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Abstract
Effective cleaning techniques are essential for the sterilization of rooms in hospitals 
and industry. No-touch devices (NTDs) that use fumigants such as hydrogen peroxide 
(H2O2), formaldehyde (HCHO), ozone (O3), and chlorine dioxide (OClO) are a recent 
innovation. This paper reports a previously unconsidered potential consequence of 
such cleaning technologies: the photochemical formation of high concentrations of 
hydroxyl radicals (OH), hydroperoxy radicals (HO2), organic peroxy radicals (RO2), 
and chlorine radicals (Cl) which can form harmful reaction products when exposed to 
chemicals commonly found in indoor air. This risk was evaluated by calculating radical 
production rates and concentrations based on measured indoor photon fluxes and 
typical fumigant concentrations during and after cleaning events. Sunlight and fluo-

rescent tubes without covers initiated photolysis of all fumigants, and plastic-covered 
fluorescent tubes initiated photolysis of only some fumigants. Radical formation was 
often dominated by photolysis of fumigants during and after decontamination pro-

cesses. Radical concentrations were predicted to be orders of magnitude greater 
than background levels during and immediately following cleaning events with each 
fumigant under one or more illumination condition. Maximum predicted radical con-

centrations (1.3 × 107 molecule cm−3 OH, 2.4 ppb HO2, 6.8 ppb RO2 and 2.2 × 108 

molecule cm−3 Cl) were much higher than baseline concentrations. Maximum OH 
concentrations occurred with O3 photolysis, HO2 with HCHO photolysis, and RO2 

and Cl with OClO photolysis. Elevated concentrations may persist for hours after 
NTD use, depending on the air change rate and air composition. Products from reac-

tions involving radicals could significantly decrease air quality when disinfectants are 
used, leading to adverse health effects for occupants.
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1  | INTRODUC TION

Eliminating harmful pathogens from surfaces is a major concern for 
hospitals. Efficiently cleaning rooms protects patients and prevents 
the spread of infections in medical facilities, which has become in-

creasingly important with the rise of drug-resistant bacteria such as 
methicillin-resistant Staphylococcus aureus (MRSA)1-7 and vancomy-

cin-resistant enterococci (VRE).4-10 Additionally, after the 2001 an-

thrax attacks across the United States, hospitals and other agencies 
have sought out more effective fumigation techniques to deal with 
highly infectious diseases.11-14

Traditional cleaning techniques such as wiping surfaces by hand 
with bleach or other liquid cleaning agents are labor-intensive and 
time-consuming, and incomplete elimination of infectious agents 
caused by human error and by agents residing on inaccessible sur-
faces can lead to antibacterial resistance.15-18 It has been reported 
that on average only 48% of high-risk surfaces in hospital rooms 
were adequately cleaned between patients; improved cleaning pro-

tocols increased this to 77%.19 Although this is a significant improve-

ment, it still leaves over 20% of high-risk surfaces uncleaned.
Automated cleaning techniques (sometimes referred to as no-

touch devices, NTDs) developed to address this issue have been 
used for a decade in the pharmaceutical industry14,20,21 and are 

gaining popularity in hospitals and commercial operations such as 
the food industry. NTD cleaning techniques are more effective than 
other automated techniques such as ultraviolet light (UV), and they 
kill bacteria that are inaccessible to human hands and to UV instru-

ments.20,22,23 Hydrogen peroxide (H2O2) has emerged as a popu-

lar cleaning agent for such devices, since it has few health effects 
(relative to other common cleaning agents) and it is a very effective 
biocide and virucide.15-19,24-28 Hydrogen peroxide-based NTDs op-

erate by releasing H2O2 vapor into a sealed room.14-16,29 The vapor 
condenses onto surfaces where it efficiently kills bacteria and vi-
ruses.15,16,24,27,28 Compounds such as formaldehyde (HCHO), ozone 
(O3), and chlorine dioxide (OClO) can also be used as cleaning agents 
to combat highly infectious diseases.30,31 Formaldehyde has been 
commonly used to disinfect rooms in laboratory, medical, food, and 

industrial settings32-36 and was also used for disinfection of areas af-
fected by the 2001 United States anthrax attacks.12,30,33,34 Gaseous 
HCHO is formed by heating paraformaldehyde which breaks down 
to release the gas. After a room has been cleaned, the formalde-

hyde is neutralized using ammonia gas generated from ammonium 
carbonate to form hexamethylenetetramine, which forms an easily 
removed powder. Ozone has been commonly used to clean water 
supplies, food products, and bioclean rooms.37,38 Another chemi-
cal agent currently being used against highly infectious diseases is 
OClO, which is commonly used to treat drinking water, in pulp mills 
(particle board manufacturing) and in the food industry, and was 
also used for remediation after the 2001 anthrax attacks.11,12,30,39 

Chlorine dioxide is being considered as a viable agent for dealing 
with bed bugs in hospitals,40 though since it is toxic, the treated area 
must be sealed. Additionally, OClO must be generated on site and 
kept in the dark prior to use.

Most investigations of NTDs have focused on their efficacy, with 
NTDs reported to be one of the most efficient and reliable ways to 

Practical Implications

• No-touch devices have been suggested as instruments 
for effective disinfection in hospitals and other settings.

• Studies around their potential health impacts have fo-

cused on safe levels of the fumigants; this is the first 
study that investigates the impact of photochemistry of 
the fumigants on indoor air chemistry under different 
lighting conditions.

• We show that high radical concentrations can be formed 
when these devices are operated indoors under illumi-
nation by common indoor light sources. This may im-

prove disinfection of surfaces, but may also lead to the 
formation of reaction products associated with adverse 
human health effects well after safe fumigant levels 
have been reached in the room.

F I G U R E  1   The formation of radicals 
from NTD disinfectant gases and some of 
the subsequent reactions. The NTD gases 
are shown as O3 (gold), H2O2 (red), HCHO 
(green), and OClO (blue). “hν” denotes 
photolysis reactions
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reduce bacteria counts to safe levels, and safety concerns have fo-

cused on the toxicity of the cleaning agents.41-48 However, health 
effects from reactions involving these fumigants have not been con-

sidered. The potential for secondary reactions or indoor photolysis 
of these gases to produce radicals, which can further react to form 
potentially harmful species, has also not been considered.

