69]. Of its three crystalline forms (anatase, rutile and
brookite), anatase is the preferred photocatalyst because it has the highest photoactivity
[68].

Researchers have previously studied the use of photocatalytic materials for
removal of NO,. However, most researchers employed air mixtures that only contained
NO or NO, instead of more realistic mixtures containing other inorganic and organic
gases.

Researchers have also studied the effect of environmental parameters on the
removal of NO, by various types of photocatalytic materials (paving stones, TiO, slurry,
paints, concrete). There is discrepancy in the results, which might be due to the wide
range of materials tested. Humidity was found by numerous researchers to have a strong
effect on NO, removal. Most have found that NO, removal decreased almost linearly with

relative humidity in the 20 % to 80 % RH range [33, 36, 37, 73-75]. Others have found
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different behaviors, with Bengtsson et al. [76] finding constant removal up to 40 % and
decreasing for RH > 40 % and Devahasdin et al. [77] finding removal increasing with RH
up to 50 % and staying constant up to 75 %.

The effect of pollutant concentration has also been studied. Bengtsson et al. [76]
and Laufs et al. [33] found that, for NO or NO, concentrations up to 1 ppm, the removal
rate did not vary. On the other hand, Lim et al. [78] and Husken et al. [36] found that
removal rate decreased with increasing NO and NO, concentration.

The influence of light intensity shows reasonable agreement between studies. It
has generally been found that removal increases non-linearly with increasing light
intensity [70, 74-76, 78-80].

The effect of temperature in a reasonable range for outdoor conditions was
studied by Bengtsson et al. [76]. They found a slight linear decrease in removal with
increasing temperature in the 21-30°C range.

Finally, a few researchers have studied possible interactions between VOCs and
NO, removal. Ao et al. [81] and Poulston et al. [82] observed that VOCs can influence
NO conversion, but Ao et al. found that the presence of VOCs (benzene, toluene,
ethylbenzene, o-xylene) decreased removal while Poulston et al. reported increased NO
removal in the presence of VOCs (ethane, ethene, propane, n-butane) except in the case

of propylene.
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3. Summary of experimental methods
3.1. TESTING OF PHOTOCATALYTIC COATINGS
3.1.1. Materials

3.1.1.1. Concrete samples

Two types of concrete samples were used throughout the experimental program
for application of the tested photocatalytic coatings. Highway barriers provided by Tricon
Precast (New Braunfels, TX, USA) were divided in four sections: three sections were
coated with each test coating while the fourth was left uncoated. Barriers were placed at
field sites described in section 3.1.5.1. Concrete slabs were made using the same
materials and mix proportions used by Tricon Precast to make highway barriers. The
slabs were used for laboratory testing of pollutant removal. Some coated slabs were also
placed at field sites for pollutant removal testing after exposure. More details on the

concrete mix are presented in Appendix A.

3.1.1.2. Photocatalytic coatings

Three commercially available coatings were used during the experimental
program. The first was a white paint, which was a silica sol and water glass-based
exterior paint appropriate for mineral substrates. It contained 9.7 % TiO, by weight,
mostly in the rutile crystalline form. It was applied on concrete samples using a brush.
The second coating was a clear paint, obtained as a water-based photocatalytic spray that
could be applied to virtually any surface. It contained 1 % TiO, by weight, in the anatase
crystalline form. It was applied using a paint sprayer. The third coating was a stucco
made from portland cement, a proprietary mix of admixtures and 5 % by weight of TiO,,

primarily in the anatase crystalline form. It was applied in a 5 mm thick layer, using a
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hand trowel. Some concrete samples were also left uncoated for comparison with the

coated samples.
3.1.2. Experimental apparatus

A testing system was designed and constructed in order to test pollutant removal
capacity of the concrete slabs coated with photocatalytic coatings (Figure 3.1). The
system consisted of a 150-L stainless-steel chamber equipped with UV lights, RH and

temperature controls.

Same flowrate
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| ® —®
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NC: normally closed solenoid valve . .
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MFC

MFC: mass flow controller .

MFM: mass flow meter o o 5o v

I : RH and temperature sensors CS“ ] ;g‘ 5 g
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Figure 3.1. Experimental system for testing of outdoor PRMs
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The inlet airstream was provided by two zero air generators and was humidified
using an impinger. Pollutant species mixed in nitrogen were obtained in gas cylinders:
nitrogen oxide, nitrogen dioxide, propane (as a surrogate for VOCs) and propylene (as a
surrogate for highly reactive VOCs). Ozone was produced by passing pure oxygen
through a UV-based ozone generator. Pollutant species were introduced through mass
flow controllers. The air stream then passed through a mixing zone consisting of a
succession of sections of tubing of different diameters and a mixing chamber separated
from the main chamber by a baffle.

A system of solenoid valves was used to automatically switch sampling between
the inlet and outlet of the chamber at regular time intervals. Pollutant concentrations were
measured using a UV-absorbance ozone monitor, a chemiluminescence NO, analyzer and
a direct methane/non-methane hydrocarbon analyzer. These instruments were calibrated
daily using concentration-certified gas standards. A more detailed description of the

system and instrumentation is provided in a journal article presented in Appendix A.
3.1.3. Preliminary testing

Preliminary tests were completed in order to eliminate photocatalytic coatings that
were inefficient and to identify efficient coatings for more intensive testing. Preliminary
tests were run under conditions that, according to the published literature on
photocatalytic materials, should be beneficial to NO, removal. As such, if a coating did
not perform well under such conditions, it was eliminated from further testing. The
preliminary tests were run at a contact time of 7.5 minutes and pollutant concentrations of
135 ppb NO,, 85 ppb O, 3 ppm hydrocarbons (2.5 ppm propane, 0.5 ppm propylene).

Temperature was set at 38°C, RH at 6 % and light intensity at 2 mW cm™. Removals of

19



NO and NO, were calculated using steady-state concentration data obtained during the

tests.
3.14. Full factorial testing

The two best performing coatings out of the preliminary tests (the clear paint and
the stucco) were put through full factorial testing in order to determine which
environmental parameters significantly affected their NO, removal. Six environmental

parameters were varied according to Table 3.1.

Table 3.1. Full factorial testing parameters and their low and high levels

Low level High level
Contact time 1.5 minutes 15 minutes
Relative humidity 20 % 65 %
Temperature 30°C 40°C
Organic pollutants
- propane (VOC) 0.25 ppm 2.5 ppm
- propylene (HRVOC) 0.05 ppm 0.5 ppm
Inorganic pollutants “morning” “afternoon”
-NO 150 ppb
-NO, 20 ppb 50 ppb
- O, 150 ppb
Lights 1 mW cm™ 2 mW cm”

Samples were rinsed with distilled every eight experiments to remove products of
the photocatalytic process that might have remained adsorbed on the material surface.
More details on the full factorial testing are presented in Appendix B.

It should be noted that, in the afternoon condition, O, was present as an additional
inorganic pollutant, and its removal to the photocatalytic coating was evaluated, along

with NO, removal.
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3.1.5. Field exposure

3.1.5.1. Exposure sites

Three field sites were set up to expose the coated concrete samples to real outdoor
conditions and evaluate how that affected their pollutant removal efficiency. Two sites
were established within 30 m of a major roadway, near I-10 in Houston and near 1-35 in

Austin, as shown in the digital images in Figure 3.2.

(a) (b)

Figure 3.2. Field site in (a) Austin and (b) Houston.

The third field site was set up on the J.J. Pickle Research campus of the
University of Texas at Austin. It was about 400 m from a major roadway, Loop 1 in
Austin. Each field site was equipped with a weather station to record temperature,
relative humidity and precipitation (Hobo U-30 NRC; Onset, Bourne, MA, USA;

GRWS100; Campbell Scientific, Logan, UT, USA).
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3.1.5.2. Post-exposure testing

Concrete slabs coated with the best performing coating out of full factorial testing
(the stucco), and that had spent one year in the Austin, Houston and J.J. Pickle field sites
were returned to the laboratory for pollutant removal testing. These tests were run at
conditions realistic of outdoor conditions during the ozone season in Southeast Texas:
50 % RH, 35°C, 1.5 minute contact time, low organic pollutant (0.25 ppm propane,
0.05 ppm propylene), and high UV light intensity (2 mW cm?). The tests were run for
both “morning” and “afternoon” conditions (Table 3.1).

When returned from the field sites, samples were tested three consecutive times.
For the first test, the sample was tested without any treatment. For the second test, the
sample was rinsed with distilled water. Finally, for the third test it was rinsed with a soap
and water solution. Details of the rinsing methods are presented in Appendices A and B.
Samples of uncoated concrete, with newly applied photocatalytic stucco coating and with
newly applied stucco coating without TiO, were tested under the same conditions for

comparison.
3.1.6. Data analysis

3.1.6.1. Pollutant removal

Removals of NO and NO, were calculated using steady-state concentration data
obtained during full factorial tests. Removal obtained with the uncoated sample was
subtracted from the removal obtained with the coated sample in order to calculate the
incremental pollutant removal that would be observed after coating existing concrete

surfaces:
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where c,,, 1s the pollutant concentration measured in the chamber inlet for the test run
with uncoated concrete (ppb), c,,,, is the pollutant concentration measured in the chamber
outlet for the test run with uncoated concrete (ppb), c;, is the pollutant concentration

measured in the inlet of the chamber for the test run with coated concrete (ppb), c,,, is the

out
pollutant concentration measured in the outlet of the chamber for the test run with coated
concrete (ppb), R is the pollutant removal by the coated concrete (%).

The uncertainty associated with R was determined using standard error
propagation techniques. The uncertainty on the concentration measurements was taken as
two standard deviations of measured values for all calibrations run during the

experimental program. Relative uncertainties were determined to be 8.0 % for NO

measurements and 9.8 % for NO, measurements.

3.1.6.2. Data analysis for full factorial experiments

The results from the full factorial experiments were analyzed using JMP software
(JMP 9; SAS, Cary, NC, USA) to determine the most important factors affecting NO,
removal, using analysis of variance (ANOVA) techniques. ANOVA allows testing
whether the means of different groups are statistically different. Main factors as well as
two-factor interactions were taken into account. Higher level interactions were not
considered. Given the large number of experiments that needed to be run, it was not
possible to complete replicates for all experiments. Ten percent of the experiments were
replicated. The Lenth method was used to provide approximate tests of significance [83].
The Lenth method provides an estimate of the standard error, called the Lenth pseudo

standard error (PSE), where:
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PSE = 1.5xMedian(|6;]: 6; < 2.5X7,) (15)

and 7, = 1.5XMedian(|6;|) (16)

where 6, is the i" contrast.

The Lenth t-ratio was calculated as the ratio of the contrast for a factor over the
PSE [84]. The t-statistic for each factor was compared to critical values provided by Mee
[84]. Factors with a Lenth t-ratio larger than the critical value were deemed significant. A
significance level a=0.15 was used to determine the critical value. Outliers were

determined by using the studentized residuals test described by Mee [84].

3.1.6.3. Determination of reaction probabilities

Reaction probabilities of NO, NO, and O, on the coated concrete were determined
for use in a model of PRM performance for reducing human inhalation exposure to these

pollutants (Research Phase 3). As described earlier:

1 4

1
— =t —
vg v, y<v> a7

where v, is the pollutant deposition velocity on the reactive surface (mh™), v, is the
transport-limited deposition velocity (m h™), y is the reaction probability (-), and <v> is
the Boltzman velocity (m h™'). The reaction probability, v, is the fraction of collisions
between the gas molecules and the reactive surface that lead to chemical reactions.

In order to determine the reaction probability, which is a constant for the
material/pollutant pair, it was necessary to obtain both the deposition velocity, v,, and the
transport-limited deposition velocity, v,, in the reactor used for testing.

The transport-limited deposition velocity in the reactor was calculated using O;

deposition to a highly reactive surface: concrete coated with a potassium iodide solution
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(125 mg KI / 100 mL distilled water, [85]). In this specific case, the surface resistance to
the deposition of O; on the material was assumed to be negligible so that the transport
resistance is the only resistance to deposition. In this case, the deposition velocity on the

potassium iodide-coated concrete was:

1 1 4 _
= + lim
Vaoski Vtoz <V >VYozkr Yoski-1 V03

(18)

where v, ;4 18 the deposition velocity of O; on the potassium iodide coated concrete
(m h™), v, ,; is the transport-limited deposition velocity of O, in the reactor (m h™), y; 4 is
the reaction probability of O, with the potassium iodide coating (-).

The deposition velocity of O, on the KI-coated concrete was determined using a

mass balance on the well-mixed reactor:

_ _ AVsample CO3,inlet 1 Aw,sample
Vt,03 = V4,03,k1 = 2 —1)=Vao3w A (19)

sample Co3 sample

where 4 is the reactor air exchange rate (h™) V., is the air volume of the reactor in the

sample

presence of a concrete sample (m’), A is the projected area of the concrete sample

sample

tested (m?®), A is the area of exposed reactor walls in the presence of a concrete

w,sample
sample (M%), Cy;,. is the O, concentration in the reactor inlet (ppb), c,; is the O,
concentration in the reactor outlet (ppb), v,.;, 18 the O, deposition velocity to the
chamber walls (m h'), other parameters are as previously described.

The measured value for the transport-limited deposition velocity of O; in the
reactor was used to estimate the transport-limited deposition velocities in the reactor for

NO and NO,, v, v, and v, y,, respectively. Mass transfer correlations for gas flow above a

flat plate were used to determine the relationship between v, ,; and v, y, and v, v, [86]:
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where Dy, Dy, and D,, are the NO, NO, and O, diffusion coefficients (m*h™),
respectively and other parameters are as previously described.
The deposition velocity for each pollutant was then calculated using a steady-state mass

balance on the well-mixed test reactor:

j-Vsample Cinlet Aw,sample
vd = - 1

A A w— @

sample sample

where v, is the pollutant deposition velocity on the coated concrete surface (m h), ¢, is
the pollutant concentration in the reactor inlet (ppb), ¢ is the pollutant concentration in
the reactor outlet (ppb), v,, is the pollutant deposition velocity to the reactor walls
(m h™), and other parameters are as previously described.

Finally, the reaction probability was determined as:

rm— (-4 22)

where parameters are as previously described.
3.2. TESTING OF INDOOR BUILDING MATERIALS

3.2.1. Materials

Four commercially available building materials were tested for their capacity to
remove O, and the best performing materials were also tested for their ability to remove
NO,. The first material was an activated carbon (AC) mat made of a non-woven polyester

fabric coated with activated carbon. The second material was a perlite-based green
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ceiling tile. The third material was a carpet made with 70 % recycled material. The last
material was a gypsum wallboard made of reclaimed gypsum and recycled paper onto
which low-VOC primer and paint were applied. All materials were obtained new and
kept in their original packaging until testing, except for the gypsum wallboard that was
painted and left to air out in an unoccupied test house (described in section 5.1.1).

The samples used for testing in this study had dimensions of 20 x 25 cm. The
sides and backside of the samples were covered with aluminum foil that was left on the
samples during the experimental program. This avoided reaction of surfaces not usually
in contact with indoor air during exposure and testing. More details on the materials

tested are presented in Appendix C.
3.2.2. Experimental systems and analytical methods

3.2.2.1. O, removal and carbonyl emissions measurements

An experimental system was designed and constructed to test O, removal as well
as pre and post-ozonation emissions of the indoor building materials selected (Figure
3.3).

Room air was dehumidified and cleaned by passing through a column containing
Drierite™ and an activated carbon filter. The air stream was then split and a portion of
the air was ozonated by passing through an ozone generator. Similarly, relative humidity
was adjusted using an impinger. The air stream was then split and introduced through
mass flow controllers into three parallel 48-L stainless-steel chambers, each containing a
material sample or left empty for measurement of chamber walls effects. Ozone
concentrations were measured in the inlet and outlet of the chambers using a UV
absorbance ozone monitor. Carbonyl concentrations were measured using sorbent tubes.

Light carbonyls (formaldehyde, acetaldehyde, acetone, propanal, butanal, and pentanal)

27



were sampled on pre-packed 24-Dinitrophenylhydrazine (DNPH) tubes. Heavy
aldehydes (hexanal, heptanal, o-tolualdehyde, octanal, benzaldehyde, nonanal, and
decanal) were sampled on large volume glass GC injection liners packed with
Tenax-TA®. The 400 + 3 mL min™ and 50 + 2 mL min™ airflow through the DNPH and
Tenax tubes, respectively, was provided by sampling pumps. Carbonyl concentrations
were measured before and after O, had been introduced into the test chamber. The system
followed ASTM D5116-10 standard recommendations except for temperature control of
the reactor [87]. However, the reactor was operated in a laboratory where room
temperature ranged from 21°C to 24°C [88]. More details on the experimental apparatus

are provided in Appendix C.

Ozone measurement
VOC sampling
N

Ozone measurement
—{_MFC_[>{ Chamber1 |—> “-{g ot

Ozone measurement
—> MFC_[>| Chamber2 [—>| = {5c sampling

—>] RHprobe | —» MFC |>{ Chamber3 |—> Ozzrgcm;a:‘::ﬁ‘mgem

y
{ Pump z<—| AC | Drierite |<—Room air
N

Ozone
generator

A
o~

Figure 3.3. Experimental system for ozone removal and carbonyl emissions
testing of indoor PRMs
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DNPH tubes used to sample light carbonyls were wrapped in aluminum foil and
placed in individual plastic bags after each experiment. The tubes were kept frozen until
they were analyzed for C,-C; carbonyls using high-performance liquid chromatography
with UV detection (HPLC/UV). Tenax-TA tubes were analyzed by zero-path thermal
desorption followed by gas chromatography with flame ionization detection

(TD/GC/FID). More details on analytical methods are available in Appendix C.

3.2.2.2. NO and NO, removal measurements
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Figure 3.4. Experimental system for NO and NO, removal testing of indoor
PRMs
A simplified version of the system used for ozone and carbonyl emissions testing
was used to test NO and NO, removal by new indoor materials, as presented in Figure
34. A single 48-L stainless-steel chamber was used. Gas cylinders of NO and NO,

(Praxair, Danbury, CT, USA) were obtained and gases were injected in the air stream
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through mass flow controllers (Series FMA 5500; Omega Engineering Inc., Stamford,
CT, USA). Concentrations of NO and NO, in the inlet and outlet of the test chamber were
measured using a chemiluminescence NO, analyzer (model 200E; Teledyne, San Diego,

CA, USA).
3.23. Field exposure

3.23.1. Exposure sites

Samples were placed in real homes and institutional buildings around Austin for a
six-month period. The field sites covered a wide range of indoor environments as
described in Table 3.2. Material samples were placed vertically on metal stands on
shelves or furniture, about 1.8 m from the floor, except for the carpet samples that were
laid on the floor, in relatively protected areas to avoid occupants repeatedly stepping on
the samples.

Indoor environmental conditions at each field site were monitored through
continuous recording of relative humidity and temperature using data loggers, passive
sampling of total VOC using sorbent tubes and sampling of indoor dust using tape
sampling. More details on the field sites and environmental conditions monitoring are

presented in Appendix C.
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Table 3.2. Indoor PRMs field locations

Monthly average range Number of samples
?meldmg Fozm ( Itires) Temperature Relative Activated Carpet Ceiling Palr;fr(rll
P P y P humidity carbon P tile YD
wallboard
Office Office 24 23-25°C | 32-59% 1 2 1 1
building
Occupied by up to three students during regular business hours
House 1 |Kitchen [ 5 | 1925°C | 51-57% | 1 | 1 | 2 1
Used by five residents daily

House 2 flome 44 1629°C | 47-63 % 1 1 1 2

Office

Occupied by one resident and a pet daily
House 1 |Bedoom [ 5 | 19-27°C | 44-60 % | 2 |1 1 1
Occupied by one resident daily

Unoccupied | Kitchen/ 4 16-29°C | 34-54% 2 1 1 1
Test House Dining

Occupancy and operation of the Test House varied greatly depending on experiments carried out
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3.2.3.2. Testing of exposed samples for ozone removal and carbonyl emissions

Exposed samples were tested before being installed in field sites for their O,
removal capacity as well as pre and post-ozonation emissions. Following placement on
the field, samples were returned on a monthly basis to the laboratory for testing and
brought back to their original field location after testing. Each month, the O; removal
capacity of the material samples was tested while pre- and post-ozonation carbonyl
emissions were also measured after three months and at the end of the six-month
exposure period. Measurements included determination of the deposition velocity of O,
on each material sample as well as determination of emission rates of carbonyls including
C, through C,, saturated n-aldehydes, acetone, o-tolualdehyde and benzaldehyde. Tests

were run under the conditions described in Table 3.3.

Table 3.3. Experimental conditions for testing of indoor PRMs for ozone
removal and carbonyl emissions

Parameter Value
Temperature 21-24°C
Relative humidity 502 %
Air exchange rate 2h'

Inlet O, concentration 147 + 10 ppb

3.24. Testing of building materials for NO and NO, removal

Deposition velocities of NO and NO, on the best performing materials during the
field study (activated carbon mat and perlite-based ceiling tile) were measured on new
samples of these materials that had been kept in their original packaging. The samples
used were prepared identically to the ones used in the field study. Testing conditions
were identical to those used for measurement of ozone deposition velocities on the indoor

materials (Table 3.3), except for inlet pollutant concentrations. Inlet concentrations of NO
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and NO, were 153 + 5 ppb and 155 = 5 ppb, respectively. Two empty chamber
experiments were run, first with NO and then with NO,, to measure NO and NO,
deposition to the chamber walls. Then duplicate experiments were run for NO and NO,
separately, with a material sample placed in the chamber, to measure NO and NO,

deposition to the material samples.
3.2.5. Data analysis

3.2.5.1. O;deposition velocity

Chamber tests were run for sufficient time that a steady-state condition with
respect to O, concentration was reached in the chamber. For every other set of
experiments (three chambers operated in parallel), one of the chambers was left empty to
allow calculation of the deposition velocity of O; to the chamber walls. The empty
chamber was switched between experiments.

The deposition velocity for the material tested, v, (mh™), is based on a
steady-state mass balance on a well-mixed chamber, including reaction at chamber walls:

/1V CiTL AW
Vg = A (7 - 1) — Vg,w <A_s - 1) (23)

where A is the air exchange rate of the chamber (h"), V is the volume of the chamber
(m’), A, is the total area of the chamber walls (m?), A, is the horizontal projected area of
the material sample (m?), c,, is the inlet pollutant concentration (ppb), ¢ is the pollutant
concentration in a chamber containing a material sample (ppb), and v, is the pollutant
deposition velocity for the chamber walls (m h™).

Mean values are expressed with a corresponding standard deviation around the
mean. For all other analyses, uncertainties in the measured deposition velocities were

calculated with an error propagation analysis using the maximum of instrument error,
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+ 2 % for the O, analyzer, = 1 % for the bubble flow meter and an error on horizontally-

projected area measurements that was estimated to be less than 10 %.

