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ABSTRACT: Since the 1930s, germicidal ultraviolet (GUV)
irradiation has been used indoors to prevent the transmission of
airborne diseases, such as tuberculosis and measles. Recently, it has
received renewed attention due to the COVID-19 pandemic.
While GUV radiation has been shown to be effective in
inactivating airborne bacteria and viruses, few studies on the
impact of GUV on indoor air quality have been published. In this
work, we evaluate the effects of GUV222 (GUV at 222 nm) on the
chemistry of a common indoor volatile organic compound (VOC),
limonene. We found that the production of O3 by the GUV222
lamps caused the formation of particulate matter (PM) and
oxygenated volatile organic compounds (VOCs). We also found
that the chemistry proceeds through the ozonolysis of limonene as
well as the reaction with secondary OH, and that the presence of GUV light led to observable but small perturbations to this
chemistry. Understanding the effects of GUV222 on indoor air quality is important in evaluating the safety of these devices.
KEYWORDS: atmospheric chemistry, monoterpene, indoor air quality, UVGI, disinfection, particulate matter

■ INTRODUCTION
Since the mid-1800s it has been known that light affects
microorganisms, and germicidal ultraviolet (GUV), also known
as ultraviolet germicidal irradiation (UVGI) has been used to
inactivate airborne microbes since the early 1900s.1 GUV light
fixtures have been installed in hospitals to decrease post-
operative wound infections and prevent the spread of
tuberculosis and influenza, as well as in schools to prevent
the transmission of measles.2−5 The use of GUV decreased in
the mid-1900s partially due to the development of antibiotics
and immunizations, and also due to the perceived low
importance of airborne transmission.1,6 Recently, there has
been renewed interest in GUV for air disinfection because of
the COVID-19 pandemic, for which airborne transmission was
found to be important.6,7 Studies have shown that UV lamps at
254 nm (GUV254) and 222 nm (GUV222) are effective in
inactivating SARS-CoV-2.8,9

One limitation of using 254 nm UV (GUV254) fixtures for
air disinfection is that they are not safe for human exposure, so
they are usually either mounted near the ceiling for upper
room irradiation or used inside ventilation ducts.10,11 Studies
have shown that 222 nm lamps can be used for whole-room
disinfection to inactivate airborne bacteria and viruses without
harm to human skin and eyes.12−14 However, it has also been
shown that GUV222 forms substantial ozone, which can react

further in the indoor environment to form harmful pollutants
like formaldehyde and PM2.5.

15−17

Given that the majority of people in the developed world
spend a large fraction of their time indoors, ensuring good
indoor air quality is crucial for promoting overall health and
well-being.18 Volatile organic compounds (VOCs) can be
emitted from many sources indoors including cleaning
products, paint, furniture, and humans.19,20 Some of these
VOCs, like formaldehyde are known to have negative health
effects.21,22 Some compounds undergo reactions to produce
hazardous products, such as secondary organic aerosol (SOA).
For example, a study by Graeffe et al. (2023) showed that
commercial GUV254 devices can increase particle number
concentrations and gas-phase species concentrations in indoor
air.23

This work evaluates the effects of GUV222 on the chemistry
of limonene and its oxidation products. Limonene, a common
fragrance ingredient in personal care and cleaning products, is
one of the most common VOCs in indoor air.20,24 Limonene is
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also highly reactive with hydroxyl (OH), ozone (O3) and
nitrate (NO3). Ozone, a common indoor pollutant, comes
from outdoor air, can be enhanced by GUV222 and reacts with
VOCs like limonene.25 Limonene ozonolysis can be a
significant source of particulate matter (PM) indoors and
can also form gas-phase products such as formaldehyde and
glyoxal.26−29 While limonene ozonolysis has been studied in
detail, the question we focus on here is whether the formation
of products is modified by the presence of GUV222. For
example, photolysis could potentially remove species with
carbonyl and acid groups as observed by Deal and Vaida
(2023) for lactic acid.30