In the outdoor environment, photochemical reactions produce 
hydroxyl (OH), hydroperoxy (HO2), organic peroxy (RO2), and chlo-

rine (Cl) radicals, which can react to form a wide range of species in 
the atmosphere (Figure 1). Indoors in the absence of strong sunlight 
and washout, these oxidized species can have much longer lifetimes, 
which is of concern given some of them have negative health im-

pacts.49 Oxidant reactions with many common indoor species can 
produce particulate matter (PM), which can irritate airways, exacer-
bate existing pulmonary conditions such as asthma, and even cause 
premature death in vulnerable people.50-53

Light indoors (either artificial sources or sunlight filtered through 
closed windows) does not typically contain photons at the short 
wavelengths (290-330 nm) responsible for most photolysis out-
doors (Figure 2). Traditionally, indoor photolysis was not considered 
an important indoor source of oxidants, though recent work demon-

strated that indoor light sources can emit at wavelengths as short as 
300 nm and that compounds such as nitrous acid (HONO), HCHO, 
Cl2, and HOCl can photolyze under irradiation from indoor lights to 
generate radicals,54-58 thereby increasing the oxidizing capacity of 
air indoors. During cleaning events with NTDs, concentrations of the 
photolabile disinfecting molecules are very high relative to outdoors. 
It is possible that photolysis of the disinfectant gases during and 
after cleaning events could form significant radical concentrations, 
leading to previously unconsidered adverse health effects.

The aim of this paper is to investigate radical behavior indoors 
during and after simulated NTD cleaning events using O3, OClO, 
HCHO, and H2O2. We focus mainly on the primary radicals (ie, those 
formed directly from photolysis), but also include RO2 radicals given 
they coexist with other radical species and can contribute to OH for-
mation. We use photolysis rate constants to calculate the formation 

rates of OH, HO2, and Cl and a detailed chemical model to investi-
gate radical behavior during the use of these technologies and under 
different lighting conditions. Steady-state radical concentrations 
were determined for peak disinfectant levels, as well as at the times 
when disinfectant levels decreased to the short- and long-term ex-

posure limits and to background levels.

2  | METHODS

2.1 | Model

Concentrations of each disinfectant, radical species, and other indoor 
trace gases were calculated using the INDCM (INdoor Detailed Chemical 
Model).59-61 The INDCM is a detailed chemical box model with a chemi-
cal scheme based on a comprehensive chemical mechanism (the Master 
Chemical Mechanism, MCM v3.2),62 which includes around 20,000 re-

actions and 5,000 species representing the near-explicit degradation 
of ~143 VOCs (volatile organic compounds) in the gas phase.63-66 The 

reaction of each VOC with OH, NO3, and O3, and photolysis where rel-
evant, is the first step in the oxidation chain generating products includ-

ing RO (oxy), RO2 (peroxy), and RRCOO (criegee) radicals and continuing 
until the final oxidation products of CO2 and H2O are formed. Additional 
reactions describe surface loss by deposition, VOC emission rates, par-
titioning between indoor gas and particle phases and exchange of spe-

cies with outdoors, all of which have been described in detail in previous 
work.59,61 For this work, the model described in Wong et al (2017)67 for 
chlorine cleaning was adapted through the addition of reactions to ac-

count for OClO chemistry (see Supporting Information), with rate coef-
ficients from the IUPAC recommendations.68

The INDCM assumes a single well-mixed environment, and 
Equation 1 is used to calculate the concentration of each model 
species:

(1)
dCi

dt
=−Vd

(

A

V

)

Ci+�r fCo−�rCi+
Qi

Vi

+

n
∑

j=1

Rij

F I G U R E  2   Photon fluxes 1 m from 
a sunlit window or fluorescent light 
bulbs in an office54 and the product of 
absorption cross sections and photolysis 
quantum yields for radical precursors O3, 
H2O2, HCHO, and OClO in the actinic 
region.78,83-85 The H2O2 trace is adapted 
from Ref. 54 based on interpolation from 
measured cross sections.78,85
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where Ci (Co) is the indoor (outdoor) concentration of species i, υd its 
deposition velocity, A the surface area indoors, V the volume of air in 
the indoor environment, λr the air change rate between indoors and 
outdoors (ACR), f the building filtration factor, Qi the indoor emission 
rate for species i, and R

ij
 the reaction rate between species i and j. The 

model can be initialized for global location, the type of indoor space 
(such as a hospital ward), outdoor pollutant concentrations, the time 
of year, and for consideration of occupant activities such as cleaning.

The INDCM includes terms that represent both indoor and at-
tenuated outdoor lighting, which are added together to give the 
total photolysis rate.59,67 We used the method described in this sec-

tion for all 37 species in the model that undergo photolysis, with 
the exception of the four disinfectant gases under investigation (see 
next section). For indoor light sources, constant transmission of light 
was assumed between 300-400 nm (UV) and 400-700 nm (visible) 
according to the method developed by Nazaroff and Cass (1986)69 

and used as described by Carslaw (2007).59 The photolysis rates out-
doors were calculated using a 2-stream scattering model,70 which 

assumed a typical mid-latitude value for ozone column and clear 
skies. Sunlight is attenuated as it passes through windows, such that 
3 and 10%, respectively, of UV and visible light ingresses.59

The INDCM includes irreversible surface loss, but does not con-

sider the release of gas-phase products from heterogeneous reac-

tions. Currently, there are not enough data regarding heterogeneous 
reactions on indoor surfaces to parameterize the model effectively.

2.2 | Hospital ward conditions in the model

We assume a ward volume of 35 m3 with an area to volume ratio of 1 
m2/m3, the latter being similar to the laboratory setting studied in Wong 
et al.67 Internal temperature was assumed to be 293 K and 50% relative 
humidity. Temperature and relative humidity could affect some of the 
chemistry modeled in this work, but we did not investigate the effects 
of changing these variables in this study, since there are many potential 
sources of uncertainty in the processes we investigate. The aim of this 
study is to demonstrate that photolysis of gaseous fumigants used to 
disinfect hospitals could occur under common indoor conditions, and 
to predict general conditions (lighting source, time after disinfection) 
under which the concentrations of radicals generated from photolysis 
will be elevated enough to affect indoor air quality.

Outdoor VOC concentrations were initialized based on Sarwar 
et al,71 while annual mean values of CO, SO2, NO, and NO2 (250, 0.6, 
2.7 and 13.5 ppb, respectively) from west Toronto/downtown were 
used to initialize the model (OMECC, 2016) following Wong et al.67 

Under baseline conditions, internal O3, NO, and NO2 concentrations 
were approximately 30 ppb, 80-130 ppt (higher with more light), and 
8 ppb, respectively, averaged from 09:00 h to 17:00 h.