3.2.5.2. Carbonyl emission rates

One chamber in the system was left empty every other set of experiments to
evaluate the carbonyl emission rates of chamber walls. The difference in carbonyl
concentrations between empty chambers was on average less than 2 pug m”. Emission
rates of each compound from test specimens were calculated based on a mass balance on
a well-mixed flow-through chamber at steady-state, accounting for emissions from

chamber walls:

A
(e = ) = 2 (ene = o) (1 52

€k,s = P (24)
S

where ¢;,, 1s the inlet concentration of carbonyl k (ug m>), ;. 18 the concentration of
carbonyl k in an empty chamber (ug m”), ¢, is the concentration of carbonyl k in a
chamber containing a material sample (ug m™), e, is the emission rate of carbonyl k for

the material sample (ug m” h™), and all other variables are as previously described.
3.2.5.3. NO and NO, deposition velocity

Chamber tests were run for sufficient time that a steady-state condition with
respect to NO or NO, concentration was reached in the chamber. Separate empty
chamber experiments were run to determine deposition of NO and NO, to the chamber
walls.

The deposition velocity for the material tested, v, (mh™), is based on a

steady-state mass balance on a well-mixed chamber, including reaction at chamber walls:
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where all parameters are as previously described.
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4. Summary of research findings

4.1. OUTDOOR PRMS
4.1.1. Preliminary test results

Tests results for preliminary tests conducted on three commercially-available
photocatalytic coatings are presented in Figure 4.1. Results show that the stucco was the
most effective coating for removal of NO, and O,. On the contrary, the white paint tested
removed little NO, relative to the uncoated concrete. The white paint contained the rutile
crystalline form of TiO,, which is not the most photoactive form, while the stucco and the
clear paint each contained anatase, which is the most photoactive form of TiO,. This
might explain the poor performance observed in terms of pollution removal by the white
paint. In light of these results, the stucco and the clear paint were chosen for further

testing.
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Figure 4.1. Results of preliminary testing of outdoor PRMs
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4.1.2. Full factorial test results

Removals of NO, obtained during full factorial testing are presented in Figure 4.2.
The results confirmed that the photocatalytic stucco was the most effective for removal of
NO,, with removals ranging from 16 % to 85 %. For that reason, its NO, removal
effectiveness was further tested after outdoor exposure (section 4.1.3). Similar removals
were observed by Dylla et al. [37] for concrete containing TiO, at contact times up to 7.1
minutes; they did not include other air pollutants such as O, and VOCs in their study.
Ballari et al. [39] and Husken et al. [36] also observed similar levels of NO, degradation
by photocatalytic paving stones with removals in the range of 3 % to 63 % for similar
contact times, light intensities, relative humidity and inorganic pollutant concentrations.
A more detailed analysis of NO, removal by the photocatalytic stucco is presented in
Appendix A.

Removals of NO, observed for the clear paint ranged from 0 % to 32 % and
decreased over time. The first eight experiments presented on the top left of Figure 4.2
(long contact time, low RH, morning inorganics) were the first experiments run during
the experimental program. It was during these experiments that the best performance of
the clear paint was recorded, with all removals between 12 % and 32 %. It appears that
after the first water rinse, the performance of the clear paint degraded: all other removals
observed were below 15 % with only one experiment yielding a removal over 12 %. Such
changes were not observed with the stucco. These results might be explained by wear of
the coating leading to loss of the photocatalyst, TiO,, as observed by Terpeluk [89]. The
extent of the degradation of the clear paint coating during full factorial testing was not
known, and experiments were analyzed assuming that some TiO, was still present on the

clear paint sample. As such, this assumption should be considered when interpreting
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results of the ANOVA analysis for the clear paint. Coating degradation might have

affected the relevance of the statistical analysis.
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Figure 4.2. NO, removals obtained during full factorial testing of outdoor
PRMs

In the morning condition for inorganic pollutants (NO = 150 ppb, NO, = 20 ppb),
formation of NO, was observed in some cases as a result of NO removal. It is possible
that during the photocatalytic reaction process described in reactions 11 through 13, some
of the NO, formed by photocatalytic oxidation of NO (reactions 11 and 12) could not be
oxidized further and desorbed from the material surface. Molar yields were calculated as
moles of NO, formed divided by moles of NO reacted. Molar yields, in the morning
condition, for the stucco ranged from O to 0.32 moles NO, formed/moles NO reacted
(average 0.08, standard deviation 0.10) with absolute increases in NO, concentrations
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ranging from O to 17.5 ppb (average 5.0 ppb, standard deviation 5.4 ppb). Molar yields,
in the morning condition, for the clear paint ranged from O to 0.58 moles NO,
formed/moles NO reacted (average 0.38, standard deviation 0.13) with absolute increases
in NO, concentrations ranging from O to 39.1 ppb (average 17.2 ppb, standard deviation
10.4 ppb).

Results from the ANOVA analysis of full factorial experiments are presented in
Figure 4.3. The results show that both coatings were significantly affected in a similar
fashion by three environmental factors: an increase in contact time led to increased NO,
removal while increases in RH and temperature led to decreases in NO, removal by both
coatings. Other environmental factors affected each coating differently.

While NO, removal by the stucco was not significantly affected by levels of
organic of inorganic pollutants in air, the clear paint was affected by these parameters. It
is possible that differences in the surface morphologies of each coating were responsible
for this difference: the stucco had a much rougher surface than the clear paint, hence
more actual surface area exposed for the same projected area. With a larger surface area,
the stucco offered more active sites, which might be why competition by non-NO,
molecules did not affect removal of NO, molecules. Similarly, differences in coating
surface morphologies might explain why the stucco was significantly affected by a
change in UV light intensity while the clear paint was not. It is possible that some active
sites at the stucco surface only received enough UV light to be activated when the UV
light was set at its high level because of physical blinding (e.g. active sites in pores or
shaded). A more detailed discussion of ANOVA results, including two-factor

interactions, is presented in Appendix B.
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Figure 4.3. Results of ANOVA analysis of full factorial testing of outdoor
PRMs

4.1.3. Exposed samples test results

Results from tests run on coated samples that had spent 1 year at field sites, and
exposed to real near-roadway environmental conditions, are presented in Figure 4.4.
Results indicate that exposed samples were not as effective at removing NO, after a year
of exposure, and prior to washing. Their removal efficiency before washing was up to

75 % lower than what it was for a new sample. The rinse with water did not have much of
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an effect on the NO, removal effectiveness but the soap and water wash did increase
removal to over 60 % and 90 % of the removal by a new coating for the morning and
afternoon conditions, respectively. Results for the uncoated concrete indicate that soap
residues were not responsible for this increased removal. It is possible that compounds
that are not water soluble and not readily oxidized by the photocatalyst, such as long
chain hydrocarbons, occupied reaction sites and the soap surfactant helped to remove

them from those sites. More details on tests run on exposed samples are presented in

Appendix B.
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Figure 4.4. NO, removals by stucco-coated samples after one year of
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4.14. Reaction probability of O, NO and NO, on stucco-coated concrete

To model deposition of NO, NO, and O, on the fagade of the model building in
Research Phase 3, the reaction probabilities between each pollutant and the stucco
coating were determined. Concentrations measured during full factorial testing were used
for these calculations. Reaction probabilities were determined for two conditions:

- a morning condition: morning inorganic pollutant levels, low organic

pollutant levels, low temperature, high RH, low UV light intensity,

- an afternoon condition: afternoon inorganic pollutant levels, low
organic pollutant levels, high temperature, low RH, high UV light
intensity.

The method described in 3.1.6.3 was used to determine the pollutant transport-
limited deposition velocities in the test reactor. Transport-limited deposition velocity of
O, in the reactor was determined to be 19.4 m h™'. Diffusion coefficients for NO and NO,
were determined following the method described by Poling et al. [90] and were used to
determine the transport-limited deposition velocities for NO and NO, based on that of O;.
The transport-limited deposition velocities for NO and NO, were 224 mh' and 18.1
m h'', respectively.

Calculated reaction probabilities are presented in Table 4.1. The reaction
probability of ozone with the photocatalytic stucco was within the range of reaction
probabilities reported in the literature for ozone reaction with cementitious materials that
vary from 2.7 x 10° [91] to 7.9 x 107 [92]. Grgntoft and Raychaudhuri [66] also reported
reaction probability with concrete made with fine aggregates (similar to the way the
stucco was prepared) in the range of 1.9 x 10° to 4.8 x 10°. Judeikis and Wren [93]
reported deposition of NO and NO, to concrete with reaction probabilities of 1.8 x 107

and 3.5x 107, respectively, two to five times higher than observed in this study.
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However, experiments were run under sub-ambient pressures (0.1 atm), which makes
direct comparison with results obtained here difficult. Reaction probabilities of NO, with
concrete made with fine aggregates were reported by Grgntoft and Raychaudhuri [66] for
similar RH levels as used in this study and ranged from 1.1 x10° to 3.2 x 10°,

approximately two to seven times lower than those calculated in this study.

Table 4.1. O;, NO and NO, reaction probabilities with photocatalytic stucco

Morning condition Afternoon condition
0O, NO NO, 0O, NO NO,
Reaction
probability N/A 8.31x10° N/A 8.59x10° N/A 7.28%10°

4.2. INDOOR PRMS

4.2.1. O,removal results

Ozone removal capacity, measured in terms of deposition velocity, was evaluated
on a monthly basis for indoor building materials placed in various indoor environments
around Austin, TX. Materials were returned to the laboratory monthly for analysis before
being returned to the field. Since test conditions were kept constant for all experiments
involving indoor building materials, changes in observed deposition velocities were only
due to changes in reactivity of the materials.

The effect of specific environments on O; removal by indoor building materials
was studied. Deposition velocities for each material averaged over time are presented in
Figure 4.5. Ozone deposition velocities measured for O, are in the 2.5 mh” to 3.8 m h’
range, slightly lower than observed by other researchers [29, 55]. This might be due to
low air velocities in the test chambers (measured < 5 cm s™'), leading to higher transport

resistance. The results observed for activated carbon, which is a highly reactive material,
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confirm that deposition velocities measured in the chamber can realistically be applied to
indoor environments. In effect, since activated carbon mat is highly reactive with O, [29],
the surface reaction resistance is small, so the deposition velocity of O, on activated
carbon mat should approximate the transport-limited O, deposition velocity in the test
chambers. Transport-limited O, deposition velocities in indoor environments were
measured by Morrison et al. [94] in the range of 1.2 mh™ to 3.6 m h”', corresponding to

the range of O, deposition velocities measured here.
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Figure 4.5. O, deposition velocity on indoor PRMs averaged over time

Deposition velocities for carpet and ceiling tile were slightly lower than for
activated carbon, ranging from 20 mh"' to 30 mh' and 22 mh' to 32 mh’,

respectively, in the same range as previously reported [56, 59, 61, 91]. Finally, the
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painted gypsum wallboard was the least reactive material with deposition velocities
ranging from 0.7 m h” to 1.3 m h™', again in agreement with previous research [57, 59].
Green building materials in the office location exhibited reduced O, deposition
velocity. It is possible that O, concentrations in that environment were higher relative to
residential locations due to higher air exchange rate, outdoor air intake from the HVAC
system or surfaces with lower reactivities in the environment. The influences of indoor
environmental parameters on O, removal by each material are discussed in greater detail

in Appendix C.
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Figure 4.6. O, deposition velocity on indoor PRMs averaged over all field
sites

Ozone deposition velocities averaged over all field locations are presented in

Figure 4.6. This figure allows assessment of the durability of the material to remove O;.
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Deposition velocities for the carpet and gypsum wallboard presented a downward trend,
with removals at the end of the experimental program about 30 % lower than at the
beginning. Morrison et al. [58] and Wang et al. [59] also observed reduced O, removal by
carpet with cumulative exposure or age. On the contrary, O, deposition velocities on the
activated carbon mat and perlite-based ceiling tile remained consistent during the entire
program. The activated carbon mat was the most effective material for O, removal. While
the perlite-based ceiling tile was only the third best material for O, removal during initial
testing, its consistency over time makes it more attractive than the carpet for long-term

use.
4.22. Pre- and post-ozonation carbonyl emissions results

Pre-ozonation emissions refer to emissions that occurred before ozonated air was
introduced into the test chambers. Post-ozonation emission rates were measured after
ozonated air was introduced into the chambers. Emission rates averaged over all locations
are presented in Figure 4.7. Carbonyl emissions from the activated carbon mat were
lower than any other material, both before and after ozonation. Emissions were however
dominated by formaldehyde (22 % to 58 % by mass) and acetaldehyde (5 % to 35 % by
mass).

For all three green building materials, post-ozonation emissions were higher than
pre-ozonation, and dominated by nonanal as previously observed for aged materials in
homes [59].

Carpet exhibited the highest emission rates, both pre and post-ozonation. These
emission rates were especially high initially, compared to the other materials, but
decreased dramatically between the initial and three-month measurements. Post-

ozonation emissions for carpet were consistent with results from Morrison et al. [60] and
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Waring et al. [21]. However, Morrison et al. [60] observed higher pre-ozonation

emissions for aged samples compared to new samples, unlike this study.
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Figure 4.7. Emissions of carbonyls from indoor materials (Pre = pre-
ozonation; Post = post-ozonation). Mean carbonyl mass yields are
presented on top of each bar with standard deviation in parenthesis.

Results for the ceiling tile display a different trend, with pre-ozonation emissions
decreasing over time but post-ozonation emissions increasing, when averaged over all
field sites. In reality, the kitchen location greatly influenced the averaged results for this
material and was the only location where post-ozonation emissions increased over time.
It is possible that, because the ceiling tile was made of a porous material, it adsorbed

gases or particles from cooking events that later reacted with O, during testing [95].
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Finally, the painted gypsum wallboard presented a different emissions pattern,
with both pre- and post-ozonation emissions decreasing between the initial and
three-month measurements but increasing between the three- and six-month
measurements. It is difficult to evaluate how emissions would have evolved further. More
details on the influence of indoor environmental conditions on emissions are presented in

Appendix C.
4.2.3. NO and NO, removal results

Nitric oxide and nitrogen dioxide deposition velocities on the two best performing
indoor PRMs (activated carbon mat and perlite-based ceiling tiles) were measured for
inclusion in the modeling of Research Phase 3. Deposition velocities of NO and NO, on
the chamber walls were measured and the results obtained are as follows: 5.7 x 10* m h”!
and 8.9 x 10° m h™', respectively. Deposition velocities of NO and NO, on the selected

indoor materials are presented in Table 4.2.

Table 4.2. Deposition velocities of NO and NO, on indoor PRMs

Vano (M h') Vanoz (M h')
Ceiling tile 0.12+0.02 048 £0.05
Activated 092+0.17 324025
carbon mat

Deposition velocities of NO and NO, to a variety of indoor materials were
reported in the literature. Deposition velocity of NO on the perlite-based ceiling tile was
at the upper end of the range of NO deposition velocities to ceiling materials,
0.00-0.12 m h'', reported in the literature [67]. Deposition velocity of NO, on the perlite-
based ceiling tile tested in this study was also in the range of NO, deposition velocities,

0.36-0.7 m h™', reported by Grgntoft and Raychaudhuri [66] for porous stone materials.
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Deposition velocity of NO to activated carbon for realistic indoor conditions
could not be found in the literature. A deposition velocity of 5.0 m h™ for NO, on an
activated carbon cloth was reported by Grgntoft and Raychaudhuri [66]. It is higher than
the value measured in this study. However, as explained in the case of O;, transport
limitations in the test chamber might explain the lower deposition velocities observed for
very reactive materials in this study compared to other studies. This is confirmed by the
fact that Grgntoft and Raychaudhuri [66] tested both O, and NO, deposition on activated
carbon cloth using the same test conditions and found similar deposition velocities for
both gases, as was observed in this study (average O, deposition velocity in this study =

34mh").
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5. Modeling
5.1. METHODS

5.1.1. Model building and PRMs included

The UTest House, a 120 m?, three bedroom/two bath manufactured home located
on the J.J. Pickle Research campus of the University of Texas at Austin, was used as a
model building for this study. It is equipped with pressure sensors on its fagcade and wind
velocity sensors in its vicinity as shown in Figure 5.1. Monitoring data from a previous
experimental program by Lo et al. [96] was used to validate computational fluid

dynamics (CFD) simulation of airflow around the house.
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Figure 5.1. UTest House floorplan and pressure and wind sensors

In light of results from indoor and outdoor PRMs testing, activated carbon mat
and perlite-based ceiling tiles were selected for inclusion in the model as indoor PRMs

while the photocatalytic stucco was selected for inclusion on the model building facade.

50



Deposition velocities, for indoor PRMs, and reaction probabilities, for the outdoor PRM,
obtained during the experimental program were used to simulate pollutant removal by the

building materials.
5.1.2. Modeling conditions and scenarios

A subset of data from Lo et al. [96] was used as a basis for outdoor wind
conditions of the model. The wind conditions were assumed to be constant for the
duration of the model and are as follows: approach wind velocity of 7.9 m s measured at
4 m above the ground, and azimuth angle of 163°. The wind power law (a = 0.125 [96])
was used to estimate wind velocities at various heights. Turbulence intensity was
determined using data recorded by wind sensor W1 (Figure 5.1).

Three scenarios were considered and compared for the modeling effort as
indicated in Table 5.1. Relative reductions in concentration between scenarios were

calculated as:

i =1-= (26)

where R;; is the relative concentration reduction in scenario i relative to scenario j (-), ¢;
and c; are the average concentrations in scenario i and j, respectively (ppb).

A scenario including the photocatalytic stucco applied on roadway barriers to
reduce NO, concentrations downwind of a roadway was also considered. A screening
model was run and results suggested that the solution was not appropriate. For a best case
scenario where transport resistance to the reactive surface was assumed to be negligible

and for wind speeds as low as 1 ms™, only a 6 % reduction was estimated downwind of
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the road when wind was perpendicular to the road, and 9 % when it was parallel to the

road. The screening model is described in Appendix E.

Table 5.1. Modeling scenarios

Perlite-based
Activated carbon mat erll.e a‘se Photocatalytic stucco
ceiling tile
Scenario 0 None None
None
Scenario 1 Covers half of the Covers the ceiling of
kitchen/living area both bedrooms and :

ceiling for a total area | the office for a total | Covers entire facade

Scenario 2 of 23 m? area of 36 m> of the house for a
total area of 164 m*
5.1.3. Determination of outdoor concentrations at the building facade

5.1.3.1. CFD model of the test house

Airflow in the vicinity of the exterior fagade of the house was simulated using
CFD solving the Reynolds Averaged Navier-Stokes (RANS) equations with the two-layer
Realizable k-&¢ model. The commercially available ANSY'S Fluent 12.1 code was used.

The model mesh included 500,000 computational cells. The first layer of cells
adjacent to the house walls was 5 mm deep with a growth factor of 1.2 for the first 5
layers. The study domain was a rectangular prism of dimensions 45 m x 30 m x 15 m.
South and East faces of the domain were set with velocity inlet boundary conditions.
West and North faces were set with pressure outlet boundary conditions. The top face of
the computational domain (Sky) was set with a symmetry boundary condition and the

bottom face (Ground) was set with a wall boundary condition. Grid and domain
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independence were verified by running the model with a coarser grid and a larger

domain. More details of the model set-up are presented in Appendix D.
5.1.3.2. Outdoor conditions

Environmental conditions affecting pollutant removal by the outdoor PRM were
defined using parameters and levels defined in section 3.1.4 (Table 3.1). At night, the
photocatalytic coating was assumed to be non reactive since UV light was absent.
Inorganic pollutant levels for the nighttime condition were determined by averaging
nighttime ambient concentration data for NO, NO, and O, measured in Houston for

August and September 2009 [97].

Table 5.2. Morning, afternoon and nighttime modeling conditions

Morning Afternoon Night
NO: 150 ppb NO: 5 ppb
Inorganic pollutants | NO,: 20 ppb NO,: 50 ppb NO,: 15 ppb
O, : 150 ppb O, : 15 ppb
Temperature Low: 30°C High: 40°C
Light intensity Low: | mW/cm’ High: 2 mW/cm’
Relative humidity High: 65 % Low: 20 % A
Organic pollutants Low: 0.3 ppm Low: 0.3 ppm

5.1.3.3. Inclusion of outdoor PRM in CFD model

A two-step process was used to describe the effect of the outdoor PRM. First, it
was assumed that the UTest House facade was a perfect sink for the pollutants

considered. In that case, only the effects of transport resistance are modeled. Through the
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CFD model, average air speeds above various sections of the house facade (Figure 5.1)
were determined. Using correlations described by Morrison et al. [94], the transport-
limited deposition velocity v,, was calculated for each pollutant on each section of the
facade. Average pollutant concentrations in the vicinity of the facade for the case where it
is considered to be a perfect sink were also determined through the CFD model.

The second step consisted in adjusting pollutant concentrations in the vicinity of
the UTest House facade for the case in which it is coated with the actual photocatalytic
coating, which is not a perfect sink for NO, NO, and O,. The method described by Rim et

al. [98] was applied. The actual concentration in the vicinity of the facade was calculated

as:
actual 4vt + <vb>y bulk 4vt + <vb>y perfect ( )
where ¢, 1S the pollutant concentration in the vicinity of the facade with the outdoor

PRM present (ppb), ¢, is the pollutant concentration in the bulk air (ppb), ¢, 1 the
pollutant concentration in the vicinity of the facade when it is considered to be a perfect
sink for the pollutant (ppb), <v,> is the pollutant Boltzmann velocity (m h™), y is the
pollutant reaction probability with the reactive surface (-), v, is the pollutant transport-
limited deposition velocity on the fagade (m h").

For the morning condition (NO =150 ppb, NO,=20ppb, no O;), the
concentration of NO, had to be adjusted differently because of a small amount of NO,
formation as a result of NO photocatalytic oxidation observed during full factorial testing
(section 4.1.2). The molar yield of NO, during NO photocatalytic oxidation calculated in

the morning environmental conditions used for the model was y,,, = 0.24 mole of NO,
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formed per mole of NO reacted. More details about the inclusion of the effect of the

outdoor PRM in the CFD model are presented in Appendix D.
5.14. Determination of indoor concentrations

Concentrations of pollutants indoors were determined for the UTest House using
the multi-zone modeling software CONTAM. Air circulation and leakage between rooms
and the outside were modeled through flow paths with flow characteristics for a
manufactured home obtained from Persily and Martin [99]. Pressures at the openings to
the outside were determined through the CFD model and used as inputs to the CONTAM
model. Pollutant concentrations at each opening were also used as inputs to the
CONTAM model. For scenarios 0 and 1, ambient pollutant concentrations were used at
all openings. For scenario 2, the average outdoor concentration on the outside of each
wall section (Figure 5.1) was determined as described in section 5.1.3 and used for all
openings on that wall. More details are presented in Appendix D.

Pollutant deposition to indoor surfaces was modeled through sink elements in
CONTAM that were characterized by a deposition velocity. Deposition of the pollutants
to the background (existing materials, present before introduction of PRMs) was modeled
using literature values reported by Lee et al. [100] and Nazaroff and Cass [64].
Deposition to the PRMs was modeled using experimentally obtained deposition velocities
(section 4.2).

