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ABSTRACT: Photochemistry is a largely unconsidered
potential source of reactive species such as hydroxyl and
peroxy radicals (OH and HO,, “HO,”) indoors. We present
measured wavelength-resolved photon fluxes and distance
dependences of indoor light sources including halogen,
incandescent, and compact fluorescent lights (CFL) commonly
used in residential buildings; fluorescent tubes common in
industrial and commercial settings; and sunlight entering
buildings through windows. We use these measurements to
predict indoor HO,, production rates from the photolysis of
nitrous acid (HONO), hydrogen peroxide (H,0,), ozone
(0y), formaldehyde (HCHO), and acetaldehyde (CH;CHO).
Our results suggest that while most lamps can photolyze these
molecules, only sunlight and fluorescent tubes will be

important to room-averaged indoor HO, levels due to the strong distance dependence of the fluxes from compact bulbs.
Under ambient conditions, we predict that sunlight and fluorescent lights will photolyze HONO to form OH at rates of 10°—10’

molecules cm™

s7!, and that fluorescent lights will photolyze HCHO to form HO, at rates of ~10° molecules cm™ s7'; rates

could be 2 orders of magnitude higher under high precursor concentrations. Ozone and H,0, will not be important
photochemical OH sources under most conditions, and CH;CHO will generally increase HO, production rates only slightly. We
also calculated photolysis rate constants for nitrogen dioxide (NO,) and nitrate radicals (NO;) in the presence of the different
light sources. Photolysis is not likely an important fate for NO; indoors, but NO, photolysis could be an important source of

indoor Os.

B INTRODUCTION

The composition of the outdoor atmosphere is driven by
photochemistry. Photolysis of trace gases produces species such
as hydroxyl radicals (OH) and peroxy radicals (HO,).
Collectively called “HO,”, these radicals control the oxidizing
capacity of the troposphere. HO, “scrubs” the atmosphere by
reacting rapidly and nonselectively with trace gases to produce
more oxidized and water-soluble products that are washed out
during rain events. Sources and sinks of HO, are a key theme of
atmospheric research.

Much less effort has been devoted to investigating chemistry
indoors, despite the fact that people spend over 80% of their
time indoors,' and indoor air quality is known to affect
occupant health (for example, there is an entire body of
literature on “sick building syndrome”).””* Until the 1990,
indoor air composition was thought to be controlled by air
exchange with the outdoors. Despite research in 1986 that
described a number of reactions that could alter indoor air
composition,” it was another ten years before OH production
indoors via ozone—alkene reactions was demonstrated
experimentally.® This mechanism has until very recently been
thought to be the only significant OH source indoors.
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While radicals such as HO, are generated primarily through
photolysis outdoors, photons with wavelengths shorter than
~400 nm that can initiate photochemistry are largely expected
to be absent indoors. However, several researchers have
suggested that photochemistry could affect indoor air quality
despite the attenuation of UV light, and a recent study
demonstrated that sunlight indoors can photolyze nitrous acid
(HONO) to form OH.”>”® In fact, under some conditions,
HONO photolysis could be the dominant indoor OH source.
Since then, further studies have reported on the effects of
combustion on HONO formation and photochemical OH
production, on indoor solar photon fluxes in different locations
and at different times, and on the potential for nitrogen dioxide
(NO,) and nitrate radicals (NO;) to undergo photolysis
indoors.”"°

Having established that photochemistry can significantly
influence indoor air composition, two pressing questions
emerge: (1) Can illumination from sources other than sunlight
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initiate indoor photochemistry? And (2) can photolysis of
species other than HONO contribute to indoor HO,? With
respect to the first question, artificial light sources provide the
majority of interior illumination in developed countries. While
emission of light bulbs has been well-characterized in the visible
region, the same is not true in the UV. The need for such work
has not gone unnoticed: There have been several recent calls
for characterization of indoor light sources in the actinic region
in order to better understand indoor chemistry and air
quality.l 1-15

Currently, HONO is the only species that has been shown to
photochemically produce HO, indoors.”'”'® However, several
other species could be potential photochemical HO, sources,
including ozone (O;), hydrogen peroxide (H,0,), form-
aldehyde (HCHO), and acetaldehyde (CH,CHO). In this
work we report wavelength-resolved photon fluxes and distance
dependences of artificial light sources as well as of sunlight
filtered through a window. We also predict photochemical OH
and HO, production rates indoors due to irradiation of the
chemical species listed above by the different light sources. Our
results indicate that under some conditions artificial light
sources could contribute significantly to indoor HO, levels, and
that species other than HONO may be important indoor
photochemical HO, sources.

