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Humidity plays an important role in the surface removal and concentrations of indoor pollutants such as
ozone; however, the indoor surface dynamics and chemistry of organic peroxides is largely unknown.
Organic hydroperoxides (ROOHSs) are known to participate in the multiphase chemistry of outdoor
aerosols and clouds, suggesting that reactive uptake in condensed grime on indoor surfaces is plausible,
particularly in humid homes. Here, the effect of relative humidity (RH) on the deposition velocity (vy) and
reaction probability (y) of a model ROOH to naturally soiled indoor glass surfaces was investigated;
specifically, by using authentic isoprene hydroxy hydroperoxide (1,2-ISOPOOH) as the model compound.
Glass was soiled in 3 local homes for 1+ years and characterized. The removal of ISOPOOH by soiled
and clean glass was measured under 5-6%, 56-58%, and 83-84% RH conditions using a novel flow
reactor designed for indoor surfaces coupled to an iodide chemical ionization high-resolution time-of-
flight mass spectrometer (I-HR-TOF-CIMS). The v4 and vy increased with increasing RH, ranging from
0.001-0.059 cm s7* and 0.4-4.6 (x107°), respectively, on soiled glass surfaces. The v4 and v ranged
from only 0.001-0.016 cm s* and 0.1-0.8 (x10~°), respectively, across RH conditions on clean glass,

demonstrating a greater RH effect on soiled materials than clean. Loss rates calculated under humid
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Accepted 2nd May 2023 conditions to soiled glass (~1-6 h™!) were competitive in scale with ventilation rates in typical

residences, indicating the importance of surface uptake for indoor ROOH concentrations. This work
provides parameters for predictive modeling of indoor ROOHs. To our knowledge, these are the first
direct measurements of the vy4 of an ROOH to naturally soiled indoor surfaces.
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Environmental significance

The indoor environment is a major location for exposure to air contaminants. Organic hydroperoxides (ROOHs) are expected to be formed indoors and a better
understanding of their indoor chemistry is warranted. This manuscript provides the first measurements of the humidity-dependent uptake of ROOHs on
authentically soiled indoor surfaces, providing critical parameters needed to model the indoor dynamics of these reactive, water-soluble compounds. We found
that humid conditions substantially enhanced the surface removal of ROOHSs by soiled interior glass surfaces, but the same enhancement was not observed for
clean glass surfaces. We discuss the potential for multiphase chemistry of ROOHs indoors, which could alter human exposure to indoor pollutants. The
parameters provided will aid the accuracy of predictive indoor chemistry models.

concentrations of compounds>®” emitted from indoor mate-
rials,* humans®'® and human activities.'>*> Because of large
Homes are major locations for human exposure to airborne indoor surface area-to-air volume ratios," surfaces play a major
chemicals"? because people spend 70% of their time in homes, role in modifying exposures,' increasing indoor chemical
on average,® and limited ventilation®® leads to elevated Tresidence times'® and mediating reactions that alter the
airborne chemical mixture.'*® A quantitative understanding of
indoor air-surface interactions for a variety of pollutants is
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critical to the development of predictive models for population
exposure assessment, effective exposure mitigation strategies
and improved built environment design.*

Material surfaces—painted walls, windows, flooring,
furnishing etc.—are soiled with deposited particles and surface
films®*** that contain low- and semi-volatile organic and
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inorganic species®*> emitted directly from sources (primary)>
and formed through indoor chemistry (secondary).>*® Surface
films can enhance the sorption of water from humid air** and
undergo hygroscopic growth.> This provides a reservoir for
moisture and partitioning of water-soluble organic gases
(WSOGs) that may enable aqueous surface chemistry.***
WSOGs (e.g. acetic acid; Henry's law constant or Ky: 4 X
10> mol L' atm™')* are ubiquitous and abundant indoors,
where they are known to decay at rates faster than air change
rates (air changes h™"; ACH) due to substantial surface removal,
especially for more polar, oxidized WSOGs with larger Ky; values
and smaller saturation vapor pressures.**?

Organic hydroperoxides (ROOHs) are important atmo-
spheric WSOGs and oxidants,****> but their uptake by indoor
surfaces is largely uncharacterized. Surface uptake is predicted
to be the dominant sink for indoor hydrogen peroxide (H,0,),*
and we expect the same may be true for ROOHs. Multifunctional
ROOHSs are more water soluble with K values on the order of
that of H,0, (10° mol L™" atm™")*>¥* and have predicted
saturation vapor pressures***> that should favor deposition to
surfaces,** especially in the presence of surface-associated
water. ROOHs are known products from the oxidation of
unsaturated compounds such as terpenes*****” and are pre-
dicted to exist in indoor air (e.g., ozonolysis of limonene from
scented cleaning products).****® Indoor measurements of gas-
phase ROOHs are limited to measurements of total hydroper-
oxides (H,O + ROOH) which 2 studies measured at mixing ratios
up to ~2 ppb in simulated** and manipulated*® indoor settings
in the absence of cleaning. ROOHs are expected to be important
reactive oxygen species (ROS) for which human exposures could
result in negative health outcomes*** and their chemistry could
alter the composition of indoor air, particulate matter and
surfaces through oxidation and partitioning.>*** Reactive
uptake of ROOHs is already known to play an important role in
the chemistry of outdoor aqueous aerosols and clouds.*”**"* For
example, humidity, and presumably aerosol liquid water, was
shown to facilitate the reactive uptake to aerosols of ROOHs
derived from terpene ozonolysis.**** Certainly differences
between ROOH multiphase chemistry on surfaces in damp
homes and on outdoor aerosols are expected, because differ-
ences in pH, hygroscopicity, phase separation and other critical
properties are likely, although not adequately characterized. For
example, aerosols are typically more acidic®” than indoor
surfaces are expected to be.”® Taken as a whole, the existing
evidence suggests ROOH multiphase chemistry in condensed
grime is plausible indoors, where relative humidity (RH) is in
the 30-70% RH range® and neutral to slightly acidic sorbed
water is expected,”® particularly in humid homes. While the
indoor environment is likely a major location for surface
chemistry and exposure to ROOHs, the dynamics and fate of
indoor ROOHs are poorly understood.

Currently, there is a dearth of experimentally-derived uptake
kinetics on real indoor surfaces for most indoor pollutants.
Indoor surface deposition velocity (vg; cm s ), which is a mass
transfer coefficient that combines pollutant transport and
uptake to a surface, as well as air changes per hour and surface
area-to-volume ratio, are critical parameters for modeling
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indoor pollutant behavior.**** These data are needed to validate
and refine predictive models.®** Quantifying ROOH uptake
dynamics to soiled surfaces under a range of RH conditions can
help improve predictive modeling of indoor ROOH exposures
and prediction of indoor air chemistry, dynamics, and compo-
sition. The goal of this study was to measure the v4 of a model
organic hydroperoxide (i.e., isoprene hydroxyhydroperoxide or
ISOPOOH) to authentically-soiled impervious indoor surfaces
(clean and soiled window glass) and investigate the impact of
RH on surface removal. This study used a novel parallel plate
flow reactor to measure the uptake dynamics of the 1,2-ISO-
POOH isomer (2-hydroperoxy-2-methylbut-3-en-1-ol), which was
synthesized in-house, at 5-6%, 56-58% and 83-84% RH to
window surfaces that were clean and authentically soiled in 3
homes (Houses A-C). The percent removal, molar uptake, vq
and reaction probability of ISOPOOH (ysopoon) by glass
surfaces under the range of RH conditions will be discussed.
The reactor performance was validated, in part, by performing
ozone (O3) experiments on clean glass (at 2%, 54%, 94% RH)
and comparing deposition velocity and reaction probability to
literature values.