A simple occupancy scenario was used in order to include the effect of the
operation of the HVAC system on recirculation of air between the rooms of the house
and changes in indoor/outdoor air exchange rate. It was assumed that no removal of the

pollutants took place in the HVAC system, a reasonable assumption for ozone and likely
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NO, in residential environments [101, 102]. More details on the CONTAM model are

presented in Appendix D.
5.2. RESULTS

5.2.1. Validation of CFD model

60 —
o = = B Experimental
2 50 = = |
s = = = B Model used
g < 40 E E E BCoarser mesh
gg 20 E E = O Larger domain
£3 = = =
© — — —
® & 20 = = =
50 — — —
o = = =
& = = =
0 = — —
P1 P3 P5 P6 P9
(a) Pressure sensor
(b) 7
B Experimental
= 6 BModel used
2 ) BCoarser mesh
T 4 O arger domain
g
>3
22
£
1+
0

w3 w4
Wind speed sensor

Figure 5.2. Pressure (a) and wind speed (b) simulation results compared to
experimental data

Results of the CFD simulation were compared to experimentally measured

pressure and wind velocity data for the approach wind condition used in this study.
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Results obtained with a coarser mesh and larger computational domain were also
compared to results obtained with the model used to verify mesh and domain
independence of the results. Results are presented in Figure 5.2. The model appears to
properly capture the important features of the airflow around the house. Moreover, grid

and domain independence of the model are verified.
5.2.2. Outdoor wall concentration estimates with photocatalytic stucco

Transport limited deposition velocities calculated for each section of the UTest
House facade are presented in Table 5.3. Free stream velocity above each wall section
was obtained from the CFD model and used to calculate v, using mass transfer

correlations as described in section 5.1.3.3.

Table 5.3. Transport-limited deposition velocities for the sections of the
UTest House facade

V.03 (M h_l) V,no (M h_l) V,noz (M hkl)

Office South 12.4 14.5 11.5
Small bedroom South 21.8 254 20.2
Small bedroom West 149 174 13.8
Kitchen West 134 15.6 124
Large bedroom West 11.5 134 10.7
Large bedroom North 7.1 8.3 6.6
Kitchen North 94 11.0 8.7
Kitchen East 289 33.8 26.8
Office and bathroom East 28.7 33.6 26.7

Estimated concentrations of pollutants in the vicinity of the UTest House facade,

assuming a perfect sink and adjusted for the presence of the photocatalytic stucco, are
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presented in Figure 5.3. Surface resistance represented 71% or more of the overall
resistance to deposition, which explains the large differences observed between the

perfect sink and non-perfect-sink cases modeled here.
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Figure 5.3. Pollutant concentrations in the vicinity of the UTest House
facade in (a) the morning condition, (b) the afternoon condition
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In the case where the UTest House facade was considered to be a perfect sink,
pollutant concentrations in the vicinity of the facade were 15 % to 29 % lower than
ambient pollutant concentrations. Taking into account the surface resistance to deposition
of the photocatalytic stucco, actual pollutant concentrations in the vicinity of the facade
were 7 % to 15 % lower than ambient concentrations.

Formation of NO, during the photocatalytic oxidation of NO in the morning
condition led to small increases in NO, concentrations in the vicinity of the facade in the
morning. Absolute NO, increases ranged from 0.7 to 2.8 ppb. Despite some NO, being
formed in the morning, overall NO, concentrations in the vicinity of the fagade were
lower than ambient concentrations.

Reductions observed on the windward side of the house (South and East walls)
were generally lower than reductions obtained on the leeward side (North and West
walls). It is possible that lower air speeds on the leeward side of the house allowed more
time for reaction between pollutant molecules and the reactive surface to take place.
Moreover, a fraction of the air on the leeward side of the house might have come in
contact with the reactive surface while traveling along the building facade.

Moussiopoulos et al. [103] reported NO, concentration reductions of up to 60 %
in the vicinity of walls covered with a photocatalytic material in an experimental street
canyon, much higher than reductions estimated in this study. The street canyon
configuration offers a much higher surface-to-volume ratio for reaction and lower air
speeds that might explain the higher reductions observed. More details on the CFD

simulation results are presented in Appendix D.
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5.2.3. Comparison of scenario results

Relative concentration reductions for O;, NO and NO, obtained with the addition
of indoor PRMs relative to the base case are presented in Figure 5.4. Ozone and NO,
concentrations were reduced by up to 18 % and 23 %, respectively, with implementation
of indoor PRMs. The largest concentration reduction was observed in the kitchen/living
area for NO,, where the activated carbon mat was placed. Deposition velocity of NO, is
three times higher on the activated carbon mat than the ceiling tile, which explains why
the highest reduction was observed in this room for NO, concentration. The largest
reduction in O; concentration was observed in the master bedroom, equipped with perlite-
based ceiling tile. Deposition velocity of O, on activated carbon is only 25 % higher than
on the perlite-based ceiling tile, which explains the different pattern in concentration
reductions between O, and NO,. These reductions are in the lower range of O, reductions
estimated by Gall et al. [30] who studied possible O, reductions that could be obtained
for a subset of homes in Houston, TX, if they were outfitted with indoor PRMs. For the
rooms equipped with ceiling tile, the leeward rooms saw larger concentration reductions
than the windward rooms. It is possible that, since elevated pressures were present on the
windward side of the house, the overall airflow inside the house followed the same
direction as outdoors. In that case, the air present in leeward rooms had traveled through
other rooms containing PRMs and pollutants had more opportunities to react away.

Incremental reductions in O;, NO and NO, concentrations obtained with the
addition of outdoor PRMs are presented in Figure 5.5. As expected, given the small
concentration reductions simulated in the vicinity of the UTest House facade, the indoor
concentration reductions observed in scenario 2 relative to scenario 1 were small, with
maximum reductions of 1.7 % for O,, 0.2 % for NO, and 2.0 % for NO. These reductions

are negligible compared to the effect of the indoor PRMs. Installing outdoor PRMs on
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house facades does not appear to be an attractive solution to reduce pollutant levels
indoors. It is possible that certain urban configurations, such as street canyons, might

offer more favorable conditions for passive removal [103].

Nitrogen Dioxide Nitric Oxide

Ozone

Figure 5.4. Relative concentration reductions obtained with scenario 1
(indoor PRMs only) relative to scenario O (no PRMs)
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Figure 5.5. Relative concentration reductions obtained with scenario 2
(indoor and outdoor PRMs) relative to scenario 1 (indoor PRMs only)
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6. Conclusions

The primary objective of this study was to evaluate the long-term feasibility of

using building materials, both indoors and outdoors, to reduce concentrations of NO, and

O, in the indoor environment. The study involved an evaluation of removal capabilities of

O; and NO, by four indoor materials and three photocatalytic coatings for use outdoors.

Photocatalytic materials were tested in the laboratory and effects of environmental

parameters were evaluated through full factorial testing. These coatings were also

exposed to real outdoor conditions for evaluation of long-term performance. Conclusions

related to the performance of outdoor PRMs are:

Coatings containing the anatase crystalline form of TiO, perform better at
removing NO,.

Contact time, relative humidity and temperature significantly affect
coatings that contain anatase in the same way: increased contact time leads
to increased removal of NO, while increased relative humidity or
temperature lead to reduced removal.

Wear of a coating can lead to a rapid decline of its NO, removal capacity.
Long-term exposure of a photocatalytic coating to real outdoor conditions
reduces its NO, removal capacity.

Removal capacity of NO, cannot be restored by a simple water rinse, but

can be largely restored by rinsing with a soap solution.

Samples of four indoor materials were placed in a wide range of real indoor

environments and were tested monthly for a six-month period, for their capacity to

remove O; as well as pre- and post-ozonation emissions of carbonyls. Removal of NO, to
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select new indoor building materials was also tested. Conclusions related to the
performance of indoor PRMs include:

* Carpet and painted gypsum wallboard are not good choices for removal of
indoor ozone. Their O, removal effectiveness decreased by 30 % between
the initial and six-month tests.

* Activated carbon mat and perlite-based ceiling tiles can provide consistent
and relatively high O; removal capability over six months, and possibly
longer periods.

* Activated carbon mat can provide relatively high NO and NO, removal
capability as well.

* Specific indoor environments and occupant behavior can affect O,
removal performance of building materials.

* Both pre- and post-ozonation carbonyl emissions by activated carbon mats
are low compared to conventional green building materials.

* Post-ozonation carbonyl emissions of green building materials are higher
than pre-ozonation carbonyl emissions, and dominated by nonanal.

Material characteristics pertaining to pollutant removals and measured during
laboratory experiments were included in a multi-zone/CFD model in order to estimate
possible O, and NO, concentration reductions through the use of indoor and a
combination of indoor and outdoor PRMs. A model building, the UTest House, and
previously measured outdoor wind conditions were utilized. Conclusions stemming from
the modeling exercise include:

* Indoor PRMs could help reduce occupants’ inhalation exposure to O; and

NO,. Concentration reductions estimated with the implementation of
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indoor PRMs were as high as 18 % for O; and 23 % for NO, in rooms
outfitted with activated carbon mat or perlite-based ceiling tiles.

*  Outdoor PRMs can reduce pollutant concentrations in air infiltrating into a
building. Concentrations in the vicinity of the model building equipped
with a photocatalytic stucco were 7 % to 15 % lower than ambient
concentrations.

* Incremental indoor O, and NO, concentration reductions obtained by
addition of outdoor PRMs to a detached house already equipped with
indoor PRMs are negligible.

The results of this study show that properly selected indoor materials are a viable
solution to reduce the inhalation-exposure of building occupants to O; and NO,. Future
research is needed to identify more indoor building materials suitable for PRM use
through exhaustive testing or by identifying physico-chemical characteristics that make
them efficient for pollutant removal. Extension to other pollutants would also be
beneficial.

Despite promising results in laboratory experiments, simulation of the application
of an outdoor PRM on the facade of a detached house led to negligible pollutant
reductions indoors. Future research should focus on other urban building configurations,

such as street-canyons, that might make better use of outdoor PRMs.
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Appendix A

Paper 1: Clement J. Cros, Alexandra L. Terpeluk, Neil E. Crain, Maria G.
Juenger, Richard L. Corsi. Influence of environmental factors on removal of oxides of

nitrogen by a photocatalytic coating. Submitted to Atmospheric Environment on March

20" 2013.
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ABSTRACT

Nitrogen oxides (NO,) emitted from combustion processes have elevated
concentrations in large urban areas. They cause a range of adverse health effects, acid
rain, and are precursors to formation of other atmospheric pollutants, such as ozone,
peroxyacetyl nitrate, and inorganic aerosols. Photocatalytic materials containing a semi-
conductor that can be activated by sunlight, such as titanium dioxide, have been studied
for their ability to remove NO,. The study presented herein aims to elucidate the
environmental parameters that most influence the NO, removal efficiency of
photocatalytic coatings in hot and humid climate conditions. Concrete samples coated
with a commercially available photocatalytic coating (a stucco) and an uncoated sample
have been tested in a reactor simulating reasonable summertime outdoor sunlight, relative
humidity and temperature conditions in southeast Texas. Two-level full factorial
experiments were completed on each sample for five parameters. It was found that
contact time, relative humidity and temperature significantly influenced both NO and
NO, removal. Elevated concentrations of organic pollutants reduced NO removal by the
coating. Ultra-violet light intensity did not significantly influence removal of NO or NO,,
however, ultra-violet light intensity was involved in a two-factor interaction that

significantly influenced removal of both NO and NO,.

Keywords: Photocatalysis, oxides of nitrogen, coating, full-factorial

1. INTRODUCTION
Nitrogen oxides are ubiquitous in urban environments. They are produced by
various fossil fuel combustion processes found in industries, power generation facilities,

and vehicles. In the United States, emissions from highway vehicles represent 31 % of
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NO, emissions (EPA, 2011). Oxides of nitrogen are responsible for acid rain, which
damages structures and vegetation. They are also precursors to the formation of ozone
and other pollutants through photochemical processes (Seinfeld and Pandis, 2006).
Exposure to NO, has been associated with adverse health effects including increased
airway reactivity, decreased pulmonary function (Bauer et al., 1986; Mohsenin, 1987;
Frampton et al., 1991), onset of asthma (Gauderman et al., 2005; Clark et al., 2009),
arrhythmia (Peters et al., 2000), and lung cancer (Nafstad et al., 2004; Raaschou-Nielsen
and Reynolds, 2006). Populations living near roadways are routinely exposed to elevated
levels of NO, and are subject to greater adverse health effects than the general population
(Brunekreef et al., 1997; Krdmer et al., 2000; Janssen et al., 2003; Thoma et al., 2008;
EPA, 2010).

Finding new ways to remove NO, originating on roadways from urban
atmospheres could be very beneficial for both the environment and the health of
populations in these areas. Photocatalytic materials have been studied for years because
of their capacity to remove NO, through oxidation reactions (Fujishima and Honda, 1972;
Allen et al., 2005; Ballari et al., 2010a; Laufs et al., 2010). Built structures near roadways
are candidates for the application of this technology. They are in close proximity to a
NO, emission source, and enhanced dispersion of pollutants from roadways due to
mechanical shear of air caused by motor vehicles increases opportunity for contact. In
contrast to other stationary sources such as industries or power plants, the pollutant
source is close to the ground, so it is possible to take advantage of surrounding structures
for passive removal. It is also possible to implement new structures for the purpose of
pollution reduction, with other added benefits (e.g. noise reduction and enhanced
roadway safety). Application of photocatalytic material is attractive because, once it is

applied it could potentially remove NO, without necessitating energy input. Moreover,
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because the material acts as a catalyst, it could theoretically be used indefinitely without
replacement as long as it can be regenerated.

Photocatalysis is a process that occurs at the surface of a semi-conductor exposed
to light (Fujishima and Honda, 1972). When a photon with energy equal or larger than
the band gap of the semiconductor is absorbed, an electron (e) from the valence band is
promoted to the conduction band. The result is the generation of a “hole” in the valence
band (h*). Both h* and e are strong oxidizing and reducing agents, respectively. The
electron-hole pair may react with electron donors or acceptors adsorbed to the semi-
conductor surface (Fujishima and Honda, 1972; Hoffmann et al., 1995; Chen and Poon,
2009). Oxygen and water adsorbed at the semi-conductor surface are catalyzed to form
reactive species, superoxide anions (O,) and hydroxyl radicals (OH"). Hydroxyl radicals
and superoxide anions are strong oxidizing and reducing agents, respectively. They can
react with pollutant molecules adsorbed to the photocatalytic surface, such as NO, or
hydrocarbons (Dalton et al., 2002; Allen et al., 2005; Ohko et al., 2009; Laufs et al.,
2010; Ballari et al., 2010a). In the case of NO,, the product of the reactions involving
NO, NO, and hydroxyl radicals is nitric acid, which remains adsorbed on the
photocatalytic surface until it is washed off by water (Devahasdin et al., 2003; Hunger et
al., 2010; Ballari et al., 2010a).

Titanium dioxide (TiO,) is the most widely used semi-conductor for
photocatalysis applications. It is inexpensive, chemically and biologically inert and stable
with respect to photo and chemical corrosion (Hoffmann et al., 1995). Of its three
crystalline forms (anatase, rutile and brookite), anatase is the preferred photocatalyst
because it has the highest photoactivity (Chen and Poon, 2009).

Researchers have previously studied environmental parameters that can affect the

photocatalytic removal of NO,. Removal increases non-linearly with light intensity (Ollis
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et al., 1991; Lim et al., 2000; Bengtsson and Castellote, 2010), but decreases with
increasing relative humidity (Hiisken et al., 2009; Dylla et al., 2010; Laufs et al., 2010;
Ballari et al., 2011). Relative humidity might also influence NO, removal through
reactions taking place in water films at the material surface (Svensson et al., 1987; Jenkin
et al., 1988; Saliba et al., 2001; Finlayson-Pitts et al., 2002). Some researchers have also
observed that for NO and NO, concentrations less than 1 ppm the conversion rate does
not depend on the initial concentration injected, even when both chemicals are introduced
at the same time (Bengtsson and Castellote, 2010; Laufs et al., 2010). But others have
observed removal to increase with decreasing concentration in air (Hiisken et al., 2009).
However, most researchers have not investigated NO, removals with realistic outdoor air
mixtures that contain other pollutants such as ozone or VOCs. Of those who have, none
have studied the simultaneous effect of environmental conditions such as light intensity,
temperature and relative humidity.

This study aimed to elucidate the environmental parameters that have a significant
effect on the NO, removal efficiency of a photocatalytic coating when tested under
realistic conditions. In the past, researchers have studied a wide range of photocatalytic
materials, from TiO, slurries (Lim et al., 2000; Devahasdin et al., 2003; Ohko et al.,
2009; Bengtsson and Castellote, 2010), to paints (Maggos et al., 2007b; Laufs et al.,
2010), paving stones (Hiisken et al., 2009; Ballari et al., 2010b; 2011) or concrete
containing Ti0O, in its cement matrix (Beeldens, 2006; Chen and Poon, 2009; Dylla et al.,
2010; 2011). In this study, we focused on a TiO,-containing stucco coating applied to
concrete. The application of a stucco coating provides advantages over concrete that
includes TiO, in the cement. Since stucco is applied in a thin surface layer, a smaller
amount of semi-conductor material is needed for the same active surface area as concrete

that contains TiO, through the full depth. Since TiO,-containing cement is expensive, the
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stucco coating is a more cost-effective solution for new structures. Moreover, stucco
coatings can also be applied on existing concrete structures, reducing the cost of

implementation of this technology on existing near-roadway structures.

2. EXPERIMENTAL METHODS
2.1. Materials

The stucco tested in this study is a commercially available product. It was applied
on concrete slabs manufactured following mixture proportions provided by a commercial
concrete precast company in Texas for use in highway barriers: 25 % fly ash/75 % Type
III cement, water to cementitious materials ratio by mass of 0.34, limestone coarse and
fine aggregate, and Plastiment and Sika 2110 admixtures (Sika Corporation U.S.,
Lyndhurst, NJ, USA). The photocatalytic coating was applied to the concrete samples
after one week of curing in a 100 % relative humidity (RH) room and two weeks of
drying in a 50 % RH room, both at 23°C. The concrete samples were 7.5 cm thick and
33 cm wide. Two different lengths were fabricated to vary the contact time during
chamber testing. Full size samples were 90 cm in length and half-size samples were
45 cm in length. The stucco (TX Active; ESSROC, Nazareth, PA, USA) is composed of
portland cement, admixtures and 4.98 % by mass of solids of TiO,. It was mixed with
sand and water to achieve the desired consistency (by weight: 67 % sand, 13 % water,
20 % stucco cement) and applied in a 5 mm thick layer. Uncoated concrete samples were

also manufactured and tested for comparison.

2.2. Laboratory system
The experimental set-up used for testing of the photocatalytic coating is presented
in Figure 1. There are few standards related to testing of photocatalytic materials (ISO,

2007; JIS, 2010; UNI, 2010), which were developed to test different materials under a
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single, uniform condition. In this study, the goal was to examine the effect of varying
environmental conditions on NO, removal by a coating. For that reason, a custom reactor
was designed to recreate outdoor conditions and to provide a consistent airflow pattern
above the material surface for various airflow rates. A 150-L stainless steel electro-
polished chamber was used to test coated concrete samples, with dimensions
33 cm x 137 cm x 35 cm. Well-mixed conditions were confirmed by a tracer test using
carbon dioxide and ASTM standard D5116-10 (ASTM, 2006). Airflow in the test
chamber was simulated through computational fluid dynamics using Airpak (Airpak 3;
Ansys, Canonsburg, PA, USA). It was determined that the most homogeneous air speeds
over the material sample surface were obtained when the entire bottom of the test
chamber was flat. Stainless steel blocks were made to fit at each end of the samples in
order to create a flat surface extending the length of the chamber. Once a sample and the
stainless steel blocks were placed in the chamber, the air volume was 115 L.

Eight UV lamps (40 W, 280-400 nm, A, = 310 nm, model QFS-40; Q-Lab

Corp., Cleveland, OH, USA) were installed in the chamber. The inlet and outlet of the
chamber were equipped with relative humidity probes (model HD2XVSX; Veries
Industries, Portland, OR, USA) and thermistors (model 44203; YSI, Yellow Springs, OH,
USA). A third thermistor was placed in the middle of the reactor, above the concrete
sample.

An air stream provided by two zero air generators (model 701; Teledyne, San
Diego, CA, USA) was split, and a portion of the air was passed through an impinger in
order to adjust the relative humidity. Pollutant species mixed with nitrogen were obtained
in gas cylinders (Praxair, Danbury, CT, USA): nitrogen oxide, nitrogen dioxide, propane
(as a surrogate for volatile organic compounds) and propylene (as a surrogate for highly

reactive volatile organic compounds). Ozone was produced by passing pure oxygen
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through a UV-based ozone generator (Model 97-0067-01; UVP, LLC, Upland, CA,
USA). Pollutant species were introduced at a known rate through mass flow controllers
(Series FMA 5500; Omega Engineering, Inc., Stamford, CT, USA; Series GFC 1700;
Aalborg, Orangeburg, NY, USA). The influent air stream then passed through a mixing
zone before being introduced in the chamber. The mixing zone consisted of a succession
of sections of tubing of two different diameters and a 12 L inlet mixing chamber

separated from the main chamber volume by a baffle.
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Figure 1. Schematic of experimental system
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Chamber air was sampled at both the inlet and outlet of the chamber. A system of
solenoid valves (models SV123/133; Omega Engineering Inc.) automatically switched
sampling between the inlet and outlet. When sampling the outlet, an exhaust pump
removed a flow rate of gas equal to the flow rate going to the instruments to maintain a
constant gas flow rate through the chamber. Measurements for NO and NO,
concentrations were made by a chemiluminescence analyzer (model 200E; Teledyne).
Ozone concentrations were measured by a UV absorbance ozone analyzer (model 1008-
AH; Dasibi, Glendale, CA, USA). Volatile organic compound (VOC) concentrations
were measured by a methane/non-methane hydrocarbons analyzer (model 55i; Thermo
Fisher Scientific, Waltham, MA, USA). These instruments were calibrated daily using a
multi-gas calibrator (model 700E; Teledyne) and concentration certified gas standards
(Praxair).

Testing conditions deviate from some aspects from the ISO 22197 standard for
testing of photocatalytic materials. UV lamps were placed inside the reactor enclosure.
This produced well-mixed conditions in the reactor and heated the air and concrete to
temperatures typically encountered during summer months in Southeast Texas. NO,
concentrations used for testing are also lower than concentrations prescribed in the ISO
22197-1 standard (1 ppm NO). The goal was to study NO, pollution levels under realistic

outdoor conditions.