Typical air change rates of ~6.5 /h for regular outpatient rooms in 
hospitals have been reported.72 This change rate included recircula-

tion: The exchange rate with outdoor air was ~2 per hour. We therefore 
used the air change rate of 2 per hour. The model results were similar 
even if we used 6.5 per hour, given that the ventilation is assumed 

to be off when fumigant emission occurs. Ventilation was stopped in 
the model at 10:00 h, and the emission from the NTD was assumed 
to begin. The emissions were set to provide the approximate concen-

trations reported in the literature for NTD use: 25 ppm for ozone,73,74 

1000 ppm for formaldehyde,30,31,33 100-500 ppm for H2O2,
47,75 and 

3000 and 350 ppm for OClO (to reflect two commonly used con-

centrations).30,76 This required emission rates of 0.01 ppm/s to gen-

erate 25 ppm of O3, 0.5 ppm/s for 1000 ppm of HCHO, 0.3 ppm/s 
for 500 ppm of H2O2, and 0.8 and 0.1 ppm/s to deliver 3000 and 
350 ppm of OClO (see Supporting Information). The emission rates 
were set to achieve these concentrations in the dark, and we used the 
same emission rate for all lighting conditions for each individual gas. 
The emissions were assumed to last for one hour and then stop. After 
another hour (at noon), ventilation was resumed at 2 per h. There is 
very little information in the literature on how long the gases will be 
emitted during cleaning; there is no standard practice. The little infor-
mation that exists suggests that emissions could last from between 
30 minutes and 24 hours.30 Duration of cleaning and ventilation re-

gime afterward will obviously affect the results, but our assumption 
allows the reader to see the impact of one hour of cleaning at typical 
concentrations. Additionally, we note that outdoor air composition will 
only affect indoor air composition during periods when the ventilation 
is running (ie, before 10:00 am, when NTD emission commenced, and 
after 12:00 pm). Four lighting scenarios were considered in this study: 
no illumination (dark); light either from a covered fluorescent (CF) or 
bare fluorescent (BF) tube; and from a combination of CF and atten-

uated sunlight (ATT). Covered and bare fluorescent tubes are both 
common in non-residential buildings. As shown in Figure 2, bare fluo-

rescent tubes emit at shorter wavelengths than indoor sunlight, due to 
filtering of ultraviolet light by windows. Conversely, emission at wave-

lengths shorter than ~360 nm is almost completely attenuated by plas-

tic covers. For the 4 disinfectant (and 2 related) gases, photolysis rates 
were calculated using measured photon fluxes 1 m from each light 
source or the window for sunlight (Tables 1-4, Table S1). Sensitivity 
tests were also performed at a distance of 25 cm from the lightbulb, 
since the photon flux is expected to be 4.5× greater than at 100 cm.54 

We discuss the implications of these tests in the Implications section. 
Literature values of absorption cross sections (σ) and photolysis quan-

tum yields (ϕ) of O3, H2O2, HCHO, and OClO were used, with photon 
fluxes (F) from Kowal et al54 to calculate photolysis rate constants (J) 
across the wavelength (λ) range of interest using Equation 2: 

2.3 | Radical production rates

Radical production rates were calculated from Equations 3-6 using 
estimated baseline concentrations of H2O2, HCHO, O3, and OClO in 
the absence of cleaning, as well as the short- and long-term exposure 
limits for each gas. The calculations used to determine the coeffi-
cients in Equations 3-5 are provided in Ref 54. The yields for ozone 
photolysis were adjusted to match the higher humidity (90-95%) re-

quired during cleaning events.31,38,77 Quantum yields for OClO and 

(2)J=

�f

∫
�i

� (�)� (�) F�d�
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ClO photolysis are assumed to be unity and 0.8 for Cl production 
from ClOOCl.78 

 

 

 

These calculations predict the rate at which primary radicals will 
be generated during cleaning events, regardless of secondary reac-

tions and loss processes. Radical production rates and steady-state 
concentrations are reported at times when disinfectant gas concen-

trations were at their peaks, at long- and short-term exposure limits, 
and at background levels.

3  | RESULTS AND DISCUSSION

3.1 | Baseline conditions

In the absence of cleaning, the primary oxidant precursors indoors 
will be O3, HONO, and HCHO. In our model, these are present at con-

centrations of 30, 0.5, and 2.6 ppb, respectively. Under these condi-
tions, ozone-alkene reactions will be the primary OH source, with 
a formation rate on the order of 107 molecules/cm3/s.49 Individual 

alkene concentrations and OH production rates used to calculate 
this rate are provided in the Supporting Information. Formaldehyde 
photolysis under illumination by BF will form HO2 at a rate of ~1 × 
105 molecules/cm3/s.54 The main source of Cl in the absence of per-
turbations such as cleaning will be physical transport from outdoors; 
at an ACR of 2 per hour, we calculate a negligible indoor formation 
rate of ~6 × 102 molecules/cm3/s.

To further investigate the baseline conditions, the model was run 
without any emissions of the disinfectant gases to investigate the 
impact of outdoor pollutants and the ventilation regime (switched 
off for 2 hours from 10:00 h) for the simulations in isolation. Figure 3 
shows the trends of HO2, OH, and RO2 for the four lighting condi-
tions. The abrupt concentration changes at 10:00 h and noon are 
caused by the ventilation system switching off and on, respectively. 
The OH concentration is ~3 × 105 molecule/cm3 under no lighting 

or lighting by covered or bare fluorescent tubes, and ~5 × 105 mol-

ecule/cm3 with attenuated outdoor light before the emission starts. 
This enhancement is caused by production through Reaction 7, since 
NO concentrations are ~2× higher under attenuated outdoor light 
before ventilation is turned off than the other conditions (not shown) 
due to enhanced NO2 photolysis:

The OH concentration decreases once the ventilation is turned 
off under all conditions and recovers once ventilation is turned on 
again. With ventilation, O3 and VOC concentrations are replenished 
indoors permitting reactive chemistry to occur and OH radicals to 
form. The concentrations of HO2 are similar for the first three lighting 
conditions before the ventilation is turned off and after it is turned 
back on again. For attenuated outdoor light, the HO2 and RO2 con-

centrations are lower before the ventilation is turned off owing to 
suppression by NO (eg, Reaction 7 for HO2). The main HO2 source 
under these conditions is reactions with OH, so the two radicals dis-

play similar behavior, with the HO2 concentration decreasing with 
OH when ventilation is turned off. When ventilation is turned off, 
RO2 concentration rapidly increases and then decays. This is due to 
OH reacting quickly with any remaining VOCs to form RO2 radicals, 
which then react with any NO present. As NO concentrations are 
lower in the dark (not shown), peak RO2 is highest under these condi-
tions. After ventilation resumes, RO2 levels return to the initial values.

