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ABSTRACT: Ultraviolet germicidal irradiation (UVGI) is known
to inactivate various viruses and bacteria, including SARS-CoV-2,
and is widely applied especially in medical facilities. This inactivation
results from the high photon energies causing molecular bonds to
break, but when nonpathogen molecules are affected, unwanted
effects may occur. Here, we explored the effect of a commercial high-
intensity (∼2 kW) UVC disinfection device on the composition and
concentration of gases and particles in indoor air. We find that the
UVC (254 nm) caused dramatic increases in particle number
concentrations, and nearly all (∼1000) monitored gas phase species
also increased. These responses were unsurprising when considering
the typical impacts of UVC on atmospheric chemistry. High particle
concentrations are associated with adverse health effects, suggesting
that the impact of UVGI devices on indoor air quality (IAQ) should be studied in much more detail. The high-intensity device in
this study was intended for short durations in unoccupied rooms, but lower-intensity devices for continuous use in occupied rooms
are also widely applied. This makes further studies even more urgent, as the potential IAQ effects of these approaches remain largely
unexplored.
KEYWORDS: indoor air quality, disinfection, air cleaning, secondary chemistry, UVGI, air pollutants

■ INTRODUCTION
In the wake of the COVID-19 pandemic, there has been
increasing interest for methods to slow the spread of the virus.
Ultraviolet germicidal irradiation (UVGI),1 which uses ultra-
violet C (UVC) radiation to inactivate bacteria and viruses, has
been used to photosterilize air and surfaces in hospitals already
for decades.2−4 Several UVC disinfection devices have been
developed5−9 with additional potential applications in e.g.
offices and warehouses. SARS-CoV-2 is primarily transmitted
by airborne means,10,11 and since it is inactivated by
UVC,12−15 interest in UVGI devices has seen an upswing
during the pandemic. As direct UVC radiation exposure is
harmful to humans and can cause e.g. erythema and
photokeratitis,1,16−18 overexposure of UVC radiation should
be avoided. However, low intensity UVGI devices, installed in
the upper part of rooms (upper-room UV), have been used
already for decades for occupied rooms to prevent the spread
of diseases.4,19,20 Recently, UVC devices with wavelengths
around 222 nm have been suggested as viable also in occupied
rooms, as this wavelength might have more limited health
effects,21−24 but this topic remains debatable.25,26 In all cases,
the efficiency of disinfection will depend on irradiation volume,
intensity, and time.

In the atmosphere, the photolyzing ability, i.e. ability to
break molecular bonds, of solar UV radiation initializes the

majority of the chemistry taking place in the air,27,28 including
the formation of oxidants, e.g. ozone and the gas phase
hydroxyl (OH) radical. Both photolysis of, and radical
reactions with, volatile gases and compounds emitted from
surface materials29,30 can form new compounds, with different
properties concerning e.g. toxicity or volatility. Less volatile
compounds can contribute to aerosol formation. These
unwanted gas- and particle-phase compounds can have adverse
human health effects,31−33 raising concerns about using UVC
radiation from the indoor air quality (IAQ) perspective.

In this study, we attempted to characterize the production of
gaseous and particulate components when using a commercial,
high-intensity UVC device, to determine whether potentially
negative IAQ impacts can be expected. Utilizing state-of-the-
art mass spectrometers and an ozone monitor we measured gas
phase compounds while simultaneously sampling aerosol
particle number and size distributions produced from the
UVC light exposure.

Received: November 1, 2022
Revised: January 10, 2023
Accepted: January 10, 2023
Published: January 13, 2023

Letterpubs.acs.org/journal/estlcu

© 2023 The Authors. Published by
American Chemical Society

172
https://doi.org/10.1021/acs.estlett.2c00807

Environ. Sci. Technol. Lett. 2023, 10, 172−178

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
H

E
L

SI
N

K
I 

on
 F

eb
ru

ar
y 

16
, 2

02
3 

at
 0

8:
08

:4
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frans+Graeffe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuanyuan+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yishuo+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mikael+Ehn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.estlett.2c00807&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00807?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00807?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00807?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00807?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.estlett.2c00807?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/estlcu/10/2?ref=pdf
https://pubs.acs.org/toc/estlcu/10/2?ref=pdf
https://pubs.acs.org/toc/estlcu/10/2?ref=pdf
https://pubs.acs.org/toc/estlcu/10/2?ref=pdf
pubs.acs.org/journal/estlcu?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.estlett.2c00807?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/estlcu?ref=pdf
https://pubs.acs.org/journal/estlcu?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


■ MATERIAL AND METHODS
We used a hospital-grade SteriPro-UVGI device designed for
fast disinfection in large rooms, e.g. operating rooms (by UVC
Solutions34), and it has 16 Philips Hg TUV 95 W and 8 Philips
Hg TUV 60 W lamps, emitting at a peak wavelength of 254
nm, and minor emissions at higher wavelengths. Hg UV lamps
also produce 185 nm UV light, which forms O3 from O2
photolysis, but these wavelengths should be filtered out by the
device. A more detailed description of the device is provided in
the Supporting Information (SI) Text S1.

