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ABSTRACT: We develop an ozone transport and reaction
model to determine reaction probabilities and assess the
importance of physical properties such as porosity, pore
diameter, and material thickness on reactive uptake of ozone
to five materials. The one-dimensional model accounts for
molecular diffusion from bulk air to the air−material interface,
reaction at the interface, and diffusive transport and reaction
through material pore volumes. Material-ozone reaction
probabilities that account for internal transport and internal
pore area, γipa, are determined by a minimization of residuals
between predicted and experimentally derived ozone concen-
trations. Values of γipa are generally less than effective reaction
probabilities (γeff) determined previously, likely because of the
inclusion of diffusion into substrates and reaction with internal
surface area (rather than the use of the horizontally projected external material areas). Estimates of γipa average 1 × 10−7, 2 ×
10−7, 4 × 10−5, 2 × 10−5, and 4 × 10−7 for two types of cellulose paper, pervious pavement, Portland cement concrete, and an
activated carbon cloth, respectively. The transport and reaction model developed here accounts for observed differences in ozone
removal to varying thicknesses of the cellulose paper, and estimates a near constant γipa as material thickness increases from 0.02
to 0.16 cm.

■ INTRODUCTION

There are known health consequences associated with ozone
exposure.1−4 Indoor exposures contribute substantially to total
exposure, and may explain variations in ozone mortality
coefficients across cities.5,6 High indoor surface area to volume
ratios compared with outdoor environments result in ozone
reactions with indoor materials.7−9 Indoor surfaces with strong
sink effects may enable materials to be used as passive pollutant
controls to suppress indoor concentrations of pollutants like
ozone.9−14 Measurements and empirical estimates of material-
ozone interactions are well characterized,15−18 as are secondary
emissions resulting from ozone reactions to a range of
materials.8,13,19,20

Previous studies of indoor material-ozone interactions
typically combine the impact of material properties, for
example, porosity, into transport and reaction phenomena
described by a single parameter, the ozone deposition velocity,
vd (m h−1) as summarized and discussed by Nazaroff et al.21

Deposition velocities are often then employed in resistance
uptake theory, for which physical and chemical processes
occurring in a gas-surface system are treated in terms of

resistances in series. Resistance uptake theory describes vd in
terms of a transport-limited deposition velocity, vt (m h−1), a
characteristic of the fluid mechanics of a space, and the reaction
probability, γ (−), the fractional likelihood of a reaction given a
collision between a surface and reactive pollutant in air. This
relationship is described by eq 1:

γ
= +

< >v v v
1 1 4

d t (1)

where <v> = Boltzmann velocity, m h−1, and other terms are as
defined above.
Mass balance models are generally used to determine vd by

normalizing ozone loss rates by the aerial projection of the
surface of a material, and this area is often the only physical
descriptor of the material. As can be observed by eq 1,
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calculating γ from vd results in the propagation of assumptions
from estimation of vd into the reaction probability. Models that
incorporate material characteristics in this implicit way limit the
ability to model reactive uptake of ozone to porous materials,
where internal transport and reaction affect bulk ozone
concentrations.22

Porous materials play an important role in indoor air
pollution control. Activated carbon is known to adsorb
pollutants like VOCs and react with ozone,23,24 porous filters
are used to remove particulate matter from air,25 and porous
zeolites can act as a catalyst for the oxidation of VOCs in the
presence of an oxidizer like ozone.26 Fundamental models
describing the transport of pollutants in materials exist27,28 and
can address porous diffusion and adsorption/desorption
processes (e.g., Marion et al.29). However, these models
generally aim to describe indoor materials as sources or sinks
of volatile organic compounds (VOCs) or semivolatile organic
compounds (SVOCs). While several models of ozone transport
in porous media exist,30−32 Morrison and Nazaroff33 developed
a transport and reaction model most relevant to the work in
this investigation. They characterized interior surface geo-
metries of carpet, diffusive mass transport within the carpet
itself, and reaction between ozone and carpet fibers and carpet
backing. They noted that the geometry of carpet is an example
of a broader class of materials in indoor environments in which
material morphology and interior intricacy may affect reaction
rates.
In this work, we build on the mechanistic approach taken by

others, and attempt to decouple material physical properties
and transport phenomena in parametrizations of ozone
reactions with indoor surfaces. This research complements a
previous investigation by Gall et al.34 that characterized material
physical properties of five test materials, and that highlighted
challenges in estimating reaction probabilities when material
porosity, pore size, thickness, and effective diffusion coefficient
are varied. Here, we present a transport and reaction model
derived from first-principles, and that uses previous para-
metrizations of material physical properties as inputs.34

Estimates of reaction probabilities determined with this
model, defined as γipa to indicate the model’s incorporation of

internal pore area (IPA) are compared to estimates made with
resistance uptake theory (eq 1) using aerial projections of
surface area (effective reaction probabilities, γeff). The
implications of model results for ozone control in indoor
spaces is also presented and discussed.

