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ATMOSPHER IC SC I ENCE

The persistence of smoke VOCs indoors: Partitioning,
surface cleaning, and air cleaning in a smoke-
contaminated house
Jienan Li1*, Michael F. Link2, Shubhrangshu Pandit3, Marc H. Webb4, Kathryn J. Mayer1,
Lauren A. Garofalo1, Katelyn L. Rediger1, Dustin G. Poppendieck2, Stephen M. Zimmerman2,
Marina E. Vance5, Vicki H. Grassian3, Glenn C. Morrison4, Barbara J. Turpin4, Delphine K. Farmer1*

Wildfires are increasing in frequency, raising concerns that smoke can permeate indoor environments and
expose people to chemical air contaminants. To study smoke transformations in indoor environments and eval-
uate mitigation strategies, we added smoke to a test house. Many volatile organic compounds (VOCs) persisted
days following the smoke injection, providing a longer-term exposure pathway for humans. Two time scales
control smoke VOC partitioning: a faster one (1.0 to 5.2 hours) that describes the time to reach equilibrium
between adsorption and desorption processes and a slower one (4.8 to 21.2 hours) that describes the time
for indoor ventilation to overtake adsorption-desorption equilibria in controlling the air concentration. These
rates imply that vapor pressure controls partitioning behavior and that house ventilation plays a minor role in
removing smoke VOCs. However, surface cleaning activities (vacuuming, mopping, and dusting) physically
removed surface reservoirs and thus reduced indoor smoke VOC concentrations more effectively than portable
air cleaners and more persistently than window opening.
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INTRODUCTION
Wildfires are increasing in frequency and severity due to human be-
havior, climate change, and population growth at the wildland-
urban interface (1, 2). This growing incidence of wildfires has
created an emerging public health challenge because wildfire
smoke contains many primary and secondary air pollutants of
concern (3–5). Smoke-associated pollutants include particulate
matter (PM), carbon monoxide (CO), volatile organic compounds
(VOCs), polycyclic aromatic hydrocarbons, and ozone (6–9). Wild-
fire smoke can infiltrate indoors (10–12), which modifies exposure
and raises the need for evidence-based approaches to create cleaner
indoor air spaces where residents can seek refuge (13–15).

The chemistry of indoor building environments is distinct from
that of the outdoor atmosphere, partly due to high surface area–to–
volume ratios (15, 16). The vast indoor surface area hosts chemicals
that partition from the air to the surface, generating reservoirs that
can hold far greater levels of contaminants than air (15, 17). As
smoke transports indoors, surface reservoirs drive partitioning pro-
cesses and, as is the case for third-hand cigarette smoke, reactive
chemistry (17–21). Here, we consider surface reservoirs as the con-
densed phase compartments that interact with the gas phase over
time scales of seconds to years, including both the air-surface inter-
face and the deeper bulk reservoir (16). These surface reservoirs are
complex and likely spatially heterogeneous (22–24), although few
studies have been able to directly probe their composition and

behavior (25–29). Previous chamber and field studies have illustrat-
ed the partitioning of gas-phase molecules to and from various
indoor surfaces such as flooring, carpet, painted wall board,
ceiling tile, and window glass (21, 26, 30–33). For example, 3-ethe-
nylpyridine (3-EP) and nicotine were not observed in the gas phase
2 hours after the cessation of cigarette smoking, likely due to quick
absorption onto surfaces, whereas other VOCs remained present in
the gas phase for at least 18 hours (21). Indoor VOC concentrations
respond to these adsorption and desorption processes and can be
used to determine corresponding rate coefficients and equilibrium
partitioning (34–36). Together, these studies suggest that the
complex mixture of wildfire smoke could partition to indoor surfac-
es and create indoor pollutant reservoirs from which gases reemit.
However, the extent to which smoke VOCs will persist in surface
reservoirs (versus remain in air and be removed by ventilation)
will control the time scale of subsequent release of those VOCs
and thus potential indoor smoke VOC exposure. The molecular
properties that control this partitioning and the associated time
scales for interactions between smoke VOCs and indoor residential
surfaces are unclear.

Individuals may have limited capacity to control outdoor air pol-
lution entering their homes, but established strategies to improve
indoor air quality include reducing the sources of VOCs, increasing
ventilation of clean air, and using air cleaners (14). However, surface
reservoirs may provide a hidden, persistent source of VOCs to
indoor air. Studies conducted in residential buildings show that
most of the volatile organic and inorganic contaminant mass
resides in surface reservoirs, rather than air (26, 37). When ventila-
tion is stopped, indoor VOC concentrations return to preventilation
levels within a few hours due to emissions from surface reservoirs
(19). These observations raise questions about the long-term bene-
fits of air cleaning approaches; while often effective at reducing PM
levels, air cleaners may only have temporary ability to reduce
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airborne VOC concentrations (38). Surface cleaning methods such
as mopping, dusting, and vacuuming have the potential to directly
reduce indoor surface reservoirs, but this concept remains unex-
plored in real-world environments. Indoor surface cleaning
studies typically focus on the potential for detergent solutions to
emit into the gas phase or induce chemical reactions; these emis-
sions can contribute VOCs to indoor air, but the emissions are typ-
ically temporary (hours) in nature (39, 40).