All experiments were conducted in an aerosol physics
laboratory (∼30 m2 and ∼110 m3) at the University of
Helsinki. Temperature and RH varied between 26.6 and 28.6
°C and 15%−21%, respectively. The ozone concentrations
were relatively low (2−15 ppb), with the main source being
transported from outside through the ventilation system and
sinks being both outward ventilation and reactions in the
room. During the experiments, outside ozone levels were
unusually low and, therefore in 3 out of 14 experiments (Table
S1), were increased slightly by using an ozone generator. The
HVAC system (Heating, Ventilating, and Air Conditioning) in
the laboratory was a single pass design where the outdoor air
was filtered and heated before entering the room and then
directly exhausted without any recirculating. The ventilation
rate was ∼4.2 ACH (air changes per hour) during the daytime,
as determined from CO2 decay experiments (Figure S17), and
∼2.8 ACH during the night.

The unoccupied laboratory was irradiated for a given
duration: 6 (recommended), 12, or 30 min. We also tested 4
times 6 min consecutively with only 10 min intervals (runs
11−14). As these are less comparable to other experiments,
they are omitted from calculations unless otherwise noted.
After the UVGI device shutdown, we waited at least 75 min
before entering the room. To test the effect of human
emissions on the air chemistry, we conducted experiments
both with and without people’s presence prior to the

disinfection cycle. The room air was continuously sampled
with several instruments to monitor changes in the
composition of gases and particles. We used two chemical
ionization mass spectrometers: a Vocus PTR35 for volatile
organic compounds (VOCs) and a nitrate (NO3

−) based CI-
APi-TOF36 (hereafter NO3−CIMS) for the most oxygenated
compounds. Ozone was monitored with a Thermo Scientific
Model 49i Analyzer. Aerosol particle number concentration
was measured with a Condensation Particle Counter (CPC,
TSI model 3788, lower detection limit of 2.5 nm), and the
aerosol size distribution was measured with a scanning
mobility particle sizer (SMPS, 10 nm−500 nm). Aerosol
bulk composition was measured using an Aerosol Mass
Spectrometer (LToF-AMS).37 More details of the instruments
are provided in the SI.

■ RESULTS
When the UVC lights were turned on, dramatic changes were
observed in nearly all monitored parameters (Figure 1). First,
we present particle phase results, followed by gas phase results.
Particle Formation. Time series of particle number

concentration (Figure 1a) and size distribution (Figure 1c)
clearly show that a high concentration of small particles is
formed whenever the UVC lights were turned on. Formation
rates (Table S1) of 2.5 nm particles were determined to be 250
particles cm−3 s−1 (median), increasing the particle number
concentrations from background levels of <1000 cm−3 to
between 4.5·104 cm−3 and 1.6·105 cm−3, depending on the
irradiation time and ozone concentration (Figure S1). Once
the lamps were turned off, particle concentrations rapidly
decayed with a median e-folding time of 6.2 min (correspond-
ing to ∼10 ACH), suggesting that the particle decrease was
due not only to ventilation but also to surface deposition and
coagulation. In the experiments with longer irradiation times,
the particle concentrations started to stabilize during
irradiation, with formation balanced with coagulational loss

Figure 1. Time series of particle number and O3 concentrations (a), NO3−CIMS and Vocus total signal (b), and particle number size distribution
(c) during the UVC irradiation experiments (runs 2−8). The yellow highlighted area is when the UVC lights were on, and the red highlighted area
is when people were in the room. At the top of the figure, the run number for each UVC irradiation experiment is mentioned (see Table S1). Time
series of all runs (1−14) and daily time series of each day are presented in the SI (Figures S3−S7).
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and ventilation (Figure S2). There was no noticeable increase
in particle mass concentration, as the newly formed particles
did not grow above 30 nm in size. No significant difference in
the particle concentrations was observed whether or not
people were in the laboratory before the disinfection cycle.
Ozone. The indoor ozone concentrations were generally

