
Environmental
Science
Processes & Impacts

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

/1
4/

20
26

 7
:0

2:
08

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Oxidant concent
aDepartment of Chemistry, University of

E-mail: tara.kahan@usask.ca
bDepartment of Chemistry, Syracuse Univers
cDepartment of Civil and Environmental En

USA

† Currently at School of Engineering, Ea
China.

Cite this: Environ. Sci.: Processes
Impacts, 2025, 27, 1573

Received 29th May 2024
Accepted 8th July 2024

DOI: 10.1039/d4em00319e

rsc.li/espi

This journal is © The Royal Society o
rations and photochemistry in
a vehicle cabin

Pedro A. F. Souza, a Corey R. Kroptavich,b Shan Zhou†c and Tara F. Kahan *ab

Indoor air quality (IAQ) in vehicles can be important to people's health, especially for those whose

occupations require them to spend extensive time in vehicles. To date, research on vehicle IAQ has

primarily focused on direct emissions as opposed to chemistry happening in vehicle cabins. In this work,

we conducted time-resolved measurements of the oxidants and oxidant precursors ozone (O3), nitric

oxide (NO), nitrogen dioxide (NO2), and nitrous acid (HONO) inside the cabin of a 2012 Toyota Rav4

under varying ventilation conditions (i.e., car off, car on with passive ventilation, car on with mechanical

ventilation via the recirculating fan, and car on with mechanical ventilation via the direct fan). Ozone

levels inside the vehicle were significantly lower than outdoors under most conditions, and were

approximately half the outdoor levels when the direct fan was in operation. Nitric oxide and NO2

concentrations were very low both inside the vehicle and outdoors. Nitrous acid levels in the vehicle

were lower than reported values in other indoor environments, though much higher than expected

outdoor levels. We also investigated the potential for photochemical production of radicals in the

vehicle. Time- and wavelength-resolved solar irradiance spectra were collected, and steady state

hydroxyl radical (OH) and nitrate radical (NO3) concentrations were calculated. Steady state OH

concentrations were predicted to be similar to those in air masses in residences illuminated by sunlight,

suggesting the importance of HONO photolysis in vehicles. Conversely, nitrate radicals (NO3) were not

considered significant indoor oxidants in our study due to rapid titration by NO. Overall, our findings

emphasize the importance of both air exchange and photochemistry in shaping the composition of air

inside vehicles.
Environmental signicance

Understanding indoor air quality (IAQ) within vehicle cabins is critical for public health, particularly for individuals who spend extensive periods commuting or
driving as part of their occupation. Our ndings reveal that, similar to residential environments, the levels of key pollutants such as ozone (O3), nitrogen oxides
(NOx), and nitrous acid (HONO) are inuenced by ventilation rates and, consequently, the quality of outdoor air. This study demonstrates that photolysis of
HONO can generate hydroxyl radicals (OH) in concentrations comparable to those reported in other sunlit indoor environments. These results highlight the
importance of considering both air exchange and photochemistry when assessing IAQ in vehicles. These results may inform the development of strategies to
mitigate exposure to harmful pollutants in vehicles.
Introduction

Indoor air quality (IAQ) is important to human health, given
that most people spend the vast majority of their lives indoors.
While most of this time is spent in buildings (Americans spend
an average of 69% of their lives in residences and 18% in non-
residential buildings), a small but signicant fraction of time is
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stern Institute of Technology, Ningbo,

f Chemistry 2025
spent in vehicles.1 For North Americans, the average fraction is
6%, and for many people whose occupations centre around
driving, the fraction is much greater. Developing an under-
standing of the composition of air in vehicles, and the factors
that affect air quality there, is therefore important to promoting
good health.