In this paper, we study the chemistry of limonene induced
by GUV222 in an environmental chamber. We address how
well a commonly used chemical mechanism, the Regional
Atmospheric Chemistry Mechanism (RACM), with modifica-
tions that account for SOA formation and wall loss in a
chamber, predicts limonene removal and SOA formation under
the experimental conditions used in the chamber.31 We then
analyze in detail whether the 222 nm light impacts the
formation of gas-phase and particle-phase oxidation products.
This work builds on previous studies that focused on the
formation of O3 by GUV222 and the modeling of that
formation.15,32

■ MATERIALS AND METHODS
Chamber Experiments. Chamber experiments were

conducted in an ∼21 m3 Teflon FEP chamber. Clean air was
supplied to the chamber with AADCO 737-15A clean air
generators (NOx <0.2 ppb; VOC <50 ppb). One Ushio B1
KrCl excimer 222 nm lamp with an average fluence rate of 2.3
μW cm−2 (about 1/3 of the eye limit set by the American
Conference of Governmental Industrial Hygienists, ACGIH)
was placed inside the chamber, which has previously been
shown to lead to rapid ozone formation.15,33 The emission
spectrum is shown in Figure S1. Here, ∼20 ppb ozone (average
concentrations across many indoor spaces without GUV are
between 4 and 6 ppb, and range between 1 and 31 ppb) was
produced in two steps of 30 min with 15 min in between.34

Liquid precursor (limonene or hexanal) was then evaporated
into the chamber using a glass bulb under nitrogen flow to
produce a ∼20 ppb concentration (typical indoor spaces have
concentrations of limonene between 4 and 12 ppb).35,36 An
experiment using α-pinene as the precursor was also performed
for comparison to the results of the limonene experiments.
However, these results are not analyzed in further detail. The
results for this experiment are shown in Figure S2. A Teflon-
coated fan was run during these additions for about 2 min to
ensure complete mixing in the chamber. The 222 nm lamp was
turned on continuously for several hours or alternated in steps
of 30 min on/off. Experiments were performed at ambient
pressure (∼830 mbar in Boulder, CO), room temperature (25-
27 °C), and low (<1%) and moderate (∼25%) RH.
Experiment summaries are shown in Table S1 and Figure 1.
Further details on the environmental chamber facility have
been described in several previous publications.15,37−39

Chemicals. The following chemicals with purities and
suppliers were used: (R)-(+)-limonene (97%) and hexanal
(99%) from Aldrich Chemical Company; acetone (99%) from
Sigma-Aldrich; ultrahigh purity (UHP) N2 from Airgas; and a
standard gas mixture (methanol, acetonitrile, acetaldehyde,
acetone, acrylonitrile, isoprene, 2-butanone, benzene, toluene,
m-xylene, 1,2,4-trimethylbenzene, α-pinene, and β-caryophyl-

lene in N2) from Apel-Riemer to calibrate the Vocus proton-
transfer-reaction time-of-flight mass spectrometer (see In-
strumentation).

Instrumentation. A Tofwerk AG and Aerodyne Research
Inc. Vocus 2R proton-transfer-reaction time-of-flight mass
spectrometer (PTR-TOF) was used to measure VOCs,
including limonene and its gas-phase ozonolysis products. A
2-m long Teflon sample line was used with a flow rate of ∼2
LPM (0.635 cm OD, 0.397 cm ID). The FIMR DC voltage
was 500 V, the RF voltage amplitude was 400 V at 1.3 MHz,
and the FIMR pressure was 1.5 mbar, resulting in an E/N of
∼160 Td. PTR-TOF data were obtained at 1 Hz. The PTR-
TOF was calibrated using a standard gas mixture containing
several VOCs (see above). For VOCs not contained in this
mixture such as limonene, we used calculated sensitivities
based on the quantitative liquid amount injected into the
known chamber volume.
Ozone was monitored by using a Thermo Scientific 49i

