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ABSTRACT: Reactions between ozone and terpenoids produce
numerous products, some of which may form secondary organic
aerosol (SOA). This work investigated the contribution to gas-
phase SOA formation of ozone reactions with surface-sorbed D-
limonene, which is common indoors. A model framework was
developed to predict SOA mass formation because of ozone/
terpenoid surface reactions, and it was used with steady state
experiments in a 283 L chamber to determine the aerosol mass
fraction of SOA resulting from surface reactions, ξs (the ratio of
mass of SOA formed and mass of ozone consumed by ozone/
terpenoid surface reactions), for ozone/D-limonene reactions on
stainless steel. The ξs = 0.70−0.91, with lower relative humidity
leading to both higher mass and number formation. Also, surface
reactions promoted nucleation more than gas-phase reactions, and number formation due to surface reactions and gas-phase
reactions were 126−339 and 51.1−60.2 no./cm3 per μg/m3 of formed SOA, respectively. We also used the model framework to
predict that indoor spaces in which ozone/D-limonene surface reactions would likely lead to meaningful gas-phase SOA
formation are those with surfaces that have low original reactivity with ozone, such as glass, sealed materials, or smooth metals.

■ INTRODUCTION

Ozone (O3) and terpenoids are very common indoors, and
their reactions initiate the majority of indoor chemistry. Ozone
is often present indoors either due to outdoor-to-indoor
transport1,2 or due to indoor emission from devices, such as
ozone or portable ion generators3−5 or office equipment.6,7

Terpenoids are directly emitted indoors from off-gassing by
wood products8 and from usage of consumer products such as
air fresheners, cleaning agents, and perfumes.9,10 The most
common indoor terpenoids are the monoterpenes (C10H16) D-
limonene and α-pinene,11 and their characteristic times of
reaction with ozone are often fast enough to compete with the
characteristic time of indoor pollutant loss because of air
exchange.12

Ozone/terpenoid reactions result in myriad compounds,
including reactive intermediates, such as hydroxyl radicals,
alkylperoxy radicals, and Criegee biradicals; high volatility
products, such as carbon dioxide or formaldehyde; and
semivolatile products, such as carboxylic acids and hydro-
peroxides, which may yield secondary organic aerosol (SOA).13

Indoor SOA formation may be due to nucleation or gas-to-
particle partitioning, and indoor formation influences particle
distributions in the ultrafine (<0.1 μm) and fine (0.1−2.5 μm)
size ranges. Research on indoor-relevant SOA formation has
focused almost solely on that which results from products of

gas-phase reactions between ozone and pure terpenoids or
consumer products.4,5,14−34 However, rather than focusing on
formation because of gas-phase reactions, this paper explores
whether the chemistry that occurs due to heterogeneous
reactions between ozone and terpenoids sorbed to surfaces may
also contribute to the generation of gas-phase SOA indoors.
Surfaces in buildings are complex mixtures of films

containing many different reactive organic compounds.35,36

Terpenoids have vapor pressures that result in moderate
sorption to building surfaces from the gas-phase,37,38 and they
are also applied directly to interior surfaces in the form of
consumer products.9,10 The primary loss mechanism of ozone
indoors is deposition to interior surfaces,1,2 so it is conceivable
that ozone may react with terpenoids sorbed to surfaces in real
buildings. Fick et al. 39 studied ozonolysis of three
monoterpenes in an experimental air handling system, and
found that the amount of reacted terpenoid (independent of
ozone and reaction time) increased with more available surface
area. Flemmer et al. 40 challenged with 100 ppb of ozone a
surface loaded with sorbed α-terpineol and detected secondary
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emissions for 72 h. Springs et al.41 and Shu and Morrison42

measured the reaction probability, γ (-), which is the ratio of
surface reaction rate and collision rate,43 of ozone and three
monoterpenes, Δ3-carene, D-limonene, and α-terpineol, on
beaded surfaces. Surface reaction probabilities ranged from
between 2.9 × 10−6 and 3.0 × 10−4, which are 10−100 times
more probable than gas-phase reaction probabilities for the
same compounds.
To investigate whether the products of ozone and D-