Air quality in vehicle cabins has been studied from a number
of perspectives. The most common approach has been to
measure concentrations of species emitted from vehicle exhaust
or interior materials, including carbon monoxide (CO), partic-
ulate matter (PM), and volatile organic compounds (VOCs).2–7

Factors including type of fuel, use of air fresheners, interior
material type, and vehicle age have been reported to affect VOC
mixing ratios.5,6 On the other hand, inltration of outdoor air
due to open windows ormechanical ventilation were reported to
Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582 | 1573
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have the greatest effects on PM and CO concentrations in the
absence of an internal source.3,4 While studies to date have
focused primarily on direct emissions, we hypothesize that
chemistry may be important to IAQ in vehicle cabins, just as it
can be in residential and non-residential buildings under some
conditions.

Oxidizing capacity outdoors is generally dominated by
hydroxyl radicals (OH) during the day and ozone (O3) and
nitrate radicals (NO3) at night. Indoors, the lack of high energy
photons makes O3 photolysis (the primary source of OH)
insignicant, and high nitric oxide (NO) and low O3 concen-
trations means that NO3 has only been detected indoors under
highly contrived or unusual conditions, such as when both a gas
stove and an O3 generator are running simultaneously or in an
athletic complex with high ventilation rates and low levels of
NO3 sinks.8–11 Ozone is therefore oen considered to be the
most important indoor oxidant, but its levels depend strongly
on the rate of exchange between indoor and outdoor air. In
commercial buildings with high air change rates (ACR), O3

concentrations can be up to 85% of those outdoors, while in
residential buildings with low ACR, O3 levels lower than 1 ppbv
have been reported.12,13 Ozone itself is therefore only occasion-
ally an important indoor oxidant.

In indoor environments with high ACR and correspondingly
high O3 concentrations, OH can be generated by ozone–alkene
reactions. The OH steady state concentrations predicted and
measured under these conditions is 1–2 orders of magnitude
lower than those measured outside during the day.14–17

However, OH can also be formed indoors via nitrous acid
(HONO) photolysis. While the high energy photons required to
convert O3 to OH (l < 320 nm) are attenuated indoors by
windows, HONO photolyzes at wavelengths as long as 405 nm,
producing OH with a unity quantum yield.18–21 Given that most
windows used in buildings transmit light at wavelengths longer
than 330–340 nm, HONO photolysis has been shown experi-
mentally and theoretically to produce OH in concentrations of
∼106–107 molecules cm−3 in indoor air volumes illuminated by
direct sunlight.15,18,22–24 Some articial lights, such as uores-
cent tubes, can also generate signicant OH concentrations,
although the volume of air in which this chemistry occurs is
relatively small given the rapid decay of irradiance with distance
from the source.18,25

Ozone can be readily measured indoors, but OH and NO3 are
muchmore challenging due to expected low concentrations, the
need for highly specialized instrumentation, and logistical
difficulties associated with operating the instruments in occu-
pied indoor spaces. Indoor OH and NO3 concentrations are
therefore oen estimated using steady state calculations, with
the assumptions that all important oxidant production and loss
mechanisms are included, and that reactant concentrations are
accurate. Eqn (1) shows a generic equation for a steady state
calculation:

½oxidant�ss ¼
P

ratefP
k

0
l

(1)

where [oxidant]ss is the concentration of the oxidant (or other
reactive intermediate) at steady state,

P
ratef is the sum of all
1574 | Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582
rates of production of the oxidant, and
P

k
0
l is the sum of all

rst-order and pseudo-rst-order rate constants for oxidant loss
processes. Eqn (2) and (3) show expressions for indoor OH and
NO3 steady state concentrations, respectively. A more thorough
discussion of indoor steady state calculations is provided in
Kahan et al.26

½OH�ss ¼

JHONO½HONO� þ P
kO3�alkene½alkene�½O3�FOH

ACRþ kOH�NO½NO� þ kOH�NO2
½NO2� þ kOH�HONO½HONO� (2)

½NO3�ss ¼

kO3�NO2
½O3�½NO2�

ACRþ JNO3
þ kNO3�VOC½VOC� þ kNO3�NO½NO� (3)