Materials and methods
Parallel plate flow reactor

Wall-coated cylindrical glass flow reactors or flow tubes coupled
to mass spectrometers have been used extensively to measure
gas uptake to aerosols. Coatings either served as a protective
film to minimize wall-loss (or reaction) of semi-volatile gases in
the presence of aerosol flow (e.g. halocarbon wax)*** or
a supportive film to mimic uptake to aerosols.®®** In this work,
a novel flow reactor (Fig. 1) with a parallel plate geometry and
easily changeable walls was designed, characterized, and used
instead of a traditional aerosol flow tube, to accommodate
typical surfaces found in indoor environments, which are often
flat (e.g., glass, painted drywall, wood, metal). The reactor was
designed with dimensions and gas residence times typical of
cylindrical glass flow tubes where gas uptake to walls was
observed.**>%%% Deposition velocities and reaction probabili-
ties for O; and 1,2-ISOPOOH to clean and authentically soiled
glass window plates were determined using the flow reactor
coupled to an O; monitor (OM) or an iodide chemical ionization
high-resolution time-of-flight mass spectrometer (I-HR-TOF-
CIMS), respectively. Flow reactor experiments are listed in ESI
Table S1.}

The flow reactor was constructed from anodized aluminum
(UNC BeAM Design Center) and all interior surfaces were Teflon
coated (URG Corp, Chapel Hill, NC). The reactor contains
a laminar flow chamber (interior volume: 1 m x 0.1 m x 0.02
m) that holds two removable 1 m x 0.1 m glass plates in parallel
0.02 m apart and an upstream mixing chamber. O; or 1,2-ISO-
POOH mixed in RH-conditioned air flow (2.5-4 L min~" mass
flow) was directed into the 0.08 x 0.15 x 0.08 m mixing
chamber. The mixing chamber exit is tapered to 20 cm?, which
restricted flow and promoted mixing, and then passed through
a mesh flow straightening screen (Fig. S1b-df). A movable
sampling tube (ESI Section 2 and Fig. S1f) facilitated

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Parallel plate flow reactor schematic and experimental set-up for 1,2-ISOPOOH measurements. 1,2-ISOPOOH was mixed with dry or

humidified air and continuously injected through a fixed delivery port.

measurements of O; or 1,2-ISOPOOH decay due to surface
removal with increasing distance along the flow reactor, corre-
sponding to increasing interaction times between the gas and
the parallel surfaces. The sampling line was coupled to an O;
monitor (960 to 1000 cm® min~'; OM; 2B Technology Model
202; Boulder, CO) or an I-HR-TOF-CIMS (2.1 L min~'; Aerodyne
Research Inc., Billercia, MA). The I-HR-TOF-CIMS has been
optimized for the detection of isoprene-derived oxidation
products (including 1,2-ISOPOOH), as previously described in
detail.**"*"* All flows were controlled via mass flow controllers
except for the flow through the movable sampling tube (sample
flow). The O; analyzer and I-HR-TOF-CIMS have fixed inlet flow
rates that were coupled to the movable sampling tube. Because
the I-HR-TOF-CIMS flow rate (2.1 L min~ ") is large relative to the
total flow through the reactor (3 L min™"), vacuum controlled
exit ports were used to create a slight positive pressure system
that forced 10% of the total flow through the movable sampling
tube (0.3 L min~") before introducing a make-up zero air flow
(1.8 L min ") before the I-HR-TOF-CIMS inlet (Fig. 1). Sampling
positions of the movable sampling tube and concentrations at
each sampling location are denoted as x; and C;, respectively,
where i denotes the distance down the reactor from a starting
position x, (cm); consecutive sampling positions were 15-33 cm
apart at i = 0, 33, 63, or 93 cm or { = 0, 15, 30 or 45 cm for 1,2-
ISOPOOH and Oj; experiments, respectively. Initial concentra-
tions for C, were taken at the exit of the mixing chamber
upstream of the glass surfaces for 1,2-ISOPOOH experiments to
maximize distance between sampling positions, while O;
measurements occurred over a shorter distance (approximately
40 cm) due to the rapid uptake of ozone; in both cases, the
initial sampling position is denoted x, and concentrations are
normalized by their value at x,. Additional flow reactor details
(e.g., tabulated dimensions, flow rates, Reynolds numbers and
boundary layer thickness), images, and the flow diagram for O
experiments are provided in ESI Section S2 and S3, including
Fig. S1, S2 and Table S27.

This journal is © The Royal Society of Chemistry 2023

Deposition velocity and reaction probability

The deposition velocity, vq (cm s '), describes the effective
surface removal rate of gases and is defined by gas flux to
a surface normalized by the gas-phase concentration in the
bulk.®*** The mass balance model for deposition to parallel
plates in flow reactors has been described many times in the
literature and fundamental chemical engineering texts.®>”>7*
The slope of the measured natural log of the normalized gas
signal in the reactor [In(C;/Cy)] vs. distance in the direction of
flow (x; cm) (or location of movable sampling tube) provides
a pseudo-first order wall-loss rate coefficient (kyy; cm™") used
to calculate vq in eqn (1):

Kwa
Vg = % (1)

where Q is the volumetric flow rate (cm® s~') and W is width of
the parallel plates (10 cm). Mass transport of gas molecules to
a surface followed by gas-surface interactions (partitioning or
reactive uptake) are the two mechanisms involved in surface
deposition. Therefore, v4 can be mass transport-limited where
surface resistance to uptake is negligible or surface reaction-
limited where the surface is sufficiently resistant to uptake.
Deposition velocity was modeled as two resistors in series by
Cano-Ruiz et al.,*® as shown in eqn (2):

1, 47"

] @
where (v) is the Boltzmann velocity (3.62 x 10* cm s~ for O3), v,
(em s™%) is the transport-limited deposition velocity and vy is
reaction probability. The, v, parametrizes gas mass transport to
a surface with negligible resistance to uptake. Reaction proba-
bility or the reactive uptake coefficient, v, parametrizes how
likely gas-surface interactions result in surface reaction and is
defined as the fraction of gas molecules colliding with a surface
that are irreversibly removed from the gas phase. Reaction
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probability can be calculated using eqn (2) if v4 and v, for the
specific gas and flow system are known.