3.2 | Disinfectant gases

Figure 4 shows the predicted temporal profiles of the four disinfect-
ant gases under the different lighting conditions. The profiles for 
each disinfectant (except OClO) are very similar: A rapid increase in 
concentration during fumigation, peaking when disinfection stops at 
around 11:00 h, followed by a decrease to background levels over 
the course of ~1.5 hours after generation ceases. Peak concentra-

tions are similar for different lighting conditions.
As shown in Figure 2, OClO absorbs light much more strongly 

than the other disinfectant gases at wavelengths present indoors. 
The temporal profile of its concentration is therefore greatly 
affected by the illumination conditions. Peak OClO concentra-

tions are greatest in the dark; under attenuated sunlight, they are 

(3)Rate=2JH2O2

[

H2O2

]

(4)Rate=2J[rad]

[

HCHO
]

(5)Rate=0.31J[O( 1D)]

[

O3

]

(6)Rate= J[OClO]

[

OClO
]

(7)HO2+ NO→OH + NO2

TA B L E  1   Calculated OH production rates from O3 photolysis by sunlight (ATT), covered (CF), and bare (BF) fluorescent bulbs at a 
distance of 1 m for peak (25 ppm), 300, 100, and 30 ppb O3; INDCM predicted OH concentrations at the same points; and calculated 
photolysis rate constants 1 m from each light source based on data from Ref. 54

Light Source
Peak O3/

ppm
Photolysis rate 
constant/s

Rates in molecule/cm3/s and (in parentheses) [OH] in 105 molecule/cm3

Peak O3 300 ppb 100 ppb 30 ppb

Dark 24.9 0 0 (13.4) 0 (3.7) 0 (3.3) 0 (2.7)

CF 24.9 1.29 × 10−10 2.5 × 104 (14.1) 298 (3.7) 99.2 (3.3) 29.8 (2.8)

BF 24.8 1.27 × 10−6 2.4 × 108 (127) 2.9 × 106 (4.3) 9.8 × 105 (3.7) 2.9 × 105 (2.9)

ATT 24.8 2.06 × 10−8 3.9 × 106 (13.9) 4.8 × 104 (3.8) 1.6 × 104 (3.4) 4765 (2.8)



6  |     WANG et Al.

only ~3% that predicted in the dark due to rapid photolysis. This 
extremely rapid photolysis is the reason OClO must be prepared 
and stored in the dark, as noted in the Introduction. The temporal 
profile for OClO looks very different than the other gases, partic-

ularly in the dark and for attenuated outdoor light. OClO is only 
removed in the model through photolysis, or reaction with NO, 
Cl, O or OH (see Supporting Information). Given the formation of 
these four species is photolysis-dependent, their reaction rates are 
relatively slow in the dark. The flat peak between ~11:00-12:00 h 
occurs because emission has stopped but ventilation is still turned 
off and there is no effective loss. Once ventilation is resumed, the 
OClO is gradually removed. For attenuated outdoor light, there is 
also a (narrower) flat-topped peak; in this instance, the flat peak is 
caused by the balance between emission strength and photolysis 

rate between 10:00-11:00 h. Once the emission ceases, the remain-

ing OClO is rapidly photolyzed.

3.3 | Ozone

The primary radical generated by O3 photolysis is OH (Figure 1). Table 1 
illustrates predicted OH formation rates at ozone concentrations corre-

sponding to baseline levels in hospitals (30 ppb), during cleaning events 
(~25 ppm), at the short-term and long-term exposure limits (300 and 
100 ppb),45 as well as steady-state OH concentrations predicted by the 
model at each O3 mixing ratio. Photolysis rates are low in the dark and 
under illumination by covered fluorescents and attenuated sunlight; 
the rates under these conditions (<5 × 106 molecule/cm3/s) are lower 

F I G U R E  3   Profiles of baseline (without any fumigant emission) HO2, OH, and RO2 under different lighting conditions (a: dark; b: CF; c: BF; 
d: ATT) over the course of the study day. Concentrations of HO2 and RO2 are in ppt, and concentrations of OH are in molecule/cm3. Note 
that the changes at 10:00 h and noon are driven by the ventilation system being turned off and on, respectively

TA B L E  2   Predicted HO2 production rates from HCHO photolysis by sunlight (ATT), covered (CF), and bare (BF) fluorescent bulbs at a 
distance of 1 m for peak, 1 ppm and 2.6 ppb HCHO; INDCM predicted HO2 concentrations at the same points; and calculated photolysis 
rate constants 1m from each light source based on data from Ref. 54

Light Source
Peak HCHO/
ppm

Photolysis rate constant at 
1 m/s

Rates in molecule/cm3/s and (in parentheses) [HO2] in ppt

Peak HCHO 1 ppm 2.6 ppb

Dark 982 0 0 (6) 0 (12.4) 0 (6.4)

CF 982 0 0 (7.2) 0 (12.8) 0 (6.4)

BF 978 7.7 × 10−7 3.7 × 1010 (2424) 3.8 × 107 (69.6) 9.9 × 104 (7.2)

ATT 1053 5.2 × 10−9 2.7 × 108 (203) 2.6 × 105 (14) 6.7 × 102 (6.4)
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than those calculated for ozonation of alkenes in the dark under com-

mon indoor conditions of ~1 × 107 molecule/cm3/s.49 Photolysis under 
these illumination conditions is negligible due to very small O3 pho-

tolysis quantum yields at wavelengths longer than 320 nm (Figure 1). 
Correspondingly, OH concentrations under illumination from covered 
fluorescents and attenuated sunlight are similar to those in the dark. 
The photolysis rate under illumination from bare fluorescent tubes is 2 
orders of magnitude higher than that from sunlight because bare fluo-

rescent tubes emit light at ~312 nm, where the O3 photolysis quantum 
yield is much higher than at longer wavelengths. This photolysis results 
in very high peak OH steady-state concentrations (1.3 × 107 molecule/

cm3). For context, outdoor OH concentrations in unpolluted urban 
centers are generally a few × 106 molecule/cm3.79