■ MATERIALS AND METHODS

Five test materials were selected based on previous work
characterizing physical properties and effective diffusion
coefficients.34 The five materials were cellulose filter papers of
varying manufacturer-specified particle retention diameter
(WF14 at 20−25 μm and WF15 at 2.5 μm), pervious pavement
(PP), Portland cement concrete (PCC), and activated carbon
cloth (ACC). Materials were chosen to maintain the same
(WF14 and WF15) or similar (PP and PCC) chemical
composition to isolate and assess the impact of physical
properties on ozone removal. ACC was included due to its
unique combination of high porosity, high effective diffusion
coefficient, and large internal surface area. As described by Gall
et al.,34 and summarized in Supporting Information Table S1,
inputs to the model developed here, including material
porosity, pore size distributions, and median pore diameters
(by volume) were measured using mercury intrusion
porosimetry (MIP), while effective diffusion coefficients were
measured with a dual-chamber diffusion apparatus. Uptake of
ozone to materials was determined in an 11.4 L electropolished
stainless steel chamber, operating at an air exchange rate of 11.7
± 0.1 h−1.

Model Development. The transport and reaction model
was developed to independently account for the impact of
porosity, pore size, material thickness, and the material-ozone
effective diffusion coefficient on reactive uptake of ozone. A
schematic illustrating the model framework is shown in Figure
1. A volume of a porous material with thickness h (m) was
placed in a well-mixed experimental chamber at constant
temperature and relative humidity, with constant ozone
concentration C1 (ppb) entering the chamber at constant
flow rate Q1 (m

3 h−1). All boundaries of the material, with the
exception of the upper surface, were encased in a PTFE barrier
such that they were impenetrable by fluid flow within the

Figure 1. Model schematic for ozone transport and reaction within porous materials.
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chamber and essentially unreactive with ozone. The ozone
present in the air above the material is assumed to have a bulk
concentration C∞ (ppb), and to migrate by molecular diffusion
through the concentration boundary layer and reach the surface
of the material at concentration C0 (ppb).
A mass balance on ozone in chamber air gives eq 2:

ε

ε

∂
∂

= − − − −

− ∂
∂

∞
∞ ∞

=

V
C

t
Q C Q C v A C v A C

D
C
y

A

(1 ),

y

1 1 1 d w w d,m m 0

e
0

m
(2)

where Q1, C1, C0, and C∞ are as previously defined, V is the
chamber volume (m3), t is time (s), vd,w is the deposition
velocity to the surfaces of the chamber (m h−1), Aw is the area
of chamber walls (m2), vd, m is the deposition velocity to the
experimental material (m h−1), ε is the material porosity (−),
Am is the projected area of the top surface of the material (m2),
De is the effective diffusion coefficient of ozone in the material
(m2 h−1), and y is the axial distance along the pore (m), as
shown in Figure 1. Concentration boundary layers above the
material (shown in Figure 1) and above chamber surfaces (not
pictured) were assumed to develop instantaneously, therefore
vd,w and vd,m are assumed constant in time.
A mass balance on ozone within an assumed cylindrical

control volume i of a material with cylindrical pores can be
written as eq 3:

ε ε
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where ACV is the area of projection in the axial (y) direction of a
cylindrical control volume (m2), Qi is the advective flow rate
through any slice of porous material i (m3 h−1), Ci is the cross-
sectional area-averaged concentration at any given horizontal
material slice i (μg m−3) and P is the perimeter of the pore (m).
Note that P is not a direct model input; P Δy is the pore area in

the control volume. It was assumed that advective flow is
negligible through the material and that transport resistance to
ozone reactions inside the porous network is negligible due to
microscale path lengths. The latter assumption is explored in
greater detail in the Supporting Information in Table S2; the
result of assuming negligible transport resistance in pore
volumes is that the total deposition velocity described by eq 1
simplifies to the surface deposition velocity, described by eq 4:

γ
= =

< >v v v
1 1 4

d s ipa (4)

where vs is the surface deposition velocity (m h−1).
Equation 4 is applied in the discretized solution to eq 3 and

the γipa is assumed to be constant over the time period of
material-ozone interaction. Reductions in uptake of ozone to
materials with continued ozone exposure, or “aging”, is
documented in the literature. Experiments conducted pre-
viously attempted to minimize aging effects by conducting all
trials with new materials and analyzing the first 1200 s of
material-ozone interaction. If aging of test materials occurred
on this time frame, the estimations of γipa for new materials
presented here would then represent underestimations of the
true value of this parameter.
A flux-matching boundary condition is used at y = 0:

ε ε− = − + −∞ Δv C C
D

C C v C( ) ( ) (1 )t y y0
e

2

0 ,1 d 0
(5)

The left-hand side of this equation describes ozone flux from
bulk air through the boundary layer. Due to the immediate
proximity of ozone molecules to the reaction sites at the
boundary, vd in eq 5 is determined using eq 4.
A no-flux boundary condition is used at y = −h:

∂
∂

=
=−

D
C
y

0
y h

e
(6)

Equations 2, 5, and 6 were discretized in time, and eq 3 was
discretized in time and space as described in eqs S1−S4 of the
Supporting Information.

Figure 2. Example illustrating minimization of total residual for 0.02 cm condition of 20−25 μm retention cellulose filter paper (WF14). Plot (a)
shows the modeled data plotted with experimental data and the visual confirmation of improved fit at γipa = 1 × 10−7. Higher γipa result in under-
prediction of ozone concentrations in chamber air, whereas lower γipa result in overprediction. Plot (b) shows the quantitative confirmation of this as
the total residual is minimized across the γipa modeled for this material at this condition.
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Model Application. The discretized forms of eqs 2, 3, 5,
and 6 were programmed in MATLAB (Mathworks, Inc.) and
solved explicitly. The model was programmed to calculate the
dynamic chamber concentrations of ozone from t = 0 s to t =
1200 s, with output in 10 s increments to match experimental
output from a previous effort.34 Each of the five materials was
evaluated independently. The model end time (1200 s) was
selected to allow sufficient time for the ozone concentration in
the chamber to reach 99% of steady-state with only background
losses and air exchange considered. Grid and time independ-
ence were tested by varying Δt and Δy until a nonchanging
solution was achieved, defined here as a less than 1% change in
predicted ozone concentration in the chamber air at t = 1200 s
with a 50% reduction in time step or node spacing. Thicker
materials (PCC, PP, and ACC) required modification of the
code to incorporate a nonuniform grid of concentration nodes

placed through the materials to support reasonable (<12 h)
computational times. Each sample had a diameter of 15.2 cm.
Pore diameters, dp, were assumed to be the median pore
diameter by volume for each material. The time step, Δt, was
0.025 ms for all scenarios. Modeled internal surface areas, SAm
(m2), were estimated using the material volume (projected area
multiplied by thickness), material porosity, and median pore
diameter by volume using eq 7:

ε=SA
V

d
4

m
p (7)

where all terms are as described previously.
A best-fit prediction of ozone concentration in chamber air

was determined by varying γipa input to the discretized forms of
eqs 2, 3, and 5, recording the residual sum of squares, and
repeating this process until the reaction probability with the

Figure 3. Predicted and experimental ratios of outlet and inlet ozone concentrations in chamber air for the five experimental materials. Plots (a) and
(b) are cellulose paper filters, WF14 and WF15, respectively. Plots (c) and (d) are cementitious materials, pervious pavement (PP) and Portland
cement concrete (PCC), respectively. Plot (e) is activated carbon cloth (ACC). Error bars in ozone concentration ratios correspond to the
propagated uncertainty of the manufacturer-reported accuracy of the ozone analyzer (Model 205, 2B Technologies). Experimental data are shown at
60 s intervals for clarity; all analyses used the full experimental data set with 10 s interval.
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minimum residual was determined. Estimates of γipa ranging
from orders of 10−3 to 10−9 were used to ensure that a global
minimum total residual over a range of potential γipa was
achieved. Figure 2 shows an example of this total residual
minimization process. The estimates of γipa determined here are
more physically accurate than models that rely on aerial
projections of area as physical descriptors of materials; however,
there remain a number of assumptions and limitations in the
model as described in the Discussion.
Model sensitivity was characterized by conducting a

deterministic sensitivity analysis through a process outlined
by Jain and Singh35 to assess the model response to changes in
inputs that were experimentally determined. Low and high
values of each input parameter were changed independently
from their base case values and the impact on the steady-state
concentration (C∞ at t = 1200 s) was recorded. Sensitivity
indices, SI, with units of change in output per change in input
parameter x (ppb/[x]) and elasticity indices, EI (−), were
calculated for nine experimentally determined model inputs
according to eqs 8 and 9, respectively.