Ozone Analyzer. The SOA concentration was obtained
primarily through scanning mobility particle sizer measure-
ments (SMPS, TSI models: 3080 electrostatic classifier, 3081
differential mobility analyzer, and 3775 condensation particle
counter). In one instance, a high-resolution time-of-flight
aerosol mass spectrometer (AMS, Aerodyne Research, Inc.,
described in DeCarlo et al., 2006) was used to obtain chemical
composition measurements.40 The size distributions using the
SMPS were measured every 135 s, and the volume
distributions were integrated over a 16-600 nm mobility
diameter range. The AMS was run in the “fast mass spec”
mode (FMS), where data was obtained at 1 Hz.41,42 The
average resolution (m/Δm) at m/z < 120 was ∼2500. Copper
and/or stainless-steel tubing was used for the aerosol
measurements with a sample flow rate of ∼1 LPM (0.635
cm OD, 0.380 cm ID, ∼1.2 m long for AMS, ∼2.5 m for
SMPS).

Data Processing. Tofware (v3.2.3, www.tofwerk.com/
tofware) in the Igor Pro 8 (Wavemetrics, OR, USA)
environment was used for processing the PTR-TOF data.
Peaks were assigned elemental formulas manually, and the time
series of these peak integrals were calculated using the peak
shape fit. Mass-to-charge ratio calibration was performed using
a few selected ions between m/z 45 and 297. Backgrounds
were measured from the clean chamber immediately before the

Figure 1. Modeled and experimental time series of limonene, ozone,
SOA mass concentration, and SOA mass yield for an experiment
under dry conditions.
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addition of the precursor. In the hexanal experiments, the
decrease in hexanal was very slow, and care must be taken to
differentiate the chemical loss of hexanal versus a drift in
detection sensitivity. For this purpose, acetone was used as a
tracer of PTR-TOF sensitivity throughout the dry and humid
hexanal experiments. In those experiments, PTR-TOF data
were normalized to 2x105 cps of C3H6OH+, which is indicated
by the units of normalized counts per second (ncps). For the
limonene experiments, the PTR-TOF data were not
normalized.
AMS data were processed using Squirrel (version 1.65F) and

PIKA (version 1.25F) in the Igor Pro 8 (Wavemetrics, OR,
USA) environment.43 The SMPS measures size particle
number distributions and these were converted to integrated
volume concentrations using custom software in the Igor Pro 8
environment.44 The volume concentrations were converted to
mass concentrations by multiplying the SMPS volume
concentration by the density derived from AMS elemental
ratios (O:C, H:C), as described in Kuwata et al., (2012) and
shown in Figure S3.45 The O:C and H:C ratios were calculated
as described in Canagaratna et. al. (2015).46 The AMS SOA
concentration was corrected for differences from the default
AMS OA relative ionization efficiency (RIE, 1.4) and
collection efficiency (CE, 1) (RIE*CE of 1.4) by calibrating
the AMS to the measured SMPS SOA mass concentration
(using a single factor determined from a linear regression).47,48

This was necessary since organic RIE and CE can vary by as
much as factors of 2-3 for chamber-generated SOA and
standards.33,42,43 The condensational sink (CS) was calculated
from particle size distribution measured by the SMPS per eq
1.49

=CS 2 D d N
i

i i i
(1)

where di, Ni, and βi are the diameter, the number
concentration, and the Fuchs−Sutugin correction factor of
the particles in the ith size bin, respectively, and D is the
diffusion coefficient of the condensable organic gases (assumed
to be 7x10−6 m2 s−1). The calculated CS is shown in Figure S4.