To probe the capacity for smoke emissions to contribute to
indoor surface reservoirs, we added smoke from burned pinewood
chips into a well-characterized test house (41, 42) and measured the
consequent changes in chemical composition of the indoor envi-
ronment. We used the observed concentration decays of smoke
VOCs to characterize adsorption and desorption processes and
develop a model describing indoor partitioning. This model
allowed us to predict time scales for persistence of smoke VOCs
in indoor environments and estimate the three fates for VOCs in
the house: continued existence in the gas phase, contribution to
surface reservoirs, or removal by ventilation. To investigate the ef-
ficiency of different cleaning strategies on indoor surface and air
reservoirs, we conducted a post-smoke cleaning study using differ-
ent air and surface cleaning activities, including running a portable
air cleaner, surface cleaning (dusting, vacuuming, and mopping),
and extensive ventilation with all the doors and windows open.
These tests quantify the remarkable capacity of indoor surfaces to
store VOCs and demonstrate the need to consider gas-surface par-
titioning when designing and implementing air cleaning methods
for indoor VOC removal. Although this paper focuses on wildfire
smoke, our results may apply to other air pollution scenarios, in-
cluding intensive cooking, infiltration of heavy urban smog, ciga-
rette smoking, or other indoor emission activities.

RESULTS
Dynamic gas-surface partitioning drives indoor gas
concentrations
High levels of outdoor air pollution during smoke events can enable
substantial pollutant infiltration to indoor spaces (10), followed by
gas-surface partitioning (18). Figure 1A shows the normalized con-
centration decay of four example compounds after adding wood
smoke to the house, including peracetic acid (C2H4O3), acetoacetic
acid (C4H6O3), hydroxymethylfurfural (C6H6O3), and o-toluic acid
(C8H8O2) (7, 8). Gas-phase organic molecules with higher molecu-
lar weights tend to decay faster, indicating faster surface adsorption.
SF6 and CO tracers provide air change rate (ACR) and enable cor-
rection for the dilution effect of indoor air mixing (section S2). As-
suming a well-mixed gas phase and mass balance, the rates of
change in concentration of compound i in the gas phase (Gi) and
indoor surface (Wi) can be expressed as:

d½Gi�

dt
¼ � λ½Gi� � λa½Gi� þ λd½Wi� ð1Þ

d½Wi�

dt
¼ λa½Gi� � λd½Wi� ð2Þ

where Gi andWi are the total mass in each sink normalized to room
air volume (μg m−3), λ is the ACR (hour−1), and λa and λd are first-
order rate coefficients of surface adsorption and desorption

(hour−1). Here, we describe the first-order dynamic mass distribu-
tions between two sinks in a typical ventilation condition and the
related implications to indoor air quality. In Fig. 1B, we propose
two time scales to describe indoor partitioning: the adsorption-de-
sorption equilibrium point (ADP; red square) and the ACR crossing
point (ACP; red dot). The ADP represents the time point at which
gas-surface partitioning reaches a temporary equilibrium statewhen
gas–to–surface mass transfer λa[Gi] is equal to surface–to–gas mass
transfer λd[Wi]. C6H6O3 initially decays faster than SF6 before its
ADP (3.1 hours) due to rapid surface adsorption, and then slower
after the ADP due to source contribution from surface desorption.
ADP is observationally derived as the time at which the tangent to
the concentration decay curve of the gas (i.e., C6H6O3) is parallel to
the linear (or post-dilution) section of SF6 decay, reflecting the
moment at which the first-order rate constant is equal to the
indoor ACR, and there is neither net surface adsorption nor desorp-
tion, although this equilibrium is temporary. Indoor environments
are inherently dynamic due to the continuous exchange of mass and
energy with surrounding environment (43). After reaching ADP,
the mass reductions for the gas and surface mass are mainly
driven by the ventilation term λ[Gi] and desorption term λd[Wi],
respectively. We define ACP as the time at which the concentration
decay curves of the smoke VOC and SF6 intersect, implying that the
role of indoor surfaces has changed at this moment. Before ACP, the
net effect of gas-surface partitioning is to reduce smoke VOC con-
centrations more rapidly than SF6 and thus clean room air; after
ACP, the surface reservoirs can serve as gas emission sources for
hours, days, and perhaps even years (17). Figure S5 shows the ex-
tended persistence of C6H6O3 in room air for 78 hours, implying
a continuous surface emission with a time scale that varies as the
air is ventilated and the surface-gas equilibrium constantly shifts.
The characteristic time scale (τ) for C6H6O3 persistence increased
from 0.9 hours on day 1 to 9.7 hours on day 2 to 25.1 hours on day 3,
corresponding to first-order decay rates (1/τ) of 1, 0.1, and 0.04
hours−1, respectively.