Ozone uptake experiments on glass surfaces

Since there is a large body of literature on O; uptake to indoor
surfaces,'** we began by measuring O; uptake to characterize
the novel reactor and validate its performance. A lower bound
uptake constraint under reaction-limited conditions was char-
acterized by measuring O3 vg4 values to halocarbon wax-coated
glass plates where minimal uptake was expected. Halocarbon
wax (Halocarbon Products Corp) coatings have been routinely
used to minimize wall-losses from gas—surface reaction in glass
flow tubes when investigating gas uptake to aerosols.®* An upper
bound uptake constraint under transport-limited conditions
was characterized by measuring Oz vq values to potassium
iodide (KI)-coated surfaces where maximum uptake was ex-
pected (a “perfect sink”). KI-coated surfaces are known to be
minimally resistant to O; uptake,”” and have been used to
measure Vo, in a variety of systems.””® The measured vo, in the
presence of KI-coated surfaces was used to estimate the v, for
ISOPOOH (v) as explained below in Results: Transport-limited
deposition velocity for O; and 1,2-ISOPOOH. The reactor
performance was validated by measuring O; vq and vy values to
clean glass plates (at 5, 50 and 85% RH) where uptake was ex-
pected to fall between constraints and agree with reported
values in literature. Details and procedures for ozone experi-
ments are provided in ESI Section S3.t

Preparation of authentically-soiled glass plates and other
substrates

Cleaned glass window plates (1 m x 0.1 m) and glass micro-
scope slides (0.075 m x 0.025 m) were deployed vertically,
within 60 cm of the ceiling in locations where they did not
receive direct sunlight, in the main living areas of 3 local homes
for 20-24 months, for natural soiling. Glass substrates were
deployed in the living room of House A (closed floor plan) and
in the dining area of Houses B and C (open floor plan). Glass
window plates were mounted to walls using large picture
hanging adhesive strips (3M Command Strips). Standard glass
microscope slides were propped vertically against the wall
(forming 10° angle with the wall), supported by aluminum L
brackets taped to the wall in the same area as the glass window
plates. The soiled glass window plates were used for 1,2-1SO-
POOH uptake experiments. Glass microscope slides were used
to characterize the surface film morphology and surface loading
of hygroscopic organic and inorganic species. Home RH,
temperature, deployment dates and other details are reported
in Table S37. A detailed procedure for preparing the glass plates,
halocarbon wax-coated glass and KI-coated painted drywall is
found in ESI Section S4.1 Painted drywall was selected as the KI
coating substrate (perfect sink) because KI distributed more
uniformly on that surface than on glass.

Characterization of authentically soiled glass

Surface films on soiled glass microscope slides were analyzed by
atomic force microscopy-infrared spectroscopy (AFM-IR) or
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extracted in water and analyzed for total water-soluble organic
carbon (WSOC) using a total organic carbon (TOC) analyzer or
organic and inorganic ions by ion chromatography (IC), as
described in ESI Section S4.

1,2-ISOPOOH experiments

1,2-ISOPOOH is the predominant ISOPOOH isomer produced
under low-NO, conditions in outdoor air.””®* Furthermore, it is
likely the most abundant semi-volatile and water-soluble ROOH
found in outdoor air due to the large emissions (and reactivity)
of isoprene globally.®* 1,2-ISOPOOH (CsH;,03) was selected as
a model indoor ROOH because it is moderately water soluble
(Ky: 1.8 x 10° mol L™ " atm ™" at room temperature),* undergoes
multiphase chemistry in atmospheric waters® and an in-house
synthetic standard was available. Detailed synthetic procedures
for 1,2-ISOPOOH were previously provided by Riva et al.;”® 1,2-
ISOPOOH is produced with a purity of typically 95%. 1,2-ISO-
POOH uptake experiments were conducted at 5-6%, 56-58%
and 83-85% RH on clean glass plates, glass plates that were
authentically soiled in 3 homes (House A, B and C), and halo-
carbon wax-coated glass plates. 1,2-ISOPOOH was stored at
—30 °C and allowed to reach room temperature for one hour
prior to use. For each experiment, the window glass-loaded
reactor was first conditioned at the experimental flow rate and
RH for 90 minutes. The RH at the reactor exit reached within 5%
of the RH at the entrance within 30 minutes, indicating that the
RH in the system had equilibrated ~1 hour before introduction
of 1,2-ISOPOOH. 1,2-ISOPOOH was pipetted into a short-stem
glass impinger (Gelman Instrument Company, no. 7202 with
stem shortened) and introduced into the flow reactor by
entraining the headspace gas in 0.6 L min ™' ultra-high purity
nitrogen gas (N,) and then diluting the headspace flow with 2.4
L min~" house air. The 1,2-ISOPOOH flow (3 L min~"') was
continuously delivered to the RH-conditioned flow reactor at
a fixed injection port at room temperature (22-25 °C). Injection
and sampling of 1,2-ISOPOOH started simultaneously with the
movable sampling inlet initially positioned at the upstream
edge of the parallel glass plates at the mixing chamber exit, x,.
The sampling flow rate through the movable sampling tube was
maintained at 0.3 L min~ " and then diluted to 2.1 L min~ " with
house air before entering the low-pressure ion-molecule reac-
tion (IMR) region (i.e., ~80 mbar) of the I-HR-TOF-CIMS. The
1,2-ISOPOOH was detected as an ISOPOOH iodide cluster
(ISOPOOH 1) at the mass-to-charge (m/z) of 244.9 using I-HR-
TOF-CIMS. Experiments were conducted by positioning the
movable tube in each of 4 locations at increasing distances
down the plates (i.e., from short residence time to longer resi-
dence time and then repeating as shown in Fig. S31). Distances
of 0, 33, 63 and 93 cm (xo, X33, X63 and xo3) were used in most
experiments. The movable sampling tube began positioned at
Xo and was then withdrawn 33 cm to x33, 30 cm to Xg3, 30 cm to
Xo3, and then returned to the starting position (x,). Stopping at
each x; the movable sampling tube was stationary for 2-21
minutes (sampling time) at each position before moving to the
next position. Sampling times were short (2 min) early in the
experiment and gradually increased; measurements were

This journal is © The Royal Society of Chemistry 2023
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performed for 5.5 to 13.5 hours. A more detailed description of
the procedure and example of raw data is found in ESI Section
S5 and Fig. S4,t respectively.