JHONO is the HONO photolysis rate constant, and SkO3–alkene is
the sum of important 2nd order rate constants for OH formation
from ozone–alkene reactions. kOH–NO and kOH–NO2

are the 2nd

order rate constants for OH reacting with NO and nitrogen
dioxide (NO2), respectively. kO3–NO2

is the 2nd order rate constant
for O3 with NO2, JNO3

is the NO3 photolysis rate constant, and
kNO3–VOC and kNO3–NO are the 2nd order rate constants for NO3

with VOCs and NO, respectively. Loss of OH to VOCs is not
considered in eqn (2), as we assume that the HO2 formed from
this reaction will react quickly with NO to regenerate OH.17,22 As
long as the concentrations of all listed reactants are known,
along with wavelength-resolved photon uxes or J

HONO
and JNO3

,
these equations can estimate steady state OH and NO3

concentrations. Although there are almost no measurements of
these radicals indoors, we have shown that OH concentrations
predicted using this method in a classroom in France are in
good agreement with measurements.24 Few reports of relevant
reactant concentrations in vehicles exist, and, to our knowledge,
wavelength-resolved photon uxes have not been reported in
vehicle cabins. Existing reports include: ozone concentrations
of 11.7 ppbv,27 NO2 concentrations ranging from 21–43
ppbv,27,28 and HONO concentrations ranging from ∼9–29
ppbv.28 In this work, we measured concentrations of O3, NO,
NO2, and HONO in the cabin of a personal vehicle, along with
wavelength-resolved solar irradiance, to improve our under-
standing of the oxidizing capacity inside personal vehicle
cabins.
Methods

Five separate continuous measurement campaigns were con-
ducted: September 30, 2018 (6 h 30 min), October 14, 2018 (5 h
30 min), December 16, 2018 (7 h 30 min), May 17–18, 2019 (36 h
0 min), and August 16, 2020 (6 h 30 min). Each campaign was
conducted in a parking lot at Syracuse University that was sur-
rounded by residential streets on 3 sides. The vehicle used for
the experiments was a 2012 Toyota Rav4 with a cloth interior.
The vehicle was kept motionless throughout the measurement
period and in-cabin analyte measurements were made under
four different conditions: car off (car off), car on with passive
ventilation (fan off), car on with mechanical ventilation via the
This journal is © The Royal Society of Chemistry 2025
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Table 1 Average air change rates in vehicles under different ventila-
tion conditions

Condition

Air change rate (h−1)

This work Literaturea

Car off 0.35 � 0.14 (N = 6) 0.74 � 0.62 (N = 7)
Fan off 0.38 � 0.11 (N = 6) —
Recirculation 1.50 � 0.30 (N = 7) 1.65 � 1.36 (N = 11)
Direct fan 54.3 � 21.9 (N = 6) 61.5 � 32.6 (N = 15)

a Assessed from literature describing vehicles built between 2005 and
2010.34,35 Values stated are averages from the mean described ACR for
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recirculating fan (recirculation), and car on with mechanical
ventilation via the direct fan (direct fan). Outdoor measure-
ments were acquired in between each tested setting. The vehicle
was used by its owner, primarily for in-city commuting, in
between campaigns.

The time resolved mixing ratios of O3, NO, NO2, and HONO
were measured using a custom-built mobile analytical labora-
tory (Mobile Indoor Laboratory for Oxidative Species, MILOS).
Ozone was quantied using an Ecotech Serinus 10 UV photo-
metric analyzer with an accuracy of 0.5 ppbv. Nitric oxide, NO2,
and HONO were quantied using an Ecotech Serinus 40 O3-
based chemiluminescence analyzer with an accuracy of 0.4
ppbv. The analyzer converts both HONO and NO2 to NO, and
reports the sum of these two species as NO2. We determined
speciated concentrations of NO2 and HONO via a difference
method, which is described in detail elsewhere.29,30 In short, the
inlet line was split in two, and a Teon solenoid valve was used
to alternate between the two lines every 5 minutes. One line led
directly to the Serinus 40, while the other rst passed through
a denuder coated with sodium carbonate to remove gaseous
acids, including HONO. By subtracting the NO2 mixing ratio
reported when the collected air passed through the denuder
from the mixing ratio reported when it went straight to the
analyzer, we were able to quantify both HONO and NO2.