Kinetic Modeling. A kinetic model for the limonene
ozonolysis chamber experiments was built and run in KinSim
version 4.24 (a kinetics simulator developed for educational
and research purposes) within Igor Pro 8.50 This model was
based on the model in Peng et al. (2023) with the mechanisms
for gas-phase inorganic and organic chemistries being the
oxidation flow reactor chemical mechanism and part of the
RACM, respectively.31,32,51 The reactions relevant to the
formation of SOA from limonene (Table S2) are not part of
this gas-phase chemistry but are parallel to it. The gas-phase
and SOA-related chemistries do not affect each other except
through limonene, OH, and O3 concentrations. The SOA
formation mechanism was built separately for this model as the
RACM does not have good skill in simulating SOA formation.
The condensable product formation, the gas-particle partition-
ing, the wall losses of gas- and particle-phase products in the
model were simulated in a dynamical manner based on
Krechmer et al. (2020), but with different values for several key
parameters.52 The condensation sink for modeling was
constrained by SMPS measurements (Figure S4). The SMPS
could not sufficiently detect the ultrafine particles <16 nm (the
DMA scanning range) that were formed in a large number
during that period. To avoid possible biases, that period was
thus excluded for the fitting that estimated the molar yields of

condensable products. In the model, the first-generation
oxidation of limonene is assumed to produce two products, a
semivolatile species (SVOC) and a low-volatility species
(LVOC), with saturation mass concentrations of 10 and
0.0001 μg m−3, respectively, and molecular weights of 250 g
mol−1. The second-generation oxidation is assumed to only
convert SVOC to LVOC. The molar yields of the first-
generation SVOC and LVOC and the second-generation
LVOC were determined by a fitting that varied them to
minimize the sum of the squared deviations of the modeled
SOA concentrations at different times from the corresponding
measurements. Both OH and O3 can be the oxidant of these
oxidation reactions, with rate coefficients reported in Table S2.
The lifetime for condensable gases to deposit onto chamber
walls in the model was 1000 s.52 The evaporation rates of gases
partitioned to chamber walls were calculated per Liu et al.
(2019).37 To best fit the experimental results, the particle
deposition rate in the chamber was fitted as 0.052 h−1, which is
consistent with other experiments conducted in this
chamber.37,38 The deposition rate for OH is insignificant due
to its short lifetime and the dry deposition of ozone is very
slow, as documented in Peng et al. (2023).15

■ RESULTS AND DISCUSSION
Gas-Phase Removal of Limonene. Results of limonene

chamber experiments under dry conditions are shown in
Figure 1 and those under humid conditions in Figure S5. Prior
to the addition of limonene to the chamber, O3 was produced
by the 222 nm lamp in 2 steps. The O3 production rate during
these steps was measured at ∼24 ppb hr−1, which is consistent
with previous measurements.15 At time zero, limonene was
added to the chamber. Ozonolysis of limonene leads to
removal of limonene and O3, and to formation of SOA. After 1
h, the GUV222 lamp was switched on and then alternated on a
30 min on−off cycle. When the GUV222 lamp was on, the O3
started to increase again, and as will be shown below, the
removal of limonene and the formation of SOA were
accelerated at these times. Also included in Figure 1 are the
model results for the concentrations of limonene, O3, and
SOA.
In Figure 2A, the limonene data from Figure 1 are again

shown. While the data appear to show an approximate
exponential loss, this should not be the case, since O3 was
not constant. The limonene loss rate, -d[LIM]/dt (Figure 2B),
is described by

[ ] = [ ][ ] [ ][ ]+ +
d

dt
k O k OH

lim
lim limO OHlim 3 lim3 (2)

in which the concentrations of limonene, [LIM], ozone, [O3],
and hydroxyl, [OH], all vary in time. We include hydroxyl
(OH) reactions here for 2 reasons: (i) primary OH can be
formed from ozone photolysis (Reaction R1 and Reaction R2),
and (ii) secondary OH can be formed from limonene
ozonolysis (Reaction R3).