2.3. Full factorial experiments

To determine which environmental parameters influence NO, removal, the
stucco-coated concrete and uncoated concrete underwent two-level factorial testing. Five
parameters were varied between a low and a high level, as listed in Table 1. Low and

high levels represented the bounds of ranges of values commonly observed for the
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different variables during the ozone season in Southeast Texas. Some limitations of the
experimental system also influenced the range of variables that could be recreated in the
test chamber. Nitric oxide and nitrogen dioxide removals were tested in the presence of
other inorganic pollutants to simulate outdoor air conditions. Nitric oxide concentrations
are usually highest in the morning, with lower NO, and ozone concentrations at that time.
The situation is reversed in the afternoon, when NO, and ozone concentrations are
highest and NO concentrations are low. However ozone and NO could not be injected
simultaneously in the reactor because of immediate titration of NO by ozone. Hence, NO
removal was tested in a “morning” condition with a high level of NO (150 ppb) and a low
level of NO, (20 ppb). Nitrogen dioxide removal was tested in an afternoon condition
with a high level of NO, (50 ppb) and ozone (150 ppb) and no NO. These concentrations
were determined by analyzing Houston air quality data from 2009 (TCEQ, 2009).
Maximum concentrations of NO, NO, and ozone for the period between August 15th and
September 15th 2009 were analyzed. The maximum concentrations were used to
establish experimental values of NO concentration in the morning and NO, and ozone
concentrations in the afternoon. The NO, concentration used in the morning condition
corresponds to twice the value usually observed in morning hours, in order to obtain
better detection by the NO, analyzer (lower detection limit: 0.4 ppb). These conditions
correspond to a worst-case scenario.

Eight experiments were consecutively run on one test coupon before it was
removed from the chamber and the next sample was tested. Before the first experiment
and between rounds of experiments, each sample was rinsed with distilled water. The
goal was to regenerate the catalyst by washing off nitric acid, the product of the
photocatalytic conversion of NO and NO,, that might have remained at the catalyst

surface. For rinsing, full size samples were placed horizontally first and 4 liters of
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distilled water were poured on the sample in increments of 1 liter. Between each rinse
with 1 liter, the sample was left to drip for 30 seconds. Finally, the sample was tilted at a
30° angle and 4 liters of distilled water were poured on the sample, running off quickly.
The sample was then set out to dry in the laboratory for 24 hours. Half-size samples were

rinsed following the same methodology, but using half the amount of water.

Table 1. Full factorial experimental parameters and their magnitudes

Low level High level
Contact time 1.5 minutes 15 minutes
Relative humidity 20% 65%
Temperature 30°C 40°C
Organic pollutants
- propane (VOC) 0.25 ppm 2.5 ppm
- propylene (HRVOC) 0.05 ppm 0.5 ppm
Lights 1 mW cm™ 2mW cm”

2.4. Data analysis
Oxides of nitrogen removals were calculated using steady-state concentration data
obtained during full factorial tests. First, removal by the uncoated concrete was calculated

using:

Rh = ]00 X (I - Cout,b/cin,h) (1)

where c,,, 1s the pollutant concentration measured in the chamber inlet for the test run
with uncoated concrete (ppb), c,,,, is the pollutant concentration measured in the chamber
outlet for the test run with uncoated concrete (ppb), R, is the pollutant removal by the

uncoated concrete (%).
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The removals for the photocatalytic coating were calculated in a similar fashion.
For each test, the removal by the uncoated concrete was subtracted from that of the
coated concrete to determine the removal by the photocatalytic coating over the existing
structures made of uncoated concrete. This process allowed an evaluation of the
incremental NO, removal that would be obtained by coating existing concrete structures

with a photocatalytic coating:

R=100x(l-c,/c,)-R, (2)

where ¢,

m

is the pollutant concentration measured in the inlet of the chamber (ppb), c,,, is
the pollutant concentration measured in the outlet of the chamber (ppb), R is the pollutant

removal by the coated concrete (%).

The uncertainty associated with calculated removals was determined using
standard error propagation techniques. The uncertainty on the concentration
measurements was taken as two standard deviations of measured values for all
calibrations run during the experimental program. Relative uncertainties were determined

to be 8.0 % for NO measurements and 9.8 % for NO, measurements.

The results from the full factorial experiments were analyzed using JMP software
(JMP 9; SAS, Cary, NC, USA) to determine the most important factors affecting NO,
removal, using analysis of variance (ANOVA) techniques. ANOVA determines whether
the means of different groups are statistically different. Main factors as well as two-factor
interactions were taken into account. Higher-level interactions were not considered. Ten
percent of the experiments were replicated. The Lenth method was used to provide

approximate tests of significance (Tamhane, 2009). The Lenth method provides an
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estimate of the standard error, called the Lenth pseudo standard error (PSE), where PSE =
1.5 x Median(10,]: 0, < 2.5 x t0) and t0 = 1.5 x Median(10,l) with 0, the ith contrast.

The Lenth t-ratio was calculated as the ratio of the contrast for a factor over the
PSE (Mee, 2009). The t-statistic for each factor was compared to critical values provided
by Mee (2009). Factors with a Lenth t-ratio larger than the critical value were deemed
significant. A significance level o = 0.15 was used to determine the critical value.
Outliers were determined by using the studentized residuals test described by Mee

(2009).

3. RESULTS

Results for NO and NO, removals observed during full factorial testing are
presented in Figure 2. Nitric oxide removals averaged 46 % (standard deviation: 13 %)
while NO, removals averaged 41 % (standard deviation: 14 %). The pattern of the
removal data was different for NO and NO, removals, suggesting that different factors or
two-factor interactions affected the removal of each gas.

Results from the analysis of data using JMP software are presented in Figure 3.
The PSE were 0.896 and 1.609 for NO and NO, removal, respectively. The critical value
to which Lenth t-ratios were compared is 1.446 according to Mee (2009) for a
significance level o = 0.15. Four main factors (contact time, organic pollutants
concentrations, RH, temperature) and three two-factor interactions (contact time X
organic pollutants concentrations, RH x organic pollutants concentrations, RH x UV light
intensity) were deemed significant for NO removal and three main factors (contact time,
temperature, RH) and two two-factor interactions (temperature x RH, RH x UV light

intensity) were deemed significant for NO, removal.
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The linear models associated with NO and NO, removals and determined using
JMP havd R* of 0.89 and 0.79, respectively. Residuals calculated with respect to the
linear model determined using JMP were fairly consistent across the range of predicted
values suggesting that the hypothesis of equal variance was met. Residuals were also
normally distributed as verified using a Shapiro-Wilk test with W = 0.97, p =0.41 for NO

removal residuals and W = 0.94 and p = 0.08 for NO, removal residuals.
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Figure 2. (a) NO and (b) NO, removals by TxActive stucco observed during
full factorial testing
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Figure 3. Significant effects and residual plots for the removal of (a) NO and
(b) NO,

Interaction plots for the three two-factor interactions for NO and the two two-
factor interactions for NO, removal are presented in Figure 4. It is interesting that for
both gases the interaction plots exhibit crossing lines for the plots involving interactions
between relative humidity and light intensity. This suggests that when RH was at its high
level, an increase in light intensity also increased removal, but when RH was at its low
level, removal decreased with increasing light intensity. Other interactions had different

effects on each NO, species.
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4. DISCUSSION

The NO removals observed in this study (46 % on average; Figure 2a) were in the
same range as removals previously observed by researchers testing photocatalytic
concrete specimens or pavers. It should be noted, however, that the other studies used
higher inlet concentrations (300 ppb and over) than this study (150 ppb). For example,
Dylla et al. (2010) observed NO removals in the 20 % to 60 % range for contact time
varying from 2.4 to 7.1 minutes. Similarly, Ballari et al. (2011) observed NO removals in
the 43 % to 83 % range for UV light intensity, temperature and RH conditions similar to
the ones used here and contact times less than 1 minute. Both researchers also noted a
decrease in removal with increasing relative humidity as observed in this study (Figure
3a). It has been assumed that at higher relative humidity water molecules compete with
pollutant molecules for adsorption sites at the material surface, which would explain the
decrease in pollutant removal (Ao et al., 2003; Maggos et al., 2007a; Hiisken et al., 2009;
Laufs et al., 2010). Dylla et al. also observed an increase in removal with higher contact
times as observed in this study (Figure 3a). Increasing contact time increases the
probability of pollutants coming in contact with the material surface and being adsorbed
and reacted, hence the positive contrast for that factor.

Other researchers have studied the effect of the presence of VOCs on
photocatalytic removal of NO,. Ao et al. (2003) studied the degradation of NO at realistic
outdoor levels (200 ppb) in the presence of BTEX (0 to 70 ppb) and observed a reduction
in NO removal when BTEX was present versus when it was absent. However, for BTEX
concentrations between 3 and 70 ppb, NO conversion was almost constant. In this study,
we found NO removal to decrease with increasing VOC concentration (Figure 3a).
However the change in concentration spanned an order of magnitude (0.3 to 3 ppm). It is

possible that VOC molecules competed with NO molecules for adsorption sites at the
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surface of the photocatalytic material, which would explain the decrease in removal with
increased VOC concentration.

Finally, Bengtsson et al. (2010) also observed a reduction in NO removal with
increasing temperature as observed in this study (Figure 3a). Changes in adsorption
kinetics with temperature could explain the decrease observed.

Nitrogen dioxide removals observed in this study under multi-gas conditions
(41 % average; Figure 2b) are similar to removals observed by Ballari et al. (2011) when
studying removal of NO, alone on photocatalytic paving stones. Ballari et al. observed
removals between 20 % and 75 % for UV light intensity, temperature and RH conditions
similar to the ones used here and contact times less than 1 minute. Similar to NO
removal, an increase in contact time led to an increase in NO, removal while increases in
relative humidity or temperature led to decreases in removal. It is interesting to note that,
unlike NO removal, levels of VOCs did not influence NO, removal. Nitrogen dioxide is
an oxidant and it is possible that it reacted with organics in the gas phase or at the
material surface, hence counteracting the reduced availability of photocatalytic reaction
sites at the material surface.

Interaction plots presented in Figure 4 give more insight into how different
environmental parameters interact to affect pollutant removal by the photocatalytic
coating. These plots exhibit how one parameter might have a different effect depending
on the level of one of the other parameters. For example, for both NO and NO, removal,
the effect of light intensity was different when the relative humidity wass at its high level
(coded 1 on the plots) or at its low level (coded -1). When UV light intensity was at its
high level, an increase in RH led to no or very small increase in removal, but when UV
light intensity was at its low level, increasing RH decreased removal. It is possible that,

when UV light was at its low level, some photocatalytic sites did not receive enough
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energy to be activated and increasing RH only led to more water molecules competing
with pollutants for adsorption sites. Without enough sites activated, these water
molecules were not oxidized to form hydroxyl radicals. When the UV light intensity was
at its high level, more photocatalytic sites were active, and by increasing the RH, more
water molecules were made available to form hydroxyl radicals that could then react with
pollutant molecules, balancing the reduced availability of reaction sites.

For NO removal, organic pollutant concentrations were involved in two
significant interactions, with RH and contact time (Figure 4a). When RH increased from
its low level to its high level, NO removal decreased. But the decrease was larger when
the organic pollutant concentrations were low versus high. Competition between water,
organic pollutant and NO molecules for adsorption sites might explain this interaction. At
the low organic pollutant concentrations condition, few adsorption sites were occupied by
VOC molecules, but the change in RH made a large difference in how many sites were
available for NO adsorption. On the other hand, under the high organic concentrations
condition, a large number of sites were already occupied by VOC molecules, and the
addition of water did not change dramatically the number of sites available for NO
adsorption, which might explain the interaction observed.

The increase in NO removal from a short to a long contact time condition was
larger when organic pollutant concentrations were at the low level. This might be related
to the adsorption rate of organic pollutants to the material surface. If the time scale for
adsorption of organics to the material surface was longer than the 1.5 minute contact
time, few organics adsorbed and the change between low and high concentrations of
organics did not significantly affect removal. But if the time scale for adsorption was
shorter than the 15 minute contact time tested, a larger portion of adsorption sites may

have been occupied when the level of organics was high versus low. This might explain
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why the NO removal did not increase as much with increasing contact time when the
concentration of VOCs was high versus low.

An interaction between RH and temperature was also determined to be significant
for NO, removal (Figure 4b). An increase from the low to the high temperature condition
led to a decrease in NO, removal when RH was at its low level, but not when it was at its
high level. It is possible that this was again related to adsorption kinetics. At low RH,
there was little competition from water for adsorption of NO, molecules to the surface.
An increase in temperature may have changed adsorption kinetics for NO,, leading to
reduced removal at the stucco surface. However, at high RH, a large portion of
adsorption sites may have been occupied by water molecules, reducing the effect of the
change in temperature on NO, adsorption and removal.

Overall, NO, removal increased with increased contact time but was negatively
impacted by high relative humidity and, to a lesser extent, temperature. Organic
pollutants negatively affected removal of NO but did not affect removal of NO,. While
NO, emissions from motor vehicles are mostly in the form of NO, the NO is rapidly
transformed to NO, in the presence of ozone (Yao et al., 2005). Moreover, new diesel
technologies have led to increased emissions of primary NO, from road vehicles. As
such, NO, accounts for about 20 % of NO, emitted on roadways in European cities
(Carslaw, 2005; Hueglin et al., 2006; Kessler et al., 2006; Grice et al., 2009). This makes
photocatalytic coatings particularly attractive for removal of NO, near roadways, where it
is present at elevated levels in mixed pollutant gases. The case for NO removal near
roadways is more complex. Removals observed in this study indicate that on average NO
is removed more efficiently than NO, (average removals of 46 and 41 % respectively).
However, peak NO concentrations occur in the morning when temperatures are low and

RH high. While low temperature is beneficial to NO removal, high RH and VOC levels
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are detrimental making it difficult to evaluate what the overall impact on removal might
be. Finally, NO removal was affected by more two-factor interactions than NO, removal.
It is possible that, because NO, is more reactive than NO with cementitious materials
(Judeikis and Wren, 1978), some removal occured through deposition and reaction to
non-photocatalytic sites on the material surface. This might explain why its removal was
less affected by environmental parameters. Nitric oxide dry deposition on the other hand
has been found to be low compared to NO, dry deposition (Judeikis and Wren, 1978).
The overall higher removals observed for NO than NO, in this study suggest that the

photocatalytic process removes NO particularly efficiently.

5. CONCLUSIONS

Results of this study suggest that stucco photocatalytic coatings may be
appropriate for removing NO, in some realistic outdoor conditions. Placement of the
photocatalytic materials will matter as locations with longer contact time will lead to
greater removals. Areas experiencing lower relative humidity will also be more suitable
for use of photocatalytic materials similar to the one tested here. The results also suggest
that the presence of organic pollutants does not affect NO, removal by the material,
which could make it suitable as a control strategy for NO, near roadways, where elevated

NOQO, levels in combination with VOCs are observed.
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ABSTRACT

Oxides of nitrogen are ubiquitous pollutants in most large urban areas of the
world. Photocatalytic materials have been studied, primarily in the laboratory, for their
ability to remove oxides of nitrogen (NO,). The study described herein compared NO,
removal efficacies by two commercially available photocatalytic coatings and aimed to
elucidate how environmental parameters and exposure to real roadside conditions affect
their effectiveness. Relative humidity, temperature, and contact time were found to
similarly affect removal effectiveness of both coatings. Exposure to roadside conditions
decreased NO, removal effectiveness, but appropriate washing methods led to almost

complete recovery of the photocatalytic removal efficiency.

Keywords: photocatalysis, coatings, roadside exposure, nitrogen oxides, full-factorial

1. INTRODUCTION

Oxides of nitrogen (NO,) are ubiquitous pollutants in most urban areas around the
world. They are products of combustion processes taking place in motor vehicles,
industries and power generation facilities. Exposure to nitrogen dioxide (NO,) has been
associated with a variety of adverse health effects ranging from decreased lung function
and increased airway reactivity [1-3] to onset of asthma [4,5], arrhythmia [6] and lung
cancer [7,8]. Oxides of nitrogen also have adverse environmental effects: they are
precursors to the formation of ozone and other atmospheric pollutants through
photochemical processes [9] and the presence of NO, in ambient air can also cause acid
rain that damages structures and vegetation.

Populations living near roadways, where a large fraction of NO, emissions take

place, e.g. 31 % of all NO, emissions in the US [10], are exposed to elevated levels of
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NO, leading to greater adverse health effects than the general population [11-13]. Finding
new ways to remove NO, emitted on roadways could have health and environmental
benefits. Photocatalytic materials have been studied for years for their capacity to remove
NO, [14-17]. Built structures in close proximity to roadways could be used to passively
remove NO, emitted by motor vehicles through the use of photocatalytic materials,
whether by retrofitting existing structures or by implementing new structures with other
added benefits (e.g., noise reduction and enhanced roadway safety). This is an
opportunity for passive removal of pollutants that is not usually available for other major
sources of NO, such as industries or power facilities that emit NO, through stacks, further
away from the ground and the built environment. The built environment around roadways
is close to the emission source while traffic increases dispersion of pollutants, hence the
probability of pollutants coming into contact with surfaces for reaction. However, in
contrast with the road surface itself, surrounding structures are not subject to intense
fouling and wearing that might alter the pollutant removal performance of the reactive
material. Use of photocatalytic materials is attractive because, once applied, they could
potentially remove NO, without necessitating additional energy input as long as the
catalyst can be regenerated.

Photocatalysis is a process that occurs at the surface of a semi-conductor exposed
to light [14]. Oxygen and water, adsorbed at the semi-conductor surface, are catalyzed to
form reactive species, superoxide anion (O,) and hydroxyl radical (OH"). Hydroxyl
radicals and superoxide anions are strong oxidizing and reducing agents, respectively.
They can react with pollutant molecules adsorbed to the photocatalytic surface, such as
NO, or hydrocarbons [15,17-20]. In the case of NO,, the product of the reactions
involving NO, NO, and hydroxyl radicals is nitric acid, which remains adsorbed on the

photocatalytic surface until it is washed off by water [18,21,22]. Titanium dioxide (TiO,)
96



is the most widely used semi-conductor for photocatalysis applications. It is inexpensive,
chemically and biologically inert and stable with respect to photo and chemical corrosion
[23]. Of its three crystalline forms (anatase, rutile and brookite), anatase is the preferred
photocatalyst because it has the highest photoactivity [24].

The study presented in this paper focused on coatings such as paints and stuccos.
Coatings have the advantage of requiring very small amounts of semi-conductor,
compared to solutions where the semi-conductor is present through the full depth of a
concrete structure, making them more cost-effective. Coatings can also be used to cover
existing surfaces, allowing retrofit of structures already in place. While various types of
photocatalytic materials have been studied in the past, little research has been conducted
specifically on coatings for outdoor application. Maggos et al. [25] studied two
photocatalytic paints for their capacity to remove NO, during batch tests. They found that
up to 91 % removal could be achieved after 6 hours. They also found that an increase in
relative humidity (RH) from 20 % to 50 % led to reduced removal by the photocatalytic
coating. Laufs et al. [17] tested two photocatalytic paints as well and studied how
environmental parameters affected their NO, removal. It was determined that the inlet
concentration of NO or NO, did not affect removal. Laufs et al. [17] also observed a
decrease in removal of NO for increasing RH. For NO,, a decrease in removal efficiency
was observed for RH > 10 %, but an increase in removal was observed for increasing RH
between 0 % and 10 %.

Other researchers have studied different types of photocatalytic materials such as
slurries [20,21,26,27], paving stones [16,28,29] or concrete containing TiO, in its cement
matrix [24,30-32]. They found that photocatalytic removal of NO, increased non-linearly
with light intensity [26,27] but decreased with increasing relative humidity [17,28-30].

Similarly to what Laufs et al. [17] observed for photocatalytic paints, some researchers
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have observed that for NO and NO, concentrations less than 1 ppm the conversion rate
did not depend on the initial concentration injected, even when both chemicals were
introduced at the same time [26]. But others observed removal to increase with
decreasing air concentrations of NO and NO, [29]. However, most researchers did not
investigate NO, removals for realistic outdoor air mixtures that contain other pollutants
such as ozone or volatile organic compounds (VOCs). Of the researchers who have, none
studied the simultaneous effect of environmental conditions such as light intensity,
temperature and relative humidity.

Long-term efficiency of photocatalytic materials in real environments is another
concern that needs to be addressed, especially for coatings. Hassan et al. [33] studied the
wear resistance of photocatalytic coatings through abrasion and loaded-wheel tests. They
found that the NO, removal performance of the coatings was not significantly affected by
wear. The TiO, concentration at the material surface remained consistent after the wear
tests and NO removal changed only slightly depending on the TiO, concentration in the
original coating. Ramirez et al. [34] also studied the resistance of photocatalytic coatings
applied on various cementitious materials to wear from simulated rain and wind of
photocatalytic coatings applied on various cementitious materials. They found that the
more porous/rough substrates (such as white cement plaster) retained the most TiO, after
application but also lost more TiO, through wear. On the other hand, the more smooth
substrates (such as concrete) had better resistance to wear.

Research performed under real outdoor conditions has also been conducted on
photocatalytic materials directly applied on the road surface [35-37]. Generally, for these
types of studies, road sections were made with concrete containing TiO, or photocatalytic
concrete pavers and the concentration of NO, was compared to NO, concentrations

measured on nearby untreated roadways. Concentrations of NO, over the photocatalytic
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section were initially between 40 % and 50 % lower compared to the regular road section
during daytime. However, most researchers observed drastic reductions in removal
efficiency after a few weeks/months of placement. The photocatalytic materials were
placed on the road surface over which vehicles travel, leading to rapid fouling of the
surface that is not encountered to the same degree for coatings placed on surfaces near
roadways, as considered in the present study.

This study compared two different photocatalytic coatings through NO, removal
testing in a laboratory system and determined how various environmental factors affected
their removal efficiency. In particular, the effect of other inorganic and organic pollutants
was studied, in conjunction with environmental factors such as temperature and RH. The
coatings were also exposed at field sites in Austin and Houston, TX, and tested again
after a year to evaluate the effect of exposure to roadside conditions on their physical and

chemical properties as well as on their NO, removal effectiveness.

2. METHODS
2.1. Materials
2.1.1. Concrete specimens

Two types of concrete specimens were used throughout the experimental
program. Highway barriers were obtained through a local manufacturer (Tricon Precast;
New Braunfels, TX, USA) and placed at field sites. Each barrier was divided into four
equal sections, one for each photocatalytic coating (including one not presented here),
and one left uncoated. Concrete slabs were manufactured at the University of Texas,
using the same materials and mixture proportions used for the fabrication of the highway
barriers by Tricon Precast. Slabs were 7.5 cm thick and 33 cm wide. Two lengths were

manufactured in order to vary contact time during laboratory testing. The full size
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samples were 90 cm long, while the half size samples were 45 cm. The concrete materials
were as follows: 25 % fly ash/75 % Type IlI cement, water to cementitious materials ratio
by mass of 0.34, limestone coarse and fine aggregate, and Plastiment and Sika 2110
admixtures (Sika Corporation U.S., Lyndhurst, NJ, USA). The photocatalytic coating was
applied following manufacturer recommendations to the concrete samples after one week
of curing in a 100 % RH room at 23°C and two weeks of drying in a 50 % RH, 23°C

room.