B MATERIALS AND METHODS

Light Sources. “Soft white” 60 or 60 W equivalent light
bulbs (“compact bulbs”) were purchased: halogen (GE),
incandescent (Electrix), compact fluorescent lightbulb (CFL,
Sylvania), and light emitting diode (LED, Osram). Several
halogen and CFL light bulbs with different powers were also
purchased, as was a GE 3500 K bright white 32 W fluorescent
tube. The compact bulbs were placed in a standard light bulb
fixture, and the fluorescent tube was placed in a single bulb
shop light fixture (Utilitech). Wavelength-resolved photon
fluxes (F) were measured at distances from the bulb ranging
from 2 mm to 3 m. Photon fluxes from fluorescent tubes were
measured in situ in two offices in the Syracuse University
chemistry building at distances ranging from 8.2 cm to 1.7 m.
Sunlight fluxes were also measured in the chemistry building;
details of the sampling sites are provided in the Supporting
Information (SI).

Photon Flux Measurements. Light was collected by a 1 m
fiber optic cable (Thorlabs) with a cosine corrector attached to
an Ocean Optics USB4000 spectrometer. All measurements
were acquired with the detector oriented directly toward the
light source to maximize light collection. A computer fan was
attached to the spectrometer to dissipate heat and improve the
signal-to-noise ratio. The spectrometer was calibrated using a
DH-2000-CAL lamp (Ocean Optics), and a UVP Pen-Ray PS-1
mercury lamp was used for spectral calibrations. Spectral
integration times were set by the instrument software to
maximize signal (sunlight ~1.5 ms, halogen and incandescent
~4 s, LED ~3 s, fluorescent bulbs and tubes ~0.10 ms); 10
scans were averaged for each measurement. Further details
about signal processing and error analysis are provided in the
SL

Quality control experiments were performed to ensure that
scattered light did not introduce artifacts to our measurements;
these are described in the SI. The results indicate that our
irradiance measurements capture the vast majority of the total
actinic flux, and that any uncertainty in photon fluxes
introduced by scattering would be much smaller than that

introduced by, e.g, different window composition, bulb types,
and (in the case of sunlight) times of day or year.

HO, Production Rate Calculations. The measured
photon flux from each light source was used to calculate
photolysis rate constants (J) for the HO, precursors discussed
above:

A
] = A c()P(A)E, di "

where A is the wavelength, ¢ is the absorption cross-section of
the molecule, and ¢ is the photolysis quantum yield of the
product of interest (Figures S3—S6 in the SI).

We also calculated overtone photolysis rate constants of
H,0,, in which vibrationally (but not electronically) excited
H,0, decomposes after absorbing light at 603 or 615 nm."”
Overtone photolysis contributed to between 1% and 13% of the
total H,O, photolysis rate constant, depending on the light
source (except for the LED and covered fluorescent tube,
where it accounted for 99% and 65%). The reported H,O, rate
constants are the sum of direct and overtone-initiated
photolysis rate constants. A full description of the overtone
photolysis calculations and results is provided in the SL

HO, production rates were calculated from eqs 2—6 using
mixing ratios of H,0,, HONO, O;, HCHO, and CH;CHO
relevant to indoor residential environments. A full discussion of
the calculations used to arrive at these equations is provided in
the SI.

rate = 2y, , [H,0,] @)
rate = J, - [HONO] 3)
rate = 0.19] 1) [Os] 4)
rate = 2J_,[HCHO] (s
rate = ] [CH,;CHO] (6)

We also calculated photolysis rate constants for nitrogen
dioxide (NO,) and nitrate radicals (NOj;). These compounds
absorb light at longer wavelengths and have been suggested to
photolyze readily indoors.” Details are provided in the SI.

B RESULTS AND DISCUSSION

Measured Photon Fluxes. Figure la shows wavelength-
resolved photon fluxes for the compact bulbs; extended spectra
and tabulated photon fluxes are provided in Figure S8 and
Tables S12 and S13 in the SI. The LED has very little intensity
at short wavelengths, with no emission observed below 400 nm.
The emission intensity from halogen and incandescent bulbs
increases with increasing wavelength; weak emission is
observed at wavelengths as short as 300 nm. Emission from
the CFL consists of a number of sharp peaks that correspond to
mercury emission lines.