Figure 5 shows predicted time-resolved profiles of the radical 
species. Peak values of OH, HO2, and RO2 with O3 emission are sim-

ilar for the dark, covered fluorescent bulb, and attenuated sunlight 

conditions. Both OH and HO2 are ~2× higher for the bare fluorescent 
tube, whereas RO2 concentrations are similar under all conditions. 
In the dark, under covered fluorescent lighting and attenuated sun-

light, OH, HO2, and RO2 concentrations peak when the ventilation 
is turned off at 10:00 h, as O3 reacts with VOCs to form OH (and 
HO2 and RO2). However, given the short radical lifetimes, radical 
concentrations decrease rapidly once the VOCs are titrated. There 
is additional HO2 loss due to reaction with O3; OH levels are too low 
to regenerate HO2 except under BF conditions, when OH is formed 
rapidly via O3 photolysis. A second spike in OH and HO2 concen-

trations (under all conditions except BF) is observed just after noon 
when the ventilation is turned back on and VOCs are re-introduced 
indoors. Radicals are formed from VOCs reacting with O3 at this 
time. This production of radicals is more sustained for RO2 than for 
OH or HO2, due to relatively high O3 concentration under these con-

ditions (still at ~0.8 ppm at 12:40 h). This O3 removes the NO that 

F I G U R E  4   O3, HCHO, H2O2, and OClO concentrations under different lighting conditions (a: dark; b: CF; c: BF; d: ATT) over the course of 
the study day

TA B L E  3   Predicted OH production rates from H2O2 photolysis by sunlight (ATT), covered (CF), and bare (BF) fluorescent bulbs at a 
distance of 1 m for peak, 120, 1, and 0.001 ppm H2O2; INDCM predicted OH concentrations at the same points; and calculated photolysis 
rate constants 1 m from each light source based on data from Ref. 54

Light Source
Peak H2O2/

ppm
Photolysis rate 
constant/s

Rates in molecule/cm3/s and (in parentheses) [OH] in 105 molecule/cm3

Peak H2O2 120 ppm 1 ppm 1 ppb

Dark 495 0 0 (0.0003) 0 (0.0004) 0 (1.4) 0 (2.8)

CF 495 9.5 × 10−10 2.3 × 107 (0.01) 5.7 × 106 (0.01) 4.7 × 104 (1.5) 47.3 (3.0)

BF 494 1.6 × 10−7 3.9 × 109 (1.9) 9.4 × 108 (1.9) 7.8 × 106 (3.5) 7800 (3.0)

ATT 524 1.2 × 10−7 3.2 × 109 (1.5) 7.4 × 108 (1.5) 6.2 × 106 (3.5) 6150 (3.0)
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would otherwise suppress RO2 concentrations. The RO2 only begins 
to decrease once the NO recovers at around 13:00 h.

For bare fluorescent bulb lighting OH and HO2 radicals show a 
single peak that coincides temporally with peak O3 concentrations 
at 11:00 h. Peak concentrations are much higher than under the 
weaker illumination conditions, owing to the much higher O3 pho-

tolysis rates under these conditions (Table 1). The behavior of RO2 

under BF is similar to that under the other lighting conditions. The 
higher HO2 concentrations under BF conditions also suppress RO2 

through reactions such as Reaction 8:

3.4 | Formaldehyde

Table 2 reports predicted HO2 production rates for various light-
ing conditions for formaldehyde levels corresponding to the 
baseline level used in the model (2.6 ppb), during cleaning events 
(~1000 ppm), and at the long-term exposure limit (1 ppm).44 The HO2 

radicals are produced following HCHO photolysis (Figure 1). At peak 
HCHO levels generated during cleaning events, the model predicts a 
steady-state HO2 concentration of ~2.4 ppb under illumination from 
a bare fluorescent tube. Predicted concentrations remain elevated 
even after HCHO levels decrease below the long-term exposure lim-

its (when people are allowed back into the room) especially under 
illumination by bare fluorescent bulbs, with concentrations of ~70 
ppt at 1 ppm HCHO.

Figure 6 shows the time-resolved model predictions of radical 
concentrations following HCHO fumigation. Peak concentrations 
of HO2 correlate with photolysis rate (Table 2) given the direct for-
mation through HCHO photolysis. Hydroperoxy radicals produced 
from formaldehyde photolysis have three major fates: react with 
each other to form hydrogen peroxide, with RO2 to form organic 
peroxides, or with nitric oxide to form hydroxyl radicals. For peak 
HCHO concentration, the self-reaction dominates HO2 loss for 
bare fluorescent or attenuated outdoor lighting, while for the other 
two conditions, reaction with RO2 is most important. For the other 
HCHO concentrations shown in Table 2, reaction with NO domi-
nates HO2 loss under all lighting conditions. Note that HO2 is formed 
directly from HCHO photolysis, but also from Reaction 9:

This means that even when the photolysis rate of HCHO to form 
HO2 is negligible (under no/low lighting conditions), it is still possible 
to form HO2, though at lower concentrations than observed under 
illumination from fluorescent tubes or attenuated sunlight.

Although OH is formed from the reaction between HO2 and NO, 
its concentration depends negatively on HCHO concentrations. This 
is because HCHO is an OH sink (via Reaction 9), and loss of OH to 
HCHO is greater than formation from HO2 and NO. Thus, OH lev-

els during and immediately after disinfection are lower than under 
background conditions for all lighting conditions. The OH and RO2 

(8)HO2+ CH3O2→CH3OOH + O2

(9)

HCHO + OH
(

+O2

)

→HO2+ CO + H2O

F I G U R E  5   Profiles of HO2, OH, and RO2 under different lighting conditions (a: dark; b: CF; c: BF; d: ATT) for O3 emission. Concentrations 
of HO2 and RO2 are in ppt, and concentrations of OH are in molecule/cm3
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concentrations for attenuated outdoor light are also notably higher 
and lower respectively before the emission than afterward. This is 
because of elevated NO under these lighting conditions compared to 
the others (see Section 3.1). RO2 concentrations are also suppressed 
by the high concentrations of HO2 when HCHO is the disinfectant 
gas (eg, Reaction 8).