2.1.2. Photocatalytic coatings

Two commercially available photocatalytic coatings were tested during the
experimental program. One coating was a clear paint, obtained as a water-based
photocatalytic spray that can be applied to virtually any surface. It contained 1 % TiO, by
weight, in the anatase crystalline form. It was applied by the manufacturer’s
representatives using a paint sprayer. The second coating was a stucco made from
portland cement, a proprietary mix of admixtures and 5 % by weight of TiO,, primarily in
the anatase crystalline form. It was applied in a 5 mm thick layer, using a hand trowel.

Some concrete samples were also left uncoated for comparison with the coated samples.

2.2. Field testing

Three field sites were set up to expose concrete samples coated with
photocatalytic coatings to real environmental conditions. Two field sites were located
within 30 m of major highways: one in Houston, TX, located next to I-10 and one in
Austin, TX, located next to [-35. The third site was located further away from a major
highway, about 400 m from Loop 1 in Austin, TX, at the J.J. Pickle Research campus of

the University of Texas.
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2.3. Laboratory testing
2.3.1. Material testing

X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) were used to
characterize the material samples before and after field exposure. Samples were retrieved
from the highway barriers described in section 2.1. The samples used for testing were
small cores (75 mm diameter, 12.5 mm depth) removed using either a Hilti TE-C-BK-
TW percussion core bit or a Hilti DD 120 coring rig (Hilti, Inc., Tulsa, OK, USA). X-ray
diffraction was used to determine the presence of TiO, in the material and changes in the
concrete phase assemblage that might have resulted from the interaction with the
photocatalytic coating and/or outdoor degradation. The samples used for XRD were
crushed using a grinder (Micro-Mill; Bel-Art, Wayne, NJ, USA) until they passed
through a #325 sieve (45 um). The samples were then stored under vacuum until testing.
Samples were scanned from 10° to 70° 20 (Cu-Ka radiation, D500; Siemens,
Washington D.C., USA).

Scanning electron microscopy was used to determine the presence and
distribution of TiO, at the material surface. The concrete core removed for testing was
split into two sections. The first section was used for imaging the material surface using
SEM. The second section was used to view a cross-section of the concrete and coating.
The sample was prepared by slicing the concrete core to approximately 6 mm thickness
with a precision saw (Isomet 1000; Buehler, Lake Bluff, IL, USA). The sawed sample
was put under vacuum for at least 24 hours before being placed in a two-part epoxy resin
(Epoxy Technology, Billerica, Mass., USA) under vacuum and allowed to cure for 24
hours at 23°C. Epoxy impregnated samples were finished by hand grinding with #180,
400, 800, and 1200 grit sandpaper then polishing with 3, 1, and 4 pm diamond pastes

using an automated Automet 2000 powerhead (Buehler, Lake Bluff, Ill. USA). A variable
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pressure SEM (Quanta 650 FEG; FEI, Hillsboro, OR, USA) with an automated
backscattered electron detector was used for imaging samples after sputter coating with
gold-palladium for conductivity. The accelerating voltage used was 30 kV. Energy
dispersive spectroscopy (EDS) was used for compositional analysis (XFlash® Detector

5010; Bruker, Ewing, NJ, USA) using a 5.0 um spot size with a 3 us dwell time.

2.3.2. Air quality testing system

The experimental system used for testing of the photocatalytic coatings applied on
the concrete slabs is presented in detail in [38]. A 150-L stainless steel electro-polished
chamber was used to test coated concrete samples under well-mixed conditions. Eight
UV lamps (40 W, 280-400 nm, A,,,, = 310 nm, model QFS-40; Q-Lab Corp., Cleveland,
OH, USA) were installed in the chamber to provide UV radiation necessary to the
activation of the photocatalyst.

Two zero air generators (701; Teledyne, San Diego, CA, USA) provided air flow
to the test reactor. Humidity was adjusted by passing a portion of the air through an
impinger. Pollutant species were introduced at a known rate through mass flow
controllers (FMA 5500; Omega Engineering, Inc., Stamford, CT, USA). Pollutant species
included ozone, obtained by passing pure oxygen through a UV-based ozone generator
(97-0067-01; UVP, LLC, Upland, CA, USA) as well as NO, NO,, propane (VOC
surrogate) and propylene (highly reactive VOC surrogate) obtained in gas cylinders,
mixed with nitrogen (Praxair, Danbury, CT, USA).

Chamber air was sampled at both the inlet and outlet of the chamber with one set
of instruments, by automatically switching sampling between inlet and outlet through
solenoid valves (SV123/133; Omega Engineering Inc.) Ozone concentrations were

measured by a UV absorbance ozone analyzer (1008-AH; Dasibi, Glendale, CA, USA),
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NO and NO, concentrations were measured by a chemiluminescence analyzer (200E;
Teledyne) and VOC concentrations were measured by a methane/non-methane
hydrocarbon analyzer (55i; Thermo Fisher Scientific, Waltham, MA, USA). These
instruments were calibrated daily using a multi-gas calibrator (700E; Teledyne) and

concentration certified gas standards (Praxair).

2.3.3. Full factorial testing
To determine which environmental parameters influenced NO, removal, the two
coatings as well as an uncoated concrete sample underwent full factorial testing. Six

parameters were varied, as listed in Table 1.

Table 1. Full factorial experimental parameters and their magnitudes

Low level High level
Contact time 1.5 minutes 15 minutes
Relative humidity 20 % 65 %
Temperature 30°C 40°C
Organic pollutants
propane (VOC) 0.25 ppm 2.5 ppm
propylene (HRVOC) 0.05 ppm 0.5 ppm
Inorganic pollutants® « . “afternoon”
_NO morning

150 ppb

- NO, 20 ppb 50 ppb
- Ozone 150 ppb
Lights 1 mW cm™ 2 mW cm”

*: selection of inorganic pollutant levels described in [38].

Eight experiments were consecutively run on one sample before it was removed
from the chamber and the next sample was tested. Before the first experiment and
between rounds of experiments, each sample was rinsed with distilled water, as described
Cros et al. [38]. The goal was to regenerate the catalyst by washing off the product of the

photocatalytic conversion of NO and NO,, nitric acid, that might have remained adsorbed
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to the material surface, as well as oxidized VOCs that may be present at the material

surface.

2.3.4. Exposed samples testing

Field samples of the best performing coating as determined by the full factorial
tests were collected and returned to the laboratory for additional tests to assess the effects
of the near roadway environment on NO, removal effectiveness. Three tests were
consecutively run on each sample. For the first test, the sample was tested without any
treatment after transport from the field site. For the second test, the sample was rinsed
with distilled water before testing, as described by Cros et al. [38]. For the third test, the
sample was rinsed with soap and water before testing. The soap and water solution was
made with 30 mL of Greenworks free & clear dishwashing soap (Clorox, Oakland, CA,
USA) mixed in 4 L of distilled water and was poured on the sample while layed flat,
followed by a rinse with distilled water as described by Cros et al. [38] to remove soap
residues. Samples freshly coated with the photocatalytic stucco, as well as samples coated
with the same stucco formulation but without TiO, were also tested for comparison.

The three consecutive tests were run under the following conditions: 50 % RH,
35°C, 1.5 minute contact time, low organic pollutant (0.25 ppm propane, 0.05 ppm
propylene), and high UV light intensity (2mW cm?). The tests were run for both

“morning” and “afternoon” conditions (Table 1) in terms of inorganic pollutant levels.

2.3.5. Data analysis

Oxides of nitrogen removals were calculated using steady-state concentrations
obtained during full factorial tests. Oxides of nitrogen removal by the uncoated concrete
was subtracted from the NO, removal for the photocatalytic coating to determine the

removal of the photocatalytic coating over the existing structures made of uncoated
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concrete. This process allowed an evaluation of the incremental NO, removal that would

be obtained by coating existing concrete structures with a photocatalytic coating:

R =100 x (1 - ¢ ,/¢;,) — 100 x (1 - /iy 1) (D)

where c,,, 1s the pollutant concentration measured in the chamber inlet for the test run
with uncoated concrete (ppb), c,,,, is the pollutant concentration measured in the chamber
outlet for the test run with uncoated concrete (ppb), ¢, is the pollutant concentration

measured in the inlet of the chamber for the test run with a coated sample (ppb), c,,, is the

out
pollutant concentration measured in the outlet of the chamber for the test run with a
coated sample (ppb), R is the pollutant removal by the coated concrete (%).

The uncertainty associated with NO, removals was determined using standard
error propagation techniques. The uncertainty on the concentration measurements was
taken as two standard deviations of measured concentrations for all calibrations run
during the experimental program. Relative uncertainties were determined to be 8.0 % for
NO measurements and 9.8 % for NO, measurements.

Results from the full factorial experiments were analyzed using JMP software

(JMP 9; SAS, Cary, NC, USA) and analysis of variance (ANOVA) techniques following
the method described by Cros et al. [38].
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3. RESULTS

3.1. Nitrogen oxides removal from laboratory specimens
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Figure 1. Nitrogen oxides removals obtained during full factorial testing

Removals of NO, obtained during full factorial testing are presented in Figure 1.
Removals of NO and NO, by the stucco coating were studied in more details by Cros et
al. [38] by distinguishing factors influencing removal of NO and NO, separately. Here,
overall removal of NO, by the stucco was studied and compared to NO, removal by the
clear paint to evaluate how physical and chemical properties of a coating might influence
its NO, removal effectiveness. Removals by the clear paint averaged 7.1 % (standard
deviation = 7.1 %), while removals by the stucco averaged 41.9 % (standard deviation =
16.7 %). These removals are above and beyond what an uncoated concrete specimen

removed, as shown in equation 1. For the clear paint, a degradation of the coating over
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time might explain the results observed. In effect, the first eight experiments presented in
Figure 1 (long contact time, low RH) were the first experiments run on the coating.
During these experiments, the coating performed fairly well, with NO, removals
averaging 20 %. After the first water rinse, the coating did not perform as well and all
subsequent tests run at long contact time averaged only 5 % removal. The stucco did not

exhibit such a change over the experimental program period.
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Figure 2. Results of the ANOVA analysis
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Results from the ANOVA are presented in Figure 2. The PSE are 0.42471 and
0.6987 for NO, removal by the clear paint and stucco, respectively. The critical value to
which Lenth t-ratios are compared is 1.445 according to Mee (2009) for a significance
level a = 0.15. For the clear paint, five main factors and five two-way interactions were
deemed significant for NO, removal. For the stucco, four main factors and seven two-
way interactions significantly affected removal of NO, by the coating. Three common
main factors affected NO, removal by both coatings in the same fashion: an increase in
contact time led to increased NO, removal, while increases in temperature or relative
humidity led to decreases in removal. The linear models associated with NO, removals
by the clear paint and stucco and determined in JMP had R® of 0.70 and 0.89,
respectively. Residuals calculated with respect to the linear model determined in JMP
were fairly consistent across the range of predicted values suggesting that the ANOVA
hypothesis of equal variance was met. Residuals were also normally distributed as
verified using a Shapiro-Wilk test with W =0.98, p = 0.28 for residuals of NO, removal
by the clear paint and W = 0.98 and p = 0.24 for residuals of NO, removal by the stucco.

Plots for the two-factor interactions that influence NO, removal by each coating
are presented in Figure 3. For both coatings, three two-factor interactions involving
relative humidity significantly influence NO, removal: interactions between RH on one

hand and contact time, inorganic pollutant concentrations and light intensity on the other.
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3.2. Field exposure results

Results from the XRD analysis of field samples are presented in Figure 4. The
stucco retained the TiO, anatase phase after field exposure and exhibited no significant
changes to the composition of the concrete or coating. For the clear paint, no TiO, was
detected through XRD either before or after exposure. This may be due to the very small
amount of TiO, in the coating (only 1 % by weight) compared to other phases present in
the analyzed sample, specifically the phases from the concrete. Hence, it is not possible
to determine from the XRD analysis whether or not the TiO, in the clear paint was

retained after exposure.
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Figure 5. Scanning electron microscopy results for the clear paint

Results from the SEM analysis of the samples placed in the Houston field site are
presented here and are representative of results obtained at other sites. Images obtained

for the clear paint show significant degradation of the coating after one year of exposure.
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Before exposure (Figure 5a), TiO, covered most of the surface of the test coupon. The
pattern observed at the surface (Figure 5a) may be explained by the drying of the coating
during desiccation prior to imaging. After exposure, little or no TiO, was observed on the
surface of the sample (Figure 5c). Titanium dioxide was also absent in the post-exposure
cross-section picture (Figure 5d), where a thin layer of TiO, was observed before
exposure (Figure 5b). The degradation of the coating over time might explain the

reduction in NO, removals observed for the clear paint after the first few experiments.
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Figure 6. Scanning electron microscopy results for the stucco

Images obtained for the stucco coating are presented in Figure 6. Titanium
dioxide is interspersed in the stucco cement matrix, forming small pockets visible as dots
in the pictures. The images look similar before and after exposure suggesting that there is

no appreciable degradation of the coating.
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Results from the NO, removal testing of the stucco after roadside exposure are
presented in Figure 7 and compared to removals by a newly applied photocatalytic stucco
as well as a newly applied stucco of the same composition, but without TiO,. For all field
sites, the NO, removal after exposure decreased, by up to 75 % compared to the newly
applied photocatalytic stucco, when the sample was tested without prior washing. The
water wash had little effect on the samples from all field sites except the Austin field site,
where NO, removal remained comparatively high. It is difficult to explain the differences
in results, especially between the Austin and Houston sites, which had similar conditions
(very close to roadway). The samples from Houston were returned first for testing and the
Austin ones last, with about a month lag. It is possible that conditions at the Austin field
site in that period were more favorable to regeneration of the catalyst: average solar
insolation in Austin during the week prior to retrieval of the Austin field site samples was
55 % higher than average insolation in Houston in the week prior to the retrieval of those
samples. Higher insolation might have promoted the oxidation of pollutants adsorbed on
the surface of the stucco samples in Austin. Finally, the soap wash led to improved
removal effectiveness with removals 60 % and above of the initial level for the
“morning” inorganic pollutants condition and 90 % and above the initial level for the
“afternoon” inorganic pollutants condition. Results for the non-photocatalytic stucco
show that it removes NO, more efficiently than uncoated concrete, probably because of
its larger surface area. However, the photocatalytic stucco was more efficient at removing
NO, compared to the stucco that does not contain TiO,. This result indicates that
differences in material surface morphologies alone cannot explain the differences in NO,
removal of the photocatalytic stucco over the uncoated concrete. All exposed
photocatalytic stucco samples, even before any type of washing, removed NO, more

efficiently compared to the newly applied non-photocatalytic stucco.
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Figure 7. NO, removal after roadside exposure for a year. The lighter and
darker shades on each bar represent the fraction of the total removal due to
the uncoated concrete and the stucco, respectively. Non PC stucco =
stucco that does not contain TiO,. Base case = test run on a newly applied
photocatalytic stucco.

4. DISCUSSION

The clear paint performed fairly well during the first experiments of the testing
program. However, removals were at the lower end of removals observed by other
researchers. The removal efficiency of the clear paint continued to decrease and fell
below most results previously reported in the literature. Results for the stucco coating
were similar to removals reported by other researchers testing cementitious materials. For
example, Dylla et al. [30] observed NO removals in the 20-60 % range for

photocatalytic concrete tested at a contact time of 7 minutes and with an inlet
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concentration of NO of 410 ppb. Ballari et al. [28] tested photocatalytic pavers and
observed removals in the 43 — 83 % range. Their tests were run for contact times under 1
minute and an inlet NO concentration of 300 ppb while UV light intensity, temperature
and RH conditions were similar to the ones used here. Dylla et al. [30] and Ballari et al.
[28], observed a decrease in NO, removal with increasing relative humidity, as observed
in this study (Figure 2). This observation has been confirmed by other researchers
[17,25,29]. It has been hypothesized that water molecules compete with pollutant
molecules for reactive sites at the photocatalytic material surface [17,29].

Removal of NO, by both coatings was also significantly affected by two common
factors. An increase in contact time led to an increase in NO, removal due to the longer
time available for pollutant molecules to come in contact with the reactive surface. On
the other hand, an increase in temperature led to a decrease in NO, removal. Bengtsson et
al. [26] observed a similar behavior when testing a colloidal suspension of TiO, in
deionized water applied on white mortar for temperatures ranging from 21 to 31°C. It
was hypothesized that a change in temperature affected the adsorption kinetics of the
pollutant species on the material surface, hence affecting removal. It should be noted that
these three factors also significantly affected NO and NO, removal by the stucco,
independently [38].

Other environmental parameters affected NO, removal by the two coatings
differently (Figure 2). Increases in concentrations of inorganic or organic pollutants
negatively affected removal by the clear paint while these two environmental factors did
not significantly affect removal by the stucco. It is possible that the inorganic or organic
pollutant molecules competed with NO, for reaction sites at the surface of the concrete
coated with clear paint. On the other hand, the stucco had a much rougher surface and

more surface area for the same projected area. It is possible that the larger surface area
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provided enough reaction sites so that there was no significant competition with NO,
molecules from the other pollutants present on the stucco surface. On the contrary, UV
light intensity significantly affected removal by the stucco coating while it did not affect
removal by the clear paint. Again, the surface morphology of the coating might explain
this difference as it is possible that when UV light intensity was at the low level some
reaction sites at the stucco surface did not receive enough light to be activated (e.g.,
inside pores, shaded sites). When the UV light intensity increased, more pores on the
stucco surface might have been activated, explaining the associated increase in removal.
Three two-factor interactions involving RH influenced NO, removal by both
coatings (Figure 3). An increase from short contact time to long contact time was more
beneficial for NO, removal when the RH was at its low level (coded -1 in Figure 3)
compared to its high level (coded 1). It is possible that when RH was low, only a limited
amount of hydroxyl radicals were created at the photocatalytic surface. The longer
contact time allowed greater chance for pollutant molecules to come in contact with the
radicals available. When the RH was at its high level, more hydroxyl radicals were
available for reaction, making the change in contact time less important. The two-factor
interaction between RH and inorganic pollutant levels influenced NO, removal by both
coatings similarly (Figure 3). A change from a “morning” to an “afternoon” condition for
inorganic pollutants led to a decrease in removal when the RH was low but an increase
when the RH was high. It is interesting to note that the total NO, concentration in the
chamber inlet was higher in the morning condition (170 ppb NO,, as 150 ppb NO and
20 ppb NO,) compared to the afternoon condition (50 ppb NO, as NO,). It is possible
again that under the low RH condition there were limited amounts of hydroxyl radicals
formed at the coating surface. When the total NO, concentration increased, a smaller

fraction of it could be removed. However, when RH was high and hydroxyl radicals were
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abundant, the removal increased. Finally, the effect of the two-factor interaction between
RH and UV light intensity also held across both coatings. When the RH changed from its
low level to its high level, the decrease in removal was larger at the low UV light
condition versus the high UV light condition. It is possible that when the UV light
intensity was low, a limited number of sites were activated at the material surface.
Increasing the RH led to more competition with water molecules hence a reduced
removal of NO,. When the lights were high, more sites were activated making the
competition for active sites less important. This might explain why the decrease in NO,
removal with increasing RH was smaller at high UV light intensity versus low.

Results from the SEM analysis of samples placed at field sites for a year and
presented in Figures 5 and 6 help evaluate long term use of such coatings. In the case of
the clear paint, TiO, almost completely covered the surface of the concrete during the
initial test, but after one year of exposure most of the photocatalyst had disappeared. This
explains the degradation of the coating performance observed during testing for pollutant
removal. A paint matrix with a formulation offering more resistance to weathering may
allow sustained NO, removal performance of the coating. The stucco showed no sign of
physical degradation over time. However, it is possible that other factors, not visible
through SEM analysis, may affect the coating after months spent on a roadside field site.
The results of NO, removal tests conducted on stucco-coated samples after a year of
exposure to roadside conditions (Figure 7) show that some deactivation of the catalyst
occurs over time. A simple water wash had little effect on the removal efficiency of the
coating, suggesting that the pollutants responsible for the deactivation of the catalyst
were not water-soluble. However, a wash with a water and soap solution restored more
than 60 % and 90 % of the catalytic activity in the morning and afternoon inorganic

pollutant conditions, respectively. The same was not true for the soap-washed uncoated
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concrete (Figure 7), indicating that the increased removal was not due to soap residues
left on the material surface. This is an encouraging result compared to other studies that
have considered photocatalytic materials for road applications. De Melo et al. [37]
applied photocatalytic pavement blocks on the surface of a road and a sidewalk in Brazil.
They found that heavy fouling and wearing of the surface, especially on the road, led to a
significant decrease in removal efficiency after one year of exposure (87 % decrease in
removal compared to initial test for road samples and 79 % for sidewalk samples). A
water jet wash restored some efficiency but removals were still down 61 % and 45 % for
the road and sidewalk samples, respectively, compared to initial tests. Similar results
were observed by Petit and Guerrini [35,36] for studies conducted in Italy and France.
This suggests that surfaces not directly in contact with vehicles may be better options for

application of such pollution controls.

5. CONCLUSION

Some photocatalytic coatings have potential for NO, removal. The tests
conducted in this study showed that the ability of the coating to retain TiO, is an
important factor for long term use of photocatalytic coatings for NO, removal. Both
coatings that underwent full factorial testing were similarly affected by three
environmental factors (contact time, RH, temperature). However, other factors (organic
and inorganic pollutant levels, UV light intensity) had coating-specific effects that might
have been due to differences in the coating surface morphologies. Finally, long term use
on road side structures could be hindered by the deactivation of the catalyst through
adsorption of non water-soluble pollutants and require specific cleaning methods to

overcome this issue.
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ABSTRACT

The health effects associated with exposure to O, range from respiratory irritation
to increased mortality. In this paper we explore the use of three green building materials
and an activated carbon mat that remove O, from indoor air. We studied the effects of
long-term exposure of these materials to real environments on O, removal capability, and
pre and post-ozonation emissions. A field study was completed over a six-month period
and laboratory testing was intermittently conducted on material samples retrieved from
the field. The results show sustained O, removal for all materials except recycled carpet,
with greatest O, deposition velocity for activated carbon mat (2.5 to 3.8 m h™") and perlite-
based ceiling tile (2.2 to 3.2 m h™). Carbonyl emission rates were low for activated
carbon across all field sites. Painted gypsum wallboard and perlite-based ceiling tile had
similar overall emission rates over the six-month period, while carpet had large initial
emission rates of undesirable byproducts that decayed rapidly but remained high
compared to other materials. This study confirms that activated carbon mats and perlite-
based ceiling tile are viable surfaces for inclusion in buildings to remove O, without

generating undesirable byproducts.
KEYWORDS:

activated carbon, green materials, field studies, deposition velocity, carbonyls,

emissions
PRACTICAL IMPLICATIONS

The use of passive removal materials (PRM) for O, control could decrease the
need for, or even render unnecessary, active but energy consuming control solutions. In

buildings where O, should be controlled (high outdoor O, concentrations, sensitive
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populations) materials specifically designed or selected for removing O, could be
implemented, as long as O, removal is not associated with large emissions of harmful
byproducts. We find that activated carbon mats and perlite-based ceiling tiles can provide

substantial, long-lasting, O control.
INTRODUCTION

Ozone is harmful to human health. Numerous studies have shown a link between
exposure to O, and asthma, as well as decreased lung function (U.S. EPA, 2006;
McDonnell et al., 1999). It is hypothesized that these effects are due to ozone induced
damage to lung lining (Levy et al., 2001). Others have shown up to a 4 % increase in
mortality from respiratory causes per 10-ppb increase in daily 1-hr maximum O, (Bell et
al., 2005; Bell et al., 2006; Jerrett et al., 2009).