+ +O h O O( D)3 222nm 2
1

(R1)

+ ·O( D) H O 2 OH1
2 (R2)

+ · +Limonene O OH oxidation products3 (R3)

It is seen from Figure 2B that the limonene loss rate shows a
clear kink when the GUV222 lamp comes on at t=1 h. At this
time, the level of O3 starts to increase again due to the
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GUV222 lamp and the limonene loss rate increases. Similar
changes in slope in the limonene loss rate can also be seen at
t=2 h and t=3 h, though less clearly. Also added to Figure 2B is
the limonene loss rate that can be explained from ozone only
(first term on the right-hand side of eq 2. The ozone reaction
does not fully account for the observed loss rate of limonene,
and the difference can be explained by OH as will be shown
quantitatively below. We conclude that the decrease in
limonene is not a simple exponential in time but that it is
modulated by the GUV222 light, which enhances the
concentrations of O3 and OH in the chamber.
To address the loss of limonene by OH, we can rearrange eq

2 as follows:

[ ]
[ ]

=+

+

[ ]

+ [ ][ ]

k OH
k O k

1OH

O

d
dt

O O

lim

lim 3

lim

lim lim3 3 3 (3)

The term on the left represents the relative loss rates of
limonene in the reaction with OH and O3, respectively. The
term on the right is composed of measured concentrations and
the literature values for the bimolecular rate coefficient for the
reaction of ozone with limonene (kLIM+O3 = 2.0× 10‑16 cm3

molecules−1 s−1) and the bimolecular rate coefficient for the
reaction of OH with limonene (kLIM+OH = 1.7× 10‑10 cm3

molecules−1 s−1).53,54 Figure 2C shows the numerical value for
the parameter kLIM+OH[OH] / kLIM+O3[O3] calculated from the
data using Equation 3. The ratio is initially around 1, indicating
that limonene is removed by OH and O3 at equal rates. Later,
the ratio approaches zero and limonene is consumed. As a
result, the secondary formation of OH slows and the OH that
is generated can also react with limonene oxidation products.
Also shown in Figure 2C is the parameter kLIM+OH[OH] /
kLIM+O3[O3] calculated from the model. The excellent
agreement with the data shows that the removal of limonene
by O3 and OH, as well as the formation of OH, is well
represented in the mechanism. The time series also gives some
insight into the source of OH. Primary OH, produced from the
O3 photolysis and subsequent reaction of O(1D) with water
vapor (under humid conditions), can only be produced when
the GUV222 lamp is on. In contrast, secondary OH, produced
from limonene ozonolysis, does not require the lamp to be on.
As the ratio kLIM+OH[OH] / kLIM+O3[O3] is not strongly
modulated by the GUV222 lamp, we conclude that most of the
OH is secondary, which is consistent with the modeled OH
and previous measurements.16,55,56

To further evaluate the production of primary OH radicals,
chamber experiments exposing hexanal to 222 nm light were
performed under humid conditions (Figure S6B). Hexanal
reacts efficiently with OH but not with the eluate of O3. Any
removal of hexanal would therefore be due to primary OH
formation. Also, photolysis of hexanal is expected to be
minimal, and this was confirmed in a chamber experiment
exposing hexanal to 222 nm of light under dry conditions
(Figure S6A). Figure S6 summarizes the results of these
experiments. It was found that removal of hexanal is
exceedingly slow under these conditions, indicating that
primary OH production is not important for VOC removal
in these experiments. In contrast, Barber et al. (2023) found
primary OH production to be more important at fluence rates
about 18 times larger than the fluence rates in our
experiments.16