limonene sorbed to surfaces contribute to SOA formation in
the gas-phase, we first developed a model framework that
describes SOA mass formation because of ozone reactions with
a single surface-sorbed terpenoid in terms of an aerosol mass
fraction for surface reactions, ξs (-), which is defined as the ratio
of the mass of SOA formed in the gas-phase and mass of ozone
consumed by reactions between ozone and sorbed terpenoids.
This framework was used with chamber experiments to
quantify ξs for reactions between ozone and D-limonene sorbed
to stainless steel. We chose D-limonene for our experiments
because it readily sorbs to surfaces,38 is a primary terpenoid in
consumer products,10 is the most common indoor terpe-
noid,11,44 reacts with ozone on surfaces,39,41 and has high mass
formation potential.45 The results from the experiments are
then extrapolated to common indoor surfaces to explore the
role of SOA formation because of ozone reactions with surface-
sorbed organic compounds in typical indoor environments.

■ METHODOLOGY

Model Framework. To predict SOA generated by ozone/
terpenoid surface reactions, the model must isolate the fraction
of ozone that reacts with the sorbed terpenoid on the surface,
as opposed to ozone that reacts with another surface moiety.
Irreversible loss to surfaces indoors is quantified with the
deposition velocity, vd (m/h), which is a mass transfer
coefficient defined as the ratio of the bulk concentration to
the flux to the surface. First, we use the model of Cano−Ruiz et
al.43 to describe the ozone deposition velocity to an “original
surface” (i.e., without terpenoid sorption), vd,o (m/h), as in eq
1:
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where vt (m/h) is the transport limited deposition velocity, γo is
the reaction probability of the original surface, and ⟨v⟩ is the
Boltzmann velocity (1.296 × 106 m/h for O3 at 296 K).
Equation 1 represents the deposition velocity as the inverse
sum of two resistances in series: the mass transport resistance
through the boundary layer and the reaction rate resistance at
the material surface. The reactivity of the surface dictates the
influence of each resistance; as γo → 1, the mass transport is
rate limiting and vd,o ≈ vt, and as γo → 0, the reactions are rate
limiting and vd,o ≈ γo⟨v⟩/4. One can approximate vt ≈ u*/Γ,
where u* (m/h) is the friction velocity and Γ is a
nondimensional factor that results from integrating the ratio
of kinematic viscosity to the ozone diffusivity throughout the
boundary layer.46

For a surface with sorbed reactants, eq 1 must be modified to
represent irreversible loss with a three-resistor model: one
boundary layer mass transport resistance in series with two
parallel resistances representing ozone reaction with the
original surface, as well as the sorbed compound.41,47 The

modified expression for the deposition velocity to the loaded
surface, vd(o+terp) (m/h), is
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where γ(o+terp) is the overall reaction probability of the surface,
defined as the fractional sum of the reaction probability for sites
without and with sorbed terpenoids

γ γ γ= − ++ r r(1 )(o terp) terp o terp terp (3)

where γterp is the reaction probability of the sorbed terpenoid
and rterp is the fractional coverage of a surface with the sorbed
terpenoid. The fraction of ozone that reacts on the surface with
only sorbed terpenoids is defined as f O3/terp, which for more
than monolayer coverage is 1 and for less than monolayer
coverage is47
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Finally, the deposition velocity of ozone solely to the sorbed
terpenoids, vd,terp (m/h), may be calculated with the product of
the fraction of ozone reacting with the terpenoid and the
overall deposition velocity to the loaded surface:

= +v f vd,terp O /terp d,(o terp)
3 (5)

Once ozone reacts with surface-sorbed terpenoids, the
various products partition among the particle, gas, and surface
phases,36 and that fraction partitioning to the particle phase
yields SOA mass. Some of these products may further react
with ozone or the hydroxyl radical, which is formed from
ozone/terpenoid reactions,12 and these secondary products
may also partition to SOA or other available surfaces. Taking all
of these possibilities into account, we define an “effective
aerosol mass fraction of gas-phase SOA formed due to products
initiated by ozone/terpenoid surface reactions” as ξs, which is
the ratio of the mass of SOA formed to the mass of ozone
consumed solely by the ozone and terpenoid surface reactions.
Using ξs, the contribution of ozone/terpenoid surface reactions
on a single material to gas-phase SOA may be incorporated into
a volume-normalized mass balance on CSOA (μg/m3), the
concentration of SOA in the gas-phase.48 Assuming isothermal
conditions, no particle resuspension, and well-mixed air with
only one terpenoid, CSOA is predicted with eq 6:
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where λ (h−1) is the air exchange rate; CSOA,inlet (μg/m
3) is the