Figure 1b shows photon fluxes from a fluorescent tube and
from fluorescent lights in two offices. The fluorescent tube has
the same spectral features as the CFL shown in Figure la, but
has an additional broad hump between 300 and 360 nm and a
sharp peak at 312 nm. The lights in one office were covered by
a plastic shade, while those in the second office were uncovered.
Emission from the covered fixture has a similar profile (but
lower overall intensity) than that from the CFL, while the
uncovered fixture shows the same emission at short wave-
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Figure 1. Spectra of (a) 60 W (or equivalent) compact bulbs, and (b)
sunlight indoors, fluorescent lights in an office, and a single fluorescent
tube between 290 and 410 nm. “U” and “C” refer to office light fixtures
that were bare (uncovered) and shaded (covered). The CFL photon
flux is plotted on the right y-axis of panel (a); fluxes from all other light
bulbs are plotted on the left y-axis. Photon fluxes from sunlight were
measured indoors (Lat. +43.0889, Lon. —76.1545) at noon beside a
southward facing window in direct sunlight. Spectra were acquired
directly adjacent to the light sources.

lengths as the individual fluorescent tube shown in Figure 1b.
These features likely exist in the CFL and the covered
fluorescent tube, but are absorbed by the bulb casing and the
plastic cover, respectively. This feature has not to our
knowledge been reported previously. To ensure that this
emission was real, we acquired spectra of a Philips fluorescent
tube with our spectrometer and with an Optronix radiometer.
As shown in the SI, the emission at short wavelengths was
detected by both spectrometers. We also acquired spectra from
three different types of fluorescent tubes. As shown in Figure
S9 in the S, the emission at short wavelengths was observed for
all three lights. These features appear, therefore, to be real and
not unique to one particular brand of bulb. Figure 1b also
shows the wavelength-resolved photon flux from sunlight
measured directly in front of a window at noon on February 3,
2015. No penetration was observed indoors at wavelengths
shorter than 330 nm, and negligible emission was observed
when the detector was not in direct sunlight.

Figure 2 shows photon fluxes at several wavelengths for
halogen and CFL bulbs of different powers. LEDs were also
analyzed, but emission at wavelengths shorter than 400 nm was
not observed, so they are not shown. Photon fluxes increased
linearly with power for both halogens and CFLs. The spectral
profile of CFL bulbs was the same at all powers tested, while
the higher wattage halogen bulbs exhibited emission at shorter
wavelengths than those observed for the 60 W equivalent bulb.
It is likely that the 60 W bulb also emits at these shorter
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Figure 2. Photon fluxes at individual wavelengths for (a) CFLs and
(b) halogen bulbs of different powers. The dashed and dotted traces
are linear fits to the data. Vertical solid gray lines show the
incandescent bulb equivalent power.

wavelengths, but that the emission is below the detection limit
of our instrument. These results will enable scientists to
extrapolate photon fluxes to lamps of different powers.

Distance Dependences. We measured photon fluxes of
each light source as a function of distance. Figure 3 shows CFL
and fluorescent tube photon fluxes at several wavelengths
normalized to the flux near the lamp. Distance dependences for
the other lamps are shown in the SI. The dependence for the
compact bulbs was d™%, where x ranged from 1.56 to 1.72. This
dependence was the same at each wavelength investigated.
Photon fluxes from the fluorescent tube varied with d**2. This
deviation from inverse square law for a point source is due to
the shape of the bulb.