Residential exposure to outdoor woodsmoke will depend on the
nature of the fire (proximity, severity, and fuel), meteorological con-
ditions (wind direction and force scales), and building-specific in-
filtration factors (10, 14). Infiltration of air pollution can thus be a
continuous process for an extended time period (e.g., presence of
regional wildfires over days or weeks) or a sporadic process on
short time scales (e.g., residential wood burning or brief exposure
as a wildfire is suppressed). The red curves in Fig. 1C show replica-
ble decay patterns—and increasing backgrounds—of C6H6O3 con-
centrations during repeated smoke addition events. The average
aerosol mass concentration during each injection is around three
times that of the average smoke exposure experienced in California
homes onwildfire-influenced days (mean indoor PM2.5 of 11.1 ± 8.3
μg m−3) (10). A more comprehensive examination of chemical
compositions of submicron aerosols and VOCs can be found in
figs. S6 and S7, respectively. As our smoke injections were short
in duration (minutes), the test house’s total smoke exposure over
the course of a day was comparable to real-world conditions. This
replicable decay suggests that indoor surface reservoirs have such
great adsorption capacity even after extended pollution exposure
that most VOC concentrations may drop quickly once the
outdoor infiltration stops. To further explore this concept, the
blue dashed curves represent C6H6O3 concentration models, as-
suming no surface partitioning occurs, only dilution and
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ventilation. To quantify the impact of including surface partitioning
on C6H6O3 concentrations, we choose reference points ~2.5 hours
after each smoke injection for the no-partitioning (blue square)
versus with-partitioning (red square) cases. The post-smoke injec-
tion concentration for the no-partitioning case is 4.1 to 5.2 times
higher than that including surface partitioning, with fitted slopes
of 0.022 and 0.007 parts per billion/hour, respectively. This trend
demonstrates that partitioning to surface reservoirs substantially
lowers indoor VOC air concentrations during outdoor smoke and
wildfire events. Excluding this surface partitioning effect and only
considering infiltration, ventilation, and dilution would overesti-
mate the acute exposure of VOCs. In general, the indoor VOC con-
centration is initially (i.e., before ACP) driven by the injected or
infiltrated concentrations and dilution; on longer time scales,
VOC concentrations are driven by the surface-accumulated mass.
Further, in contrast to PM, which can be effectively removed
through filters in the heating, ventilation, and air conditioning
(HVAC) systems, mechanical or natural ventilation during wildfire
events will increase the VOC surface accumulation and thus subse-
quent exposure after polluted days.

Surface reservoirs play an important role in indoor air quality
but can change rapidly in response to indoor environmental condi-
tions. Figure 1D shows the concentration decay of total gas-phase
water-soluble organic carbon (WSOCg) after a smoke addition
event (in blue) and the subsequent surface adsorption and desorp-
tion illustrated as the measured mass change of the deposited
surface organic film (in red) by a thin porous TiO2 film deposited
on a quartz crystal microbalance (QCM). Around 2 hours after
adding smoke, the concentration of WSOCg decreased by >90%,
consistent with the fast surface adsorption observed for C6H6O3
(Fig. 1B). The highest point of the surface mass potentially corre-
sponds to the ADP of total gas-phase masses when the net gas-
surfacemass transfer is zero. Amathematical derivation for this cor-
respondence is presented in the section S5. While the mass change
of each cycle varied in magnitude, the shapes were consistent (fig.
S9). This consistent shape was a most notable feature of the parti-
tioning curves for the indoor surface films, implying highly
dynamic and responsive gas-surface partitioning. Figure S9A high-
lights the tendency of the smoke-exposed, dirty TiO2 thin film to
lose its surface reservoir capacity gradually with repeated smoke

Fig. 1. Gas-phase compound decay patterns and gas-surface partitioning dynamics during smoke events. (A) Normalized signal decay of four gas-phase com-
pounds after smoke addition in the house. SF6 is an inert tracer used to estimate the ACR. CO is an inert smoke tracer with an initial decay that is consistent with SF6; after 8
hours, CO levels near background conditions and deviations are difficult to distinguish from noise. Shading represents the SD of 10-s data when averaged to 2-min
intervals. (B) Adsorption-desorption equilibrium point (ADP) and ACR crossing point (ACP) are shown for exemplary C6H6O3. The dashed-dotted line is a tangent line
defining the ADP point. (C) Repeated smoke additions show decay patterns consistent with partitioning theory for C6H6O3. Points (red squares and blue dots) are ref-
erence points used to describe the difference between the measurement and model cases. (D) Concentration of total gas-phase water-soluble organic carbon (WSOCg;
blue squares) and surface mass (red line) vary with time after smoke injection due to surface partitioning. Error bars show measurement uncertainty. The red line is the
average mass change of three smoke additions in fig. S9, and shading shows SD of additions. ppb, parts per billion.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Li et al., Sci. Adv. 9, eadh8263 (2023) 13 October 2023 3 of 10



additions. This exposure-driven loss in surface capacity implies that
the film of materials deposited on indoor surfaces has different par-
titioning properties toward VOCs than the underlying crystal sub-
strate. Thicker smoke films may cause longer ADP time scales, as
observed for smoke additions of 0.35 and 0.5 g of woodchips (fig.
S9B). This surface chemical evolution is likely influenced by not
only indoor VOC concentrations but also relative humidity (RH)
(44, 45), indoor air flow, particle deposition, and temperature (46,
47). However, it is the capacity of the reservoir that enables the ob-
served persistence of smoke VOC emissions and elevated air
concentrations.

Volatility affects partitioning behavior and fate of VOCs
Measured ACP time scales increase inversely with predicted log(C*)
values (Fig. 2A) and vary from 3.2 to 21.0 hours for 26 investigated
VOCs. We used the estimation programs interface (U.S. Environ-
mental Protection Agency) suite to determine vapor pressures
(and therefore C*) of inferred speciated compounds. On the basis
of their volatilities, these investigated VOCs fall into the classes of
VOCs and intermediate VOCs (IVOCs) (48). We calculated the
carbon oxidation state (OSC) as 2O/C − H/C, where O/C and H/
C are the oxygen-to-carbon and hydrogen-to-carbon ratios of a
given compound, respectively. Although the isomeric structures
of VOCs are not resolved by our instruments, we evaluate the
VOC chemical structure based on proton transfer reaction (PTR)
ionization preference (49) and the most probable species in North
America wildfires (7, 8). Detailed information for this figure is in
table S1. The variability of ACP values suggests that the gas-
surface partitioning process is influenced by vapor pressures. For
furan (C4H4O) (C* = 2.2 × 109 μg m−3), the surface starts to serve
as a net emission source at ACP = 4.4 hours, whereas for C8H8O2
(C* = 2.1 × 104 μgm−3), the ACP is 16.3 hours. For continuous wild-
fire smoke infiltration, indoor surface reservoirs will more effective-
ly act as a short-term passive removal mechanism for lower volatility
species than for higher volatility ones. Assuming that this linear
trend of ACP with C* holds for lower vapor pressure compounds,
we predict that for a semivolatile VOC (SVOC; with C* = 0.3 μg