concentration of SOA entering with the inlet air; ξg (-) is the
aerosol mass fraction for SOA formed because of ozone/
terpenoid gas-phase reactions, which is the ratio of the mass of
SOA formed and mass of terpenoid consumed by gas-phase
reactions;49 k (ppb−1 h−1) is the ozone/terpenoid gas-phase
reaction rate constant; CO3,m and Cterp,m (ppb) and are the mole
fractions of the ozone and terpenoid, respectively; CO3 (μg/m

3)
is the mass concentration of ozone; G is a conversion factor to
change units from ppb to μg/m3 for the terpenoid mole
fraction; A (m2) is the surface area; V (m3) is the gas volume;
and βSOA (h

−1) is the surface loss rate of SOA. In eq 6, the term
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on the left-side is the time rate of change of CSOA in the gas-
phase. The first three terms on the right-side are SOA source
mechanisms, which are introduction with air exchange,
formation due to gas-phase reactions, and formation due to
surface reactions, respectively. The last two terms are SOA loss
mechanisms, which are removal by air exchange and deposition,
respectively.
Chamber Experiments. To isolate the effect of surface

reactions on gas-phase SOA formation, we used laboratory
chamber experiments in a V = 283 L stainless-steel reaction
chamber system, which is shown schematically in Figure S1 in
the Supporting Information (SI). The chamber system was
operated as a continuously mixed flow reactor (CMFR). The
experiments were run with constant conditions for at least 12 h
until steady state was reached, and measured values are for the
last hour of the experiments. Our objective was to measure
SOA formation while holding the chamber air exchange rate,
ozone, and D-limonene mole fractions nearly constant, but
while varying the area-to-volume ratio (A/V in eq 6) across
experiments. This approach elucidates differences in SOA
formation that are due to surface reactions. We operated
experiments at two different A/V configurations: Chamber 1
was the empty stainless-steel chamber, and Chamber 2 was the
chamber plus 14 stainless-steel woven wire screens. The
addition of the stainless-steel screens increased the A by 460%
and decreased V by 2%, which changed the total A/V from
Chamber 1 to Chamber 2 by 469%.
There were two inlet airflow paths into the chamber, the

primary and D-limonene flows, and one outlet flow. For the
primary inlet flow, desired values of relative humidity (RH) and
ozone were achieved by adjusting bypass valves, and the
volumetric flow of air was controlled with a mass flow
controller (Aarlborg GFC37) at 3.6 L/min (Sensidyne Gilian
Gilibrator-2). The RH and temperature (TSI Q-Trak 8551)
and ozone mole fraction (2B Technologies 202) were
measured at the chamber inlet every five minutes. The D-
limonene inlet flow was controlled (Aarlborg GFC171S) to
regulate a flow of nitrogen at 5 mL/min through a diffuser with
liquid D-limonene (Sigma-Aldrich, 98% purity). Outlet ozone
was sampled with the same ozone monitor as the primary inlet.
Particle size distributions were sampled at the outlet with a
scanning mobility particle sizer (SMPS) over 106 bins in the
range of 15.1−661 nm (TSI 3936L85) every 5 min. The D-
limonene was sampled at the outlet onto Tenax GR-packed
focus liners (Atas A100094) for 4 min at a flow rate of 44 mL/
min (Buck VSS-1) for a total sample volume of 0.176 L. The D-
limonene was analyzed by thermal desorption, gas chromatog-
raphy, flame ionization detection, TD/GC-FID (Agilent
G1530A; Atas Optic 2 thermal desorber), with the method in
the SI. Breakthrough was less than 2% for the highest mole
fraction at this flow rate. Artifacts in photometric ozone
measurements may exist at high terpenoid mole fractions, so we
quantified that interference with only D-limonene at certain
mole fractions with no ozone, and then subtracted off that
interference from the ozone readings during the SOA
formation experiments. For ozone parameters, the uncertainty
is the quadrature sum of the instrument accuracy (>of 1.5 ppb
or 2% of reading) and the standard deviation during the steady
state period. The D-limonene uncertainty is two standard
deviations of daily calibration standards.
Application of Model Framework to Experiments. The