The uncovered fluorescent light fixtures in the office (shown
in the SI) varied with d™%*° in the visible and d=>%® in the
ultraviolet. The somewhat poor fit of the data in the UV to a
power law is likely due to contributions from the intensity from
wavelength-dependent reflection and scattering from the light
fixture. The fit captures the intensity relative to that near the
source well at most distances, and should introduce only minor
uncertainty to distance-dependent photochemical kinetic
predictions. Photon fluxes from covered fluorescent tubes in
the visible were similar to those from uncovered fluorescent
tubes in the UV, with a distance dependence of d~"%*’; intensity
in the UV was too low to acquire a distance dependence.
Photon fluxes from fluorescent tubes remained above 10% of
original intensity within a distance of 1.3 m from the source,
and above 1% within approximately 1.7 m. Figure 3b shows
that photon fluxes from sunlight entering a room through a
window remained above 90% of the flux measured at the
window at distances as great as 2.4 m. In agreement with a
previous study, sunlight photon fluxes were largely independent
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Figure 3. Photon flux as a function of distance normalized to
measured flux at 10 cm from the source (for bulbs) or 6.6 cm from the
window (sunlight) for (a) a CFL and (b) a fluorescent tube (open
symbols) and sunlight (solid symbols). The dashed trace in panel (a)
is a fit to the averaged data at the three plotted wavelengths. The
dashed trace in panel (b) is a fit to the averaged data of all Hg peaks
from the fluorescent fixture between 365 and 708 nm (intensity at 312
nm was too low to acquire a good fit), and the dotted trace is a linear
fit to the averaged sunlight data.

of distance from the window because the sun (rather than the
window) is the point source; given the distance between the
sun and the earth, a change in radius of a few meters will not
affect the photon flux.'®

Predicted Photochemical HO, Production Rates. HO,
production rates depend on both the photolysis rate constant
and the mixing ratio of each precursor molecule. We used
literature absorption cross-sections and quantum yields along
with measured photon fluxes to calculate photolysis rate
constants for H,O0,, HONO, O; HCHO, and CH,;CHO
immediately adjacent to indoor light sources (Table SS in the
SI). Table 1 lists expected minimum and maximum indoor
mixing ratios of H,0,, O;, HONO, HCHO, and CH;CHO, as
well as a “typical” value that represents a likely indoor mixing
ratio in cities during a summer day based on the available

Table 1. Expected Indoor Minimum, Maximum, and Typical
Mixing Ratios for the HO, Precursors H,0,,""*°
HONO,”*"** 0,2 HCHO,”~** and CH;CHO**~*
Based on Measured and Predicted Values

precursor minimum (ppb) maximum (ppb) typical (ppb)
H,0, 0.1 10

HONO 0.1 20 S

O3 0.1 200 20
HCHO 3 600 20
CH,CHO 1 50 10

literature. Justifications for our selected values are provided in
the SI. Table 2 lists photochemical HO, production rates
calculated using eqs 2—6 at typical precursor mixing ratios. HO,
production rates at predicted minimum and maximum indoor
precursor concentrations are reported in the SI. The rates listed
are those expected directly adjacent to the light source. As
discussed above, all of the light sources except for the
fluorescent tubes and sunlight depend strongly on distance.
We therefore also calculated expected HO,, production rates 1
m away from the source (Table 3). This distance was chosen
because an average adult’s head will be approximately 0.9 m
from the ceiling of a 2.7 m tall room when standing, and 1.2 m
from the ceiling when sitting. In a standard 2.4 m tall office, an
average human’s head will be 0.6 and 0.9 m from the ceiling
when standing and sitting, respectively.

Dark HO, Production Routes Indoors. As discussed in
the Introduction, the only indoor OH source that is generally
considered to be important is ozone—alkene reactions. For 20
ppb O; indoors and typical alkene concentrations, OH is
expected to be produced at a rate of ~1.22 X 107 molecules
em ™ s71.° Production will be significantly less at night due to
lower O; concentrations.”> The primary indoor HO,
production routes currently considered are physical transport
from outdoors (which occurs at a rate of approximately 1.86 X
10° molecules cm™ s™! during the day based on a standard air
exchange rate of 1 h™' and 25 ppt HO,, and is negligible at
night due to low outdoor HO, levels), and radon decay, which
produces HO, at a rate of 20.7 molecules cm™ s™' for 48 Bq
m™ radon.”**” Even at high indoor radon levels (~90 Bq
m~®), HO, production from radon decay will still be
insignificant compared to physical transport.’® For photo-
chemistry to be an important indoor HO, source, photo-
chemical HO,, production rates must be competitive with dark
production rates.