m−3), the ACP will be 26.3 hours, and for an extremely low volatility
VOC (with C* = 3 × 10−5 μg m−3), the ACP will be 35.3 hours.
Overall, these data show that indoor surfaces will serve as a net
emission source for most VOCs just 1day after the outdoor air pol-
lution diminishes, acknowledging that ACP will decrease at faster
ventilation rates. Thus, while the surface is a short-term passive ab-
sorbent, it will become a longer-term source of smoke VOCs, on the
order of a day after the outdoor pollution source has stopped.
Chemical structure influences partitioning time scales. More oxi-
dized and functionalized compounds with higher OSC tend to
have longer ACP time scales, implying lower C*; larger octanol air
partition coefficients (Koa); and, at least initially, more-efficient
removal from air by indoor surfaces. The impact of oxidation
state on ACP is more obvious while plotting ACP with molar
mass and OSC (fig. S10A). The relationship between ADP and
log(C*) is not apparent (fig. S10B), because most ADP values are
constrained to a narrow time scale of 1.5 to 3.5 hours after smoke
addition when the concentration decay rate is influenced by the
coupled processes of gas diffusion, indoor air mixing, and gas-
surface partitioning.

The fate of smoke VOCs indoors includes exfiltration to outdoor
air by ventilation, partitioning to surface reservoirs, and remaining
in (or repartitioning to) indoor air. Figure 2B summarizes these
fates as the mass distribution ratio as a function of Koa at the
ADP time point (i.e., when surface adsorption and desorption
rates are equal), as calculated following section S5. Koa values are
estimated from C* values (50). More volatile compounds are
more readily exfiltrated via ventilation and thus affect outdoor
urban air more than less volatile compounds. However, at ADP
time scales, the effect of ventilation is limited for all VOCs when
the test house operated with ACR = 0.24 hours−1, and even for
the most volatile species with Koa < 3 (e.g., C4H4O and acrolein),
the average mass ratio for ventilation is 0.27, smaller than the
ratio of 0.36 in surface sink. For less volatile VOCs with Koa > 7
(e.g., 2-hydroxymethyl phenol and glutaric acid), the mass ratio
in the surface sink increases to ~0.8 at the ADP. This trend
implies that most smoke VOCs have enough time to reach

Fig. 2. Volatility characteristics affect VOC partitioning behaviors. (A) ACPs of smoke VOCs correlate with saturation concentration (C*) on a logarithmic coordinate
and carbon oxidation state (OSC). The solid, dashed-dotted, and dashed lines are a fitted line of ACPs with log(C*), 95% confidence bands, and prediction bands, respec-
tively. (B) Mass distributions of VOCs across the three sinks of indoor air (blue bars), surface (orange bars), and ventilation (red bars) vary with Koa at the ADP time. The blue
dots aremass ratios of selected VOCs in the gas phase. (C) Observed log(Ksa) (red squares and circles) assuming that the surface film is 100 and 10 nm, respectively, and the
estimated diffusive depth (blue triangles) assuming that Ksa = Koa and S/V = 4 m−1.
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adsorption-desorption equilibrium before they are dominantly ven-
tilated out of the house, demonstrating the reduced role of house
ventilation on removing smoke VOCs. We probe the temporal evo-
lution of this equilibrium by calculating smoke VOC fate at the ACP
time (fig. S11B). At this longer time point, ventilation becomes less
important as a sink for less volatile, higher Koa compounds. By this
time, 50.0% of the infiltrated C4H4O will ventilate outdoors by the
ACP (7.2 hours), whereas only 17.3% of infiltrated C8H8O2 will ven-
tilate by its ACP (16.3 hours). As the mass ratio in the ventilation
sink is based on an average VOC concentration in the house, we
tested the sensitivity of the model by assuming a maximum venti-
lation scenario (fig. S11, C andD) in which we use the upper limit of
the VOC concentrations for the ventilation flow. The VOC concen-
tration deviation is due to the single-point injection and resulting
concentration gradient, and this deviation disappears after 2.5
hours when the house air is mixed well by the indoor recirculation
and ventilation system (section S2). In this high ventilation case, the
mass distribution ratio of the ventilation sinks increases only slight-
ly (on average, +0.06), and the trends with Koa remain consistent.