model framework was applied to 12 steady state chamber
experiments (SOA1−SOA12) to calculate ξs because of ozone

reactions with sorbed D-limonene. Discrete sets of experiments
at RH = 20%, 50%, and 70% were conducted with similar
chamber flows and reactant mole fractions but with either
Chamber 1 or Chamber 2 area conditions. In all experiments,
inlet particle concentrations were negligibly small, so eq 6 can
be solved for CSOA at steady state as shown in eq 7:
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Since D-limonene was used, in any equations the subscript
“terp” refers to D-limonene. Then, we defined CSOA,1 (μg/m

3)
and CSOA,2 (μg/m3) as the SOA mass concentrations for the
Chamber 1 and Chamber 2 conditions, respectively. After
expanding eq 7 to include deposition to the walls in Chamber 1
and the walls or the screens in Chamber 2, we subtracted CSOA,1
from CSOA,2 and solved for ξs:
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where any subscript “1” or “2” refers to Chamber 1 or Chamber
2, respectively, “1w” are the wall surfaces in Chamber 1, “2w”
are the walls in Chamber 2, and “2s” are the stainless-steel
screens in Chamber 2 and L is the total SOA loss rate, which is
(λ + βSOA) (h

−1). To determine the CSOA for eq 8, the SOA size
distributions measured by the SMPS were converted to mass
concentrations by assuming spherical particles with a density of
1 g/cm3. Thus, we actually report a “normalized” ξs, which one
can adjust by multiplying by a density of choice.
Parameters used in eq 8 were as follows: For the flow rate of

3.6 L/min, the air exchange rate for Chamber 1 was λ1 = 0.76
h−1 and for Chamber 2 was λ2 = 0.78 h−1. The SOA deposition
was estimated 50 for Chamber 1 as βSOA,1 = 0.030 h−1 and for
Chamber 2 as βSOA,2 = 0.14 h−1. Since L = (λ + βSOA), L1 = 0.79
h−1 and L2 = 0.92 h−1. The area-to-volume ratios were (A/V)1w
= 9.19 m−1, (A/V)2w = 9.37 m−1, and (A/V)2s = 33.7 m−1. The
k = 0.018 ppb−1 h−1,51 and ξg was estimated as describe in the
SI. All other parameters in eq 8 were measured directly, with
the exception of the vd,terp for different surfaces i, which was
calculated by combining eqs 1−5 and assuming that the ozone
deposition occurring is in the reaction rate limiting regime
(which is later verified), so that

γ
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Note that eq 9 is defined so long as γterp ≠ γo,i, which is true for
the surfaces used in this work. To use eq 9 in eq 8, γterp for D-
limonene was assumed as 10−4,41 and steady state mass
balances were used to determine vd,(o+terp) and vd,o for all
surfaces combined in Chamber 1 and Chamber 2. To calculate
vd,(o+terp), ozone measurements from the SOA formation
experiments (SOA1−SOA12) were used. Also, vd,o was
determined for the original surfaces without D-limonene with
an initial set of 12 experiments (O1−O12) occurring prior to
any SOA formation experiments. These original deposition
velocities followed a power-law fit as a function of the ozone
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chamber mole fraction, and these fits were used in the SOA
formation experiments to estimate the vd,o with D-limonene
present in the chamber. These total chamber deposition
velocities were then used to determine the deposition velocities
to the individual chamber surfaces (i.e., 1w, 2w, or 2s) with
area-to-volume ratio weighted averages. Results from experi-
ments O1−O12 and details on these deposition velocity
calculations are in the SI.

■ RESULTS AND DISCUSSION

SOA Formation. Table 1 lists the steady state results from
the SOA formation experiments SOA1−SOA12, grouped by
chamber area and RH conditions, for CO3,m, CSOA, and CSOA,N
(no./cm3), which is the SOA number concentration. The
results demonstrate that more SOA number and mass were
formed in Chamber 2 experiments with the higher surface area,
for all RH conditions. The SOA formation in Chamber 2 over
Chamber 1 was relatively larger from a number than mass
perspective. For instance, for the average results at RH = 50%,
the CSOA increased by 19% while the CSOA,N increased by 56%.
So that CO3,m in Chamber 2 would be near the magnitude of
CO3,m in Chamber 1, the inlet ozone mole fraction, CO3,m,inlet