Photochemical HO, Production Indoors. As shown in
Table 2, LEDs will not initiate significant photochemical HO,
formation under any circumstances, and HO, production
initiated by covered fluorescent tubes will be too slow to be
important. Halogens, incandescents, and CFLs are all capable
of forming OH and HO, (from HONO and HCHO photolysis,
respectively) at rates greater than 10% of those from dark
processes. This is only true near the light source, however. At
average head height, HO, production from these light sources
will be negligible. Fluorescent tubes can initiate HO,
production rates greater than 10% of those from dark sources
up to distances of 1 m for OH from HONO photolysis and 1.9
m for HO, from HCHO photolysis. HO, production rates from
sunlight will be similar to those near windows in all fully
illuminated indoor regions. We therefore focus our discussion
on fluorescent tubes and sunlight. The values discussed for
fluorescent tubes are for the uncovered fluorescent fixtures in
an office, as this is the configuration that is most relevant to
actual illumination conditions in buildings. Ozone and H,O,
are predicted to be largely unimportant to indoor OH
formation; these molecules are discussed in the SI.

Nitrous Acid Photolysis. Previous studies have reported
that OH production from HONO photolysis may occur as
rapidly as ozone—alkene reactions under some conditions.”'®
Between 5:00 and 7:00 p.m. in the summer, rates ranging from
0.1 to 2.9 X 10" molecules cm™ s™! were reported in a room
containing 1.2 to 3.2 X 10'" molecules cm™ (4.5 to 12 ppb)
HONO, illuminated only by sunlight entering through a
window.” Using our measured solar photon fluxes, we predict a
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Table 2. Predicted Indoor OH Production Rates from H,0,, O;, and HONO Photolysis, and HO, Production Rates from
HCHO and CH;CHO Photolysis Directly Adjacent to Different Illumination Sources under Typical Precursor Mixing Ratios

production rate (molecules cm™ s7")

OH HO,
light source H,0, O; HONO HCHO CH,;CHO
LED 9.90 x 107 7.44 none none none
halogen 1.18 x 10* 4.82 x 10* 1.05 x 107 7.34 X 10° 2.11 x 10*
incandescent 1.25 x 10* 1.86 x 10° 8.52 X 10° 9.14 X 10° 4.57 x 10*
CFL 2.44 x 10* 7.40 X 10° 442 x 107 149 X 10° 1.03 x 10°
fluorescent tube 6.38 x 10* 9.05 X 10° 1.20 X 107 5.86 X 10° 3.54 X 10°
office fluorescent (C)“ 3.50 x 107 9.00 x 10! 1.19 X 10° none none
office fluorescent (U)“ 573 x 10* 8.82 X 10° 9.51 x 10° 5.62 % 10° 3.35 X 10°
sunlight” 7.38 X 10° 2.34 x 10° 1.70 X 107 6.22 x 10° none

““C” and “U” refer to covered and uncovered fluorescent tubes, respectively. YValues assume direct sunlight.

Table 3. Predicted Indoor OH Production Rates from H,0,, O;, and HONO Photolysis, and HO, Production Rates from
HCHO and CH;CHO Photolysis 1 m from the Illumination Sources under Typical Precursor Mixing Ratios Based on Measured

Distance Dependences

production rate (molecules cm™ s7")

OH HO,

light source H,0, 0O, HONO HCHO CH;CHO
LED 1.78 x 10! none none none none
halogen 2.59 x 10 1.06 x 10° 2.35 x 10° 1.61 x 10* 4.63 x 10°
incandescent 2.74 x 107 4.10 x 10° 1.88 x 10° 2.01 x 10* 1.01 x 10°
CFL 3.66 X 10* 1.11 x 10? 6.63 X 10° 223 X 10° 1.55 x 10
fluorescent tube 2.74 X 10° 3.89 x 10* 5.17 x 10° 2.52 x 10° 1.52 x 10*
office fluorescent (C)“ 5.11 x 10" 1.31 x 10 1.74 x 10* none none
office fluorescent (U)“ 8.43 x 10° 130 x 10° 1.40 x 10° 8.26 x 10° 493 x 10*
sunlight” 6.64 X 10° 2.10 X 10° 1.53 x 107 5.60 x 10° none

a«

C” and “U” refer to covered and uncovered fluorescent tubes, respectively. YValues assume direct sunlight.

production rate of 1.5 to 4.0 X 107 molecules cm™ s™" at noon

in the winter for the same range of HONO mixing ratios; these
rates are in good agreement with the measured rates, despite
differences in location, date, and time.” Photon fluxes predicted
by the Tropospheric Ultraviolet and Visible (TUV) Radiation
Model (Figure S15 in the SI) suggest that photon fluxes from
direct sunlight (outdoors) during our experiments and those of
Gomez Alvarez et al. were similar.”**