Results

Reactor characterization - O; surface removal and
comparison with literature

We found that vgo, and vo, on clean glass increased with RH,
decreased with increasing O; exposure time and ranged from
0.010-0.058 cm s~ ' and 1.1-6.5 (x10~°), respectively (Table 1).
These values were consistent with measurements and predic-
tions reported in the literature.*®**** The effect of surface aging
that caused O; deposition to slow with exposure time and the
increased O; removal with increasing RH have been observed
for many indoor materials.®®®® The smallest measured values
reported in literature and summarized in Table 1 were derived
from experiments after surfaces were aged for several hours.
Our results were obtained on fresh glass surfaces and agreed
most closely with results that also observed removal under
short-term exposure.®® Overall, agreement with literature values
for vqo, and yo, (Table 1) provided confidence in the use of this
flow reactor design for the study of gas surface removal by
indoor materials. The normalized O; concentration In(C,;/Cy) vs.
sampling position for clean glass under dry, mid, and high RH
conditions from which k,,,;; was derived are reported in Fig. S5.1

Transport-limited deposition velocity for O; and 1,2-ISOPOOH

As shown in Fig. S5, O3 removal to clean glass fell between
removal by halocarbon wax (minimum reaction-limited uptake
constraint) and KI (maximum transport-limited uptake
constraint). The smallest deposition velocity was observed on
halocarbon wax at 0.006 cm s~ ' and 0.008 cm s~ ' when dry
(10% RH) and humid (90% RH), respectively. As expected, the
largest O; removal was observed on KI coatings, which yielded
a Vo, of 0.161 cm s~'. Following standard practice,””® the
experimentally determined vio, was then used to estimate the
transport-limited deposition for a different gas, which in this
case is for 1-2-ISOPOOH, in our system. Based on the ratio of O3
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and 1,2-ISOPOOH diffusivities to the 2/3 power, the transport-
limited deposition velocity of 1,2-ISOPOOH (v;) was estimated
to be 0.74 times vy,. Specifically, a vy of 0.119 cm s ! was

determined (see ESI Section S77).

Surface film characterization

Authentically-soiled glass surfaces held hygroscopic species,
which can be expected to facilitate water uptake and sorption of
water-soluble ROOHs at higher RHs (Fig. 2). Glass soiled in
House C had the lowest mass loading of most components.
However, variations in measured surface constituents across
homes were modest. Briefly, we found that the major compo-
nents were total WSOC (941-1229 ng-C cm™ %), acetate (158-257
ng em™?), chloride (C1~; 342-625 ng cm™?), sulfate (SO,>~; 274~
348 ng cm %), and water (434-481 ng cm ™ 2). On a carbon basis,
74-140 ng-C cm™ > of the total WSOC (8-12%) came from
acetate, formate, and oxalate (combined), where the remaining
organic carbon fraction was uncharacterized. AFM-IR showed
the presence of deposited particles (~50-100 nm) and a ~50 nm
discontinuous organic film on the glass (ESI Section S8 and
Fig. S6T). Surfaces were spatially heterogeneous, both physically
and chemically, and carbonyl functional groups were more
prominently observed in the deposited particles (Fig. S67).

1,2-ISOPOOH uptake to clean and authentically soiled glass

1,2-ISOPOOH uptake on soiled glass was greater than clean
glass and, like ozone, uptake increased with RH and decreased
with increasing exposure time (Fig. 3). A reduction in 1,2-1SO-
POOH uptake rates with exposure time would be expected
whether 1,2-ISOPOOH was sorbing to surface sites to reach
equilibrium partitioning as is known to occur for semi-volatile
organic compounds® or undergoing heterogeneous reactions
passivating the surface as is known to occur for O;.* The system
was not sensitive enough to determine if the conditions were at
steady-state after removal was no longer observable.

Humidity, presumably through adsorbed and/or absorbed
water, had a dramatic effect on 1,2-ISOPOOH uptake to soiled
glass, especially at high RH (Fig. 3a-c and S7a-ct). In contrast,

Table 1 Deposition velocities (vyo,) and reaction probabilities (yo,) for Oz on clean glass under high, mid, and dry RH*

Reference Material RH Exposure time Vao, (cm s™) Yo, (x107°)
This work Glass 94% Short (8 min; 40 min) 0.058; 0.028 6.5; 3.1
54% 0.035; 0.014 3.9; 1.6
2% 0.027; 0.010 3.0;1.1
Cano-Ruiz et al.(1993)°° Glass, aluminum Prolonged (typically hours) 6-0.06
Latex paint, brick, concrete 200-3
Grontoft & Raychaudhuri (2004)** Glass 90% Prolonged (48 hours) 0.00025
50% 0.00015
0% 0.0001
Gall & Rim (2018)** Glass 49% Short (0-2 hours) 0.020-0.002 0.74-0.06
Soiled glass” 49% Short (0-2 hours) 0.025-0.002 1.2-0.15

“ Values given for this work are uptake parameters at 8 and 40 minutes of Oz exposure. Deposition velocities and reaction probabilities for O; and
glass, soiled glass and a few other materials from literature are also reported. ” Cano-Ruiz et al. (1993)® summarized reported and calculated values
from literature. © Gall and Rim (2018)* reported measured values where glass plates soiled in a residence or office for up to 56 days were exposed to

ozone in chamber experiments.

This journal is © The Royal Society of Chemistry 2023
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removal by clean glass was insensitive to RH and minimal
across the RH range (Fig. 3d and S7dt). Enhanced removal to
soiled glass at high RH was sustained for >12 hours. Under mid
RH conditions, enhanced removal relative to the dry RH
conditions was only clearly observable for 2-4 hours. Under dry
RH conditions (5-6% RH), there was no significant enhance-
ment of 1,2-ISOPOOH removal by soiled glass compared to
clean glass. Percent removal by clean glass across the RH range,
soiled glass under dry (5% RH) conditions and halocarbon wax
were minimal and not significantly different. The substantial
increase in 1,2-ISOPOOH removal with increasing RH on soiled
glass suggests that more humid conditions favor ROOH depo-
sition in real homes, which may reduce ROOH inhalation
exposures. However, the additional impacts of ROOH surface
removal in humid homes on air quality depend on the fate
(including possible chemical transformations) of the deposited
ROOHEs.

Cumulative molar uptake of 1,2-ISOPOOH on soiled glass
(nmol cm™?) increased with RH, ranging from 0.1-0.3, 0.2-0.5,
and 0.5-0.9 nmol cm > (across homes) under dry, mid and high
RH conditions, respectively, after 6 hours of exposure (Fig. 4).
The cumulative molar uptake of 1,2-ISOPOOH to glass surfaces
after 6 hours was estimated by integrating the uptake over time
at each RH. Molar uptake of 1,2-ISOPOOH ranged between 0.1
and 0.9 nmol cm ™2 on soiled glass and 0.1-0.3 nmol cm™ 2 on
clean glass across the RH range. Under high RH, only glass
soiled in Houses B and C were exposed to 1,2-ISOPOOH for >6
hours. After 12 hours of exposure under high RH (Fig. S87), the
molar uptake nearly doubled from 0.9 to 1.6 nmol cm™ > for
House B and from 0.5 to 0.8 nmol em > for House C. Note the
reported molar uptake does not consider the fate of 1,2-1SO-
POOH once adsorbed, but only the total moles of 1,2-ISOPOOH
that deposited per cm?>.