Partitioning smoke VOCs from the air to a surface contributes to
the development of surface reservoirs. The surface-air equilibrium
coefficient, Ksa, is a parameter that describes the ratio of VOC con-
centration in the condensed phase versus gas phase. We calculate
Ksa values of the investigated smoke VOCs by using the equation
below (section S5)

Ksa ¼
WðteÞ � ðV=SÞ

GðteÞ � L
ð3Þ

where W(te)/G(te) is the derived/measured mass distribution
between surface sink and gas sink at ADP time, V/S is the indoor
volume surface ratio, and L is the assumed diffusive depth into
indoor surfaces. Assuming a diffusive depth of 100 nm (Fig. 2C,
red squares), predicted Ksa values match Koa for VOCs with lower
volatility (i.e., Koa > 7); however, Ksa values are consistently higher
than Koa for more volatile compounds. This discrepancy is en-
hanced when assuming a diffusive depth of 10 nm (Fig. 2C, red
circles). These estimations imply that smoke VOCs exhibit gas-
surface partitioning behavior that aligns with much lower volatili-
ties than otherwise expected. This semivolatile behavior of VOCs is
consistent with previous observations (19) and highlights the chal-
lenge of modeling indoor surface films (23, 28, 29). Hypotheses to
explain this enhanced surface adsorption include the extended in-
ternal surface areas of permeablematerials such as painted walls and
coated wood (22, 26, 51), the effect of diffusion of VOCs into
various surface reservoirs at compound-specific depths (26), and
chemical reactions between adsorbed components or between an
adsorbed gas and the material surface (23).

To explore the potential for smoke VOCs diffusing to different
depths into indoor surfaces, we model this depth using the equilib-
rium surface/gas mass ratio (Wi/Gi at ADP) and assuming aV/S = 1/
4 m−1 and Ksa = Koa. The derived diffusive depth L varies from 10 to
106 nm for VOCs with different Koa values as blue triangles in Fig.
2C. We note that L is the diffusive depth into an equivalent organic
film with partitioning coefficient close to Koa, while, in reality, mol-
ecules are diffusing into the surface films and the underlying bulk
materials. Thus, on short time scales of a few hours, smaller mole-
cules with higher diffusion coefficients would diffuse farther into
the surface materials, whereas larger molecules become more

concentrated near the surface-air boundary layer, resulting in a
thinner estimated diffusive depth (26, 52). The multicomponent
surface film would thus have a single physical depth from building
material surface to air but with compound-specific concentration
gradients. The upper value of diffusive depth (106 nm or 1 mm)
is much larger than a typical organic film thickness of 100 nm, im-
plying that VOCs can potentially diffuse into deeper surface reser-
voirs such as paint or other porous materials. The abundance of gas
compounds in surface reservoirs confirms the important role of
surface reservoirs in controlling air concentrations of many
indoor air constituents (19) and, more importantly, explains why
smoke VOCs persist in indoor air for such long periods of time
even if introduced to the building for only a few minutes or
hours. The fate and potential persistence of smoke VOCs and
other indoor air pollutants depend on chemical structure and prop-
erties, namely, the Koa and volatility.

Surface cleaning removes smoke VOC reservoirs
The dominance of indoor surface reservoirs in controlling air con-
centrations of smoke VOCs raises the question of whether removing
these reservoirs can reduce air concentrations and thus human ex-
posure in indoor environments. To investigate removal methods,
we conducted multiple house activities, including dusting,
mopping, house opening, and running air cleaners, after the
smoke additions. These activities consistently affected concentra-
tions of a carboxylic acid [formic acid HCOOH)], a known
indoor air toxic [formaldehyde (HCOH)], a volatile smoke tracer
(C4H4O), and WSOCg, as well as the mass change (Δmass) of a
TiO2 thin film–coated quartz surface sample, which provides a
proxy measurement for surface films that are driven by partitioning
and deposition from indoor air (Fig. 3A). All compounds show con-
sistent responses to perturbations. Background air concentrations
and surface reservoirs are stable before cleaning activities, with
minor variations at 7:30 a.m., when researchers entered the house
to conduct maintenance activities. Between 8:30 and 10:00 a.m.,
surface cleaning activities included (i) dusting and vacuuming hor-
izontal surfaces and (ii) mopping floors and cleaning kitchen coun-
ters with a prepared solution over the 52-m2 floor surface and
kitchen table surfaces (~40% of the ground area of the first floor).
The overall effect of our combined surface cleaning (dusting, vacu-
uming, and mopping) caused most VOC concentrations to drop by
50.3% (HCOOH), 32.0% (HCOH), and 19.0% (C4H4O), consistent
with substantial removal of the surface reservoir and subsequent
loss of the surface emission source. Commercial cleaning solutions
do release specific VOC ingredients (53), but this analysis focuses
on smoke-related VOCs. The removal of the surface reservoir not
only suppresses the emission source of those smoke VOCs but
also provides clean surfaces to which gases can partition.

The WSOCg represents an integrated measurement of water-
soluble gas-phase organic compounds in the house air, while the
mass measured on the TiO2 thin film–coated quartz surface repre-
sents a proxy of total surface reservoir, acknowledging that reser-
voirs will be material specific. The WSOCg concentration
decreased 39.0% in response to surface cleaning, demonstrating
the potential power of surface removal of reservoirs for improving
indoor air quality. WSOCg decayed at a rate of 0.42 hours−1 after
surface cleaning, probably representing the combined effects of
fast adsorption of gas VOC molecules on the cleaned surface and
continued gas desorption from the now smaller uncleaned surfaces.
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The decay rate decreases as the house reaches a new equilibrium
between the now-smaller surface reservoir and unchanged volume
of house air. Themassmeasured by the QCMdecreases by 0.128 μg/
cm2 after house cleaning activities, reflecting the net transfer of
VOC molecules from an uncleaned surface into the gas phase.
Overall, these observations demonstrate that surface cleaning can
reduce the otherwise persistent smoke VOC indoor reservoir and
consequent emissions and thus improve indoor air quality follow-
ing wildfire smoke events.