3.2. Formation of Secondary Organic Aerosol. Figure
1 also shows the formation of SOA measured by SMPS
resulting from the reactions of limonene induced by the
GUV222 lamp. Also included in Figure 1 is the calculated SOA
formation from the model. Here, we adjusted the values for the
molar yield of gas-phase products of limonene oxidation and
used the measured wall deposition rate of particles to obtain a
better match with the data. The distribution of SVOC and
LVOC for the limonene ozonolysis experiments under dry and
humid conditions is shown in Figure S7. The molar yields of
the first-generation LVOC and SVOC, and the second-
generation LVOC before partitioning, were estimated to be
8.23%, 8.16%, and 95.5%, respectively (assuming a molar mass
of 250 g mol−1) to best reproduce the observed SOA
formation and growth with the model (see Figure 1 and
Formation of Secondary Organic Aerosol for details). The
period near the beginning of the experiment saw condensation
sink increasing very rapidly (>35 h−1 after 1 h; Figure S4).

Figure 2. Time series of limonene (LIM) reacting with O3 measured
by the PTR-TOF under dry conditions, similar to Figure 1, but now
in units of molecules cm−3 (A); the modeled and experimental loss
rate of limonene and the modeled loss rate of limonene due to only
O3 (B) per eq 2); and modeled and experimental kLIM+OH[OH] /
kLIM+O3[O3] (C) per eq 3.

ACS ES&T Air pubs.acs.org/estair Article

https://doi.org/10.1021/acsestair.4c00065
ACS EST Air 2024, 1, 725−733

728

https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00065/suppl_file/ea4c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00065/suppl_file/ea4c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00065/suppl_file/ea4c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00065/suppl_file/ea4c00065_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsestair.4c00065/suppl_file/ea4c00065_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00065?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestair.4c00065?fig=fig2&ref=pdf
pubs.acs.org/estair?ref=pdf
https://doi.org/10.1021/acsestair.4c00065?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


SOA formation is analyzed further in Figure 3. Figure 3B
shows the derivative of the SOA concentration versus time, in
other words, the SOA formation rate. As the concentrations of
both O3 and OH are modulated by the GUV222 lamp, the
SOA formation rate also shows a modulation by the lamp.
When the lamp is on, the SOA formation rate increases as the
level of O3 is increased by the lamp. In contrast, when the lamp
is off, the SOA formation rate decreases as ozone and limonene
are both removed.
Figure 3B also shows the modeled SOA formation rate,

which shows a modulation similar to that of the GUV222
lamp. To be clear, the modulation in the model is caused only
by the modulation of the O3 formation by the lamp. The
measured and modeled SOA formation rates are in good
agreement. To investigate this in more detail, Figure 3C shows
the ratio of the modeled SOA formation rate divided by the
measured SOA formation rate. Here it is seen that while the
ratio hovers around 1 (modeled and measured SOA formation
rates agree), there is a slight dependence of this ratio on the
lamp: when the lamp is on, the ratio between modeled and
measured SOA formation rates increases by ∼19% when the
lamp is on relative to the periods when the lamp is off. This
would suggest that the measured SOA formation rate actually
decreases slightly with the GUV222 lamp but the effect is
small.
We conclude that the GUV222 lamp causes small but

noticeable differences in the SOA formation rate. Nevertheless,
the effect is small, and the SOA formation from limonene
induced by GUV222 can be described by using well-known
ozonolysis reactions. The congruence between modeled SOA
formation and experimental results under both dry and humid
conditions (shown in Figure 1 and Figure S5), even during
GUV222 lamp activation, suggests that the lamp did not
substantially impact SOA formation, and the amount of SOA
formed is not impacted by the humidity. Next, we will discuss

results from the gas-phase product measurements to study the
effects of GUV222 in more detail.