1,2-ISOPOOH uptake to glass soiled in House C was smaller
than that to glass soiled in the House A and B. Note that glass
from House C was less soiled than glass from House A and B
(Fig. 2). House C surface films contained lower quantities of
hygroscopic chloride and WSOC, which may have reduced its
loading of surface-associated water relative to the other 2
homes. Less mass accretion on glass could mean a larger frac-
tion of the glass surface area was unsoiled and resembled clean
glass, ultimately reducing the RH enhancement of ROOH

W 83-85% RH
1.0+ 56-58% RH
ol
0.8- m 5-6% RH

-2

ISOPOOH molar uptake
(hmol cm )

House B

House A

House C Clean glass

Glass surfaces

Fig.4 The cumulative molar uptake of 1,2-ISOPOOH (nmol cm™2) on
clean glass and glass soiled in Houses A, B and C after 6 hours of
exposure. Error bars were propagated from percent removal plots.
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deposition. Compositional differences in the organic fraction of
surface films that may result in different chemical and physical
properties could also be a factor that influenced ISOPOOH
removal to surfaces from each home, especially if there were
different quantities of species reactive toward peroxides (see
insights into chemistry in Discussion: Potential surface chem-
istry). Under dry RH, cleaner glass surfaces (clean and House C
glass) seemed to have had a higher capacity for 1,2-ISOPOOH
uptake than dirtier surfaces (House A and B glass). Unlike
Houses A and B, the molar uptake at low RH for House C and
clean glass was slightly higher than the molar uptake at mid
RH. On clean glass, this may suggest competition between 1,2-
ISOPOOH and water molecules for adsorption sites under mid
RH conditions and that 1,2-ISOPOOH was free to occupy all
adsorption sites under dry RH conditions. At high RH, perhaps
a damper surface provides a larger water film for 1,2-ISOPOOH
uptake, compensating for water occupation of adsorption sites.
On glass soiled in House C, this could suggest less surface
coverage of indoor grime and more exposed clean glass surface
area than glass soiled in Houses A and B. This could suggest
that the dominant physical and chemical pathways in the ISO-
POOH uptake mechanism could be different for relatively clean
surfaces compared to heavily soiled glass. Alternatively, it is
possible that we have not fully accounted for uncertainties in
the I-HR-TOF-CIMS calibration and the differences between
mid-RH and dry conditions for House C and clean glass are, in
reality, not significant. I-HR-TOF-CIMS calibration did not
affect the other types of calculations in this paper because they
use the normalized signal.

Deposition velocity of 1,2-ISOPOOH (vg;)

Fig. 5 compares vq; for clean glass and glass soiled in each home
at each RH. 1,2-ISOPOOH deposition velocity fell between the
vgqi observed on halocarbon wax and that estimated for
transport-limited uptake conditions (Fig. S77), but v4; on soiled
surfaces when dry and to clean glass at each RH was similar to
removal by halocarbon wax. The initial vgq; approached
transport-limited conditions likely due to the surface being
“fresh” with respect to 1,2-ISOPOOH and less resistant to
uptake. The average vq; to halocarbon wax after removal was no
longer observable (~2 hours of exposure) provided a limit of
quantification (LOQ) for vq of 0.001 cm s~ . The RH dependence
of the initial normalized 1,2-ISOPOOH signal at location x; (In
C/Cy) vs. sampling position for glass soiled in Houses A, B, C
and clean and halocarbon wax coated glass from which k. is
derived is reported in ESI (Fig. S77).

Humidity induced a large increase in initial vg; (8 min of
exposure) on soiled glass across homes, with a vg; that ranged
from 0.04-0.06 cm s~ " at high RH, 0.03-0.05 cm s~ ' at mid RH,
and 0.004-0.02 at dry RH. The same humidity effect was not
observed on clean glass where vg; was only 0.013, 0.009 and
0.016 cm s ' at high, mid, and dry RH, respectively. From
16 min to 1 hour of exposure, an order of magnitude
enhancement in vg; (0.01 vs. 0.001 cm s~ ) to soiled glass,
relative to clean glass, was sustained under high RH. A
substantially larger vg; at 83-85% RH and 56-58% RH (Fig. 5A
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and B) than 5-6% RH (Fig. 5C) for soiled glass was sustained for
hours. This enhancement was sustained for >12 hours under
high RH and 4 hours under mid RH until the LOQ (vg; =
0.001 cm s~ ') was reached. The time to LOQ in the system is
denoted as 11 0q. This suggests a lower quantity of adsorbed
water or reactive aqueous sites on clean glass when humid than
on humidified soiled glass. Compared to Houses A and B, glass
soiled in House C was the most resistant to 1,2-ISOPOOH
uptake when humid, especially at mid RH. Under dry condi-
tions, the vg; of soiled glass was not significantly greater than
that of clean glass (Fig. 5C), emphasizing the importance of
surface soiling on the observed humidity effect. At 55-56% RH,
as exposure time increased, vg; decreased. This resulted in
values ranging from 0.050 cm s~ ' (upper bound, fresh surface)
t0 0.001 cm s~ ' (lower bound, aged surface) at a home relevant
56-58% RH.

Reaction probability of 1,2-ISOPOOH

Reaction probabilities, deposition velocities and t10q for all
scenarios are reported in Table 2. Like yo , a range was reported
for v; due to observed surface aging. Reaction probability and

1038 | Environ. Sci.; Processes Impacts, 2023, 25, 1031-1048

TLoq increased with RH on soiled glass but not clean glass. The
v; ranged from 0.1-4.6 (x10~°) across glass surfaces, RH and
exposure time. Initial reaction probabilities ranged from 0.4-0.6
(x107°), 1.3-3.2 (x107°), and 2.7-4.6 (x10~°) for soiled glass
across homes under dry, mid and high RH, respectively. A
smaller range of initial reaction probabilities were observed on
clean glass across RHs from 0.6-0.8 (x10~°). Reaction proba-
bilities were highest for glass soiled in House B followed by
House A then C. The initial v; and 7.0q at mid and high RH was
largest on house B glass at each RH, followed by house A, house
C and then clean glass. (House C and clean glass showed the
highest initial reaction probabilities at dry RH).

Generally, v is limited to describing only irreversible reactive
uptake of gases. While the measurements do not definitively
show that irreversible reactive uptake occurs, the characteristic
time, 75 to steady state (ESI Section S107) suggests uptake solely
due to partitioning with an organic or aqueous film should be
on the order of only a few minutes (<3 minutes), supporting the
case for reactive uptake; note our measurements approached
steady state, however, actual time to steady-state in the system
remains uncertain due to sensitivity limitations when uptake
rates became too small to measure. The 7;oq were much longer

This journal is © The Royal Society of Chemistry 2023
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than the estimated 7ss. The continued 1,2-ISOPOOH uptake
substantially beyond the 755 on soiled glass under mid and high
RH suggests that 1,2-ISOPOOH undergoes reactive uptake on
soiled glass in the presence of humid conditions, especially at
high RH where uptake was sustained for several hours beyond
what was observed on clean glass. Under dry conditions, the
TLoq (1 h) was the same for soiled and clean glass except for
glass soiled in House B (2 h). This suggests that chemistry, or at
least more chemistry, was enabled by the assumed presence of
adsorbed water on soiled glass when humid.