Outdoor air is typically lower in VOC concentrations than
indoor air in the absence of wildfire smoke, nearby pollution
sources, or substantial urban smog. Window opening thus presents
an opportunity to enhance ventilation, reduce indoor air concentra-
tions, and shift the surface-air equilibrium to favor gas desorption
and thereby reduce the magnitude of indoor surface reservoirs. To
investigate the effectiveness of window opening, the house was ex-
tensively ventilated with all the windows and doors open for several
hours. In response to the open house, indoor VOC concentrations
in the gas phase dropped markedly (WSOCg decreased 81.6%). The
mass on the QCM decreased gradually, indicating that surface res-
ervoir molecules desorbed into the diluted, cleaner air. Assuming a
film thickness of 100 nm, the mass loss of 0.336 μg/cm2 due to 4.5-
hour ventilation only accounts for 3.4% of the sample mass, dem-
onstrating the substantial capacity of surface reservoirs to hold
indoor VOCs. However, this initial reduction in indoor air concen-
trations is only temporary. When the house windows and doors
were closed at 4:30 p.m., the air rapidly refilled with repartitioned
VOCs to similar concentration levels before house opening. This
observation demonstrates the persistence of surface reservoirs for
VOCs. In contrast to ventilation, the surface cleaning established
a new baseline concentration for smoke VOCs that were far lower
than presurface cleaning levels.

Portable air cleaners showed similar time scales (i.e., temporary
suppression of VOC levels only during the cleaning activity) but far
more limited effects on VOC removal relative to window opening.
Figure 3 highlights time points when an air cleaner was operational.
This air cleaner used active carbon filters and a plasma system; other
commercial air cleaners were tested during the study, but none were
more effective than the highlighted one at removing VOCs. While
the air cleaner was operational, HCOOH, HCOH, and C4H4O were
removed by 3.8, 3.1, and 4.8%, respectively. Similar to window
opening, VOC levels returned to pre-air cleaner concentrations
within ~30min of turning the portable air cleaner off. The effective-
ness of the selected air cleaner was limited by low clean air delivery
rate (CADR) coupled with the abundant indoor surface reservoirs
that continuously emit these VOCs quickly to replenish indoor air.
For example, while an air cleaner is operational, the surface emis-
sion rate of C4H4O is 1113 μg/hour (section S13) in competition
with a maximum air cleaner removal rate of 54.16 μg/hour. Here,
the upper limit of the estimated CADR for VOCs for this applied
portable air cleaner was 78 m3 hour−1. For these smoke VOCs,
the CADR would have to be ~20 times greater to compete with
the surface reservoir. While there is great variability across portable
air cleaners, the house opening experiment described above demon-
strates their limitation in removing pollutant VOCs:While air levels
may be temporarily suppressed, the surface reservoir is too large for
VOC removal from the air to provide long-term decreases in pollut-
ant air concentrations when the window opening or air cleaning ac-
tivity ends.

To quantify the efficiency of different house activities on remov-
ing VOCs from indoor air, we compare changes in the subset of ox-
idized VOCs detected by the iodide chemical ionization mass
spectrometry (CIMS) (Fig. 3B). We quantify the average efficacy
of an activity on measured indoor VOCs with an equal-weighted

Fig. 3. VOC concentration changes in response to different indoor activities. (A) Concentration changes for three exemplary VOCs, WSOCg, and surfacemass changes
monitored by a quartz crystal microbalance coated with a porous TiO2 thin film. The circles on the x axis show the time points of (B) to (E) with colors matching each
activity. (B to E) Mass ratios of 43 investigated VOCs relative to the background case for different activities as a function of carbon number ands. The area of each solid
circle represents the ratio of the measured concentration over the background concentration for the (B) background, (C) 1 hour after running air cleaners, (D) 1.5 hours
after surface cleaning activities, and (E) 4 hours after opening all windows and doors.
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cleaning effectiveness, which we calculate as E ¼ 1 �

Xn

i¼1
Si

n , where n
is the total number of VOC species, i is the index of each VOC, and
Si is the normalized concentration to the background concentration
level. The tested air cleaners had no substantial net effect on the in-
vestigated VOC suite, either during or after air cleaner operation; a
more detailed analysis of air cleaner effectiveness and potential for
by-products is the subject of a separate paper. In contrast, dusting
and mopping induces a removal effectiveness of 39 ± 5% immedi-
ately (2 hours) after cleaning and 38 ± 8% 12 hours after cleaning
(fig. S13). Surface cleaning efficiency persists for at least 12 hours
and is notably similar to the area ratio of the cleaned surface to
the total surface area of the house (40%). Window opening was
the fastest and most effective way to reduce indoor VOC levels
with E = 74 ± 2%. However, window opening benefits are short-
lived, with effectiveness dropping to −6 ± 18% after 3 hours (fig.
S13). Expanding the VOC suite under study has little effect on
these conclusions but demonstrates that the surface cleaning is
more effective for more functionalized and more oxidized organic
compounds (figs. S14 and S15), whereas house opening activities
are equally effective across the broad suite of VOCs. These observa-
tions demonstrate that while indoor surface reservoirs affect indoor
air levels, the physical removal of these reservoirs offers an air clean-
ing approach to improve indoor air quality after substantially pol-
luting events.