= ⌊ + Δ − − Δ ⌋ Δ− ∞ ∞∞
C x x C x x xSI ( ) ( ) /2x C s s,1200 0 ,1200 0

(8)

= ⌊ ⌋− ∞ −∞ ∞
x C xEI / ( ) SIx C s x C0 ,1200 0 (9)

where x0 is base case input variable and Δx is the change in
input variable x.
The effect of an individual parameter’s uncertainty on the

uncertainty in γipa was determined by estimating first the impact
of a change of a parameter on C∞,1200 s using eq 10:

Δ =∞ − ∞
C x S( )SIs x x C,1200 0 (10)

Where Sx is the uncertainty associated with variable x.
The value of ΔC∞,1200 s for each parameter, x0, was used then

to estimate the percent change in the modeled γipa using eq 11:

γ
γ γ

γ
Δ =

− − −Δ

γ

∞

− ∞
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(11)

■ RESULTS

Model Results. The dynamic ratio of the outlet and inlet
ozone concentration is shown in Figure 3; this ratio is related to
the removal rate of ozone by the material, for example, a lower
ratio indicates ozone is being removed at a higher rate.
Estimates of γipa to the test materials are shown in Table 1.
Results in this section address a previously defined
experimental condition where inlet flow was directed toward
chamber walls.34 Across the five materials, the model defined by
eqs 2−6 is capable of accurately describing ozone concen-
trations in chamber air with varying material configuration; that
is, the process of minimization of residual errors results in
predicted chamber ozone concentrations that appear to agree
with experimental concentrations. Experimental ozone concen-
trations in chamber air and model results for the two types of
cellulose paper, WF14 and WF15, are shown in Figure 3 (a and
b). The defining feature of these plots, compared to others
shown in Figure 3, is a decrease in ozone concentrations in
chamber air with increases in material thickness. For both
thicknesses for both types of cellulose paper, the value of γipa for
which total residual is minimized ranges from 1 × 10−7 to 2 ×
10−7, with three of the four conditions being at the former
value.
Pervious pavement (PP) and Portland cement concrete

(PCC) are composed of similar raw materials, but differences in
pore size distribution, porosity, and effective diffusion of ozone
result in substantial differences in γipa. In the 1.3 cm condition,
PP had an γipa of 9 × 10−5, compared to 2 × 10−5 for PCC. The
γipa to PP is also greater than PCC in the 1.3 cm condition, but
smaller in the 2.5 cm condition. The model developed in this
work determined γipa for PP in the 1.3 cm condition of 9 ×
10−5, more than an order of magnitude higher than the 2.5 cm
condition (6 × 10−6). The model developed in this work also
determined a constant value of γipa to PCC across thickness
conditions, at 2 × 10−5.
Estimates of γipa determined for activated carbon cloth

(ACC) are lower than values determined for cementitious
materials, and averaged across thickness condition, similar to
γipa for cellulose filter papers (on the order of 1 × 10−7).
However, Figure 3(e) shows the smallest ratios of outlet and

Table 1. Comparison of Reaction Probabilities Estimated with Resistance-Uptake theory (γeff) and with the Transport/Reaction
Model Developed Here (γipa)

material
thickness,
y (cm)

mass transfer coeff.,
vt, (cm s−1)

γeff (−), resistance
uptake theorya

γipa (−),
this work

residual
(ppb2)

modeled internal surface
area SAm, (cm

2)
aerial projection of
surface area (cm2)