(ppb), was greater for the Chamber 2 than the Chamber 1
experiments because of the larger A/V in Chamber 2. The D-
limonene mole fraction is lower in the Chamber 2 experiments
since its emission into the chamber was not varied and more D-
limonene was consumed by surface reactions in Chamber 2.
Thus, larger SOA formation occurred in Chamber 2 over
Chamber 1 even though the product of ozone and D-limonene
mole fractions, which is a governing factor for SOA formation
due to gas-phase reactions, was always lower in Chamber 2 than
Chamber 1 experiments.
Figure 1 displays the means (and standard deviations) of the

steady state SOA size distributions for experiments in Chamber
1 and Chamber 2 with identical RH. Table 1 also lists a
unimodal log-normal fit to those distributions. This fit could be
improved with additional modes, but a unimodal fit was used
for clarity in trends. For all RH, the geometric mean (GM)
diameter for the mean distribution for Chamber 2 shifted to the
smaller particle sizes with respect to Chamber 1, since the
enhanced particle number concentration in Chamber 2
provided more sorptive reservoirs to which SOA-forming
products could partition. More absolute SOA number
formation occurred at the lower RH conditions, potentially

Table 1. Steady State Inlet and Mean (And Standard Deviation/Uncertainty) Chamber Concentrations for SOA Formation
Experiments, SOA1−SOA12, Occurring in Chambers with Different Surface Areas and Relative Humidity (RH)

inlet well-mixed chamber outlet

ozone ozone D-limonenec SOA mass SOA numberd

exp.a chamber areab RH (%) CO3,m,inlet (ppb) CO3,m (ppb) Cterp,m (ppb) CSOA (μg/m3) CSOA,N (no./cm3) GM (nm) GSD

SOA1 Ch1 20 127 5.7 (1.5) 630 (32) 218 (2.7) 12 600 (300) 238 1.95
SOA2 Ch2 20 221 5.3 (1.8) 483 (24) 266 (7.0) 24 700 (2100) 178 2.05
SOA3 Ch2 20 217 6.9 (1.6) 250 (3.7) 25 600 (1500) 166 1.99
SOA4 Ch2 20 215 7.1 (1.7) 417 (21) 248 (5.1) 24 500 (1200) 169 2.01
SOA5 Ch1 50 120 5.3 (1.6) 632 (32) 193 (3.1) 11 900 (100) 225 2.00
SOA6 Ch1 50 127 5.1 (1.7) 671 (34) 219 (2.6) 12 900 (100) 231 2.00
SOA7 Ch2 50 227 4.4 (1.5) 469 (23) 227 (6.9) 17 700 (1100) 201 1.92
SOA8 Ch2 50 226 6.5 (1.6) 388 (19) 262 (5.5) 20 900 (400) 197 1.94
SOA9 Ch1 70 124 4.2 (1.6) 660 (33) 187 (5.7) 9 580 (200) 250 2.00
SOA10 Ch2 70 251 4.8 (1.8) 400 (20) 250 (4.2) 17 400 (800) 212 1.98
SOA11 Ch1 50 223 14 (1.6) 634 (32) 299 (7.8) 14 400 (500) 262 1.93
SOA12 Ch1 50 409 29 (1.5) 413 (21) 359 (9.8) 15 700 (500) 280 1.90

aExperiment number. bSOA formation was assessed in a chamber with two different surface area to volume ratios (A/V): Chamber 1 (Ch1) was the
empty stainless steel chamber with an A/V = 9.19 m−1, and Chamber 2 (Ch2) was the same chamber plus 14 stainless steel screens with an A/V =
43.1 m−1. cThe D-limonene mole fraction for SOA3 was not reported or included in calculations due to an instrument error during that experiment.
dUnimodal log-normal size distributions were fit to the steady state particle size distributions, GM = geometric mean diameter (nm) and GSD =
geometric standard deviation.