DISCUSSION
We show that a wide array of VOCs participates in the dynamic gas-
surface partitioning and that indoor surfaces have great partitioning
capacity as transient reservoirs for those smoke VOCs. These
surface reservoirs lower gas phase VOC concentrations when the
house is heavily polluted by outdoor wildfire smoke, thereby reduc-
ing acute indoor exposure to those compounds during the outdoor
pollution event. In contrast, when pollutant levels in outdoor (and
thus indoor) air are subsequently decreased after smoke events,
those indoor surface reservoirs become net emission sources to
indoor air, presenting a long-term (days to weeks) indoor exposure
route for smoke VOCs. Although our measurement only covers
classes of VOC and IVOC, this partitioning behavior also holds
for smoke SVOC (Koa > 109), implying persistence that could last
for months to years in the absence of intervention, depending on
the properties of the smoke VOCs (17). Federal and state guidance
for wildfire smoke events focuses on reducing exposure to PM
through reductions in infiltration including sealing and positively
pressurizing buildings, use of HVAC systems for filtration, and
use of portable air cleaners (14). California has a new policy requir-
ing improved filtration (MERV 13) for new construction (54).
However, these activities are not designed to remove smoke
VOCs, and little is known about the effectiveness of HVAC on
VOC removal. HVAC systems can be sinks for indoor WSOCg via
removal to condensate and wet surfaces (55, 56); HVAC filters also
have the potential to act as surface reservoirs and thus re-emit VOCs
on longer time scales. Our results suggest that increasing ventilation
of outdoor air after a smoke event has little effect on the surface res-
ervoir, although it will affect the time scales for surface removal to
transition to re-emission. Thus, surface removal by building

material surfaces has a short-term suppression of air pollutants
but long-term re-emission of chemicals into the gas phase after
smoke events.

Despite the complexity of gas-surface partitioning behavior of
smoke VOCs, two time scales obtained from real-time data
provide a simplified description of the dynamic system: ADP and
ACP. We include these two time scales in a model framework that
mathematically describes their physical meaning and demonstrates
that specific molecular properties govern partitioning in a predict-
able manner. Smaller ADP values indicate a faster adsorption
process. The larger uncertainties associated with ADPs reflect the
entangled processes of gas diffusion, mixing, and partitioning.
These competing processes mean that a single classic time scale
(i.e., residence time or corresponded decay rate) cannot wholly
characterize the dynamic gas-surface partitioning processes, even
for the first few hours. In contrast, the ACP reflects the gas volatil-
ities (Fig. 2A) and surface/gas mass distributions (fig. S12) without
the influence of those initial entangled processes (diffusion, mixing,
and partitioning). Further, our analysis of surface-air partitioning
coefficients suggests that lighter, more volatile molecules penetrate
deeper into indoor surfaces than less volatile compounds (26, 52)
and thus maintain higher abundances in the condensed phase
than previously expected, explaining why compounds traditionally
considered volatile in the outdoor atmosphere exhibit semivolatile
behavior indoors (19). Enhanced VOC persistence is to be expected
if the house is exposed to wildfire smoke for long time periods
(weeks to months) that enable VOCs to diffuse deeply into
surface reservoirs, or if the house has more fabric or furnishings
and thus more effective surface area. Overall, while our study uses
wood smoke VOC additions in a single test house to demonstrate
the principles and implications of indoor partitioning, our ap-
proach should hold for other pollution events, including cooking
emissions (57), pesticide or commercial chemical product applica-
tion, and infiltration of outdoor smog or other air pollutants
(58, 59).

While the abundant indoor surface reservoirs of organic com-
pounds provide a persistent emission source of smoke VOCs, phys-
ical removal by vacuuming and mopping after a smoke event
provides a simple, low-cost mechanism to effectively and perma-
nently clean indoor air of previously infiltrated smoke VOCs. The
principles of gas-surface partitioning suggest that physical surface
cleaning will be effective for different building types, including
long-term care facilities and schools, to provide a mechanism for
mitigating exposure to smoke VOCs of sensitive groups. Natural
ventilation with clean, post-smoke event outdoor air and applica-
tion of air cleaning devices can temporarily reduce indoor concen-
trations of smoke VOCs, but the abundance and persistence of
surface reservoirs mean that these cleaning methods are limited
to only working during active operation of the method (fig. S13).
This limitation of ventilation and portable air cleaners for smoke
VOCs is distinct from particulate pollution: Ventilation and porta-
ble air cleaners can be very effective for removing particles, which
do not have continuous emission from surface reservoirs (38, 60).
The efficacy of surface cleaning in removing VOC reservoirs will be
influenced by both practical and chemical considerations. Practical
considerations include the accessibility of surfaces (e.g., hidden or
inaccessible areas, fabrics, attics, walls, and ceilings), the choice of
cleaning methods (e.g., vacuuming vs mopping), and the physical
effort required for manual cleaning. Chemical considerations
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include the presence of different indoor surfaces (e.g., carpet,
fabrics, and painted surfaces) that may influence VOC surface res-
ervoirs and respond disparately to different cleaning approaches.
Further, cleaning solutions can be sources of chemical air contam-
inants of concern (57) or even induce additional chemical reactions
that create toxic by-products, as is the case for chlorine-based clean-
ers (40, 61, 62). These limitations provide opportunities for further
research into the efficacy of different types of surface cleaning and
development of new surface cleaning technologies.

Wildfires at the wildland-urban interface are increasing across
the United States, which our work shows will affect indoor air
quality not only during the event but also on longer time scales.
We demonstrate the impact of outdoor air pollution on indoor ex-
posure to smoke VOCs and use our experiments to describe the fun-
damental chemical processes controlling this exposure route.
Established methods for reducing indoor levels of PM are not as ef-
fective for gaseous air pollutants due to partitioning and the devel-
opment of a surface reservoir; however, surface cleaning provides a
simple, effective solution. Continued efforts to reduce outdoor air
pollution and wildfire smoke events are necessary for reducing pro-
longed exposure to hazardous air pollutants.