20−25 μm cellulose
paper, WF14

0.02 0.14 1 × 10−6 1 × 10−7 652 8600 181
0.16 6 × 10−6 1 × 10−7 2920 69 000 181

2.5 μm cellulose
paper, WF15

0.02 0.14 1 × 10−6 2 × 10−7 688 7600 181
0.16 1 × 10−5 1 × 10−7 773 61 000 181

pervious pavement,
PP

1.3 0.22 2 × 10−5 9 × 10−5 477 890 181
2.5 1 × 10−5 6 × 10−6 633 1800 181

Portland cement
concrete, PCC

1.3 0.2 2 × 10−5 2 × 10−5 501 5.4 × 1011 181
2.5 2 × 10−5 2 × 10−5 606 1.1 × 1012 181

activated carbon cloth,
ACC

0.6 0.17 6 × 10−5 6 × 10−7 831 9100 181
1.2 4 × 10−5 4 × 10−7 761 18 000 181
2.5 5 × 10−5 7 × 10−8 315 36 000 181

aValues determined from experimental data34 applied to resistance uptake theory36 with a horizontally projected surface area. Average uncertainty in
measurements of γeff across all materials is 26%.
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inlet ozone concentration for activated carbon cloth, implying
the importance of other factors for this material, such as
internal diffusion and extent of interior surface area. Such
factors may explain reductions in γipa with increasing ACC
thickness; γipa decreased from 6 × 10−7 to 7 × 10−8 as thickness
increased from 0.6 to 2.5 cm. For all five materials studied,
implications of modeled values determined in this work and
comparison with values determined with resistance-uptake
theory are presented in the Discussion section.
Model Sensitivity and Uncertainty. The model described

here relies on nine experimentally determined inputs. As a
result, uncertainty propagates from each parameter to γipa.
Sensitivity and elasticity indices (SI and EI) describe the model
response to a change in these inputs, and are provided in the si
(Tables S3−S7) for each test material. The model was most
sensitive (i.e., high EI) to parameters describing the inlet ozone
concentration, the chamber flow rate and the material diameter.
These parameters were all measured with instruments with 2%
uncertainty or less (model 205 2B Technologies ozone
monitor, FMA5400 Omega mass flow controller, and a vernier
caliper, respectively). In contrast, the model was generally least
sensitive to porosity and pore size, which we conservatively
assumed to each have experimental uncertainty of 20%.37,38

We use the SI and uncertainty in each of the input
parameters, reported in Supporting Information Tables S3−S7,
to estimate the percent change in the modeled γipa with eq 11.
The uncertainties in γipa derived from each input parameter are
then summed in quadrature to estimate the total uncertainty
associated with the model estimation of γipa. Uncertainties
associated with γipa for WF14, WF15, PP, PCC, and ACC are
±47%, ± 48%, ± 1100%, ± 230%, and ±54%, respectively. For
comparison, uncertainty in γeff ranged from 3% for 1.3 cm PCC
to 28% for 0.02 cm WF14.34

■ DISCUSSION
Estimations of γipa. A comparison of γipa across materials

and within a material at varying thickness illustrated improve-
ments in material-ozone characterization for some materials, as
well as challenges for future efforts for other materials. The
model developed for this work results in consistent values of
γipa for cellulose paper (WF14 and WF15) at varying thickness.
This represents an important improvement in modeling
material−ozone interactions, as previous approaches result in
increasing values of γeff with increasing thickness. Comparisons
between WF14 and WF15 show similar ozone removal to filter
paper with the change in manufacturer-specified particle
diameter retention. This is likely a result of the identical
chemical makeup of the materials as well as similar pore size
distribution, porosity, and median pore diameter by volume
determined for both types of filter paper.
Differences in modeled reaction probabilities between PCC

and PP may be a result of modeled ozone concentrations for
experiments with PP being insensitive to changes in γipa. The EI
for γipa for PP is one to 2 orders of magnitude lower than for
other test materials (EIγ‑C∞ = −0.004 for PP and ranges from
−0.02 to −0.1 for other materials). This indicates that the
model, when applied to PP, requires large changes in γipa to
substantially alter the modeled chamber ozone concentration.
Conversely, small differences in chamber ozone concentrations
result in large changes in γipa. Modeling of PP is complicated
due to the presence of millimeter-scale pores between mortar
connected aggregate. The volume contribution from milli-
meter-scale pores results in a large median pore diameter by

volume (Supporting Information Table S1) which discounts
area contributions from nanometer-scale pores. A two-dimen-
sional model of ozone transport and reaction may be required
for materials such as PP with a large range of magnitudes of
physical properties. Conversely, γipa for PCC are consistent
across material thickness conditions. This is logical given the
low values of porosity, pore diameter, and effective diffusion
coefficient determined for this material.34 When combined with
a large increase in thickness (thickness increases from 1.3 to 2.5
cm), relative to a material like cellulose paper (thickness
increases from 0.02 to 0.16 cm), there is no resulting increase in
reactive uptake from an increase in material thickness.
Unlike the materials discussed previously, the model