In the absence of indoor sources, O, concentrations indoors are lower than
outdoors, with the indoor/outdoor O; concentration ratio depending on air exchange rate
and the collective O, reactivity of indoor and building envelope surfaces (Weschler,
2000; Walker et al., 2010). However, Americans spend nearly 90 % of their time indoors
(Klepeis et al., 2001), leading to significant exposure to indoor O;. On average, indoor O,
may account for 50 % or more of total daily O, exposure (Weschler, 2000).

Indoor exposure to O; is also accompanied by exposure to the products of ozone-
initiated chemistry that also have adverse health effects (Weschler, 2004; Weschler,
2006). These products usually come from reactions between O, and unsaturated organic
compounds. Major sources of such compounds include occupants themselves (e.g., skin
oils), soft wood, carpet, linoleum, paints, cleaning products, air fresheners and soiled

fabrics (Weschler, 2006).
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The importance of indoor chemistry is increasing as buildings are constructed and
retrofitted to be more energy efficient. To reduce energy consumption associated with
space conditioning, tighter envelopes that reduce the number of air exchanges between
indoors and outdoors are increasingly used. As a result, reactions that were once too slow
to compete with air exchange rates may affect indoor air quality.

Removing O, from indoor environments could have beneficial effects on human
health and comfort, as long as such removal does not create harmful by-products. Shair
(1981) used an auxiliary filtration system containing nine activated charcoal filters to
treat intake air on a university building when outdoor O, concentrations exceeded 80 ppb.
The filter life to maintain at least 50 % O, removal was three years. Shields et al. (1999)
used six panels of granular activated carbon to remove O, prior to ventilation of clean
rooms. They observed that charcoal filters can remove O, for greater than five years. But
the use of active systems leads to increased energy consumption. Others have tested VOC
loaded activated carbon filters and showed reduced O, removal capacity depending on the
type of adsorbed VOC and the extent of the loading (Dusenbury et al., 1996; Metts et al.,
2006). However, VOC loaded carbon filters exposed to O, did not show increased
emissions of by-products, as most of the VOC mass remained adsorbed on the activated
carbon.

An alternative to conventional active (flow through) O, removal systems is the
passive use of materials that O, contacts via normal air flows in the occupied space of
buildings. We refer here to materials that enhance or maintain high indoor O, removal
while forming negligible by-products, and that do so with minimal to no energy usage, as
passive removal materials (PRMs). Kunkel et al. (2010) demonstrated the potential of
PRMs during short-term laboratory experiments and Gall et al. (2011) investigated the

possibilities and limitations associated with using such materials in homes. The study
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described herein focused on evaluating how three green building materials performed as
PRMs after six months in real indoor environments. Activated carbon mat was also tested
for comparison.

Ozone removal to conventional and green materials has been extensively studied
(Kleng et al., 2001; Grgntoft et al., 2002; Hoang et al., 2009; Kunkel et al., 2010;
Morrison et al., 2000, Wang et al., 2006), as have post-ozonation emissions produced
from O, reactions (Morrison et al., 2002; Nicolas et al., 2007; Poppendieck et al., 2007a;
Wang et al., 2006, Wang and Morrison, 2010). Researchers have shown that building
materials can be important sinks for O; indoors but that post-ozonation emissions are
often significant, especially for materials covering large surface areas.

Ozone removal rates (parameterized by deposition velocities) and pre and post-
ozonation emission rates of three green building materials were evaluated in this study.
Activated carbon mats were also evaluated for comparison, since they have previously
been shown to effectively remove O, from indoor air. Wall, floor and ceiling materials
(“green” paint on gypsum wallboard, recycled carpet tile, and perlite-based ceiling tile)
were chosen as they represent a large fraction of indoor surfaces and can therefore

significantly influence indoor air quality in a building.
MATERIALS AND METHODS

Materials

The activated carbon mat (Gremarco Inc., model CO150) used in this study was a
non-woven polyester based fabric (thickness = 0.5 cm) coated with activated carbon (area
normalized mass = 136 g/m®). The green ceiling tiles (Chicago Metallic Corporation,
Eurostone, model Terric) were made of 100 % recyclable materials and were marketed as

having no VOCs or man-made mineral fibers. The carpet (Interface FLOR, model Worn
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Again) had a recycled content of 68 %-71 %. It was made of a type 6 nylon loop pile of
height 0.43 cm. The recycled gypsum wallboard (USG Sheetrock, Synthetic from
Galena) was obtained through a local distributor in Austin, TX. It was made of reclaimed
gypsum and recycled paper. Three months before the beginning of experiments, a 100 %
acrylic, low-VOC primer (Benjamin Moore, Eco Spec) was applied on the gypsum
wallboard, followed by two coats of 100 % acrylic, low-VOC, flat finish paint (Benjamin
Moore, Eco Spec).

All materials were new when obtained and were stored in their original packaging
under ambient conditions until the beginning of experiments, except for the gypsum
wallboard sheets that were painted and aired out for three months under ambient

conditions in an unoccupied test house described by Novoselac et al. (2009).

Field study

Ozone deposition velocity and pre and post-ozonation emission rates were
quantified for each sample prior to placement in the field. Samples were then placed in
real homes and commercial/institutional buildings located in Austin, Texas, for six-
months. Field locations covered a wide range of indoor environments as listed in Table 1.
All residential field sites were equipped with HVAC systems but no mechanical air
intakes. The office building was continuously mechanically ventilated with 10 % outdoor
air. Materials were removed from the field on a monthly basis and brought back to the
laboratory for analysis. New O, deposition velocities were determined every month. Pre
and post-ozonation emission rates were determined after three and six months. Following
laboratory analysis the materials were returned to their initial field locations.

Samples (20 cm x 25 cm) of activated carbon, ceiling tile and painted gypsum

wallboard were mounted on metal wire stands and placed on shelves approximately 1.8 m
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from the floor at each field site. Samples of carpet were placed on the floor in relatively
protected areas, such as in room corners, to avoid having occupants repeatedly stepping
on them during the field test. The backside and edges of samples were covered with
aluminium foil to ensure that only one side of the material was directly exposed to air.
This protection was also used during laboratory experiments to avoid measuring
characteristics of surfaces that are not usually exposed indoors.

Indoor environmental conditions were monitored at each test location so that their
effect on material properties could be analyzed. Continuous temperature and relative
humidity (RH) measurements were recorded using a HOBO U12-013 datalogger (Onset
Corporation, USA). As an approximate measure of dustiness, dust samples were taken
monthly from the shelves on which the samples were set using adhesive Scotch Magic
tape (3M, USA). The sampling area was wiped clean using a Swiffer dry cloth (Procter &
Gamble, USA) after each sampling event. The tape strip was then applied to a
microscope slide and analyzed using a microscope (BX40, Olympus, USA) with image
processing software (Image J) to measure the percent area covered by dust. Finally, the
total organic gaseous content of the air was measured using passive samplers made of
large volume glass liners (SISS, Open liners, tapered, frit, 3 mm 1.D.) for the injection
port of a gas chromatograph (GC). The sampler was packed with Tenax-TA

(Supelco Inc., 80/100 mesh), placed at each field location and replaced monthly.
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Table 1. Field locations.

Monthly average range Number of samples

Building type Room type Age Relative | Activated Ceiling Painted

(years) | Temperature . Carpet . gypsum

humidity | carbon tile
wallboard
Office building | Office 24 23-25°C 32-59% 1 2 1 1
Occupied by up to three students during regular business hours
House 1 | Kitchen | 5 | 1925°c [ 5157% | 1 | 1 | 2 | 1
Used by five residents daily
House 2 | Home Office [ 44 [ 1629°C [ 4763% | 1 | 1 | 1 | 2
Occupied by one resident and a pet daily
House 1 |Bedroom | 5 | 1927°C | 4460% | 2 | 1 | 1 | 1
Occupied by one resident daily

Unoceupled | Kitchen/ 4 16-29°C | 34-54% 2 I 1 1
Test House Dining room

Occupancy and operation of the Test House varied greatly depending on experiments carried out
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Laboratory testing
Experimental system

A diagram of the experimental system used to test materials is provided in Figure
1. Three identical 48-L electro-polished stainless steel chambers (25 cm x 38 cm x
50 cm) were used in parallel. Chambers were cleaned with deionized water and a heat
gun before the beginning of each experiment to remove particles and chemicals that
could have deposited or adsorbed to chamber walls.

Room air was dehumidified and cleaned by passing through a column containing
8 mesh Indicating Drierite (Drierite Company, USA) and an activated carbon (AC) filter.
The airflow was then split into two streams, one delivered to a UV-based ozone generator
(modified zero air generator, Perma Pure LLC) to introduce O, to the air stream (except
during pre-ozonation emission rate measurements). A split stream of air was then
bubbled through an impinger to achieve the desired relative humidity (RH), measured at
the inlet of the chambers using an RH probe (TSI, Inc., Q-Trak 8551). Mass flow
controllers (Aalborg, USA) maintained a constant volumetric flow rate entering each
chamber. The air entered and exhausted from the chamber through perforated stainless
steel tubes extending across the interior length of each chamber. Sampling ports for O,
and VOC measurements were placed on the inlet and outlets of the chambers. Ozone
concentrations in the inlet and exhaust streams were measured using a single UV
absorbance cell ozone monitor (model 202, 2B Technologies) recalibrated three times
during the experimental period using an ozone calibration source (model 306, 2B

Technologies).
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Figure 1. Diagram of the experimental system. AC = activated carbon filter,
MEFC = mass flow controller, RH = relative humidity.

Laboratory tests were completed under the following experimental conditions:
50+2 % RH, 147 + 10 ppb inlet O; concentration, two air exchanges per hour. The
airflow rate through the chambers was measured using a bubble flow meter (Gilibrator 2,
Gilian, Sensidyne, LP) to confirm the air exchange rate. The mean (+ standard deviation)
steady-state O, concentration (across the entire experimental program) in chambers that
contained materials ranged from 51 + 7 ppb for activated carbon to 89 + 11 ppb for
painted gypsum wallboard.

Sampling of carbonyls
Carbonyl emission rates from the materials were measured three times during the

study. An initial measurement was made before samples were placed in the field.
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Carbonyl measurements were then made after three and six months. Target carbonyls
included C, to C,, saturated n-aldehydes, acetone, o-tolualdehyde, and benzaldehyde.
Sampling methods followed those described by Morrison et al. (2002) and Poppendieck
et al. (2007a). Light carbonyls (formaldehyde, acetaldehyde, acetone, propanal, butanal,
pentanal) were sampled on pre-packed DNPH tubes (SKC 226-119, Silica Gel,
150/300mg sorbent). Heavy aldehydes (hexanal, heptanal, o-tolualdehyde, octanal,
benzaldehyde, nonanal, decanal) were sampled on large volume glass GC injection liners
(SISS, open liners, tapered, frit, 3 mm I.D.) packed with Tenax-TA (Supelco Inc., 80/100
mesh). The 400 + 3 mL/min and 50 + 2 mL/min airflow through the DNPH and Tenax
tubes, respectively, was provided by sampling pumps (model VSS-1, A.P. Buck Inc.).

Ozone scrubbers (Supelco, LpDNPH, 505285) were used when sampling
ozonated air to avoid interferences that occur because of O, reacting with sorbent
materials and adsorbed organic compounds (Clausen et al., 1997; Pellizzari et al., 1984;
Kleindienst, 1998). Ozone scrubbers were cleaned according to a previously established
protocol (Poppendieck et al., 2005).

Carbonyls were sampled in chamber air before and after O, injection. Pre-
ozonation emission rates were measured after the materials had been exposed to O, free
air for 1.5 hours. Materials were then exposed to O, for four hours, and samples were
collected during the fourth hour of ozonation to quantify emission rates during ozonation.
For simplicity we refer to these emissions as post-ozonation for comparison with pre-
ozonation.

Analysis of carbonyls

DNPH tubes used to sample light carbonyls were wrapped in aluminium foil and

placed in individual plastic bags after each experiment. The tubes were kept frozen until
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they were analyzed for C,-C; carbonyls using high-performance liquid chromatography
with UV detection (HPLC/UV) (Waters 717plus autosampler; Waters 600 controllers,
Waters 996 Photodiode Array Detector; column: Gemini Su C18 110A, 250 x 4.60 mm 5
pm).

Tenax-TA tubes were analyzed by zero-path thermal desorption followed by gas
chromatography with flame ionization detection (TD/GC/FID) (Optic 2, ATAS; Agilent
6850, column: 30 m, RESTEK, Rxi-5Sil MS, 0.25 mm ID, film thickness: 0.5 pm).

The GC/FID was calibrated using a five-point external calibration curve (R* >
0.99) foreach individual compound. Calibration curves were created using stock
solutions made from pure chemicals purchased from Fisher Scientific, Inc. (pentanal,
97%, hexanal, 98%, heptanal, 95%, octanal, 99%, nonanal, 95%, decanal, 98%,
benzaldehyde, 99%, tolualdehyde, 97%). One blank Tenax-TA tube and one standard
were analyzed each day that experiments were run.

Data analysis
O, deposition velocity

Ozone removal for different material samples was quantified in terms of ozone
deposition velocity, a mass-transfer coefficient defined in this research as the mass flux
of O, to the material surface divided by the O, concentration in the chamber exhaust. The
deposition velocity is a function of fluid mechanics (transport processes) and surface O,
decomposition kinetics. For constant fluid mechanical conditions, changes in O,
deposition velocity with time should only be due to changes in reactivity between O, and
material surfaces. Chamber tests were run for sufficient time that a steady-state condition
with respect to O, concentration was reached in the chamber. For every other set of

experiments (three chambers operated in parallel), one of the chambers was left empty to
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allow calculation of the deposition velocity of O; to the chamber walls. The empty
chamber was switched between experiments.

The deposition velocity of O, for the material tested, v, (m h"), is based on a
steady-state mass balance on a well-mixed chamber, including reaction at chamber walls:

AV Cin AW
Ud—A—S(7—1)—Ud’W<A—S—1> (1)

where A is the air exchange rate of the chamber (h™), V the volume of the chamber (m’),
A, is the total area of the chamber walls (m?), A, is the horizontal projected area of the
material sample (m?), c,, is the inlet O, concentration (ppb), c is the O, concentration in a
chamber containing a material sample (ppb), and v, is the O, deposition velocity for the
chamber walls (m h™).

Mean values are expressed with a corresponding standard deviation around the
mean. For all other analyses, uncertainties in the measured deposition velocities were
calculated with an error propagation analysis using the maximum of instrument error,
+2% for the ozone analyzer, +£1% for the bubble flow meter and an error on horizontally-
projected area measurements that was estimated to be less than 10%.

Carbonyl emission rates

One chamber in the system was left empty every other set of experiments to
evaluate the carbonyl emission rates of chamber walls. The difference in carbonyl
concentrations between empty chambers was on average less than 2 pg m”. Emission
rates of each compound from test specimens were calculated based on a mass balance on
a well-mixed flow-through chamber at steady-state, accounting for emissions from

chamber walls:
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A
AV(ck — ck,in) — ﬂV(Ck,e — ck,in) (1 — A—S)
ek,S = A =
S

)

where ¢, is the inlet concentration of compound k (ug m™), ¢,, is the concentration of
compound k in an empty chamber (ug m™), ¢, is the concentration of compound k in a
chamber containing a material sample (ug m™), e, is the emission rate of compound k for

the material sample (ug m” h™), and all other variables are as previously described.

RESULTS AND DISCUSSION
O, removal

Ozone deposition velocities averaged over the six-month experimental period are
shown in Figure 2. Vertical lines represent the standard deviation of deposition velocities
determined across all six months. Figure 2 allows a comparison among materials and
specific locations of the O, scavenging potential of each material. Note that since airflow
conditions in test chambers did not change during the experimental program, differences
in deposition velocity should have been due solely to differences in material reactivity
with O,. Higher air speeds in the chamber would have probably led to greater differences
in deposition velocity between materials as transport limitations to O; deposition would
have been reduced and effects of reactivity magnified (Cano-Ruiz et al., 1993; Grgntoft
et al., 2004a). The deposition velocity for activated carbon, which is highly reactive
(Kunkel et al., 2009), is within the range of O, transport-limited deposition velocities
measured in an apartment (1.2 to 3.6 m h™') (Morrison et al., 2006). This suggests that
mass-transport conditions are consistent with residential settings. Activated carbon is the
most effective material at removing O, , with O, deposition velocities in laboratory

chambers ranging from 2.5 to 3.8 mh'. These values are slightly lower than those
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reported by Grgntoft (2002) and Kunkel et al. (2010), who observed deposition velocities
ranging from 3.8 to 8.0 m h''. However, their testing methods involved the presence of
mixing fans and higher air speeds adjacent to materials, which likely resulted in lower
transport limitations to O, removal leading to higher measured deposition velocities than
those in this study. Ozone deposition velocities measured for carpet were slightly less
than those for activated carbon, ranging from 2.0 to 3.0 m h''. Wang et al. (2006) reported
O, deposition velocities for aged carpet in the range of 1.5 to 5 mh"' and Nicolas et al.
(2007) reported deposition velocities on new carpet ranging from 1.4 to 2.7 mh™, ie. in
agreement with the results from this study. The O, deposition velocities for the perlite-
based ceiling tile ranged from 2.2 to 3.2 m h™'. Deposition velocities previously reported
for ceiling tile range from 1.7 to 2.5 m h™' (Hoang et al., 2009; Poppendieck et al., 2007a),
similar to the range that we observed. Finally, O, deposition velocities for painted
gypsum wallboard were about two and a half to three times lower than for the other three
materials, in the range of 0.7 to 1.3 mh™. Kleng et al. (2001) reported a deposition
velocity of 1.5 m h™' for gypsum wallboard freshly coated with acrylic paint. Wang et al.
(2006) reported deposition velocities ranging from 1.2 m h” to 0.03 m h™' in three houses

between 1 and 10 years old (deposition velocities decreased with age).
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Figure 2. O, deposition velocity on material samples averaged over time.

All three green building materials exhibited reduced O, deposition velocity for
samples placed in the Office field location. Ozone removal by carpet and painted gypsum
wallboard samples placed in this location decreased by 36% and 53%, respectively,
between the first and the following months, while the decrease was only about 10% for
the ceiling tile. Environmental conditions at other locations did not affect materials in
such a consistent manner. This difference could not be explicitly resolved but could be a
result of consumption of reaction sites by somewhat higher O, concentrations in the
office location, relative to residential sites, due possibly to a higher air exchange rate,

higher O, penetration through the HVAC air intake and surfaces with lower reactivities.
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Ozone deposition velocities averaged over all locations are presented in Figure 3.
Vertical lines represent one standard deviation. Ozone deposition velocities averaged
over all field sites for activated carbon and ceiling tile exhibited little variation over time.
The deposition velocity for painted gypsum wallboard decayed by 30% for the first two
months and then converged to a relatively low value. The deposition velocity for carpet
started as high as the deposition velocity for activated carbon, but was lower than ceiling
tiles by the end of the experimental period. After six months in the field, carpet removed
about 30% less O, than it did initially. This result is consistent with observations by
Morrison et al. (2000) who tested four carpets and found that the reactivity of each
material with O; decreased with increasing cumulative exposure. Wang et al. (2006) also
observed that O, removal capacity of carpet decreases with age.

Activated carbon had the highest O, removal capacity of all test materials and
remained high even after several months at field locations. Perlite-based ceiling tile also
appears to be a potentially viable PRM as its reactivity is sustained over time. Painted

gypsum wallboard was the least reactive material with O;.
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Figure 3. O, deposition velocity on material samples averaged over all field
sites.

An entire set of results for painted gypsum wallboard is presented in Figure 4 and

shows deposition velocities measured from month 0 to month 6. Some variation was

observed for measurements at each location. The home office location exhibited a

decreasing trend in O, deposition velocity for the painted gypsum wallboard, but other

materials did not show a similar trend. It is not possible to ascertain whether this is only

due to experimental variations or if the painted gypsum wallboard was actually affected

by this particular environment. Isolated increases in reactivity could be due to changes in

activity patterns at the field locations leading to a different level of soiling of the

materials. For example, the UTest House (unoccupied test house facility) was heavily
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used for other experimental projects during month 5, which might explain the higher

sample reactivity observed for that month.
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Figure 4. O, deposition velocity results for painted gypsum wallboard.

Carbonyl emission rates

Pre-ozonation emissions refer to emissions that occurred before ozonated air was
introduced into the test chambers. Post-ozonation emission rates were measured after
ozonated air was introduced into the chambers. Emission rates averaged over all locations
are presented in Figure 5. Figure 5 allows a comparison of pre and post-ozonation
emission rates of the materials and their evolution over time.

Both pre and post-ozonation emission rates from activated carbon were lower
than the other three materials. There is a trend of decreased emission rates over time for
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pre-ozonation emission rates while post-ozonation emission rates increased slightly. The
relatively low emission rates from activated carbon were dominated by acetaldehyde
(22% to 58% by mass) as well as formaldehyde, especially for post-ozonation emission
rates (5% to 35%).

All three green materials had higher post-ozonation emission rates than pre-
ozonation emission rates. In each case, post-ozonation emission rates were dominated by
nonanal. This is consistent with results from Wang et al. (2006) who tested post-
ozonation emission rates of various indoor surfaces in four homes between one and
fourteen years old. For similar test conditions, they also observed higher post-ozonation
emission rates than pre-ozonation emission rates, also dominated by nonanal.

There were also differences in emission rates among test materials. Carpet
exhibited the highest pre and post-ozonation emission rates. Even though initial pre and
post-ozonation emission rates for carpet were relatively high, both were characterized by
a dramatic reduction in emissions between the initial measurement and the one made
after three months, and was observed for all field locations. After three months, pre and
post-ozonation emission rates from carpet decreased by approximately 55% from their
initial level. After that period, pre-ozonation emission rates were relatively steady, while
post-ozonation emission rates continued to decrease.

Results for post-ozonation emissions from carpet were compared with findings
from a study by Morrison et al. (2002) who tested four different types of carpet. Some of
their samples were stored in original packaging before testing, similar to our initial tests.
Morrison et al. (2002) also studied carpet that had been aired out for a year prior to
testing. Similar to the results of this study, they observed post-ozonation emission rates

that were higher than pre-ozonation emission rates and dominated by nonanal for all
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samples. Lower post-ozonation emissions also occurred from aired carpet, similar to what
we observed for newly unpackaged carpet versus carpet placed in the field for six
months. However, pre-ozonation emissions differed between Morrison et al. (2002) and
this study. They observed pre-ozonation emission rates from aired samples that were
greater than pre-ozonation emission rates from stored samples. Waring et al. (2010) also
measured carbonyl emissions in a room containing carpet with O; and found increased
levels of formaldehyde and nonanal.