Discussion
Comparisons and insight from other studies

To our knowledge, these are the first direct measurements of
the deposition velocity of an ROOH to naturally soiled indoor
window surfaces. Because of a lack of measurements, hydrogen
peroxide, being a reactive gas, was assumed to deposit on
surfaces near the transport-limited rate in early indoor
models.*” Since then, models have continued to use an esti-
mated vq of 0.07 cm s~ for hydrogen peroxide®® and organic
peroxides.®® The initial vg4; to soiled glass under humid condi-
tions when the glass surfaces were fresh with respect to ROOH
exposure (0.03-0.06 cm s~ across homes after 8 minutes of
exposure), are relatively close but smaller than the estimated
ROOH vq from literature, recognizing that the later number
includes not only glass, but also painted walls and carpets,
which should have higher vy; than smooth impermeable
surfaces. Since most sorptive uptake is predicted to occur within
just a few minutes (ESI Section S107), we believe the initial
values shown in Table 2 (8 minutes values) are most represen-
tative of the reactivity of the authentically soiled glass when it
was removed from the homes. These initial values may best
capture ROOH uptake to typical surfaces that are in continual
balance of aging and replenishment, like we expect the soiled
glass was when it was loaded into the reactor and removed from
the homes. The range of the initial vy (0.03-0.06 cm s )
measured here supports the use of values in this range to model
uptake of organic peroxides.

Under home-relevant mid RH conditions, our experimentally
determined vy; after 1,2-ISOPOOH exposures of ~1 hour
(0.007 cm s~ " across homes, on average) is much lower than the
initial values. Later values represent the changing reactive
nature of an aging surface film that is being quenched/oxidized
by ISOPOOH at a relatively high mixing ratio of up to 300 ppb.
Real surface films replenish with depositing gases and particles
from contact with room air, and as a result, may not ever be
completely fresh or aged.®® The average vy (0.010 cm s )
observed under humid conditions is likely too low for typical
indoor conditions. However, it could represent a conservative
value for ROOH deposition in indoor models for a surface that
may be more heavily aged; for example, this could be aging from
consecutive cleaning activities that release spikes of ROOH or
from competitive film oxidation by other indoor oxidants.

Conveniently, surface-air partitioning coefficients for
phthalates on impervious metal, glass and acrylic surfaces
soiled with kitchen grime were independent of the type of
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surface material, suggesting that the same uptake kinetics can
apply to all similarly soiled impermeable smooth surfaces in
a residence,” or at least in the same room (e.g., kitchen or
bathroom).?*?* Therefore, the deposition velocities reported
here may be applied to modeling surface removal to all vertical
impermeable surfaces in each residence, especially in the main
living area; values can also be considered a lower bound for
ROOH vy to horizontal surfaces that likely contained more
accreted mass from settled particles. Although wider home-to-
home variation in vq may have been observed if more homes
were studied, the reported data provide valuable model inputs
that were derived on authentic surface films under realistic RH
conditions that could be reasonably used in comprehensive
models.

Water was also expected to sorb to both clean and soiled
glass. Deposited particles and organic films containing polar
functional groups and inorganic ions should provide more
hygroscopic surface area for water to adsorb/absorb than a flat
clean glass surface (i.e., silicate groups). Surface water content
was not measured in this work. It should be noted that Or et al.
observed evidence of hygroscopic growth on indoor films and
deposited particles on authentically-soiled glass surfaces using
AFM-IR* and Schwartz-Narbonne & Donaldson measured
roughly 0.4 pg cm > water uptake on authentically-soiled quartz
crystals at 50% RH using a quartz crystal microbalance.”
Furthermore, water uptake has been shown to decrease
secondary organic aerosol viscosity and, as a result, increase
uptake and diffusion of water-soluble species in aqueous-
organic aerosols.” We expect water uptake occurred to soiled
glass under humid conditions, changing surface film properties
and aiding 1,2-ISOPOOH uptake. Although even a dry, oily and
viscous film should increase the surface area compared to clean
flat glass, the authentic film did not enhance 1,2-ISOPOOH
removal at 5% RH compared to clean glass, suggesting
enhancement of ROOH uptake by the dry film was either too
small to differentiate from clean glass or the dry film was
similarly resistant to uptake as clean glass. If the clean glass was
indeed perfectly clean and no reactive uptake occurred
(assuming no decomposition at the clean glass interface), then
the 1 hour 7,0 showed the duration of exposure needed for 1,2-
ISOPOOH to reach sorptive equilibrium with both the glass
surfaces and any sorbed water. The 104 on soiled glass under
humid conditions was 2 to at least 6 times longer than under
dry conditions and 2 to at least 12 times longer than on clean
glass under all RH conditions.

Similarly, Gall and Rim®* determined O; surface removal by
clean glass was only observable for 2 hours, while O; uptake to
soiled glass was observable up to 4 hours at 49% RH. Further-
more, their molar uptake of O; increased on soiled glass
surfaces containing higher quantities of accreted mass with the
molar uptake of O; ranging from 0.1-0.4 nmol cm™>.* In our
work, glass soiled in House B had the most accreted mass of
measured species, and the 10 Was twice as long as other
samples, suggesting higher mass accretion could have played
a role. Although ROOH and O; surface chemistry would
undergo different mechanisms, we observed a similar magni-
tude of 1,2-ISOPOOH molar uptake to soiled glass in this study,
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and modest evidence that lower mass accretion of hygroscopic
species may have reduced the RH enhancement of peroxide
uptake to glass soiled in House C and clean glass.

To assess the observed mass accretion on soiled glass, the
surface loadings of hygroscopic species were compared to
previous studies. The concentrations of total WSOC were in the
range of those reported by other groups that extracted polar
organic compounds from indoor window surfaces,” > but
anion concentrations were much smaller than those reported by
Schwartz-Narbonne and Donaldson (see Fig. 2).** Schwartz-
Narbonne and Donaldson deployed horizontal glass
substrates (glass soda-lime glass beads single layered in Petri
dishes)** that should collect more settling coarse particles®
than the glass slides in this study which were mounted verti-
cally. This could, in part, explain the differences in order of
magnitude (both studies extracted glass substrates in water).
Ultimately, surface loadings of 1,2-ISOPOOH may be expected to
increase with accreted masses of hygroscopic species and water
on soiled surfaces under humid conditions. Of course, the
composition of the surface films may affect the potential fate
(including possible chemical transformations) of 1,2-ISOPOOH
once taken up by the surface.