Calibrations for the two analyzers were performed before
and aer the testing periods. The calibrations used a dilution
calibrator and ozone generator (Ecotech GasCal 1100) and an
NO cylinder (19.8 ppmv in N2, analytical uncertainty of 5%). The
30 s limits of detection (LODs) for the analytes were determined
as 3 times the standard deviations (3s) of the corresponding
signals in zero air. The LODs for O3, NO, NO2, and S(NO2 +
HONO) were 0.65, 1.2, 1.5, and 1.5 ppbv respectively. The 5 min
LOD of HONO was calculated as 0.7 ppbv from the standard
deviation of the subtraction of NO2 from S(NO2 + HONO). The
quality control of the system followed the same method out-
lined in Zhou et al.29

MILOS was stationed inside the university building in the
stairwell nearest the parking lot in which the vehicle was
located. The Teon sampling inlet was placed inside the vehicle
cabin through the driver side window and secured to the
steering wheel. The window was opened wide enough for only
the inlet to enter and was then sealed using paralm. The inlet
included a T-valve to allow switching between sampling air
inside and outside of the vehicle. The outdoor inlet was placed
on the hood of the vehicle in front of the driver. Exhaust
measurements were conducted by suspending the outdoor inlet
in the path of the exhaust exiting through the tailpipe.

Air change rates were measured within the vehicle under
each ventilation setting. Approximately 20 g of dry ice was
broken up and scattered throughout the cabin and allowed to
sublimate, and CO2mixing ratios were recorded at 30 s intervals
by a TSI IAQ7545. The CO2 was measured over 2 h periods for all
settings except the direct fan where 30 min was determined to
be sufficient for CO2 levels to return to background levels. The
collected data was analyzed and a quantile regression was used
to determine the air change rate. A detailed description of the
This journal is © The Royal Society of Chemistry 2025
analysis is provided by Zhou et al.29 None of the air change tests
occurred while an occupant was present in the vehicle.

Wavelength-resolved solar irradiance was collected through
vehicle windows using a calibrated Ocean Optics USB4000
spectrometer coupled to a 1 m ber optic cable and a cosine
corrector. Average spectral irradiances were collected and
photon uxes were estimated using the method reported by
Kowal et al.18 On May 18, irradiance was acquired through the
closed front passenger window of the vehicle with 1 min reso-
lution over a period of 6 hours. Single irradiance measurements
were also acquired in 3 additional vehicles with windows
opened and closed to determine the wavelength-resolved
transmittance of the windows, as described in ref. 23 for
windows in buildings.

Results
Reactant mixing ratios and air change rates

Air change rate is a key factor affecting indoor air composition.
For example, ozone levels in commercial buildings with high
ACR (>5 h−1) can reach up to 85% of outdoor levels,13 while
levels in residential buildings with low ACR (∼0.5 h−1) are
generally below 5 ppbv, and oen below 1 ppbv.31 Other species,
such as NO, are oen emitted directly indoors (e.g., via
combustion), with negative concentration dependences on
ACR.32,33 Table 1 lists ACR measured in the test vehicle under
different conditions, as well as reported ACR in stationary
vehicles for models spanning from 2005 to 2010.34,35 Air change
rates in the parked vehicle were the same whether the engine
was on or off (0.4 h−1) when no fans were running. This is
similar to ACRs reported in residences with closed doors and
windows (0.5 h−1).36 The use of the recirculating fan increases
the measured ACR by a factor of ∼3.8, likely due to a shi in the
internal pressure caused by the increased air ow velocity in the
cabin. Air change rates ranging from 0.1 to 2.9 h−1 have previ-
ously been reported for stationary vehicles, with older models
having higher ACR due to poorer air tightness.34,35,37 With the
direct fan, which pulls outdoor air into the car, we measured
very large ACRs (∼54 h−1). This agrees with reported ACR
measurements ranging from 23 to 97 h−1 in other 2010 Toyota
model vehicles.35

Fig. 1a shows a 7 hours time series from a sampling period
on May 18, 2019. This period was selected to illustrate analyte
each condition.

Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582 | 1575
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Fig. 1 (a) Representative time series for NO, NO2, HONO, and O3 over 7 hours of measurements. Light yellow shaded regions represent outdoor
measurements. (b) Box-and-whiskers plot for analyte concentrations under indoor and outdoor conditions. Box plots display quartile values and
medians. Whiskers extend to the minimum and maximum values within 1.5 times the interquartile range. Crosses represent the mean value for
each condition. Horizontal dashed lines represent the LOD for each species, and percentages above the violin plots represent the fraction of
measurements above the LOD. Nitrous acid concentrations under outdoor and direct fan conditions are not reported due to a sampling artefact.
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levels with the direct fan on (pulling in outdoor air) and off.
Oxidant levels over the entire campaign period are summarized
in Fig. 1b. Ozone levels were consistently much higher outdoors
than inside the vehicle. Outdoor O3 levels varied diurnally, with
peak levels of∼38 ppbv around 10 a.m. and minimum values of
∼5 ppbv at night. Ozone in the vehicle was below the LOD (0.65
ppbv) for approximately 49% of all measurements for all
conditions excluding direct fan (herein referred to as sealed
1576 | Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582
conditions), with a mean of 0.78 ± 0.75 ppbv. When the direct
fan was on, mean indoor O3 levels were 14.8 ± 4.6 ppbv,
approximately 50% of the mean outdoor levels.

As shown in Fig. 1b, mean NO concentrations in the vehicle
under sealed conditions were 1.75 ± 1.01 ppbv, while levels
were generally below the LOD of 1.2 ppbv outdoors and under
direct fan conditions. However, sharp spikes (lasting ∼3 min
and ranging in concentration from 4–57 ppbv) were
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Transmittance of driver-side windows in a 2013 Honda CRV,
a 2006 Pontiac G6 sedan, and a 2016 Mazda 3 hatchback. Average
transmittance of 13 windows in 13 single-family residences (standard
deviation in shaded grey) is also shown for reference.23 (b) Trans-
mittance of various windows in the Honda CRV.
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occasionally observed outdoors and under direct fan condi-
tions, as illustrated in Fig. 1a. These spikes were not observed
under any of the sealed conditions. Fourteen spikes were
observed under direct fan conditions and 9 were observed while
sampling outdoor air. Exhaust from the test vehicle could be the
source of these spikes; NO mixing ratios of 272 ± 92 ppbv were
measured with the inlet placed inside the vehicle's exhaust
pipe. However, the cumulative duration of these spikes was only
∼1 h, while total outdoor and direct fan sampling time exceeded
24 h, so the overall impact of exhaust from the vehicle on NO
mixing ratios within the vehicle and outside of the vehicle close
to the passenger window is minor. We also measured NO levels
inside the vehicle under direct fan conditions while another
vehicle drove by the test vehicle (∼2 m separation, 5 passes). No
spikes in NO were observed during these experiments. It is
possible that at least some of the observed spikes are due to
sources such as traffic on nearby roads. The NO mixing ratio
showed a gradual increase over time under the recirculating fan
condition in 4 of 6 of sampling periods (average rate of increase
= 2.4 ± 1.2 ppbv h−1). The internal temperature of the venti-
lation system isn't high enough to be a major source of thermal
NOx. It is possible that the observed increase in NO is
a byproduct of engine combustion.

As shown in Fig. 1b, mean NO2 levels were frequently below
the LOD of 1.5 ppbv under all vehicle conditions. Mixing ratios
were also low outdoors, with a mean of 2.2 ± 2.0 ppbv, and with
only 51% of measurements above the LOD. A previous study
reported NO2 concentrations in a vehicle of ∼33 ppbv, but
outdoor NO2 levels were also much higher in that study.28

Similarly, we previously reported amean NO2mixing ratio of 2.0
ppbv in a house in Syracuse; outdoor levels during those
measurements were estimated to be approximately 5.2 ppbv.26

Common sources of indoor NO2 include transport from
outdoors, reaction between O3 and NO, and direct emission
from combustion. It is likely that the primary source of indoor
NO2 in the vehicle is inltration of outdoor air.