Figure 1. Differences in mean steady state SOA size distributions (standard deviation shown by whiskers) for Chamber 1 (Ch1, surface area to
volume ratio of 9.2 m−1) and Chamber 2 (Ch2, surface area to volume ratio of 43 m−1) experiments at (a) RH = 20%, (b) RH = 50%, and (c) RH =
70%. The experiments comprising each distribution are in parentheses; experiment SOA12 is also shown, which was conducted at higher ozone mole
fractions at RH = 50%.
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because extra water vapor inhibits formation of stabilized
Criegee intermediates, which are correlated with nucleation
potential.52 The geometric standard deviations (GSD) were
similar for Chamber 1 and Chamber 2, indicating similarity in
the distribution widths. These mean distributions for Chamber
1 and Chamber 2, regardless of RH, divided from one into two
distinct distributions near a particle diameter of 20 nm and
converged at diameters greater than about 500 nm. Therefore,
it appears that at our experimental conditions the differences
that occur for SOA number and mass formation are for SOA
with diameters less than ∼500 nm.
To further demonstrate that the SOA formation differences

in Chamber 1 and Chamber 2 were due to surface reaction
effects as opposed to higher gas-phase mole fractions,
experiments SOA11 and SOA12 were performed with
Chamber 1 at RH = 50% but with increased ozone mole
fractions. Both SOA11 and SOA12 exhibited higher mass and
number formation than the Chamber 1 experiments of SOA5
and SOA6. However, SOA11 and SOA12 exhibited higher mass
formation but lower number formation than the Chamber 2
experiments of SOA7 and SOA8. To further illustrate this
distinction, the steady state distribution from experiment
SOA12 is also plotted in Figure 1b. For SOA12, the size
distribution diverged from that of experiments SOA5 and
SOA6 in Chamber 1 at a diameter of ∼105 nm and never
rejoined the distribution at higher diameters, as did experiments
SOA7 and SOA8 in Chamber 2. Also, the GM diameters for
SOA11 and SOA12 shifted to the right of those of SOA5 and
SOA6 in Chamber 1, rather than the left, as with the size
distributions in the SOA7 and SOA8 experiments in Chamber
2. Thus, the enhanced SOA formed from increased surface
reactions in Chamber 2 has a pattern distinct from that formed
from higher gas-phase reactant mole fractions, with surface
reactions leading to lower mass formation and higher number
formation with smaller diameter particles.
SOA Formation Initiated by Surface Reactions. Results

from the SOA formation experiments in Chamber 1 and
Chamber 2 were used to determine the effective aerosol mass
fraction for SOA due to ozone and D-limonene surface
reactions, excluding SOA11 and SOA12. At RH = 20%, 50%,
and 70%, the ξs = 0.91 (0.87), 0.84 (0.70), and 0.70 (0.65),
respectively, where parenthetical values represent the un-
certainty propagated through the relevant calculations. Higher
formation may be associated with lower RH values, but this
trend is within the result uncertainty, which is admittedly high
and mostly due to the relatively high ozone uncertainty at low
chamber ozone mole fractions. Aerosol number fractions were
not calculated similar to mass fractions because number
formation due to gas-phase reactions is much less understood
than mass formation. However, to explore the differences
between the gas-phase versus surface reactions on number
formation, we also estimated the ratio of the number of
particles formed per mass of SOA formed from both the
surface-phase, Xs, and gas-phase, Xg, reactions. We found that Xs
= 339, 179, and 126 no./cm3 per μg/m3 and Xg = 57.7, 60.2,
and 51.1 no./cm3 per μg/m3, for RH = 20%, 50%, and 70%,
respectively. Comparing Xs and Xg illustrates the different
nucleation potentials between the two reaction types at
different RH. The Xs was higher at the lower RH values,
again consistent with evidence that larger number formation
occurs for ozone/D-limonene reactions at lower RH.
The SOA surface mass fractions are a factor of ∼1.1−1.5

higher than gas-phase aerosol mass fractions over all experi-

ments, which were ξg = 0.59−0.62. However, ξs and ξg are
defined with different denominators (the mass of ozone
consumed for ξs and mass of D-limonene consumed for ξg),
so we also estimated ξs,terp, which is the surface aerosol mass
fraction defined as the ratio of the mass of SOA formed to that
of D-limonene consumed by surface reactions, assuming a one-
to-one molar reaction. The ξs,terp = 0.25−0.32, which is a factor
of 0.38−0.54 lower than ξg. One would expect ξs,terp to be lower
than ξg because the semivolatile products resulting from surface
reactions must partition from the surface → air → particle
phase to form SOA mass rather than only from the air →
particle phase (as for SOA from gas-phase reactions), and some
of these products likely remain bound to the surface.36 Similar
to ξg, the term ξs (and also ξs,terp) should be a function of the
amount of organic material present in the air,49 and so it is
likely not constant but will decrease when SOA concentrations
are less than those in our experiments and vice versa.