estimates of γipa for activated carbon cloth (ACC) decrease
with increasing thickness, while Figure 3(e) shows stable ratios
of outlet to inlet ozone concentration across thickness
conditions. In theory, γipa should be independent of thickness,
implying the estimate of γipa is impacted by other factors.
Because the activated carbon is impregnated on a woven
polyester backing, ACC has a unique combination of high
internal surface area and high effective diffusion coefficient. Like
the pervious pavement (PP), ACC has large, millimeter-scale
pores in the woven backing and smaller micrometer- and
nanometer-scale pores in the activated carbon media. Large
pores present in ACC, a higher De, and a higher modeled
internal surface area than PP contribute to a reduced estimate
of γipa by increasing the number of ozone molecule−surface
collisions from accessible internal surface area through a greater
depth of material. The model offsets this increase in molecule−
surface collisions by reducing γipa for an increase in depth.
There are two potential explanations for this phenomenon: (1)
the use of a median pore diameter by volume results in an
underestimation of modeled internal surface area, leading to
relatively fewer collisions (and therefore reactions) that create
shallower concentration gradients through the material than
exist in the model, but not in experimental conditions, or (2) an
overestimation of the effective diffusion coefficient for activated
carbon cloth.

Comparison with Resistance-Uptake Theory. Reaction
probabilities accounting for internal pore area (γipa) are
generally 1−2 orders of magnitude lower than those
determined with aerial projections of surface area (γeff, Table
1). The major factor contributing to this difference is the
approach in accounting for surface area available for material-
ozone interaction. The model developed here incorporates
median pore diameters by volume on the order of micrometers
to millimeters, resulting in a substantial increase in the modeled
surface area compared to approaches using projected surface
areas. Modeled internal surface areas are provided in Table 1,
while projected surface areas used to determine γeff derive from
a constant sample diameter of 15.2 cm.
As the thickness of the cellulose filters (WF14 and WF15)

decreases from 0.16 to 0.02 cm, the filters more closely
resemble the assumption of horizontally projected surface area
of the resistance-uptake model, and the impact of internal
surface area on material-ozone interaction is reduced. As a
result, γeff and γipa become more similar. In the 0.16 cm
condition, γipa are ∼50−100 × smaller than values determined
with resistance-uptake theory, while in the 0.02 cm condition
they are only 10× smaller. The comparison between γeff and γipa
made here for WF14 and WF15 appears in general agreement
with a prior estimate of steady-state ozone reaction probabilities
determined for calcium carbonate (CaCO3) dust with
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substantial internal pore area, and marble, a form of CaCO3
taken to be nonporous; reaction probabilities determined for
CaCO3 as marble are 50−100 times smaller than those to
dust,39 a difference of similar magnitude to that observed here
for WF14 and WF15 when internal pore area is accounted for
in models of reactive uptake.
The modeled internal surface area for the 0.02 cm WF14

material was 8600 cm2, compared to 181 cm2 of projected
surface area (similar results for the WF15 material). This 47-
fold increase in surface area available for ozone-material
interaction contributes to the reduction in γipa. In the 0.16
cm WF14 condition, the model developed here accounted for
379 times more surface area than the resistance-uptake theory
model. The factor of 10 and 50−100 difference between
resistance uptake theory and reaction probabilities determined
here for 0.02 and 0.16 cm conditions, respectively, indicate a
nonlinear relationship between modeled internal surface area
and reaction probability. This nonlinearity is likely due to lower
ozone concentrations at greater depths in the material,
lessening the importance of additional internal surface area
added.
Estimates of γipa to pervious pavement (PP) and Portland

cement concrete (PCC) determined with resistance-uptake
theory (γeff) are similar, in spite of a profoundly different
material structure, a reflection of the statistically similar
reductions in chamber inlet ozone concentrations shown in
Figure 3(c) and (d) and a constant material sample size.
Estimates of γipa differ from γeff for PP and PCC, although with
an inconsistent trend. The model insensitivity to PP reaction
probability explains these mixed results. For PCC, a lower De,
lower porosity, and smaller pore diameter than PP result in a
steep concentration gradient through the material, with the
majority of the depth of the material having a negligible ozone
concentration. This results in modeled values of γipa that are
similar to the values determined using resistance uptake theory
(γeff = 2 × 10−5 in both cases). Simmons and Colbeck40

determined an ozone reaction probability based on the aerial
projection of surface area (γeff) to outdoor concrete of 4 × 10−5,
a factor of only two higher than the estimate of γipa determined
for PCC here. The similarity in reaction probabilities between
the model developed here and resistance uptake models using
aerial projects of surface area suggests that for Portland cement
concrete, surface reactions (that is, at y = 0) dominate.
Model estimations of γipa to activated carbon cloth (ACC)

determined in this work are approximately 2 orders of
magnitude smaller than γeff. Grøntoft