Potential surface chemistry

The products, mechanisms and kinetics of aqueous multiphase
indoor ROOH chemistry are not well understood, but the
aerosol literature provides some insights. ROOHs in indoor
surface-associated water could hydrolyze® or act directly as an
oxidant,**** releasing carbonyl compounds (e.g., carboxylic
acids or aldehydes)®*®** and H,0,;****° its decomposition
could also generate radicals as has been demonstrated for wet
aerosols.’”®° Further, radical formation could drive oxidation of
surface-bound organic compounds.®”****** ROOH has been
shown to drive multiphase formation of organosulfates in the
presence of water and acidity,” and participate in other accre-
tion reactions forming oligomeric compounds.>***>

ROOHSs can decompose in water to generate hydroxyl (OH)
and organic radicals (RO) that could further oxidatively age
deposited particles and surface films.?”*** Tong et al. observed
significant OH radical formation when filter-extracted SOA
(formed from terpene ozonolysis) interacted with liquid water
under dark conditions and in the absence of iron metals (Fen-
ton chemistry);*” addition of Fe*" to the aqueous SOA extracts
increased molar OH yield 15-fold.”” They concluded that their
observations provided evidence of ROOH hydrolysis and
thermal decomposition into radicals.”” Such multiphase
chemistry could be relevant to indoor conditions where
photolysis rates are expected to be lower'** and the concentra-
tion of metals is likely smaller than outdoors based on
measurements of indoor and outdoor dust.'®'* Furthermore,
the thermolysis pathway to decomposition into radicals in
aerosols has been shown to occur at room temperature.'*”'*®
Fenton-like reactions of H,O, (ref. 109) and ROOHs®* with iron
metal ions (e.g., Fe*" and Fe®") are another route to OH or both
OH and RO production in the aqueous phase, respectively;**
1,2-ISOPOOH can undergo Fenton-like reactions catalyzed by
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transition metals in the aqueous phase leading to either
homolytic cleavage releasing alkoxy radicals that decompose
into methyl vinyl ketone (MVK) and formaldehyde,** or hetero-
lytic cleavage releasing OH and alkoxyl radicals,” but this may
be hindered by the presence of chloride ions as seen for Fenton-
like decomposition of H,0, in aqueous solution.'** Little is
known about the abundance of transition metals such as iron in
indoor surface films, however their indoor surface concentra-
tions could be considerably lower, on average, than in outdoor
aerosol. Transition metals can be found in paint'** and are
transported in from outdoor soil and in aerosol of outdoor
origin, particularly coarse aerosol."** Indoor-to-outdoor ratios of
metals in dust are generally <1.'°'°¢ Radicals from 1,2-1SO-
POOH chemistry could initiate chemistry with other surface
constituents with possible implications such as consumption of
adsorbed alkenes, and thus, secondary generation of ROs in the
surface film that may propagate further chemistry, depending
on the products that formed.*** Small water-soluble gases (e.g.,
acetic acid), for example, could undergo multiphase chemistry
in the presence of such OH radicals in aqueous surface films,
ultimately forming semi- and low-volatility products (e.g.,
organic acids and oligomers).******

ROOHs have also been shown to hydrolyze in aqueous
aerosols and form carbonyl compounds and H,0,;* this is
enabled by the presence of water''® and catalyzed by acids.”® For
example, ROOHs generated from the ozonolysis of terpenes
have been shown to readily decompose into aldehydes and
H,0, on acidified aerosols,” including when acidified with
small organic acids, which are ubiquitous species indoors.****
Aerosol water and acidity have been shown to promote reactive
uptake of ISOPOOH.>**>**% A major fate of 1,2-ISOPOOH in
acidified sulfate aerosols is acidic cleavage of the O-O bond
leading to gas-phase decomposition products (hydroxy acetone
and acetaldehyde).®® These products were not detected in the
gases leaving the reactor in the current study, either because
they were not produced or, more likely, because the I-HR-TOF-
CIMS is not very sensitive to these small carbonyl
compounds.*”

Differences in acidity between soiled indoor surfaces and
outdoor aerosol are likely and can be expected to influence the
chemistry. Organic and inorganic acids, as well as bases, are
ubiquitous indoors and known to have dynamic surface inter-
actions,”® especially with sorbed water.’®*"""® Nazaroff &
Weschler predicted that, in the absence of other acids and
bases, indoor levels of basic NH; (15-75 ppb) and acidic CO,
(500-1000 ppm) would maintain condensed water at a neutral
pH (~7-7.5 pH under typical conditions).”® However, organic
acids may also influence pH. They are the most abundant class
of WSOGs in indoor air;* they are polar organic compounds,
can be expected to be present in indoor surface films,* and the
partitioning of small carboxylic acids is already known to
influence pH conditions of atmospheric aerosols.’”'** As
a result, indoor surface films are predicted to be neutral (pH ~
7) to slightly acidic (pH < 7) from heterogenous acid-base
chemistry, but surface pH is largely unknown.*®* Deposited
particles could be key sites for acidic conditions on surfaces,
although indoor conditions (e.g., NH; levels) are expected to
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partially neutralize strong acidic aerosols transported in from
outdoors,*®'2***! where their pH is typically much lower (e.g.,
0.5-3 in the southeastern US).”**?

In this study (Fig. S6t) and others,>'** spectral images
identified carbonyl and/or carboxylate functionalities (suggest-
ing protonated and deprotonated forms) in deposited particles
on soiled glass; these could be largely attributed to fatty acids
from cooking emissions. Acid-catalyzed decomposition would
not explain the observed surface aging, as the acid responsible
for bond cleavage would be recycled and available for additional
chemistry. Perhaps aqueous-mediated ROOH decomposition
into volatile products dominates removal at near steady-state
conditions, especially at high RH where removal was sus-
tained for longer.

As in aerosols,*****7'** multiphase ROOH chemistry could
directly oxidize reduced species present on indoor surfaces,
altering both the composition of the indoor air and the indoor
surfaces. Multiphase oxidation of sulfite by 1,2-ISOPOOH in
aerosols is predicted to produce 3% of total aerosol phase
sulfate in the southeastern US*” and produces MVK, hydrated
formaldehyde, hydroxymethanesulfonate (HMS), 2-methyl-3-
butene-1,2-diol, and acetic acid with 30%, 30%, 22%, and 5%
molar yields, respectively.®® SO, (Ky: 1.3 mol L' atm ')® is
estimated to be around 6 ppb indoors in the absence of indoor
sources (ie., kerosene space heaters) and to be taken up to
surfaces with an inferred v4 of 0.005 cm s~ ' where it can convert
to bisulfite (HSO;™) in the presence of adsorbed water.*®
Hydrogen peroxide oxidation of sulfite in the aqueous phase is
already very well-known.'* Furthermore, methyl hydroperoxide,
peroxyacetic acid,'®® tert-butyl hydroperoxide, cumene hydro-
peroxide, 2-butanone peroxide,” and limonene-O; derived
peroxides™ have also been shown to oxidize sulfite. Humid
conditions facilitate SO, uptake to aerosols."” However, this
chemistry is also pH dependent, with low aerosol pH increasing
peroxide reaction rates with dissolved SO, in the aqueous
phase.”* The pH dependency of this chemistry was generally
greater for H,0, than organic peroxides.*>** Similarly, hydrogen
peroxide has been shown to oxidize both nitrite in the presence
of iron and nitrous acids into NO,."** Because of the substantial
contribution of organics on soiled indoor surfaces, it is worth
also considering the potential for multiphase oxidation of
organic species by ROOH in the indoor environment.