Averaged results for perlite-based ceiling tile show a different temporal
fingerprint of emissions relative to carpet. While pre-ozonation emission rates decreased
by 50% during the six-month study period, post-ozonation emission rates averaged across
all field sites more than doubled. Emission rates of samples in the kitchen location greatly
influenced the average result. Emission rates in the kitchen location increased by about
two orders of magnitude between the initial and final measurements. For other field
locations, post-ozonation emissions decreased over the course of the experimental period.
The ceiling tiles used in this study were highly porous and might have adsorbed gases or
retained particles deposited on their surface during cooking events, or retained secondary
products. Adsorbed gases and deposited particles could later react with O, during
laboratory tests, explaining an increase in post-ozonation emission rates for the samples
placed in the kitchen.

Finally, painted gypsum wallboard exhibited an emission pattern that was
different from the other two green materials but observable for most field locations. Pre
and post-ozonation emission rates were the highest initially but declined by 36% and
50%, respectively, during the first three months. However, emission rates then increased

during the next three months by 23% and 30%, respectively.
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Results averaged over all field locations are relevant when considering emissions
by PRMs inside an entire building. However, locations where emissions were greatest,
such as the kitchen or the bedroom, tend to influence the average value. This is
particularly true for the perlite-based ceiling tile for which averaged results were greatly

influenced by kitchen results where emissions were higher than for other locations. This

result is discussed later.
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Figure 5. Emission rates for select carbonyl compounds averaged over all
locations (Pre = pre-ozonation, Post = post-ozonation, mean carbonyl
mass yields are presented at the top of each post-ozonation bar with
standard deviation in parenthesis).
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Overall carbonyl mass yields were calculated by summing the mass emission
rates of all carbonyls and normalizing by the mass uptake rate of O;. Yields (g carbonyls
/ pg O; removed) varied from 0.01 to 0.61, 0.01 to 0.27 and 0.01 to 043 for
measurements made at months 0, 3 and 6 respectively. The highest yields were observed
for carpet, followed by painted gypsum wallboard, ceiling tile and activated carbon.

Pre-ozonation emissions were relatively consistent across locations. Greater
variations were observed in post-ozonation emissions, possibly because of differences in
environmental conditions, including soiling, at each field location. Over all locations
post-ozonation emission rates from carpet were the highest, followed by ceiling tile,
painted gypsum wallboard and finally activated carbon. As such, it appears that since the
results are averaged over all locations, where all materials were placed, the nature of the
material itself contributes significantly to the extent of post-ozonation emissions that will
be produced. Nevertheless, samples placed in the bedroom and kitchen had noticeably
higher post-ozonation emission rates than other locations. This result suggests that
material soiling also affects post-ozonation emissions.

Results for pre and post-ozonation emissions at the kitchen location for all four
materials are shown in Figure 6. The pre-ozonation emissions for this location did not
exhibit particular trends compared to other locations. However, the post-ozonation
emissions were unique to this location (results for other locations are presented in online
Supporting Information). Activated carbon, ceiling tile and painted gypsum wallboard
each exhibited increased overall post-ozonation emission rates over time for test
materials placed in the kitchen. The ceiling tile was especially affected, with overall post-
ozonation emission rates after six months that increased sixty five times compared to the

initial test. Post-ozonation emission rates for painted gypsum wallboard doubled in six
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months while post-ozonation emission rates for activated carbon remained very low but
increased by a factor of five. One possible explanation for these results is that O, reacts
with compounds emitted during cooking events that rise in hot cooking plumes and reach
elevated materials, but that do not condense appreciably on floor materials. Vegetable
cooking oils contain unsaturated fatty acids, such as oleic acid, that react with O, to form
several oxygenated compounds including aldehydes (Sadowska, 2008). Such interactions
have been observed in simulated cooking events by Wang et al. (2005) who showed
increased emission rates of heavy aldehydes, especially hexanal and nonanal, from
kitchen surfaces. Similar interactions between O, and compounds emitted during cooking
events and adsorbed or condensed onto materials could explain the post-ozonation
emissions observed during laboratory tests in this study. The results tend to validate this
hypothesis as materials that were set on shelves high above the floor show a similar trend
of increased post-ozonation emission rates. Carpet does not exhibit a strong increase of
post-ozonation by-product emissions after three months. It is possible that lower amounts
of unsaturated fatty acids from cooking activities were deposited on carpet, or that
increases in reactivity from such deposition was offset by the otherwise lowering in
reactivity of the carpet.

To a lesser extent, similar interactions between O, and skin oils might have
occurred in the bedroom location where occupants spend approximately a third of their
lives. Unsaturated fatty acids from human skin lipids have been shown to react with O, to
produce acetone, among other by-products (Wisthaler et al., 2011). On average, acetone

emission rates were highest for materials placed at the bedroom field site.
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(mean carbonyl mass yields are presented at the top of each post-
ozonation bar).

Association with environmental parameters

Environmental parameters (temperature, RH, dustiness, TVOCs) were measured

each month at field locations where material samples were installed. Single variable

associations were determined using linear correlations between an environmental

parameter and either O, deposition velocity, pre or post-ozonation carbonyl emission

rates.

For all parameters measured in the field, the associations between field conditions

and O, deposition velocities were weak, with R* less than 0.2 for most combinations of
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environmental parameter and material. Only one correlation was found to be statistically
significant: a weak positive correlation (R*=0.32, p<0.05) was observed for O,
deposition on carpet versus VOC abundance in air at field locations.

Pre-ozonation emission rates from activated carbon had a weak but statistically
significant positive association with field dustiness and temperature (R* values of 0.33
and 0.32, respectively, p-values < 0.01). Pre-ozonation emission rates from carpet were
also positively associated with monthly VOC abundance and mean RH (R* values of 0.43
and 0.26 respectively, p-values < 0.05). Pre-ozonation emission rates for other materials
did not exhibit a significant association (p-values greater than 0.05) with any
environmental parameter.

All three green building materials exhibited strong positive associations between
post-ozonation emission rates and VOC abundance in air at field sites, with R? of 0.50,
0.65, 0.75 for ceiling tile, painted gypsum wallboard and carpet, respectively (p-
values < 0.01). Carpet also exhibited a relatively strong positive association (R* = 0.55, p
< 0.001) between post-ozonation emission rates and RH. Post-ozonation emission rates
from activated carbon did not exhibit any significant association (p-values were all above
0.05) with variations in environmental conditions. The association between increased
post-ozonation emission rates and increased organic compounds in air at field sites may
be due to reactive gases, e.g., unsaturated organic compounds, adsorbing to materials at
field sites and reacting with O, during ozonation of test chambers. Additional research is
warranted to further explore and understand this association, as it might be an important
consideration with respect to application of PRMs in environments with high VOC

concentrations.
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CONCLUSIONS AND FUTURE RESEARCH

Activated carbon, perlite-based ceiling tile, recycled carpet and painted gypsum
wallboard can be used to passively remove O, for six months and likely more, with
sustained O; reactivity, although the deposition velocity of carpet and painted gypsum
wallboard decreased by approximately 30% over six months. Painted gypsum board
likely has little benefit with respect to reductions in O, exposure. Further, post-ozonation
emission rates from carpet are sufficiently high as to preclude its use as an effective
PRM. Of the materials tested in this study both activated carbon and perlite-based ceiling
tile are the most promising PRMs.

The choice and placement of PRMs should be considered in relation to the type of
indoor environment that they would be used in, since certain indoor environments
influence O, deposition velocity or carbonyl emission patterns. PRMs could also be
chosen according to the sensitivity to air pollution of the population occupying the
building. Materials specifically designed for air purification, such as activated carbon
mat, could be used around sensitive populations while more common materials such as
ceiling tiles would be preferred in other settings.

This study is the first to explore the potential for long-term application of PRMs
at actual field sites. Results of the study are encouraging and support the potential for

sustained performance of PRMs in real buildings.
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ABSTRACT

Ozone (O;) and oxides of nitrogen (NO,) are pollutants mostly originating
outdoors but because of the large fraction of time people spend inside buildings, most
inhalation exposure to these pollutants occurs indoors. Both O; and nitrogen dioxide
(NO,) have been associated with a wide range of adverse health effects. Finding new,
innovative ways to remove these pollutants from indoor air could have beneficial health
effects. Passive removal materials (PRMs) have been studied for their long-term capacity
to remove pollutants through surface reactions, with the advantage of not requiring
additional energy input during operation. This paper uses a multi-zone model coupled
with a computational fluid dynamics (CFD) model to estimate the possible reductions in
indoor concentrations of O;, NO and NO, that could be obtained through the use of
indoor PRMs and a combination of both indoor and outdoor PRMs. The model shows
that indoor PRMs have the potential to reduce indoor concentrations of NO, and O,
(reductions up to 23 % and 18 %, respectively) while NO is not removed as efficiently.
Incremental concentration reductions estimated with the addition of outdoor PRMs are
much smaller (less than or equal to 2 % for all pollutants) and make the use of this

solution for a detached building less attractive.

1. INTRODUCTION

Nitrogen oxides (NO,) and ozone (O;) are inter-related pollutants originating
mostly outdoors. Nitrogen oxides are products of combustion processes taking place in
power production facilities, industries and road vehicles [1] and are present at elevated
levels in most urban areas. They are precursors to the formation of O; [2] through

photochemical processes. Exposure to O, and nitrogen dioxide (NO,) has been associated
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with a range of adverse health effects ranging from decrease of respiratory functions [3-
9], onset of asthma [10-12] and cardiovascular events [13-15]. In the absence of indoor
sources, levels of these pollutants are usually lower indoors than outdoors [16,17].
However, since people in developed countries spend most of their time indoors [18], a
large fraction of people’s inhalation exposure to these pollutants of outdoor origin occurs
indoors. Weschler [19] estimated that about half of the U.S. population’s exposure to O,
happens indoors. Similarly, Levy et al. [17] noted that personal exposures to NO, were
more strongly correlated to indoor concentrations than outdoor concentrations. When
indoor sources of these pollutants, such as gas-stoves for NO, [20] or certain types of air
cleaners for O; [21], are present, the fraction of exposure occurring indoors is even
higher.

Finding innovative ways to remove these pollutants from the indoor air could
have beneficial health effects. Conventional strategies for reducing pollutant levels
indoors include source control, ventilation and use of active engineered systems (e.g.
devices integrated in the HVAC system or portable air cleaners). The first two strategies
are not viable for pollutants mainly originating outdoors. The third strategy could be
applied but often involves a tradeoff associated with increased energy use. The use of
existing building surfaces indoors has long been investigated as a way to passively
remove pollutants [22,23] with a recent focus on O, [24-27]. Inside buildings, the
surface-to-volume ratio is large, which is an advantage for passive removal through
building materials as it increases opportunities for removal of molecules onto surfaces.

Similarly, the facade of a building could be used in order to remove pollutants
from air as it travels along the facade before entering the building through openings. The

use of outdoor surfaces has been investigated for passive removal of NO, by

157



photocatalytic materials [28-32]. These materials contain a semiconductor that, once
activated by UV light, can catalyze water molecules adsorbed at the material surface to
form hydroxyl radicals [33]. Hydroxyl radicals can in turn react with NO, molecules

adsorbed at the material surface [34]:

NO44s + OH® > HNO, (1)
HNO, + OH* = NO, 445 + H,0 2)
NOy qqs + OH* = NO3 g5 + H* 3)

Through a modeling effort, this paper estimates possible reductions in NO, and O,
levels inside a model building through the use of indoor and outdoor passive removal
materials (PRMs).

Several simulation models of the indoor environment are available and CONTAM
is a well-validated tool (National Institute of Standards and Technology, Gaithersburg,
MD, USA). CONTAM is a multi-zone airflow and contaminant transport analysis
software that has been used to model tracer gas concentrations [35] and effectiveness of
air cleaners [36], for example. Pollutant deposition to building materials can also be
modeled through appropriate inputs in CONTAM, but deposition occurring on the
outside of the building cannot. Computational fluid dynamics (CFD) modeling was used
to overcome this issue. Tominaga et al. [37] studied dispersion of pollutants around a
simple cubic structure using a small computational domain and well-defined wind
conditions in the vicinity of the building. They showed that 2-equation k-¢ turbulence
models could provide results in general agreement with measured data for pollutant

dispersion around a simple building structure. With respect to deposition of pollutants to
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surfaces, Rim et al. [38] developed a method to determine concentrations in the vicinity
of a reactive surface by adjusting concentrations obtained through CFD modeling for a
perfect sink surface.

Surface deposition of reactive species is typically modeled through the use of

deposition velocity [39]:

R =v,cA 4)

where R is the removal rate of the pollutant to a surface (ugh™), v, is the deposition
velocity of the pollutant to a surface (mh™), ¢ is the bulk air concentration of the
pollutant above a surface (zg m™) and A is the area of the surface on which the pollutant
is depositing (m?).

The deposition velocity is defined as the flux of pollutant to a surface divided by

its concentration in the bulk air above the surface [39]:

va =7 (5)
where J is the flux of pollutant to a surface (ugh"' m?), and all other variables are as
previously described.

The inverse of the deposition velocity can also be expressed as an overall
resistance to heterogeneous reactions and is equal to the sum of two resistances [39]: the
transport resistance, which is a function of fluid dynamics conditions over the surface and
the surface resistance, which is a function of reactive interactions between the surface and

the pollutant.
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— =4 =—t——— 6)

where r, is the transport limited resistance (h m™), r, is the surface resistance (h m™), v, is
the transport-limited deposition velocity (m h™), y is the reaction probability (-), and <v>
is the Boltzman velocity (m h™).

In the study presented herein, a test house at the University of Texas campus was
used as model building to estimate possible reductions in NO, and O, levels through the
use of PRMs both indoors and outdoors. Multi-zone and CFD models were coupled in

order to estimate reductions in indoor concentrations of pollutants.

2. METHODS
2.1. Modeling approach

The modeling approach used for this study is presented in Figure 1. Experimental
data from a previous study by Lo et al. [40] were used to determine properties of the
approach wind and to define boundary conditions for the simulation domain. Airflow
around the house facade was modeled using CFD and validated by experimental data.
Finally, data obtained for outdoor conditions were used as inputs to the indoor multi-zone

model of the house in CONTAM.
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Boundary conditions Boundary conditions for

for CFD domain: CONTAM model:
- Wind speed/direction - Pressure at openings
- Turbulence intensity - Pollutant concentrations
Wind properties Pollutant deposition Pollutant deposition
around the UTest House on building fagcade on indoor surfaces
Experimental data CFD model Multi-zone model
[ Transport resistance CONTAM with
Reaction probability integrated deposition

Validation using
experimental data:
- Wind speeds
- Pressure

Figure 1. Modeling approach

2.2. Model building and passive removal materials

The building used for this study was the UTest House of the University of Texas
campus, in Austin, TX, USA, described in detail in [40]. It is a 120 m?* manufactured
home equipped with pressure sensors on its fagcade and wind sensors in its vicinity
(Figure 2) and is used as a test building for indoor environmental quality studies. It is
oriented in the North-South direction. For the purpose of this model, the house was

modeled as having two bedrooms, two bathrooms, an office and a kitchen/living area.
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Figure 2. UTest House and location of pressure and wind velocity sensors

The model simulated the use of PRMs inside and on the facade of the model
building. The indoor PRMs included in the model were an activated carbon mat, made of
a non-woven polyester-based fabric (thickness=0.5cm) coated with AC (area
normalized mass = 136 g m™) and a green ceiling tile made of 100 % recyclable materials
and marketed as having no VOCs or man-made mineral fibers. Both these materials were
previously tested for O, removal as described in [27], and for NO and NO, removal as
described in Supplementary Materials. Deposition velocities for realistic indoor air
conditions [27] were determined through laboratory testing and used for modeling
purposes. The outdoor PRM included in this study was a photocatalytic stucco, composed
of portland cement, admixtures and 4.98 % TiO, by mass of solids, mainly in the anatase
form, described in more details by Cros et al. [30]. Reaction probabilities of each
pollutant with the photocatalytic stucco in the environmental conditions used for the
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model were determined from data collected during the experimental program described

by Cros et al. [30] and analyzed as described in Supplementary Materials.

2.3. Modeling conditions and scenarios

The model was run for specific outdoor wind conditions that had been monitored
during a previous experimental investigation by Lo et al. [40] at the UTest House. Wind
speed and pressure data around the UTest House were collected during experiments by
Lo et al. [40] and were used in this modeling effort to validate CFD airflow results. The
case considered an approach wind velocity (recorded at sensor W1 on Figure 2) of
79 m s’ measured 4 m above the ground, with an azimuth angle of 163°. The wind
profile power law (o = 0.125 [40]) was used to determine the approach wind velocity at
various heights. Wind velocity data at sensor W1 (Figure 2) was also used to determine
the turbulence intensity of the incoming air flow.

Three scenarios including different amounts of PRMs were modeled and
compared. Scenario 0 was a base case scenario where no PRMs were installed, either
indoors or outdoors. Scenario 1 included indoor PRMs only while Scenario 2 used a
combination of both indoor and outdoor PRMs. The amounts of PRMs used for each
scenario are presented in Table 1. For indoor PRMs, ceiling tiles were chosen for all
bedrooms and the office but not the kitchen because of possibly large ozone-initiated
emissions observed for this material in a kitchen location [27]. Activated carbon mat was
placed in the kitchen instead. The bathrooms were not equipped with PRMs. The stucco
included in this study was chosen as outdoor PRM because it exhibited a good capacity to

remove NO, and O; in laboratory experiments and weathered outdoor exposure well [41].

Table 1. Description of PRMs installations for each scenario
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AC mat Ceiling tiles Photocatalytic
stucco
Scenario 0 None None
Scenario 1 Covers half of the Covers the ceiling None
ceiling of the of all three
kitchen/living area. bedrooms. Covers all four
Scenario 2 Total area: 23 m* Total area: 36 m* exterior walls.
Total area: 160 m®

Relative pollutant concentration reductions between two scenarios were
calculated as follows:
Ci
R;; =100x|1—= (7)

Cj

where R, ; is the relative pollutant concentration reduction in scenario i relative to scenario
] (%), c; and c; are the average pollutant concentrations over a day in scenario i and j,

respectively (ppb).

2.4. Modeling of outdoor concentrations infiltrating into the building
24.1. CFD model of the UTest House

Outdoor concentrations of NO, NO, and O; in the vicinity of the house walls were
modeled using CFD analysis and heterogeneous deposition theory. The CFD simulation
used the Reynolds Averaged Navier-Stokes Equations (RANS) with the two-layer
Realizable k-¢ turbulence model for steady-state calculations. The CFD model was
developed using the commercially available ANSYS Fluent 12.1 code and run on a

computer with 4 core processors at 3.06 GHz and running on a Windows 7 operating
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system. The validity of the model was tested by comparing model results to
experimentally measured data from Lo et al. [40].

The mesh used in this study was composed of 500,000 tetrahedral cells. The cells
closest to the house facade were 5 mm deep, with a growth factor of 1.2 for the first five
layers of cells adjacent to the facade. Grid independence was investigated by comparing
simulated pressures and wind speeds between the mesh used and one with cells twice as
coarse at the facade boundary and in the vicinity of the facade.

The study domain was a rectangular prism with dimensions 40 m x 30 m x 15 m
with the UTest House at its center. The size of the computational domain was chosen so
that properties of the approach wind would not be simulated through CFD but rather
implemented at the boundary conditions from experimentally measured data. The south
and east faces of the computational domain were set with velocity inlet boundary
conditions. Turbulence intensity at these boundaries was implemented using the value
determined from experimental data (see section 2.3). The west and north faces were set
with pressure outlet boundary conditions. The top face of the computational domain (sky)
was set with a symmetry boundary condition and the bottom face of the domain (ground)
was set with a wall boundary condition. Domain independence was investigated as well
by comparing simulated pressures and wind speed between the domain used and a
domain with dimensions 150 m x 40 m x 35 m.

Monitoring surfaces and points were used in the CFD model to calculate scalars
related to this investigation. Monitoring points were placed at locations corresponding to
the pressure and wind sensors used in experimental data acquisition (Figure 2). Control

surfaces corresponding to the rooms inside the house were placed on the UTest House
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facade. These surfaces were used to extract simulated pollutant concentrations on the

facade.

2.4.2. Ambient outdoor conditions

Ambient outdoor pollutant concentrations were defined for three conditions:
morning (from 8 am to 12 pm), afternoon (from 2 pm to 6 pm) and night (from 8 pm to
6 am). Ambient outdoor concentrations between these periods were linearly interpolated.
Morning and afternoon conditions were defined as explained in [30] with NO = 150 ppb
and NO, = 20 ppb for the morning condition and NO, = 50 ppb and O, = 150 ppb for the
afternoon condition. The nighttime condition was determined by taking the average of
nighttime concentrations of all three pollutants (between 8 pm and 6 am) as measured in
Houston, TX for the months of August and September 2009 [42]. The nighttime
condition was adjusted to NO =5 ppb, NO, = 15 ppb, O; = 15 ppb. During the nighttime
condition, the photocatalytic stucco was assumed to be non-reactive since UV light was

absent.

2.4.3. Inclusion of outdoor PRM in CFD model

In order to determine concentrations of pollutants in the vicinity of the UTest
House facade, deposition of pollutants to the house fagade coated with a photocatalytic
stucco needed to be integrated in the model. A two-step process was used.

First, the CFD model was run with the house fagade assumed to be a perfect sink
for the pollutants studied. In that case, only the effect of pollutant transport limitations to
the surface was simulated, since surface resistance was zero. Pollutant concentrations in
the vicinity of the perfect sink facade (first layer of cells adjacent to the facade) were

determined for each section of the facade (Figure 2) through the CFD model. Average
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free stream velocities above each section of the facade were determined as well through
the CFD model. Simulated velocities were used to estimate the average transport-limited
deposition velocities for each fagade section using mass transfer correlations reported by
Morrison et al. [43] for turbulent flow over a flat plate.

Secondly, concentrations in the vicinity of the facade calculated in the case of a
perfect sink facade had to be adjusted for the actual photocatalytic stucco coating, which
is not a perfect sink for O;, NO and NO,. The method described by Rim et al. [38] was

utilized and the actual concentration in the vicinity of the facade was determined as:

. _< 4v, )C N (vp)y .
actual 4vt + <vb>y bulk 4vt + <vb>y perfect (8)

where ¢ is the pollutant concentration in the vicinity of the facade with the outdoor

actual
PRM present (ppb), ¢, is the pollutant concentration in the bulk air (ppb), ¢, 1s the
pollutant concentration in the vicinity of the facade when it is considered to be a perfect
sink for the pollutant (ppb), <v,> is the pollutant Boltzmann velocity (m h™), y is the
pollutant reaction probability with the outdoor PRM (-), v, is the pollutant transport-
limited deposition velocity on the fagade (m h").