Mean HONO mixing ratios under sealed conditions were
1.43 ± 0.99 ppbv. This is lower than the reported values of 4–5
ppbv in residential and non-residential buildings,29,38,39 and is
also much lower than the sole reported level in a vehicle of 9–29
ppbv.28 The difference between levels measured in the two
vehicles is likely explained by the much higher NO2 levels inside
the vehicle as well as outdoors in the previous study (21–43 ppbv
NO2). Interestingly, HONO : NO2 ratios inside the vehicle under
sealed conditions were much lower in the previous study than
in this work (0.4 vs. 1.0). We previously reported HONO : NO2

ratios ranging from 1.1–2.2 in an occupied residence,29 similar
to the mean ratio observed in this work.

Due to low analyte concentrations outdoors (NO, NO2) or in
the vehicle (NO2, O3 under sealed conditions), we do not report
indoor–outdoor ratios (I/O). The exception is O3 under direct fan
conditions, where we determined a mean I/O of 0.57. This is
consistent with high O3 concentrations reported in non-
residential buildings with high ACR or in residential build-
ings with windows open, compared to levels below 5 ppbv re-
ported in residences with low ACR when doors and windows are
closed.29,40
This journal is © The Royal Society of Chemistry 2025
Photochemistry

Photolysis of HONO has been suggested to be an important
indoor OH source.15,41 While windows oen attenuate sunlight
completely at wavelengths shorter than 330–340 nm, HONO
remains photo-labile at wavelengths as long as 405 nm,19 and
photochemically-formed OH has been reported in sunlit
rooms.15,22,24,42 Given the large surface area of windows in cars, it
is possible that OH could also be photochemically formed in
such indoor environments. We measured solar irradiance in
several vehicles to predict OH steady state concentrations in
sunlit vehicles. Fig. 2a shows transmittance of the driver side
window of three vehicles. Transmittance was similar in all three
windows despite differences in make and age of the vehicles.
The wavelength-resolved transmittance prole of each window
was characterized by a broad hump centered around 370 nm.
This feature is not generally observed in windows in buildings,
as seen in the average transmittance prole of windows in
single-family residences on the same plot. However, there is
signicant variability in the wavelength-resolved transmittance
of windows in buildings. The transmittance of the 3 vehicle
windows is within this uncertainty at wavelengths between 340
and 400 nm. Fig. 2b shows transmittance of four different
windows in a 2013 Honda CRV. Driver and front passenger
Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582 | 1577
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windows had very similar transmittance, but the rear passenger
window, which was tinted, had much lower transmittance. The
windshield, on the other hand, attenuated sunlight almost
completely at wavelengths shorter than 390 nm since it is made
from laminated glass.43

Indoor solar photon uxes vary throughout the day, with
minimum values at night or in spaces without windows. The
time at which photon uxes are highest depends both on the
intensity of the sun (which generally peaks close to noon), and
the orientation of windows.23 For example, maximum indoor
solar intensity in a classroom in France was observed at 6 p.m.,
when sunlight entered windows directly.41 Fig. 3 shows a time-
series for the wavelength-resolved photon ux within the
parked Toyota, measured near the front passenger window.
Photon ux within the vehicle uctuated over time due to
inuences such as intermittent cloud cover in the morning and
around noon. The maximum ux was observed at 11:31, which
correlates with the solar maximum on that day. The sharp cut
off of light at 13:50 corresponds to the time when the sunmoved
behind a nearby building and put the vehicle in the building's
shadow.