Deposition Velocities and Surface Reactivity. For eq 9
to be valid for use in eq 8 to calculate the surface aerosol mass
fraction, the deposition velocities must be in the reaction rate
limited regime. The vd,o were 0.20−0.23 m/h for the chamber
walls and 0.10−0.12 m/h for the screens, and vd,(o+terp) were
0.53−1.1 m/h for the walls and 0.37−0.66 m/h for the screens,
generally lower than for most surfaces indoors.53 Using these
experimental data and the theory of Morrison and Nazaroff,46

we estimated u* = 3 cm/s and the transport limited deposition
velocity as vt = 8.1 m/h, and we have plotted the deposition
velocities as a function of the surface reaction probability in
Figure S3 in the SI. All values are in the reaction rate limited
regime, confirming the appropriateness of eq 9 in this work,
and vd,terp = 0.61−0.82 m/h for the different surfaces. Higher
RH led to higher vd,terp, potentially due to ozone reactions with
water, so surface mass fractions at higher RH may be somewhat
artificially reduced. Using eqs 1 and 2, we calculated for both
Chamber 1 and Chamber 2 that γo = (3.1−7.1) × 10−7 and
γ(o+terp) = (1.2−3.4) × 10−6, signifying both that the D-limonene
sorption increased the surface reactivity by an order of
magnitude and that there was less than monolayer coverage
by the D-limonene in all experiments. Values of fO3/terp = 0.27−
0.88 and rterp = 0.0084−0.027 over all experiments, and these
rterp are very near those fractional coverages for comparable
surfaces and D-limonene mole fractions.11 Surface-specific
values for these parameters are in the SI.

Application to Real Indoor Environments. For typical
indoor conditions, we explored the ranges of magnitudes of
ozone reactions with sorbed D-limonene on various surfaces
and the SOA formed from those reactions, using the model and
our experimental results. Indoor surfaces have reaction
probabilities of γo = 10−8 to 10−4. For instance, γo ≤ 10−6 is
common for glass, metals, and sealed ceramics, γo ≈ 10−5 for
aged carpet, and γo ≈ 10−4 for new carpet and brick.43,54 Figure
2a−c plots the ozone deposition velocity to D-limonene as a
function of fractional coverage for surfaces with γo = {10−8,
10−7, 10−6, 10−5, 10−4} for different friction velocities of u* =
{0.3, 1, 3 cm/s}, using eqs 2−5 and assuming γterp = 10−4 and
RH = 50%. The rterp values were used to estimate a gas-phase D-
limonene mole fraction based on a linear relationship from our
experiments, and these Cterp,m are shown in parentheses and are
3.5−3500 ppb. Indoor mole fractions of D-limonene are capable
of reaching ∼1,000 ppb because of consumer product use,10,22

but time-averaged mole fractions of less than ∼100 ppb are
common;44 therefore, rterp may be less than ∼0.01 indoors and
vd,terp should reside in the reaction rate limited regime in most
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spaces. For cases with higher rterp, the vd,terp converge to the
same value independent of γo because the D-limonene
approaches monolayer coverage on the surface, making reaction
sites essentially identical and vd,terp ≈ vt (not shown in Figure 2
as it occurs between rterp = 0.1−1).
The range of u* explored is characteristic of indoors,46,50 and

increasing u* increases the vd,terp for the same rterp since vt also
increases, which lowers the transport resistance of the ozone
through the boundary layer. On Figure 2a−c, the dark line is
vd,terp if one combines eqs 2, 4, and 5 and assumes vd,(o+terp) is
reaction rate limited (RRL), which is represented by eq 10:

γ
=

⟨ ⟩
v

r v

4d,terp,RRL
terp terp

(10)