In the morning condition, concentration of NO, had to be adjusted differently. In
effect, in the morning condition, experiments conducted to determine NO, removal by the
photocatalytic coating showed that a fraction of the NO oxidized on the photocatalytic
surface was converted to NO, rather than the expected final product, nitric acid. It is
possible that, during the photocatalytic oxidation process presented in equations (1)

through (3), some adsorbed NO, molecules formed during the second step of the process

(equation 2) could not be oxidized further and desorbed into the air. The NO, yield for
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the morning conditions used in this study is yyo, = 0.24 moles of NO, formed per mole of

NO reacted. Hence, in the morning condition, NO, concentration is calculated as:

CNOZ,m,actual = CNOZ,bulk + 0.24 X (CNO,bulk - CNO,m,actual) (9)

where ¢y, aema 15 the NO, concentration in the morning condition in the vicinity of the
fagade with the outdoor PRM present (ppb), Cyozpu 1S the NO, concentration in the bulk
air (ppb), Cyomacna 15 the NO concentration in the morning condition in the vicinity of the

facade with the outdoor PRM present (ppb), ¢y i 18 the NO concentration in the bulk air

(ppb)

2.5. Modeling of indoor concentrations
2.5.1. Multi-zone model

Indoor concentrations of NO, NO, and O, inside the UTest House were modeled
using CONTAM3.0 software developed by the National Institute of Standards and
Technology (NIST). The house was modeled through 3 levels: crawl space, living space
and attic. Infiltration into and leakage between the various zones of the house were
modeled using flow paths with characteristics obtained for a manufactured home from
Persily and Martin [44].

Outdoor air concentrations at each opening were used as inputs to the CONTAM
model. By adjusting outdoor air concentration at openings, it was possible to take into
account the absence or presence of the photocatalytic stucco on the UTest House facade.
For scenarios 0 and 1, pollutant concentrations at each opening were equal to the ambient
air concentrations. For scenario 2, the average pollutant concentration calculated for each

section of the UTest House facade (section 2.4) was used for all openings located on that
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section of the fagade in the CONTAM model. Similarly, pressure values at each opening
determined through CFD modeling were used as input for the CONTAM model.

The model was run for two consecutive and identical days. The first day was used
to obtain reasonable initial concentrations by the beginning of day 2. Results presented in
this paper used concentration data obtained for day 2 only.

A very simple occupancy scenario of the house was implemented. Occupants
were assumed to be in the house until 8 am in the morning and come back by 6 pm. An
HVAC schedule was implemented to take into account effects of air recirculation and
changes in indoor/outdoor air exchange rate due to HVAC operation. It was assumed that
no pollutant removal occurred in the HVAC system, a reasonable assumption for ozone
and likely for NO, [45,46]. The HVAC was off during the night, when occupants were
sleeping, and during the day, when occupants were assumed to be away from the house.
The HVAC was on for ten minutes at 7 am after occupants woke up and then was on for

ten minutes every thirty minutes from 6 pm to 11 pm.

2.5.2. Deposition to indoor surfaces

Removal of pollutants to the background (existing materials, before inclusion of
PRMs) was modeled using sink elements characterized by a deposition velocity.
Deposition velocities to background surfaces for O; and NO, were determined using
literature values for O, decay rates in homes reported by Lee et al. [47] and NO, decay
rates in a home reported by Wade et al. [48]. Decay rates correspond to
Vapackground™Aswnote nouse! Vienote ouses WHETE Vi puckerouna 18 the average pollutant deposition velocity

to background surfaces (mh'), A is the total area of indoor surfaces (m?),

whole house

V.

whole house

is the total air volume in the house (m’). For this study, the surface-to-volume
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ratio in the house (A, wouse! Viote house) Was assumed to be 3 m™ [49,50]. By multiplying
the decay rate to background surfaces (values of 2.8 h™', 0.06 h™', 0.83 h' for O,, NO and
NO,, respectively) by the inverse of the surface-to-volume ratio, the values of average

deposition velocities of O;, NO and NO, to background surfaces were determined for

inclusion in the model, and are presented in Table 2.

Table 2. Deposition velocities of O, NO and NO, to indoor surfaces

included in the model

0O, NO NO,

Vi sackgroma (M N7 093 002 028

vd,ceiling tile (m hEl) 2 69 0 . 1 2 0 48

vd,activated carbon (m h-l) 3 39 0 92 3 20

Indoor PRMs were modeled as sinks for scenarios 1 and 2, and their removal
capacity was described using experimentally measured deposition velocities for O;, NO
and NO, as described in section 2.1. Deposition velocities to indoor PRMs used in this

model are also presented in Table 2.

3. RESULTS AND DISCUSSION

3.1. Validation of CFD model
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Results of the wind velocity and pressure simulation are presented in Figure 3.
Pressure results are presented relative to a reference point (pressure sensor P2). In effect,
experimentally measured pressures were measured as outdoor/indoor pressure differences
while modeling results were absolute pressures. Results show that there is fairly good
agreement between the experimentally measured data and the wind velocity and pressure
estimates obtained through CFD simulation. The model captures important features of the

airflow around the house. Moreover, results obtained through the use of a coarser mesh or

W4
Wind speed sensor

W5

Figure 3. Pressure (a) and wind speed (b) simulation results compared to

experimental measurements
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larger simulation domain are also consistent with results obtained using a finer mesh and
smaller computational domain suggesting that grid independence and domain

independence are verified.

3.2. Outdoor wall concentrations estimates with photocatalytic stucco

Transport limited deposition velocities calculated for each section of the UTest
House facade are presented in Table 2. Free stream velocity above each wall section was
obtained from the CFD model and used to calculate v, using mass transfer correlations as
described in section 2.4.3. Differences in transport-limited deposition velocities for each

gas were due to differences in their diffusivity in air.

Table 3. Transport-limited deposition velocities for the sections of the UTest
House facade

V.03 (M h»l) V,no (M h_l) ViNO2 (m h_l)

Office South 124 14.5 11.5
Small bedroom South 21.8 254 20.2
Small bedroom West 14.9 174 13.8
Kitchen West 134 15.6 12.4
Large bedroom West 11.5 134 10.7
Large bedroom North 7.1 8.3 6.6

Kitchen North 94 11.0 8.7

Kitchen East 28.9 33.8 26.8
Office and bathroom East 28.7 33.6 26.7

In an unpublished study conducted within the framework of a previous
experimental program [51], Poppendieck et al. measured transport-limited deposition
velocity of O, on the UTest House facade. They found O, transport-limited deposition
velocities in the range of 5mh™ to 20 m h', similar to O, transport-limited velocities

estimated here.
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Figure 4. Pollutant concentrations in the vicinity of the UTest House facade
in (a) the morning condition, (b) the afternoon condition

Estimated concentrations of pollutants in the vicinity of the UTest House facade
for a perfect sink and adjusted for the presence of the photocatalytic stucco are presented
in Figure 4. In the case for which the UTest House facade was considered to be a perfect
sink, pollutant concentrations in the vicinity of the facade were 15 % to 29 % lower than

ambient pollutant concentrations. Taking into account the surface resistance to deposition
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of the photocatalytic stucco, actual pollutant concentrations in the vicinity of the facade
were 7 % to 15 % lower than ambient concentrations. Formation of NO, during the
photocatalytic oxidation of NO in the morning condition led to small increases in NO,
concentrations in the vicinity of the fagcade, for the morning condition only. Absolute NO,
concentration increases ranged from 0.7 to 2.8 ppb. Despite some NO, being formed in
the morning, overall NO, concentrations in the vicinity of the facade were lower than
ambient concentrations.

Reductions observed on the windward side of the house (South and East walls)
were generally lower than reductions obtained on the leeward side (North and West
walls). It is possible that lower air speeds on the leeward side of the house allowed more
time for reaction between pollutant molecules and the reactive surface to take place.
Moreover, a fraction of the air on the leeward side of the house might have come in
contact with the reactive surface while traveling along the building facade.

Moussiopoulos et al. [52] reported NO, concentration reductions of up to 60 % in
the vicinity of walls covered with a photocatalytic material in an experimental street
canyon, much higher than reductions estimated in this study. The street canyon
configuration offers a much higher surface-to-volume ratio for reaction and lower air

speeds that might explain the higher reductions observed.

3.3. Comparison of scenario results

Results of the CONTAM simulation are presented in Figure 5 and Figure 6. The
figures show average concentration reductions over the course of a day. Comparison
between scenario 1 (indoor PRMs only) and O (no PRMs) indicates that indoor PRMs can

effectively reduce indoor concentrations of O, and NO, (Figure 5). Overall, the largest
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reductions in pollutant concentrations were observed in the leeward rooms of the house.
It is possible that, since pressures were higher on the windward side of the house and
lowest on the leeward side, the overall air movement inside the house was in the same
direction as outdoors. Hence, a portion of the air present in the leeward rooms of the
house had traveled through other rooms where it encountered PRMs and pollutants could
be reacted away, explaining the lower concentrations observed on the leeward side.

Reduction in NO, concentration for the entire house was 18 % with reductions in
the rooms of the house varying from 4 % to 23 %. Reductions ranged from 9 % to 23 %
in rooms outfitted with PRMs. The largest reduction was obtained in the kitchen location,
outfitted with activated carbon. Deposition of NO, to activated carbon was very high
compared to other surfaces indoors: NO, deposition velocity to activated carbon was
eleven and six times higher than to background surfaces and perlite-based ceiling tile,
respectively. This explains why, even though only half the ceiling of the kitchen/living
area was covered with activated carbon versus the entire ceiling for rooms outfitted with
perlite-based ceiling tiles, this was the room that experienced the highest reduction in
NO, concentration.

Reductions in O, concentration in the rooms of the house varied between 2 % and
18 % with reductions ranging from 13 % to 18 % in rooms equipped with PRMs. Overall
O, concentration reduction for the house was 13 %. For comparison, this overall O,
concentration reduction could be obtained by continuously operating an air cleaner with
100 % O, removal efficiency and an airflow of 120 m’h'. Differences in deposition
velocities on the various indoor surfaces were smaller for O, than for NO,. Deposition
velocity of ozone to activated carbon was only 3.6 and 1.3 times higher than to

background surfaces and perlite-based ceiling tile. For that reason, O; concentration
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reduction in the kitchen/living area equipped with activated carbon on half of its ceiling
was smaller than in other rooms equipped with PRMs on the entire ceiling. The
reductions estimated in this study are lower than concentration reductions estimated by
Gall et al. [25] using activated carbon or gypsum wallboard as PRMs. They used values
of deposition velocities determined in experimental conditions offering better transport of
air to the material surface and are valid when materials are strategically placed inside
homes to take advantage of surfaces experiencing low transport-resistance.

Finally, reduction in NO concentration for the entire house was 6 % with
reductions in the rooms of the house varying from 0.3 % to 8 %. Reductions ranged from
2 % to 8 % in rooms equipped with PRMs. Reductions are smaller than for the other
pollutants studied here because NO is less reactive with building materials. However, O,
and NO, are the most potent pollutants considered in this study in terms of health effects.
Their efficient removal by the indoor PRMs makes this solution attractive from a health
standpoint.

Relative pollutant concentration reductions between scenarios 2 (indoor and
outdoor PRMs) and 1 (indoor PRMs only) are presented in Figure 6. Relative changes
observed between scenarios 2 and 1 are much smaller than changes observed between
scenarios 1 and 0. Incremental concentration reductions for NO, NO, and O, over
scenario 1 range from 0.1 % to 2.0 %. It appears that outdoor PRMs do not have as good
a potential for reducing occupants’ inhalation exposure to pollutants from outdoor origin
as indoor PRMs. Not only are reductions in outdoor concentrations small but, because
outdoor air mainly penetrates the house on the windward side, it is not possible to take

advantage of the lower pollutant concentrations obtained through photocatalysis on the
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leeward side of the house, unless mechanical ventilation with an outdoor intake of air is

used.

177



Nitric Oxide

de

10XI

Nitrogen D

Ozone

23.3%
21.8%
20.3%
18.7%
17.2%
15.7%
14.1%
12.6%

Figure 5. Relative change in whole day average room concentrations in
scenario 1 (indoor PRMs only) relative to scenario O (no PRMs).
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4. CONCLUSION

The model presented in this paper estimated possible reductions in indoor NO,
and O; concentrations through the use of PRMs placed on both indoor and outdoor
building surfaces. Indoor PRMs, perlite-based ceiling tiles and activated carbon mat,
proved to be efficient at reducing indoor levels of O, and NO,, with reductions in indoor
concentrations of up to 18 % and 23 %, respectively. Reductions in indoor NO levels
were smaller. Application of an outdoor PRM, a photocatalytic stucco, on the outside of
the model house did not appreciably change indoor levels of any of the three pollutants
studied. Other urban structures such as street canyons, might benefit more from outdoor

PRM installation because of more favorable airflow conditions.
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Supplementary Materials

S1.NO AND NO, REMOVAL BY INDOOR MATERIALS
S1.1. Methods
Deposition velocities of NO and NO, were measured for the activated carbon mat
and ceiling tile selected for this study. The experimental system used by Cros et al. [1]
was used, with some modifications:
- the ozone analyzer was replaced by a NO, chemiluminescence analyzer (model
200E; Teledyne, Thousands Oaks, CA, USA),
- NO and NO, gases were obtained in cylinders (Praxair, Danbury, CT, USA) and
introduced into the inlet air stream through mass flow controllers (Series FMA
5500; Omega Engineering, Inc., Stamford, CT, USA),

- only one test chamber was used.

Tests were run with and without materials inside the chamber to determine and
separate deposition to both the chamber walls and the material sample. Inlet
concentrations of NO or NO, were 150 ppb. Other test conditions were identical to
conditions used for measurement of ozone deposition velocities by Cros et al. [1].

Each test was run until steady-state conditions were reached inside the reactor.
Deposition velocity was calculated using a steady-state mass balance on the continuous

flow reactor:
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where v, is the pollutant deposition velocity on the material sample (m h™'), 4 is the air
exchange rate of the chamber (h'), V is the volume of the chamber (m?), A, is the total
area chamber walls (m?), A, is the horizontal projected area of the material sample (m?),
Ciee 18 the inlet pollutant concentration (ppb), c is the pollutant concentration in the outlet
of the chamber (ppb), and v, is the pollutant deposition velocity for the chamber walls

(mh™).

S1.2. Results
Deposition velocities of NO and NO, on the selected indoor materials are

presented in Table 1.

Table 1. Deposition velocities of NO and NO, on indoor PRMs

Vano (M h_l) Vanop (M h»l)
Ceiling tile 0.12 0.48
Activated carbon mat 092 3.2

S2.NO,NO, AND O; REMOVAL BY OUTDOOR MATERIALS
S2.1. Methods

The experimental system described in [2] was used to obtain the parameters
necessary for inclusion of the photocatalytic stucco in the modeling effort. It was
necessary to determine the reaction probability of O;, NO and NO, with the selected
stucco for the modeling conditions chosen. From Cano-Ruiz et al. [3], the reaction

probability can be calculated as:
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where y is the pollutant reaction probability with the reactive surface (-), <v> is the
pollutant Boltzmann velocity (mh™), v, is the pollutant deposition velocity on the
reactive surface (mh™), v, is the pollutant transport-limited deposition velocity on the

reactive surface (m h™).

S2.2. Determination of the transport-limited deposition velocity in the test reactor
For each pollutant, the transport-limited deposition velocity is a function of the
fluid mechanics inside the reactor, which were held constant for these experiments. The
transport-limited deposition velocity in the reactor was calculated using ozone deposition
to a highly reactive surface: concrete coated with a potassium iodide solution
(125 mg KI/ 100 mL distilled water). In this specific case, the surface resistance to the
deposition of ozone on the material is assumed to be negligible so the transport resistance
is the only resistance to deposition. In this case, the deposition velocity on the potassium

iodide-coated concrete is:

1 1 4
= + lim

= (S3)
Va,03.k1 Vt03 < Vo3 > Yo3kiI Yoz ki-1 Vt 03

V,03x 18 the deposition velocity of ozone on the potassium iodide coated sample
(mh™), v,,; is the transport-limited deposition velocity of ozone in the reactor (m h™),
Yosxi 18 the reaction probability of ozone with the potassium iodide coated sample (-),

<v,;> is the Boltzmann velocity for ozone (m h™).
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The deposition velocity of ozone on the potassium iodide coated concrete is

determined using a mass balance on the well-mixed reactor:

AVsample <C03,in,K1 Ay sample (S4)

Vt,03 = Vd,03,K1 = P - 1) — V4,03w

sample Co3,KI Asample

A is the testing reactor air exchange rate (h), cy; 4 and co; 4, are the ozone inlet
and outlet concentrations, respectively, when testing the potassium iodide coated sample
(PPb), Ve 18 the air volume of the reactor in the presence of a concrete sample (m?),

Ay 18 the projected area of the concrete sample tested (m?), A is the area of

w,sample
exposed reactor walls in the presence of a concrete sample (m?), Va3 18 the ozone
deposition velocity to the chamber walls (m h™).

The measured value for the transport-limited deposition velocity of ozone in the
reactor was used to estimate the transport-limited deposition velocities in the reactor for

NO and NO, , v, y, and v, y,, respectively. Mass transfer correlations for gas flow above a

flat plate were used to determine the relationship between v, ,; and v, y, and v, v, [4]:

2
_ (Pwo /3 (S5)
Veno = D_03 XVt 03
Dyo2 “/s
_ (S6)
Ve, NO2 = Dos Ut,03

where Dy, Dyo,» Dos are the NO, NO, and O, diffusion coefficients, respectively (m* h™).
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S2.3. Determination of the deposition velocity of ozone, NO and NO, on the
photocatalytic stucco
Deposition velocities were calculated using a steady-state mass balance on the

continuous flow reactor:

AV, C; A
sample (ﬂ _ 1) — Vaw w,sample (S7)

Vg =
Asample c Asample

where v, is the pollutant deposition velocity on the photocatalytic stucco (m h™), A is the
test reactor air exchange rate (h™), v, is the pollutant deposition velocity to the chamber

walls (m h™"), and all other variables are as previously described.
Using calculated values of v, and v,, y could be calculated using equation (S2).
S2.4. Results

Reaction probabilities for O;, NO and NO, with the photocatalytic stucco in the

morning and afternoon conditions described in the model are presented in Table 2.

Table 2. Reaction probabilities for O;, NO and NO, with the photocatalytic
stucco in the model conditions

Morning condition Afternoon condition
0O, NO NO, 0O, NO NO,
Reaction N/A  83Ix10°  NA  859x10°  NA  728x10°
probability
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Appendix E

PRACTICAL ASSESSMENT OF FEASIBILITY: PHOTOCATALYTIC ROAD BARRIERS/SOUND
WALLS FOR REMOVAL OF NO, FROM ROADWAYS

Methodology
Application of barriers/sound walls coated with a photocatalytic stucco was
evaluated in a screening model in order to determine an order magnitude of possible
removal of NO, from roadways.
The model used a succession of well-mixed cells. Two scenarios were considered:
- Wind perpendicular to the roadway (Figure 1a)

- Wind parallel to the roadway (Figure 1b)

AUEEEREER TR R TR TR IR AR R R R IR AR RN RN AINNNANNNNY AATEAETA TR IR R RA TR TR AR TR TREE AR TR TR R RREARER R R R TR RER RS R R ERERRTRRR R RER R R R RARRRRARERER R R RIS AR

AAAUEEEAER AT AT AR AT AT R R AR AR AR ANAANANNNR AAEEEEEEEEAR AT AT AR T AT AT AR TR AT R ARTAT AT RRTA TR TR R AR ARTA T TR R RS AT AT RURRRE AR RS EERESSRERERRARRERRERRRS SRS

(a) (b)

Figure 1. Schematic of model set up for (a) perpendicular wind case (b)
parallel wind case. Well-mixed cells used for the model are indicated.

Air was assumed to flow from one cell to the next only. Each cell is assumed to
be at steady state and well mixed. The mixing height for the cells was taken from [104].

Both homogeneous and heterogeneous chemistry were taken into account. Deposition to
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surfaces was modeled through the use of deposition velocities. A simple homogeneous
chemistry model for O, and NO, was used, as described by [105].
NO, 4 NO + 0
0,+0+M i 0; +M

k
NO + 05 = NO, + 0,

Assuming pseudo steady-state on O, % =0=[0] = (

For each cell, the following set of steady-state equations was used:

NO

Eno A

_ P g
0 = Acyo,in — ACno + v~ VapnoCno Ty, ~ VagnoCno 3, + k1Cno, — K3CnoCo,
NO,
0= 1 -1 + Eno, _ Ay _ A _ k
= ACNo,,in Cno, v Va,p,no,CNO, v Vq,9,N0,CNO, v 1Cno,
+ k3CnoCo,
O,
E, A

_ 3 P g
0 = Aco,in — Aco, + v~ Vap0sCos T Vag0s€0s Y, + k1Cno, — K3CnoCo,

c.in 18 the concentration of pollutant k at the cell inlet (ppb), ¢, is the concentration of
pollutant k in the cell (ppb), A is the cell air exchange rate (hr'), E, is the pollutant k
emission rate inside the cell (g hr'), V is the cell volume (m’), vy« 18 the deposition
velocity of pollutant k to the photocatalytic coating (m hr'), A, is the surface of
photocatalytic coating in the cell (m?), Vaex 18 the deposition velocity of pollutant k to the

ground (m hr''), A, is the surface of ground in the cell (m?).
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The equations were solved sequentially for each cell until reaching the last cell of
the model.

Emissions from vehicles traveling on the road were calculated using emission
factors from McGaughey et al. [106] and traffic count from Wang et al. [104]. The traffic
count is for a highway section in the vicinity of Austin, TX and that was used as the basis
for the model set up. It was also the subject of other investigations for which a mixing
height of 2.5 m was used over the roadway. This is the height that was used for the model
cells. These numbers are representative for a highway in Texas. The emission factors
may be somewhat lower today since improvements in engine efficiency of new vehicles
have been made but the number used in the model are the most recent that could be found
(2004).

The model was run for a best case scenario, in order to evaluate the feasibility of
application of photocatalytic coating s for pollution reduction near roadways. Wind speed
in the bulk air was taken to be only 1 m/s, leaving more time for pollutants to react with
the photocatalytic surface. The walls covered with photocatalytic stucco were 2 m high
offering more surface area for reaction. Deposition velocity of the pollutants to the
photocatalytic coating was taken to be equal to the inverse of the surface resistance,
hence assuming no transport resistance (in reality, the transport resistance would be low
because of the high air speeds and turbulence near barrier surfaces due to the vehicular
traffic on the road).

Results

The reduction estimates obtained through the modeling effort (Table 1) show
fairly low overall removals for all pollutants, even in this best case scenario model. More
realistic conditions would probably lead to actually lower removals. This suggests that
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more detailed modeling of the airflow around road elements, and specifically

highway barriers, is not necessary.

Table 1. Results of the preliminary assessment of use of road barriers coated with a
photocatalytic stucco for reduction of NO, emissions from roadways

the

Perpendicular wind

Parallel wind

NO NO, o, NO NO, o,
Outlet concentrations with
photocatalytic barriers (ppb) 2143 1914 21.7 9829 | 261.2 55
Outlet concentration 213 | 2038| 220 1026| 2865| 538
without barriers (ppb)
Relative reduction (%) 3.14 6.10 1.56 422 883 | 449
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