low and tracked outdoor concentrations (Figures 1a, S8−S9)
but were lower due to reactions with indoor VOCs and
surfaces. At night (∼19:30−5:30), the HVAC was automati-
cally decreased, leading to longer indoor residence times and
increased VOCs (see below), further lowering the ozone
concentrations compared to outdoors. 254 nm UVC is known

to photolyze ozone, forming gas phase OH radicals (a typical
method of initiating oxidation and aerosol formation in
atmospheric simulation chambers),38,39 and therefore, we
would expect O3 decreases when lights were on. Our data
indicate not only that changes in ozone were overall small but
also that some ozone production may take place. This could be
due to either O2 photolysis from minor leaking of 185 nm
radiation or from NO2 (originating from outdoor air, Figure
S8b) photolysis by wavelengths > 254 nm (A violet glow was
visible.).40 We cannot quantify either process and can thus
only suggest that such processes also be kept in mind. See also
Figure S10 and the related discussion.

Figure 2. Changes in gas phase composition from a single UVC irradiation run (run 7). Panels (a) and (b) show difference mass spectra between
periods with UVC on and UVC off for the Vocus and NO3−CIMS, respectively. Reagent ions and water clusters were removed from the mass
spectra. Unidentified compounds in panel (b) are labeled with their mass-to-charge ratios. Relative signal intensity changes for species detected by
Vocus and NO3−CIMS are plotted in panels (c) and (d), respectively. The color scale indicates the O atom content in the identified species.

Figure 3. Time variations of selected gas-phase compounds measured by Vocus and NO3−CIMS during the UVC irradiation experiments (runs 2−
8). Hydrocarbon (including some presumably aromatic and isoprene) VOCs (a) and oxygenated VOCs (b) were measured by Vocus, and sulfur-
containing compounds and one unidentified compound (m/z 130) (c) were measured by NO3−CIMS. The yellow and red shaded areas are when
the UVC lights were turned on and when people were in the room, respectively. At the top of the figure, the run number for each UVC irradiation
experiment is mentioned (see Table S1). The charging H+ adduct is removed from all Vocus-measured compounds in the legend. Time variation of
all runs (1−14) is presented in the SI (Figure S14).
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VOCs. Vocus total signal always increased when the UVC
device was turned on, as well as during nights when the HVAC
was decreased (Figure 1b). As shown in Figures 2a and 2c, the
levels of almost all individual compounds increased, which was
surprising as we expected many of the VOCs to decrease
following direct photolysis or reactions with gas phase OH.
The top-15 compounds with the highest signal increase are
summarized in Table S2, topped by C3H6O (acetone), C8H8O
(potentially phenylacetaldehyde), and C2H4O2 (acetic acid).

The temporal variations of some selected hydrocarbon
VOCs and oxygenated organic compounds are shown in
Figures 3a-3b. Figures S11 and S12 show the behavior of the
same compounds in a single run (run 8). These have sources
from building materials, such as gypsum, paint, vinyl flooring,
and linoleum.41,42 Isoprene and acetone concentrations
increased significantly when people entered the laboratory,
consistent with studies of human-derived emissions.43 We also
found that the mass spectrum produced during UVC
irradiation was very similar to that during nights with lowered
HVAC (Figure S13), leading us to hypothesize that the UVC
caused enhanced evaporation from surfaces. We cannot
determine the exact cause of this, but the room air temperature
(data not logged) barely changed during irradiation (within 1
°C). Therefore, we speculate that the energy from the
radiation might be absorbed by molecules on surfaces and an
increase in their thermal energy leading to increased
evaporation.
Oxidation Products. Similar to the Vocus, there is a

dramatic increase in the total signal of the NO3−CIMS (Figure
1b) whenever the UVC lights were turned on, and the increase
concerns nearly all measured signals (Figures 2b and 2d). The
NO3−CIMS mass spectrum consists mainly of inorganic acids,
highly oxygenated organic molecules (HOMs)44,45 with up to
ten oxygen atoms, and organosulfur compounds. The increase
of these oxidation products is most likely due to high gas phase
OH radical concentrations that react with compounds in the
air or on surfaces. In addition, ozonolysis plays an important
role in oxidizing the organic compounds. HOMs and H2SO4
are known to be some of the most efficient particle-forming
compounds in the atmosphere46,47 due to their low volatilities,
explaining the fast increase in the particle number concen-
trations. As the NO3−CIMS is mainly selective toward low-
volatile species, no significant differences were detected from
volatile species evaporating from people entering the
laboratory or when the HVAC decreased at nights (Figure
S15).