We used the photon ux and measured NO, NO2, and HONO
concentrations to estimate steady state OH number densities
during the period of maximum solar intensity in the vehicle
(11:31 a.m.) using eqn (2). Ozone photolysis was not considered
in the steady state calculations due to attenuation of sunlight by
the glass at wavelengths shorter than ∼340 nm, but we did
consider ozone–alkene reactions under direct fan conditions.
Table 2 shows predicted [OH]ss for several indoor locations
including a vehicle (sealed conditions), a home, and a class-
room. Nitrous acid photolysis rate constants when sunlight is
ltered through side windows of a vehicle are similar to those
measured in several office and laboratory buildings and in
a residence,15,18,29,48,50,51 but calculated OH production rates are
lower than in buildings due to lower HONO mixing ratios
measured in the vehicle. Despite lower calculated OH
Fig. 3 Time series of photon flux taken inside the Toyota on May 18, 2019
by the white pixels at all wavelengths at that time.

1578 | Environ. Sci.: Processes Impacts, 2025, 27, 1573–1582
production rates in vehicles than in buildings, we predict steady
state OH concentrations in vehicles to be similar to those in
residences and higher than those in non-residential buildings
due to lower concentrations of OH sinks in vehicles. These
concentrations are also similar to those measured and pre-
dicted in a variety of residential and non-residential buildings
under sunlit conditions.32,41,48,50 The OH steady state concen-
trations predicted in an illuminated vehicle are similar to those
measured outdoors in cities, and we conclude that HONO
photolysis can be an important OH source in vehicles under
sealed conditions. We note that the steady state OH concen-
trations listed in Table 2 are subject to large uncertainty. There
are few measurements of wavelength-resolved UV irradiance in
buildings (and therefore few calculated HONO photolysis rate
constants), and to our knowledge, our measurements are the
rst performed in vehicles. As discussed above, one previous
measurement of HONO in vehicles has been reported – the
average level in that study was ∼14 ppbv, nearly ten times
higher than the 1.4 ppbv measured in this work.28 Despite the
higher predicted OH formation rates, we predict similar or
lower [OH]ss under those conditions, as NO2 concentrations
(and likely NO concentrations as well, although they were not
reported) were also much higher, resulting in a correspondingly
elevated loss term.

As previously mentioned, HONO levels were not quantied
under direct fan conditions, but reported outdoor daytime
concentrations in North America range from 9–150 pptv.52,53

With these low HONO concentrations, we predict [OH]ss of
0.52–8.4 × 105 molecules cm−3 when the direct fan is on.
However, with increased ozone mixing ratios (averaging 14.8
ppbv with the direct fan on), alkene ozonolysis could be
a signicant OH source. Using reported alkene concentrations
of 4–50 ppbv in vehicles,5,54 and assuming that isoprene is the
dominant alkene,55,56 we estimate [OH]ss due to alkene ozonol-
ysis of 0.15–1.7 × 106 molecule cm−3, and a total [OH]ss (from
both HONO photolysis and alkene ozonolysis) of up to 2.5× 106
. Data was not available for a short period at 10:50 a.m.; this is reflected

This journal is © The Royal Society of Chemistry 2025
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Table 2 Photolytic HONO rate constants and estimated steady state OH concentrations in the vehicle under sealed in-cabin conditions (vehicle
on, off, and recirculating fan) and in other indoor environments. Rate constants and mixing ratios from multiple literature sources are mean
values

Environment JHONO (10−4 s−1)

Reactant mixing ratios (ppbv)
OH production rate
(molecules cm−3 s−1) [OH]ss (molecules cm−3)HONO NO NO2

Vehicle Side front windows 2.1a 1.43a 1.75a 1.39a 7.48 × 106 7.39 × 106

Rear tinted windows 0.21a 7.62 × 105 7.53 × 105

Windshield 0.0013a 4.52 × 103 4.47 × 103

Houses Unperturbed 2.8 23 4.34 29,38,44–46 4.11 29,46,47 5.54 29,46,47 2.01 × 107 9.26 × 106

Cooking 22.9 29,48,49 165 29,49 95.3 29,49 1.06 × 108 2.46 × 106

Classrooms 1.8 15,18,48,50,51 4.75 15,48 2.17 15,29,32 12.4 15,48 2.18 × 107 4.23 × 106

a This work.
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molecule cm−3. These predicted levels would increase in loca-
tions with higher outdoor ozone concentrations. These esti-
mates are highly uncertain due to the lack of alkene and HONO
measurements in vehicles under direct fan conditions, but they
suggest that OH concentrations in vehicles may be high enough
to effect oxidation even when ventilation rates are high, such as
when the direct fan is operating or windows are open. We note
that when windows are open, O3 photolysis will likely be the
most important OH source in vehicles illuminated by sunlight.