16 present data used to
calculate an effective reaction probability to an activated carbon
cloth of 2 × 10−5, larger than values predicted here for γipa by
approximately 2 orders of magnitude, but similar to values
determined for γeff. This difference stems from a high effective
diffusion coefficient through ACC, resulting in a flatter
concentration gradient through the material and decreasing
the modeled reaction probability determined in this work due
to the modeled presence of greater effective, or accessible,
internal surface area from increased transport in the axial
direction.
For materials with consistent estimates of γipa, inclusion of

ozone diffusion and reaction through material substrates can
also be considered in the context of previous work to estimate
the Thiele modulus, which relates the rate of reaction to the
rate of diffusion through the material substrate.34 Reaction
probabilities that account for internal surface area (γipa) are
most consistent across scenarios for WF14 and WF15, and both

materials have low values of the Thiele modulus relative to
other test materials. This implies internal diffusion is limiting
when compared with internal reactions. Incorporating diffusive
phenomena into the model appears to resolve the inconsistency
in reaction probabilities determined across thicknesses with
resistance-uptake theory (γeff) for WF14 and WF15. High
values of the Thiele modulus for PCC mean internal diffusion
occurs slower than internal reactions, implying reactions near
the surface of this material are important. This is reflected in
the similarity between γipa and γeff for this material.

Impact of Changes in Fluid Mechanics. Indoor air
velocities are variable, and thus the model was applied to an
alternate experimental condition where the inlet port to the
experimental chamber was oriented to directly impinge flow
toward materials. On average, this change results in transport-
limited deposition velocities (vt) seven times higher than the
original orientation where a tee union directed flow toward
walls to drive circulation in the chamber. At high mass transfer,
γipa estimated for WF14, WF15, and PCC are 6 × 10−8, 1 ×
10−7, and 7 × 10−7, respectively. The model cannot determine a
reaction probability that results in predicted values approximat-
ing experimental values for PP and ACC; in both cases
experimental concentrations are lower than model concen-
trations for any value of reaction probability. This is likely a
result of advection through large pores in these materials, a
phenomenon not accounted for in the model.
The 0.2 cm WF14 condition at the high mass transfer

condition showed reasonable agreement with the value
reported in Table 1 for this work, while the same value was
determined for WF15 under both low and high mass transfer
conditions. Diffusive transport in the thin materials (WF14 and
WF15) may be more competitive with advective transport over
a smaller thickness than for the other test materials. The
substantial difference between the γipa determined under high
and low mass transfer conditions in this work for Portland
cement concrete (PCC) could result from two factors: (1) the
model is sensitive to the mass transfer coefficient (EI = −0.26,
see Supporting Information Table S6), and an overprediction
of this parameter resulted in the model compensating by
reducing γipa, or 2) mass transfer to the material surface is
advection based, resulting in transport to greater depths of the
PCC material that result in increased material-ozone interaction
not captured by the diffusion based model. More research is
necessary to characterize the importance of advection through
materials to satisfactorily model experimental scenarios with
fluid flow directly impinging on materials.

Impact of Material Properties in an Indoor Environ-
ment. The model developed in this work can be applied to a
larger scale indoor environment to illustrate the impact of
materials and physical material properties on hypothetical
ozone concentrations in a more realistic built environment. The
modeled indoor concentrations of ozone can be used to
determine the ozone removal effectiveness, or the percent
removal of ozone in an indoor space resulting from the
presence of a material, following previously defined protocols.41