Figure 3c (and Figure S16 for run 8) shows the temporal
trends of five different compounds with obvious increases with
UVC irradiation. In addition to sulfuric acid vapors (HSO4

−

and H2SO4·NO3
−, Figure 2b), formed from gas phase OH

oxidation of SO2, we also detected several S-containing organic
compounds with one to nine carbon atoms. The main signals
were C6H6O3S, CHNO3S, and C3H8OS. The molecular
structures remain unknown, but we speculate that C6H6O3S
can correspond to benzenesulfonic acid. These and other
potentially undetected, S-containing species may explain the
smell we noticed when entering the laboratory after the UVC
irradiation, which is typically observed after UVGI disinfection,
according to discussion with hospital personnel operating a
similar device. Finally, a compound at m/z 130 became one of
the most dominant peaks in the NO3−CIMS mass spectra
from run 6 onward (Figure 3c). Our best guess for the
composition based on the exact mass and isotope ratios is

H5O5N1P1
−. Organophosphorus compounds have been

increasingly applied as flame retardants,48,49 but we cannot
associate this with any expected molecules; therefore, this
assignment remains purely tentative.

■ DISCUSSION AND CONCLUSIONS
UVGI devices efficiently deactivate pathogens, but our findings
suggest that the UVC radiation can greatly affect the indoor air
chemistry, consequently producing unwanted particles and gas
phase compounds. The ultimate impacts on IAQ from UVGI
are likely highly dependent on the intensity and duration of the
irradiation, along with the ozone concentration and available
VOCs in the room. The device tested in this study was high-
intensity, designed for short durations, and the effects on the
air compositions were therefore significant. We had a
ventilation rate of ∼4.2 ACH in our laboratory, and it took
∼30−40 min for particle concentrations to reach pre-UVGI
levels. As such, entering the room directly after UVGI
disinfection, still with high particle and gas phase concen-
trations, on a regular basis may be a potential health risk. For
the above reasons, these effects should be studied in more
detail, under different conditions, with different types of
devices. To our knowledge, the observed enhanced evapo-
ration from surfaces due to UVC light remains a completely
unstudied effect from an IAQ perspective.

The HVAC system has a crucial role for decreasing the
contaminant concentrations after, and during, the UVC
irradiation. By increasing the ventilation rate, the concentration
of UVGI-produced air pollutants would decrease faster, but a
more effective HVAC system would by itself reduce airborne
(virus) particles, making the UVGI disinfection less required.
Another place-dependent factor that was not studied here was
the levels of air pollutants in the room prior to the UVGI
procedure, e.g. how efficiently the HVAC system filtered
potential polluted outdoor air. If the particle loadings in the
room are already high, the UVGI-initiated gas phase
compounds might not form new particles but instead condense
onto already existing particles. As the deposition of particles in
different parts of the human respiratory tract is dependent on
the particle size,50 with small particles penetrating deeper
(increasing deposition with decreasing particle size from 200 to
10 nm), the particle size distribution is important. As particle
formation is a highly nonlinear process,51 we do not expect
that our results (neither particle nor gas phase) can be
quantitatively extrapolated to any other UVGI devices or
conditions.

The UVC power per unit area and volume in our study was
2000 W/30 m2 = 67 Wm−2 and 2000 W/110 m3 = 18 Wm−3,
respectively. These values are clearly higher than some existing
guidelines for upper-room UV installations,52,53 1.7 W m−2 or
6 W m−3 (With a room height of 2.8 m, this corresponds to 17
W m−2.). However, upper-room UV devices are active for
longer times (hours), while the UVC device in this study had a
significantly shorter recommended irradiation time (6 min).
Thus, the radiation is more intense, but the total irradiation
should be similar when averaging over a day.

Different methods have been applied or suggested to avoid
the problem of overexposure or direct irradiation of harmful
UVC light, including the commonly used upper-room UV or
placing UVC lamps inside HVAC systems.54,55 Using “far-
UVC” devices, with wavelengths around 222 nm, and whether
they are safe or not, is still under debate. In all cases, the effects
on air chemistry may still be analogous to those observed in
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our study, leading to worsened IAQ. Furthermore, UVGI
devices developed mainly for household use,56 where air
exchange rates can be very low, also possess potential problems
for IAQ. As already discussed in Joo et al. (2021)57 and Collins
and Farmer (2021),33 the impacts of different air and surface
cleaning technologies to secondary chemistry need to be
acknowledged and should be urgently studied from the
perspective of adverse health effects before becoming widely
applied in various indoor environments.
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