While nitrate radicals (NO3) are generally present at negli-
gibly low levels indoors (e.g., ref. 29, 57 and 58), we have
hypothesized that they could be important in indoor environ-
ments with high ACR, due to high expected levels of O3 and low
NO.11 This hypothesis is supported by recent observations of
NO3 reactivity in an athletic centre with high ACR.11 We there-
fore estimated steady state NO3 concentrations in the vehicle
under direct fan conditions using a simplied version of eqn
(3). Considering reaction with NO as the only important NO3

sink provided an upper limit for [NO3]ss of 6.57 × 105 molecules
cm−3 (∼0.03 pptv). The lifetime of NO3 toward reaction with NO
in the vehicle was estimated to be ∼1 s, while lifetimes toward
photolysis and air change were on the order of 1 minute (52 and
66 s, respectively). Together, photolysis and air change
accounted for only 4% of total loss. We did not consider loss to
reactions with VOCs in our calculations due to the large
uncertainties surrounding VOC concentrations and speciation
in vehicles, so, as noted above, the estimated steady state
concentrations are upper limits. While including a VOC loss
term might change the predicted NO3 steady-state concentra-
tion, it will not change our conclusion that NO3 was not an
important oxidant in this vehicle. It is possible that NO3 could
contribute to oxidation capacity in vehicles if NO concentra-
tions are low enough (e.g., if air masses entering the vehicle are
aged, with NO2 levels greatly exceeding NO levels), as was the
case in the study performed in the athletic centre.11
Environmental implications

Air composition and quality inside vehicle cabins depends on
many factors, including outdoor air quality and emissions from
interior materials. A number of species that affect IAQ, such as
This journal is © The Royal Society of Chemistry 2025
VOCs, CO, CO2, and PM2.5, have been quantied in personal
and commercial vehicles. This work adds to the existing liter-
ature by providing insight into the capacity for chemistry to
occur in vehicles, and illustrates the importance of both air
exchange and photochemistry on indoor air composition. Our
results suggest that the ventilation conditions within the
vehicle, in addition to outdoor analyte concentrations, will
determine indoor concentrations. While NOx and HONO
concentrations were lower in the vehicle than in a residential
and non-residential building in the same city,32 this is very likely
due to outdoor concentrations of these analytes also being
lower during the sampling periods. We also note that the
vehicle was in a parking lot. Air quality is well known to be
poorer on roads – especially busy roads – than in surrounding
areas. Therefore, it is likely that NOx and HONO levels in the
vehicle would have been higher during commutes. Future
measurements of oxidants and oxidant precursors in vehicles
under normal use would be benecial.

This study also shows that photochemistry can increase
indoor oxidizing capacity to levels similar to those observed in
cities outdoors during the day. While mixing ratios of HONO,
the primary photochemical OH source indoors, were lower in
the sealed vehicle cabin than in residential and non-residential
buildings, we predict similar OH concentrations under sunlit
conditions due to lower concentrations of OH sinks (NO and
NO2) in the vehicle. We also note that a greater fraction of the
interior volume of the vehicle will be illuminated at any given
time than in most buildings due to the larger relative surface
area covered by windows, making photochemistry more likely to
happen in vehicles and increasing the relevance of OH chem-
istry. Ozone–alkene reactions may also lead to high [OH]ss when
ventilation rates are high. This could lead to processes such as
particle formation and oxidation of species associated with
interior materials such as brominated ame retardants. We
suggest that oxidative capacity should be considered when
investigating IAQ in vehicles.
Data availability

The data collected in this study are available on request from
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