3.3. Formation of Gas-Phase Products. Finally, we
studied the effects of the GUV222 lamp on the formation of
the gas-phase products. Previous research has identified both
the gas-phase products resulting from the ozonolysis of
limonene, as well as the underlying reaction mecha-
nisms.26,27,57−60 Expected products for the ozonolysis of
limonene (limonaldehyde, limonaketone, limononic acid,
keto-limonaldehyde, and keto-limononic acid) are shown in
Figure S8.26,59 The product mass spectra observed in this work
(Figure S8) have some main oxidation products labeled as the
expected parent ion (MH+.) There is significant fragmentation
in the Vocus and although there are ways to account for
product fragmentation, this was not done here.61

To qualitatively evaluate the effect of the 222 nm lamp on
the formation of gas-phase products, Figure 3D shows the
measured time series for 2 of the ions related to the gas-phase
products. After an initial increase in their concentrations, the
signals reach a plateau after ∼2 h as the formation rates slow
down and/or the formation and loss are in steady state. The
derivative of the time series, in other words the product
formation rates, were calculated (Figure 3E). There are small
changes in the time product formation rates for both gas-phase
products as the GUV222 light is turned on and off under both
humid and dry conditions (for both limonene and α-pinene).
The product formation rate for some ions approaches 0,
meaning the production and loss of that ion are approaching
steady state. The product formation rate for some ions
becomes negative, meaning that they are predominantly
removed. To summarize this analysis across all m/z, we have
calculated the changes in product ion signal (Figure 4A) and
formation rates (Figure 4B) when the GUV222 lamp is on.
Specifically, we calculate the average signal and formation rate
during period c (lamp on) and divide it by the average signal

Figure 3. Experimental and modeled SOA produced from the oxidation of limonene (A), the experimental and modeled SOA formation rate (B),
and the ratio of the modeled SOA to the experimental SOA formation rates (C) under dry conditions; gas-phase products produced from the
oxidation of limonene (D), and the gas-phase products formation rates (E) under dry conditions.
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and formation rates during periods b and d (lamp off). The
resulting ratios are presented as a function of m/z and colored
by oxidation state (O:C) in Figure 4. We included the O/C
ratios to look for a possible dependence on functional groups
but did not observe an effect. Clearly, the lamp does cause
changes in the product formation rates of some gas-phase
species (as the values for the above metric range from 1.5 ×
10−1 to 2.8 × 101), but these do not lead to large changes in
the concentration of the gas-phase species in the chamber, as
seen in Figure 4A. There appears to be a relationship in the
metric indicating that molecules with certain functional groups
behave differently; we have not investigated this further. Our
goal here was to conduct a qualitative analysis to identify large
changes, such as indications of photolysis or any unexpected
chemistry linked to the presence of 222 nm light, in the gas-
phase products observed during the periods when the lamp
was turned on; however, such changes were not detected.

3.4. Implications. While these lamps offer benefits in
reducing the spread of airborne illnesses such as COVID-19, it
is essential to recognize potential unintended consequences on
indoor air quality. The production of ozone by GUV lamps,
coupled with the formation of SOA from the reaction of ozone
with VOCs such as limonene, underscores the importance of a
comprehensive risk assessment. In particular, the health effects
associated with ozone exposure, particulate matter, and toxic
organic compounds must be carefully evaluated when
implementing GUV lamps in indoor environments.
By demonstrating that existing knowledge of limonene

ozonolysis adequately describes SOA formation in the
presence of GUV222, we provide insights into the potential
implications of GUV lamp use on indoor air quality.
Importantly, we found that there was no unexpected chemistry
and no discernible effect on the expected byproduct formation
from limonene oxidation by ozone and OH, so existing
chemical models can be used in risk assessment.

However, it is crucial to recognize the complexities of real
indoor environments, including the presence of additional
ozone sinks, pre-existing particles, and other VOCs, which may
influence the efficacy of GUV disinfection and the formation of
secondary pollutants. Ultimately, the benefits of disease
prevention using GUV must be weighed against the risks
associated with the increased ozone, PM2.5 and VOCs indoors
produced by GUV lamps. Results such as those reported here
can improve our confidence in the models that describe indoor
air quality effects. More work is needed to perform such
studies in different indoor environments and under different
conditions. In addition, more work is needed to quantify the
removal of airborne disease vectors by the GUV.
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