For all conditions, there is a brief peak in RO2 concentrations at 
10:00 h as OH reacts with the remaining VOCs to form RO2, and 
then a decrease as HO2 concentrations increase and react with RO2 

(eg, via Reaction 8). The concentration of RO2 then increases again 
after 12:00 h as ventilation resumes and oxidation reactions restart. 
There is a sharp increase and peak of NO at 12:00 h under dark and 
covered fluorescent lighting conditions (not shown) when the venti-
lation is turned back on which causes the RO2 concentration to de-

crease sharply to a very low concentration.

3.5 | Hydrogen peroxide

Table 3 illustrates predicted OH production rates at H2O2 concentra-

tions during cleaning events (~500 and 120 ppm), at the long-term ex-

posure limit (1 ppm),43 and at background levels (1 ppb).80 Hydroxyl 
radical formation rates are high at peak H2O2 levels during disinfection 
under illuminated conditions (~2 × 107 molecules/cm3/s for covered 
fluorescent tubing and 3-4 × 109 molecules/cm3/s for bare fluorescent 
and attenuated outdoor light). Formation rates remain significant (ie, 
on the same order of magnitude as formation via ozone-alkene reac-

tions) even at 1 ppm H2O2 under stronger lighting conditions (BF and 
ATT). Despite rapid formation, OH steady-state concentrations are 
similar to or lower than those under baseline conditions at all H2O2 

concentrations. This is because OH is removed by H2O2 via Reaction 
10 at a greater rate (more than 100× faster for attenuated outdoor 

F I G U R E  6   Profiles of HO2, OH, and RO2 under different lighting conditions (a: dark; b: CF; c: BF; d: ATT) for HCHO emission. 
Concentrations of HO2 and RO2 are in ppt, and concentrations of OH are in molecule/cm3

TA B L E  4   Predicted Cl production rates from OClO photolysis by sunlight (ATT), covered (CF), and bare (BF) fluorescent bulbs at a 
distance of 1 m for peak, 300, 100, and 10 ppb OClO; INDCM predicted Cl concentrations at the same points; and calculated photolysis rate 
constants 1 m from each light source based on data from Ref. 54

Light Source
Peak OClO/
ppm

Photolysis rate 
constant/s

Rates in molecule/cm3/s and (in parentheses) [Cl] in 105 molecule/cm3

Peak OClO 300 ppb 100 ppb 10 ppb

Dark 2879 0 0 (0) 0 (1 × 10−5) 0 (6 × 10−5) 0 (6 × 10−4)

CF 2623 4.9 × 10−5 3.9 × 1011 (0.003) 3.7 × 108 (0.6) 1.2 × 108 (1.1) 1.2 × 107 (0.02)

BF 1232 5.3 × 10−4 2.0 × 1012 (2.8) 4.0 × 109 (26.4) 1.3 × 109 (27.9) 1.3 × 108 (24.3)

ATT 79 9.9 × 10−3 2.4 × 1012 (27.7) 7.4 × 1010 (75.4) 2.5 × 1010 (76.8) 2.5 × 109 (79.6)
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and bare fluorescent lighting) than it is produced from photolysis (via 
Equation 4). 

The temporal profiles of OH (Figure 7) resemble those under 
baseline conditions, although the minima last longer due to loss 
of OH through Reaction 10. In the dark and with covered fluores-

cent lighting, OH concentrations are well below baseline levels 
(of 3 × 105 molecule/cm) when H2O2 levels are elevated and are 
close to baseline levels when H2O2 decreases to < 1 ppm. Under 
bare fluorescent and attenuated sunlight conditions, OH concen-

trations increase somewhat compared to the darker conditions, 
for similar reasons as for the HCHO simulation. Unlike OH, the 
temporal profiles of HO2 do not resemble background conditions. 
Small fluctuations in HO2 concentrations are observed during 
disinfection in the dark, but clear increases are observed under 
illumination by all light sources, with much higher concentrations 
observed under bare fluorescent and attenuated outdoor light 
than covered fluorescent light. The elevated HO2 levels are from 
Reaction 10, and time-dependent HO2 concentrations under il-
luminated conditions correlate with H2O2 concentrations. The 
trends for RO2 during H2O2 fumigation are similar to those for 
HCHO fumigation. Once high concentrations of HO2 are formed 
via Reaction 10, reactions between HO2 and RO2 to form perox-

ides (eg, Reaction 8) suppress RO2.

3.6 | Chlorine dioxide

Chlorine dioxide photolysis forms oxygen atoms and ClO radicals 
(Reaction 11). The ClO radical absorption spectrum has little over-
lap with wavelengths present indoors, except for high-energy pho-

tons from bare fluorescent tubes that can form Cl (Reaction 12). ClO 
dimers can absorb at wavelengths > 500 nm. Under NTD cleaning 
conditions, there is likely sufficient production of ClO to form di-
mers, which photolyze to form chloroperoxy radicals (ClOO) and Cl 
(Reaction 13).

There is no ClOO absorbance at wavelengths longer than 
280 nm, so there is no overlap with light indoors. Using the steady-
state approximation and ignoring other reactions involving reactive 
intermediates (including photolysis of ClO), the Cl formation rate 
from OClO photolysis can be approximated as the rate of OClO pho-

tolysis (Equation 6).
Table 4 reports predicted Cl formation rates at OClO concen-

trations corresponding to peak levels (~3000 ppm) during cleaning 
events, at the short- and long-term exposure limits (300 and 100 ppb, 

(10)OH + H2O2→HO2+ H2O

(11)OClO+h�→O +ClO

(12)ClO + h�→O + Cl

(13)ClOOCl + h�→ClOO + Cl

F I G U R E  7   Profiles of HO2, OH, and RO2 under different lighting conditions (a: dark; b: CF; c: BF; d: ATT) for H2O2 emission. 
Concentrations of HO2 and RO2 are in ppt, and concentrations of OH are in molecule/cm3
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respectively)45 and at 10 ppb. High Cl formation rates are predicted 
under illuminated conditions even at 10 ppb OClO. Steady-state Cl con-

centrations are elevated at all OClO concentrations under bare fluores-

cent and attenuated outdoor lighting, with little dependence on OClO 
concentration, despite Cl formation rates that decrease by 4 or 5 orders 
of magnitude between peak OClO concentrations and 10 ppb. This is 
because species involved in the reactions that lead to Cl formation, as 
well as Cl itself, can undergo competing reactions (Figure 1), some of 
which depend on light and OClO concentrations. This chemistry can be 
understood by examining the time-resolved concentrations of relevant 
species (Cl, HO2, OH, RO2 and O3), shown in Figure 8.