Hydroxyl radical production from HONO photolysis
initiated by artificial light sources has not been considered. As
shown in Tables 2 and 3, we predict OH production rates from
HONO photolysis by fluorescent fixtures of 9.5 X 10°
molecules cm™ s™! near the lamp and 1.4 x 10° molecules
cm™ 57! at a distance of 1 m. If HONO mixing ratios are at the
high end of the reported range of measured values, then the
predicted OH production rates (provided in the SI) increase to
6.8 X 107 molecules cm™ s in the presence of sunlight and
3.8 X 107 molecules cm™ s™' in the presence of fluorescent
lights (5.6 X 10° molecules cm™ s™' 1 m away). Production
rates from sunlight are similar to those from ozone alkene
reactions at typicall HONO concentrations, and up to 6X
greater at high concentrations. Rates from fluorescent tubes will
be similar to dark rates near the lamp at ambient concentrations
and ~10% of dark rates 1 m away. At high concentrations the
rate will increase to 50—300% of the dark rate depending on
the distance from the bulb. Our results support previous claims
that HONO photolysis can be an important indoor OH source,
and show that this may be the case even in the absence of

sunlight.

10427

Formaldehyde Photolysis. For HCHO photolysis to be
an important indoor HO, source, HO, production rates must
be on the same order of magnitude as physical transport (1.86
X 10° molecules cm ™ s™").* At a typical indoor HCHO mixing
ratio of 20 ppb, we predict that HO, production rates from
photolysis by fluorescent lights will be similar to that from
physical transport even at a distance of 1 m from the bulb, while
the production rate due to sunlight is predicted to be 0.3% of
that from physical transport. At high HCHO mixing ratios (on
the order of 600 ppb) photolysis will be the dominant indoor
HO, source under illumination from fluorescent lights, with
predicted rates of 1.7 X 10°® molecules cm™ s™" near the light
fixture and 2.5 X 107 molecules cm™ s™' at 1 m. At high
concentrations sunlight will photolyze HCHO to form HO, at
a rate of 1.7 X 10° molecules cm™ s™!, which is ~10% of the
rate from physical transport.

Acetaldehyde Photolysis. At typical indoor aldehyde
concentrations, HO, production from acetaldehyde photolysis
will be 6% that from formaldehyde photolysis. Acetaldehyde is
therefore not expected to be an important source of HO, under
ambient conditions, but it will contribute slightly to HO,
production rates. In indoor spaces with high human occupancy,
CH;CHO levels will increase relative to HCHO levels, and
acetaldehyde’s contribution to indoor HO, levels will become
more important.

Nighttime HO, Production. At night, outdoor OH and O,
levels are very low, and, with some exceptions, dark indoor OH
production rates are expected to be negligible.””*” Further, the
absence of sunlight means that photochemistry will be
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restricted to reactions initiated by artificial light sources. If
nighttime indoor HONO levels are similar to daytime levels,
HONO photolysis will likely be the only important indoor OH
source under these conditions. Diurnal NO, profiles have been
reported in a commercial building, with daytime maxima
ranging from 10 to 40 ppb, and nighttime minima ranging from
1 to 15 ppb.”**" Different diurnal profiles may be observed in
residential buildings, where combustion (for example from
cooking) will increase NO, mixing ratios in the evenings when
people are generally at home, thereby increasing HONO levels.
HONO photolysis may therefore be an important OH source
even at night. Physical transport is a negligible source of indoor
HO, at night, and production from radon decay is very small,
so we predict that HCHO photolysis (with minor contributions
from CH;CHO) will be the only significant indoor HO, source
at night.”

HO, Production Near Light Sources. As discussed above,
only fluorescent tubes and sunlight are expected to affect room-
averaged HO, levels due to the strong distance dependence of
emission from the other light sources. However, some of these
light sources may create elevated local HO, mixing ratios in the
vicinity of the light source. For example, OH and HO, from
HONO and HCHO photolysis near halogen, incandescent, and
CFL bulbs are predicted to form at similar rates as dark
production methods at ambient precursor concentrations.
People often spend time in close proximity to artificial light
sources, for example when eating dinner (with illumination
from a dining room chandelier) or reading or working (with
illumination from a desk or floor lamp). In confined spaces,
such as prefab trailers, people will be on average even closer to
light sources. Given the high formaldehyde concentrations
measured in prefab trailers, this could lead to significant HO,
mixing ratios near head height in these spaces.