For materials with γo ≤ 10−6, the vd,terp,RRL estimated with eq 10
is near the actual vd,terp predicted by eqs 1−5, especially for
lower values of rterp and higher values of u*. Thus, for surfaces
for which ozone reactivity is low (i.e., when γo ≤ ∼10−6) or
when the airflow indoors is turbulent, the vd,terp tends to depend
only on rterp, assuming γterp is the same for different surfaces.
Figure 2a−c also illustrate that at lower rterp, the γo has a large
impact on the vd,terp for that material, and there are three
distinct depositional regimes for materials with γo = 10−6 or
less, 10−5, or 10−4. The distinctiveness of these regimes
depends on u*, since at lower u*, the transport resistance of
vd,terp is higher, which decreases the vd,terp more than for higher
u* at comparable γo. Since the SOA formed from surface
reactions scales with vd,terp, the magnitude of SOA formed by

ozone/D-limonene surface reactions will be larger because of
reactions on surfaces with low γo than on surfaces with high γo
at the same rterp and u*.
Reaction probabilities were discussed thus far in context of

particular surfaces, but the model is also applicable to an
average γo for an indoor space when predicting SOA formation.
As such, we modeled the contributions to CSOA from surface
reactions and gas-phase reactions at steady state with eq 7
assuming CO3,m = 10 ppb, λ = 0.5 h−1, βSOA = 0.1 h−1, and A/V
= 3 m−1. The vd,terp are identical to those shown in Figure 2a−c
at corresponding values of γo and rterp (and therefore Cterp,m).
The aerosol mass fractions due to gas-phase reactions were
determined according to the method in the SI, and the surface
aerosol mass fraction was estimated according to our
experimental observations as ξs = 1.38·ξg. Results are in Figure
2d−f. The three depositional regimes observed for vd,terp
translate into the same three regimes of SOA formation due
to surface reactions. Some modeled conditions are not typical
and are extreme cases, for example, Cterp,m > 1000 ppb or γo =
10−8. Two representative indoor conditions are that of u* = 1
cm/s and rterp = 0.001 (i.e., Cterp,m = 35 ppb) with a γo of either
10−5 or 10−6. At these two conditions, CSOA,g = 22 μg/m3 and
CSOA,s = 0.39 and 0.76 μg/m3, respectively, so that of the total
SOA formed ∼1.7% and 3.4%, respectively, of the mass is due
to the surface reaction impacts. If the number formation trends
observed in our experiments are used as an estimate, ∼5.1%
and 10%, respectively, of SOA number would be the result of
surface reactions. For indoor spaces with lower γo or higher u*,

Figure 2. Ozone deposition velocity to D-limonene (vd,terp) as a function of fractional coverage (rterp), for five different surfaces with γo that represent
the range of common indoor materials at friction velocities of u* = (a) 0.3, (b) 1, and (c) 3 cm/s, estimated using eqs 2−5 and assuming γterp = 10−4.
The thick black line plots a−c are the deposition velocities if one combines eqs 2, 4, and 5 and assumes vd,(o+terp) is reaction rate limited (RRL). Plots
d−f display the SOA formed because of surface (CSOA,s) and gas-phase (CSOA,g) reactions for those same conditions assuming ozone is at 10 ppb. The
thick gray line on each of plots d−f is the CSOA,g, and all other lines are the CSOA,s for the different γo. See text for details.
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these fractions of SOA because of surface reactions would tend
to increase.
Therefore, SOA formation due to surface reactions is likely

to occur on originally nonreactive surfaces, such as glass or
smooth metals. However, real indoor surfaces may be coated
with organic films,35,36 which could increase original reaction
probabilities on these materials and reduce formation. More-
over, the relationship between the gas-phase and surface
reaction aerosol mass fractions needs more investigation since it
may not hold at different SOA or reactant concentrations. The
impact of humidity on vd,terp needs refinement as well, as we
only measured limited results at conditions other than RH =
50%. Also, other terpenoids would exhibit differences in
formation. For instance, Δ3-carene has sorptive characteristics
that are similar to D-limonene but it has lower gas-phase SOA
mass fractions and a lower γterp,

41 so it would have less
formation; also, α-terpineol is more sorptive than D-limonene,42

but it likely has lower mass fractions, so the impact on
formation is uncertain. In sum, our results provide evidence
that SOA may be formed because of ozone reactions with D-
limonene sorbed onto surfaces, though their application to
surfaces in indoor environments require additional field
experiments to verify the extent and importance of such
reactions.
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