Figure 4 showed that the time-dependent behavior of OClO 
is very different from the other disinfectant gases studied. This is 
because it is extremely photolabile, even at wavelengths relevant 
to indoor environments (Figure 2). The temporal profiles of radi-
cals and other oxidants formed during OClO disinfection are also 
very different than those produced from other disinfectant gases. 
Small amounts of Cl are formed in the dark, and very high peak lev-

els are observed under illuminated conditions (1.5 × 105, 2.8 × 106, 
and 2.2 × 108 molecule/cm3 for covered and bare fluorescent and 
attenuated outdoor lighting respectively). Note that peak Cl concen-

trations do not coincide temporally with peak OClO concentrations. 
For instance, peak Cl levels are observed 167 minutes after OClO 
levels peak with bare fluorescent lighting, and 208 minutes after 
OClO levels peak in attenuated outdoor light. Peak OClO concen-

trations are always at around 11:00 h (except for ATT where they 
occur just after 10:00 h), whereas the peak in ozone gets earlier as 

the OClO photolysis rate increases, occurring at 11:00 h for ATT, 
but after 15:00 h in the dark. Given that Cl reacts rapidly with O3, Cl 
concentrations only peak once O3 concentrations have decreased.

Concentrations of OH and HO2 decrease at around 10:00 h, 
returning to “normal” with a slower recovery rate compared to OH 
trends for the emission of other gases. When ClO concentrations 
are high in the more intense light conditions, OH and HO2 react 
with ClO and are depleted. In the dark, OH reacts with OClO, only 
returning to background concentrations when OClO is no longer 
present. An increase in RO2 levels is observed under all illumination 
conditions, with the highest levels observed under ATT. In the dark, 
RO2 is formed as the remaining VOCs react with OH when the ven-

tilation is turned off. Under the illuminated conditions, the Cl pro-

duced by photolysis can additionally oxidize VOCs to form RO2. The 

RO2 concentration is therefore enhanced relative to the dark case, 
particularly for bare fluorescent and attenuated sunlight conditions. 
Moreover, as shown in Table 4, OClO photolysis under attenuated 
sunlight is ~20 times faster than under bare fluorescent lighting, 
resulting in an earlier (~40 minutes) and higher peak of RO2. Once 

the ventilation is turned back on, the chlorine radicals are slowly de-

pleted, which means the opportunities to form more RO2 become 

limited and the RO2 eventually decreases.
The confounding factor with using OClO as a disinfectant gas 

is that photolysis of OClO produces O atoms (Reaction 11), which 
react with O2 to produce O3. Depending on the light levels, this can 
produce high ozone levels (with peak concentrations of 1100 ppm 
for BF and 1440 ppm for ATT, as shown in Figure 8) that can then 

F I G U R E  8   Profiles of Cl, HO2, O3, OH, and RO2 under different lighting conditions (a: dark; b: CF; c: BF; d: ATT) for OClO emission. 
Concentrations of HO2 and RO2 are in ppt, concentrations of Cl and OH are in molecule/cm3, and concentrations of O3 are in ppm.
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affect the chemistry. We note that the O3 levels generated from 
OClO photolysis are much higher than those commonly attained 
using O3 as the primary fumigant (25 ppm). The combination of high 
OClO and O3 concentrations means that OH is suppressed for many 
hours following disinfection. Although OH radicals can be produced 
via O3 photolysis, the reaction of O3 with Cl is a more important loss 
route for O3, particularly under attenuated sunlight conditions. Any 
OH that forms therefore rapidly reacts with the OClO that is formed 
through the reaction of Cl with O3.

We also ran the model assuming peak OClO concentrations of 
350 ppm as per the Introduction. We found that under these con-

ditions, Cl concentrations peaked in the attenuated sunlight condi-
tions at ~2 × 107 molecule/cm3. These values reflect the fact that 
the OClO emission into the room is ~10 times lower than under the 
conditions illustrated in Figure 8.

4  | IMPLIC ATIONS

We have predicted indoor OH, HO2, RO2, and Cl production rates and 
concentrations during and after NTD cleaning events. Our results sug-

gest that concentrations of these radicals during cleaning events may 
be orders of magnitude higher than indoor and outdoor baseline levels 
and that elevated concentrations may persist for several hours after the 
cleaning event. Long-term exposure limits (when rooms are deemed 
safe for reentry) are reached 2-4.5 hours after disinfection ceases, de-

pending on the disinfectant gas used and the illumination condition. 
Table 5 shows radical concentrations when rooms are considered safe 
for reentry for each disinfectant gas under different lighting condi-
tions. It is clear that these can remain elevated under some conditions 
many hours after disinfection, especially for the bare fluorescent and 
attenuated sunlight conditions. Note also that when OClO is used as a 
disinfectant gas, O3 levels can also remain elevated after OClO concen-

trations reach a safe limit: under bare fluorescent lighting, O3 concen-

trations are still 3.5 ppm and for attenuated outdoor light, 1150 ppm, 
well above the safe limit for O3 of 100 ppb. We also considered expo-

sure to the total radical concentrations (OH + HO2 + RO2 + Cl) over the 
24 h of the cleaning day (see Table S3). The biggest exposure to total 
radical concentration is for OClO (ATT) at ~1 ppm with the second big-

gest exposure to radicals of ~0.3 ppm for HCHO (BF).