MATERIALS AND METHODS
Site and experimental design
NIST zero-energy house
Measurements were conducted at the National Institute of Stan-
dards and Technology’s (NIST) Net-Zero Energy Residential Test
Facility (NZERTF), which hosted the Chemical Assessment of Sur-
faces and Air (CASA) campaign between 2 March and 11 April
2022. CASA was designed to investigate the impact of natural and
anthropogenic perturbations (e.g., wildfire smoke, surface/air
cleaning, and ozone intrusion) on the indoor air and surface com-
position through a series of reproducible experiments. The
NZERTF is a two-story unfurnished home with four bedrooms
and three bathrooms, spanning an area of 242 m2 for occupied
floors and 243 m2 for the unfinished basement and attic, with a
total volume of 1484 m3 (41). The exposed surface area of the
entire house is 2170 m2; the major surfaces include painted walls
(42.1%), wooden floors (11.2%), and painted ceilings (9.7%). The
heat recovery ventilation (HRV) system provides an ACR of ~0.2
hours−1 by setting an outdoor air flow rate of 250 ± 17 m3

hour−1. House HVAC recirculation flow rate is set to 1700 m3

hour−1, corresponding to an indoor recirculation rate of 1.3
hours−1. The ventilation system maintained constant conditions
throughout the experiment, with the exception of 2 days that were
not included in this analysis. The indoor air temperature during the
experiments was 24° ± 2°C, with an RH of 30 ± 5%.
Smoke addition and cleaning
We used a cocktail smoker (Breville, BSM600SILUSC) to produce
smoke from ponderosa pine woodchips. For the direct smoke injec-
tions described here, 0.25 to 1.0 g of woodchips were used in each
addition. The smoke was rapidly injected into the house within a
span of 2 min, and a fan was operated for 10 min to facilitate
quick mixing of the smoke with the room air. The bulk chemical
composition of the aerosol produced (95% organic, 3% nitrate,
1% sulfate, and 1% ammonium) and VOCs (e.g., formic acid,
acetic acids, and formaldehyde) emitted by the cocktail smoker
were comparable to those observed in U.S. western wildfires (7,

63). Smoke injections commenced on the afternoon of 21 March,
with 23 smoke addition events in the following 2 weeks until 6
April; other experiments that occurred in the house during this
time period included ozone additions, whole-house humidification,
and the use of various portable air cleaners. Smoke injections in-
cluded both direct injections of fresh smoke that occurred over 10
min and indirect injections of aged smoke injected from a Teflon
chamber following ozone oxidation; indirect injections took
around 60 min and were not included in this analysis. During
direct smoke injections, submicron organic aerosol concentrations
peaked at 100 to 300 μg m−3, comparable to levels observed in
houses during wildfire smoke events (10). Surface cleaning occurred
before (21 March) and after (7 April) smoke additions. On 7 April,
activities included surface cleaning, house opening (doors and
windows), visits by approximately 50 to 60 people during an open
house, house closing, and running air cleaners. Surface cleaning ac-
tivities included approximately 1 hour of dusting and vacuuming on
both first and second floors (floor area: 252 m2), followed by 0.5
hours of mopping and wiping on the first floor (floor area: 126
m2) using a cleaning solution recommended by the Red Cross for
smoke odor removal (64), which included 7.5 tablespoon of (110.9
ml) trisodium phosphate (TSP), three eight–cups (88.7 ml) of com-
mercial multipurpose cleaner (we selected a fruit-scented, water-
based cleaner with key ingredients including sodium dodecylben-
zene sulfonate and other sulfates, mixed to manufacturer direc-
tions) plus 1.5 gallons (5.7 liters) of water. The commercial air
cleaner used on 7 April incorporated a prefilter, high efficiency par-
ticulate air filter (HEPA), activated carbon filter, and dual polarity
ion technology and caused a more pronounced decrease in indoor
VOC levels than other commercial air cleaners that were used but
not described here. Detailed descriptions of tested portable air
cleaners are in section S13.

Gas and surface measurements
Gas-phase compounds were measured with two time-of-flight
(TOF) CIMSs, one with iodide reagent ions (I-CIMS) and the
other with an H3O+ PTR configuration (PTR-TOF-MS). Details
of the ion chemistry (65) and operational procedures are described
elsewhere (66). Experimental details about sampling locations, ex-
perimental setup, calibration, background subtraction, inlets, and
sensitivity estimates are in section S1. WSOCg was measured semi-
continuously in 6-min intervals by sampling room air through a
quartz fiber filter (Pall, 47 mm at 25 Lpm) to remove particles,
scrubbing particle-free indoor air into liquid water using a mist
chamber, and measuring total carbon using an on-line total
organic carbon analyzer (Sievers M9 Portable TOC) (67–69). An
Aerodyne TILDAS compact single laser trace gas analyzer detected
HCHO (1-s resolution); a cavity ring-down spectroscopy instru-
ment detected CO (Picarro G2401) and a photoacoustic instrument
(Innova 1412i) detected SF6. Indoor ACR is determined from the
decay of SF6 and CO concentration following injection. A QCM
with a deposited thin TiO2 porous film was applied to measure
the mass variation of the indoor surface films (44, 70, 71), and
section S1 provides more details of the QCM operation.
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