The hypothetical building used for this analysis is assumed to
have an air exchange rate of 0.5 h−1,42 a background ozone
removal rate of 2.8 h−1,43 and a transport limited deposition
velocity of 0.14 cm s−1. Introducing the WF14 cellulose paper
in an indoor environment with a projected surface area
coverage of 0.3 m−1 at thickness 0.02 cm increases building
ozone removal effectiveness over baseline by 4%. Increasing
thickness to 0.16 cm results in an increase of building ozone
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removal effectiveness over baseline of 13%. Doubling the
thickness of WF14, to 0.32 cm, results in an increase in ozone
removal effectiveness over baseline by 14%. This shows that for
WF14, transport and reaction in the material substrate beyond
the depth of 0.16 cm results in a minimal increase in ozone
removal effectiveness.
Sensitivity indices (SI) indicate the effect of a change in a

material property on predicted ozone concentrations. The pore
diameter has a positive SI, implying a decrease in this parameter
will cause a decrease in predicted ozone concentrations (or
increase in reactive uptake of ozone). This is because the pore
diameter defines the availability of surface area in the internal
material. Increasing surface area increases the number of
material-ozone interactions, and at a constant reaction
probability, the number of reactions. Model runs calculated
with a 50% decreased value of dp in the 0.02 cm WF14 scenario
increase the ozone removal effectiveness in the hypothetical
home from the baseline of 4−7%. The porosity, however, has a
negative SI, implying an increase in this parameter will cause a
decrease in predicted ozone concentrations. This is because an
increase in porosity, at a constant pore diameter, increases the
internal surface area by increasing the quantity of pores
throughout the material. Increasing the porosity of WF14 by
20% results in an ozone removal effectiveness of 5%, an
increase of only 1%.
Future research should focus on experiments and modeling

on a wider array of materials with substantial surface area
coverage in indoor environments, such as architectural coatings,
ceiling materials, and floor materials. This may lead to an
identification of opportunities for altering physical material
properties to improve the ozone scavenging ability of
widespread indoor materials. If accomplished in a manner
that does not result in undesirable reaction products, such
materials could be integrated into built environments to reduce
occupant exposures to indoor ozone.
Study Limitations. The model presented in this work has a

number of important limitations. The results presented here
imply the model is most applicable to a scenario where
diffusion occurs through pore spaces present in materials with
steep pore volume distributions. The model only accounts for
one-dimensional transport and neglects nonaxial diffusion that
may be important for some materials. The one-dimensional
diffusion assumption also discounts advective transport
occurring above or into the material as well as scenarios
where turbulent concentration boundary layers may affect mass
transfer. To facilitate reasonable model solution times, a single
value for pore diameter is used. The change in modeled γipa due
to a 50% change in input pore diameter ranges from 17% to
22% for WF14, WF15, PP, and ACC (Supporting Information
Tables S3−S7), a range of uncertainty on modeled γipa similar
or slightly lower than other physical properties. In the case of
PCC, the change in modeled γipa is 0.4% for PCC (Supporting
Information Table S6), a result of large modeled surface area
and a small pore diameter. Diffusive flux through PCC is
therefore limited as a result of low internal volume and removal
near the surface, reducing the impact of uncertainty in pore
diameter on the modeled γipa for PCC. Exploratory model runs
were conducted that partitioned material pore volumes into
tertiles with accompanying values of pore diameter for each
tertile input to the model, with negligible impact on modeled
reaction probabilities. However, in these exploratory runs,
molecular diffusion remained the sole mechanism of diffusive
transport.

Future work should incorporate the full pore volume
distribution determined via MIP and address the potential for
advective flow and Knudsen and/or surface diffusion to impact
material-ozone interactions in materials, particularly materials
such as PP and ACC with complex pore structure. The
development of an analytical solution to the equations
presented here may facilitate such exploration while reducing
the computational burden that would accompany the increase
in model complexity. While a single value of pore diameter is
not physically representative of material pore size distributions,
model outcomes presented here show that it may be a
reasonable approximation for materials with tighter cumulative
pore size distributions (WF14, WF15, and PCC) and a limiting
assumption for materials with a wider range of pore diameters
(PP and ACC).
Since the model has one adjustable parameter, many

assumptions and their effects, such as the presence of surface
area beyond what is modeled due to the single pore diameter,
are “lumped” into γipa. Similarly, uncertainties associated with
input parameters, such as porosity and background ozone loss,
are propagated through the model and γipa. Modeling efforts
that include a fully independent estimate of the reaction
probability are warranted given the complexity of many surfaces
and the potential for greater understanding of indoor pollutant-
material interactions. Highlighting specific material properties
that improve the ability of materials to sequester or react with
harmful pollutants may lead to greater incorporation of
particularly effective types of materials in buildings and the
development of materials with desirable pollutant removing
physical properties.
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