Background levels of the radicals studied in this work (when 
ventilation is running) are as follows: 3-5 × 105 molecules/cm3 

(OH), 6 ppt (HO2), 0 molecule/cm3 (Cl), and 8-15 ppt (RO2). For 
cleaning events, after O3 concentrations have decreased to safe 
levels, OH, HO2, and Cl will be at or near baseline levels, but 
Table 5 shows that RO2 will be greatly elevated (~400 ppt under 
all conditions). After HCHO has reached safe levels, HO2 will be 

greatly elevated under illumination by bare fluorescent bulbs (~70 
ppt). After H2O2 levels have decreased to safe levels, HO2 will be 

elevated by 3-4 times compared to background levels under illumi-
nation from bare fluorescent tubes and attenuated sunlight. After 
OClO has returned to safe levels, Cl will be elevated under these 
same two lighting conditions (2.8 × 106 and 7.7 × 106 molecule/

cm3 respectively), and RO2 will be elevated under all conditions, 
ranging from 85 ppt in the dark to ~ 1.2 ppb under illumination 
by bare fluorescent tubes and attenuated outdoor light. These 
elevated concentrations could lead to the formation of harmful 
secondary pollutants such as chlorinated and oxygenated organ-

ics and particulate matter, resulting in a temporary but significant 
decrease in air quality in rooms employing NTDs. Note that there 
are also likely to be significant surface interactions for some of the 
fumigants, which will likely lead to additional oxygenated VOCs 
indoors.60 Current safety guidelines do not account for potentially 
elevated radical concentrations either before or after safe levels of 
the respective compounds are reached. The results of this study in 
no way suggest that the fumigants discussed should not be used 
to disinfect hospital rooms; their efficacy at deactivating bacteria 
makes them an extremely important tool to keep hospitals safe for 
staff and patients. It is possible, however, that revised operating 
procedures should be considered for some of these instruments to 
reduce exposure to photochemically-generated gas-phase species, 
such as running the instruments in the dark, waiting until ambient 
levels of the fumigant are an order of magnitude below current 
safety guidelines, or increasing air change rates during NTD use.

It is important to note that photon fluxes (and therefore radical 
concentrations) depend on a number of factors. Some factors af-
fecting photon fluxes from fluorescent tubes include brand, color 
temperature, wattage, age of tube, and number of tubes. Photon 
fluxes from sunlight depend on numerous factors including time 
of day, cloud cover, and type of window glass. Photon fluxes will 
vary greatly throughout a room due to decreases in irradiance with 
distance, the orientation of windows with respect to the sun, and 
the presence of objects within the room that block light. In order 
to accurately predict average radical concentrations within a room 
(“room-averaged concentrations”), all of these factors would ideally 
be taken into account.

Room-averaged radical concentrations will vary over the course 
of the day and will be different from room to room. Rather than es-

timating volume-averaged radical concentrations for the specific 
room used in the model at a specific time of day, we consider the 
radical concentrations we predict using measured photon fluxes 
from sunlight inside a window and from fluorescent tubes at a dis-

tance of 1 m from the tubes to be an adequate approximation of 

TA B L E  5   Concentrations of OH , HO2 , Cl  (OClO only), 
and RO2 , clockwise from top left for the 4 disinfectant gases 
at the time when the disinfectant gas has returned to the long-term 
exposure limit value. OH and Cl concentrations in 105 molecule/

cm3. HO2and RO2concentrations in ppt
O3 HCHO H2O2 OClO

dark 3.2 1.1 0.4 12.5 1.4 10.3 0.8 1.1

418.4 / 8.5 / 10.2 / 85.1 0.0

CF 3.3 1.2 0.5 12.8 1.5 10.5 0.7 0.1

430.4 / 8.0 / 9.8 / 432.8 1.1

BF 3.7 1.4 1.1 69.4 3.5 24.3 0.3 0.0

399.5 / 6.3 / 11.9 / 1259.4 27.9

ATT 3.4 1.3 0.5 13.9 3.5 21.5 0.0 0.0

367.8 / 7.7 / 10.5 / 1192.8 76.8
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volume-averaged radical concentrations within a well-lit room. Near 
noon, irradiance from sunlight has only a weak distance dependence 
indoors, and photon fluxes are expected to be relatively uniform 
within illuminated regions.54 The distance dependence of irradiance 
from a single fluorescent tube has been reported to follow d−0.8, 
where d is distance from the lamp.54 The dependence is fairly weak 
at distances greater than ~25 cm, with only a ~75% decrease be-

tween distances of 0.25 m and 1 m from the lamp, and another ~75% 
decrease between 1 and 2 m from the lamp. This suggests both that 
calculations performed at a distance of 1 m from the lamp are a good 
estimate of room-averaged radical levels, and that the distance de-

pendence will introduce relatively small uncertainties compared to 
uncertainties in model assumptions around deposition rates, surface 
interactions and the concentrations of disinfectant gases assumed 
etc. To further investigate the importance of the distance depen-

dence, we performed model runs using photon fluxes from a distance 
of 25 cm from the lamp as a sensitivity test (SI, Table S4). Under BF 
conditions, OH and HO2 concentrations increased by a factor of up 
to 2-3 at 25 cm compared to 1 m. The RO2 concentrations tended to 
be slightly smaller closer to the light source, except for OClO where 
they were more than 7 times higher. Cl concentrations were most 
sensitive to changes in distance from the light source. The sensitivity 
results show that changes in irradiance of ~3× generally result in in-

creases in radical concentrations of 2-3×. This supports our previous 
statement that the uncertainty introduced by the distance depen-

dence of irradiance from fluorescent tubes will be smaller than that 
from other model assumptions. The exception to this is Cl generated 
from OClO photolysis, which increased by a factor of 1880 at 25 cm 
compared to 1 m. When considering room-averaged concentrations, 
the higher radical levels at 25 cm (compared to 1 m), will likely be 
offset by lower radical levels at greater distances. Our reported rad-

ical levels at 1 m are therefore likely a reasonable representation of 
room-averaged concentrations.

Significant uncertainties remain regarding radical formation in-

doors (whether NTDs are employed or not), due primarily to a lack of 
measurements of indoor radicals and their sources and sinks.81 The 

model used in this work has shown good agreement in the past with 
measured radical concentrations (Carslaw et al),82 but we have nec-

essarily had to make assumptions around NTD operation and use in 
the absence of more detailed information. Given these caveats, our 
study suggests that radical levels may be extremely elevated for ex-

tended time periods after NTD use, both in the dark and under com-

mon forms of indoor illumination. This work also highlights the need 
for indoor measurements of species such as OH, HO2, Cl, and RO2 

to better predict the effects of NTDs on indoor air quality. As a final 
note, we suggest that the efficacy of NTDs on reducing loadings of 
several strains of bacteria should be further studied in the dark and 
under illumination from different indoor lighting. It is possible that 
efficacy will be greatly enhanced under common lighting sources 
such as fluorescent lights due to the production of radicals that may 
inactivate bacteria more effectively than the disinfection agents. As 
NTD devices gain popularity, we urge researchers to consider their 

potential effects on air quality as well as on bacterial loads, and to 
determine operating procedures accordingly.
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