It is also possible that accretion reactions may be respon-
sible, in part, for the observed surface aging due to consump-
tion of reactants or low volatility products that change film
properties such as a lowering of viscosity that can impede
diffusion. Another peroxide chemical pathway in aerosols is
ROOH nucleophilic addition with condensed aldehydes form-
ing peroxyhemiacetals;******® it is unclear if this chemistry
would be reversible or not. Oxidation chemistry,”®** material
off-gasing™® and human activities™®" are sources of indoor
aldehydes,*** some of which are semi- and low-volatility and can
partition or accumulate in indoor surface films,******* where
they could reasonably participate in reactive uptake of ROOHs.
ROOHSs can also react directly with Criegee intermediates from
ozone chemistry, forming oligomeric ROOHs that should favor
condensed phases.'*
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Implications

As with O3, deposition to surfaces may be an important sink
that reduces ROOH concentrations in indoor air. Indoors,
surface area-to-volume (S/V) ratios are orders of magnitude
greater than outdoors.*® A typical S/V ratio for a furnished room
is 3 m~!,*% excluding microscopic surface area.”” The average
initial (after 8 minutes of exposure) vg; for 1,2-ISOPOOH under
humid conditions across homes was 0.05 cm s~ " (or 1.6 m h™1).
Assuming this deposition velocity can be applied to all indoor
surfaces, a given S/V ratio and average v4 can be used to estimate
a loss rate to surfaces (k;):*

ks = VdiS/V (3)

Therefore, the loss rate of gaseous ROOH to surfaces in
a typical room would be ~4.8 h™" (using the range of initial vg;,
ks = ~3-6 h™") which is greater than the typical range of air
changes per hour (0.2-2.0 ACH),*"*** and mean residential ACH
in large scale studies (0.76 ACH in 2844 US homes in a single
study® or 0.5 ACH in 10 000 homes compiled from global data
from different studies'); using the reported average vg;
(0.01 cm s ") across exposure times and observed under humid
conditions, the surface removal rate would decrease to ~1 h™,
which is competitive in scale with ventilation rates. A peroxide
loss rate greater than typical ACH suggests surface removal
would be an important loss mechanism for gas-phase ROOHs
that may lower human inhalation exposure to peroxides. In
contrast, the average vq; and k; to clean glass was only 0.1 m h™!
and 0.3 h™', respectively, indicating authentic surface films
enhanced ROOH loss rates to glass surfaces by a factor of ~3.3
in the presence of humidity. Surface removal rates of ROOH by
materials with higher intrinsic surface area (e.g., fleecy or rough
surfaces like paint) and surfaces that accumulate surface grime
more rapidly (e.g:, floors), are likely to be higher.

Nazaroff et al.®* calculated average indoor O3 loss rates over
all surfaces (including windows) from measurements in
homes™® or single bedrooms,® ranging from 0.05-1.2 h™'.
More recently, measurements of unperturbed O; dynamics in
an occupied California residence yielded loss rates between 0.8-
2 h™" with an overall best-fit of 1.3 h™".*® This was on the low
end of loss rates observed from perturbed indoor environments
(e.g., injecting O3), which ranged between 1-8 h™' with an
average of 2.8 h™' across 43 homes in California.'*®*** Duncan
et al.** observed WSOG loss rates in the range of 0.2-2.2 h™" in
a residence, with more oxygenated species decaying faster; no
specific ROOHs were identified and the S/V ratio accounting for
furnishing was not reported. H,0, (Ky: 1.2 x 10° mol L™"
atm ') decay rates after regular cleaning activities were
recently measured in a test-chamber designed as a residential
room and ranged from 8.5-37.1 h™*, which was much higher
than the room ventilation rate (0.51 h™") and increased with the
S/V ratio of the room.*® Zhou et al.* also observed a 1.8 h™"
decay of H,O, after a deep-cleaning perturbation, where
peroxide cleaning solution was allowed to evaporate for a pro-
longed period. Furthermore, Zhou et al.** performed elevated
ventilation experiments after which perturbed H,0, mixing
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ratios did not rebound, strongly indicating that some surface
removal was an irreversible process because of reactive uptake.
Zhou et al.*® postulated that H,O, could have reacted with
components in wood and paint (e.g., titanium oxide in white
wall paint)'* in the model room. In a real indoor environment,
reactions could also occur in surface films and other materials
(e.g., furnishing or carpets).

Overall, loss rates suggest ROOH concentrations indoors
should be highly regulated by indoor surface dynamics. In the
present study, ROOH irreversible removal would have to be
from chemistry in surface films on humidified soiled glass or in
residual films on cleaned glass. In addition to published esti-
mates for ROOH decay rates indoors, dynamics reported here
should be considered as inputs for the dynamics of ROOHs in
indoor models.

Limitations

In this work, 1,2-ISOPOOH was used as a model indoor ROOH
to represent the dynamics of this class of indoor pollutants with
real indoor surfaces. Like outdoors,’®**'*'-'** there is likely
a plethora of ROOH compounds present indoors, due particu-
larly to oxidation of indoor terpenes (e.g., from air fresheners,
cleaning products, wood materials)**>*** but also from poly-
cyclic aromatic hydrocarbons (e.g.,, from pest repellant,
deodorant, cooking)"”'*® and a variety of other potential sour-
ces.” Indoor surfaces should be a key site for the generation and
consumption of ROOHs derived from heterogeneous chemistry
of O3 (ref. 89) and OH"* with sorbed organics and consumption
of ROOHs derived from gas-phase oxidation.'*® However, indoor
ROOH is largely uncharacterized at the molecular level. Thus,
the appropriateness of 1,2-ISOPOOH to represent the properties
and behavior of all ROOH is not guaranteed.

In real homes, additional factors will also influence the fate
of surface-associated peroxides. For example, real windows are
exposed to sunlight during the day and loss of surface-
associated organic peroxides via photolysis and photooxida-
tion is plausible. While plausible, Zhou et al.*® concluded that,
unlike outdoors, photolysis and photooxidation of H,0, is
small to negligible indoors, estimating that these processes
account for 0% and 0.3% of indoor H,O, losses, respectively.
Unlike in our experiments, indoor environments experience
dynamic variations in concentrations of semi-volatile acids and
bases that influence surface acidity and therefore surface
chemistry.”® Additionally, rough, fleecy or porous surfaces (e.g.,
carpets and painted drywall) are found indoors and can be ex-
pected to have a larger deposition velocities than to soiled
glass.”® Also, permeable materials such as painted drywall are
expected to have higher moisture contents at a given RH than
window surfaces.®® This may increase capacity for sorptive
partitioning of water-soluble gases but could also dilute surface
film acidity, affecting reaction pathways.”®

The uptake dynamics reported herein changed with ROOH
exposure times, from 8 minutes to hours of exposure for soiled
surfaces. Thus, there is some uncertainty concerning the most
appropriate values to use when modeling. As discussed, we
recommend the use of initial values (vg;: 0.03-0.06 cm s~ ) for
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modeling applications. Furthermore, the reported parameters
are most applicable to vertical and smooth impermeable
surfaces in the living or dining areas of residences, as they may
be soiled more similarly to the glass used in this study.
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