Photolysis of NO, and NO;. While the focus of this work
was on species that photolyze to form HO,, other photo-
chemical reactions may be important to indoor air quality. For
example, NO, photolysis forms O;, and NOj; is an important
oxidant outdoors at night when HO, levels are low.*!
Photolysis rate constants for these species have recently been
calculated for illumination by sunlight indoors.” We calculated
photolysis rate constants due to different light sources (Table
S10 in the SI). Our predicted NO, photolysis rate constant
from sunlight of 1.4 X 107> s™" is in excellent agreement with
that of Gandolfo et al. ((1.41 + 0.10) X 107 s' in the
summer), and slightly higher than the rate constants reported
by Gomez Alvarez et al. (~7 X 107 s71).”” The rate constant
from fluorescent light fixtures is ~30% of that from sunlight
near the lamp, and decreases to ~4% at a distance of 1 m.
Ozone production via NO, photolysis is therefore likely only
important in sunlit regions indoors. For 25 ppb NO, indoors
we predict an O, production rate of 1.9 X 10° molecules cm™
7121334992 This could increase indoor Oj levels by a factor of
S compared to levels expected based only on physical transport
from outdoors (3.8 X 10°® molecules cm™ s™' for an air
exchange rate of 1 h™' and an outdoor O concentration of S0
ppb) in a fully sunlit room.

We calculated NO; photolysis rate constants of 7.6 X 1072
s™' (to generate NO, and O(°P)) and 9.3 X 107* s™' (to
generate NO and O,) in the presence of sunlight; rate
constants due to fluorescents were ~50% and ~80% of those
from sunlight near the lamp, and were ~7% and 12% 1 m away.
Our rate constants calculated in sunlight were in agreement
with those measured by Gandolfo et al. in summer ((7.48 +
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0.37) X 107 s7* to form NO, and (9.22 + 0.46) X 103 s  to
form NO).” We calculated a photolysis lifetime of 12 s in
sunlight (Table S11); this is similar to that for reaction with
NO (16 s for 10 ppb NO), but much longer than that expected
due to reactions with monoterpenes (<1 s).”~* Any NO,
formed indoors will be rapidly titrated by organics, and we do
not expect photolysis to be an important fate.

Atmospheric Implications. The wavelength-resolved
photon fluxes and distance dependences of common light
sources that we report are needed to accurately account for
photochemistry in indoor chemistry models. Our calculated
HO, production rates support previous reports that HONO
photolysis initiated by sunlight will be an important indoor OH
source, and further suggest that HCHO photolysis will be an
important indoor HO, source. They also indicate that light
sources other than sunlight—especially fluorescent tubes—may
initiate photochemical HO, production indoors.

Our results demonstrate that small changes in lighting
conditions may greatly alter the oxidizing capacity of indoor
spaces. For example, the striking difference in predicted HO,
production rates from covered and uncovered fluorescent tubes
suggests that indoor HO, levels may be significantly reduced
simply by covering light fixtures. Our results also suggest that
localized HO, levels (near lamps) indoors may change as
incandescent bulbs are phased out in many countries.

The implications of elevated indoor HO,, levels on indoor air
quality and human health are unclear. Oxidation may help
remove organic species from the air, but the oxidized products
may be more harmful than the unoxidized precursors. For
example, aldehydes, ketones, and organic and inorganic acids,
which are likely products of reactions indoors initiated by
HO,,**™** can be airway irritants.”*~>® Hydroxyl radicals can
also react with common indoor pollutants such as polybromi-
nated diphenyl ethers (PBDEs), forming more toxic products
such as dioxins.”” Finally, reactions between HO, and organic
molecules such as a-pinene and -limonene may contribute to
the formation and growth of aerosols, which are associated with
negative health effects.’®*”* This work indicates a need for
future studies to quantify indoor HO, production rates from
various precursor molecules and light sources, to measure HO,
levels indoors, and to investigate the effects of elevated indoor
HO, levels on air quality and human health.
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