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ABSTRACT: Air cleaning devices, or “air cleaners”, have the potential to
improve indoor air by decreasing levels of air pollutants, including volatile
organic compounds (VOCs), in indoor environments. Many commercial air
cleaners aimed at removing VOCs adopt chemically active technologies,
such as oxidation-based chemistry, in addition to (or instead of) physical
removal. However, these technologies risk forming unwanted oxidation
byproducts that may cause adverse health effects, which can offset (or even
outweigh) the benefits of decreasing the number of VOCs. Studies
characterizing byproduct formation are generally limited; most such studies
were restricted to a single or a few model VOC species as challenge
compounds. The composition of indoor air, however, can be highly
complex, containing a variety of VOC classes that may not be well
represented by a few model species. Here, we present a case study in which
we challenge an oxidation-based air cleaner (which uses photoelectrochemical oxidation) with a real-world VOC mixture emitted
from spraying a commercial air freshener. This mixture contains a complex suite of organic compounds commonly found in indoor
environments, including organic solvents (most importantly ethanol), fragrance agents, and other hydrocarbons and oxygenates of
various molecular sizes. Experiments were conducted in a controlled environmental chamber with a suite of real-time analytical
instruments to measure the identity and concentration of a wide range of VOCs. We find that the VOC composition changes
drastically within a few hours due to running the air cleaner, characterized by the decrease in ethanol and large species (those with 4
or more carbon atoms) and the formation of C1−C3 oxygenated byproducts; no large oxidation products are observed. A substantial
fraction of ethanol (and possibly other VOCs) is converted to acetaldehyde and formaldehyde, whose levels were observed to
increase over the course of several hours during the operation of the air cleaner. Our results suggest the importance of ethanol, a
ubiquitous VOC in indoor air, in evaluating the benefits and risks of indoor air cleaners, as ethanol can be efficiently oxidized to
byproducts known to negatively impact human health.
KEYWORDS: air cleaner, volatile organic compounds, byproducts, indoor air, mass spectrometer

1. INTRODUCTION
People spend a large fraction of their time in indoor
environments.1 Because of numerous emission sources and
low ventilation rates, indoor air often contains high levels of
particulate and gaseous contaminants, representing major
concerns for human health. An important class of chemical
species in indoor environments are volatile organic com-
pounds, or VOCs, which come from various sources including
building materials, chemical products, human activities such as
cooking and cleaning, and transport from outdoor air.2−4 VOC
species differ greatly in molecular size and reactivity,2,5 and
many are known to cause adverse health outcomes.

Consumer-grade air cleaners are widely used in homes and
offices to remove particulate matter (PM) and VOCs. These
air cleaners adopt a variety of technologies, including physical
removal (by sorption or filtration) and chemically active
technologies, such as oxidation chemistry, ion chemistry, and

ultraviolet irradiation. While chemically active air cleaners can
lower the levels of some indoor air pollutants,6−8 a number of
studies have shown simultaneous increases of a wide range of
chemicals due to the generation of byproducts, such as
ozone6,9,10 and partially oxidized products including secondary
organic aerosol6,11−13 and oxygenated VOCs;6−8,12,14−16 these
could cause unwanted health consequences, which could risk
offsetting (or even outweighing) the benefits of the air
cleaning.
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Understanding the impacts of air cleaners on indoor air
constituents requires thorough knowledge of the removal and
production of VOCs within complex mixtures in various
environments; however, achieving such an understanding can
be challenging. Past studies have been limited by analytical
instrumentation that cannot measure the full suite of VOCs
and byproducts,7,15−17 and/or by a limited number of VOC
species studied (e.g., monoterpenes, aromatics).6,8,11,15 Such
studies, therefore, may not provide a complete picture of how
cleaners may affect indoor VOCs.

Recently, we demonstrated that by using a suite of
complementary analytical instruments, most importantly
online high-resolution mass spectrometers, we can compre-
hensively characterize and speciate a broad suite of reactive
organic carbon, enabling a full description of the emissions and
removal of VOCs by air cleaners.6 In those experiments, we
challenged air cleaners in an environmental chamber with
elevated levels of two model VOCs (limonene and toluene)
and characterized the formation of many partially oxidized
organic byproducts. Here, we extend this methodology to a
complex VOC mixture, presenting a case study in which we
challenge an oxidation-based air cleaner with a commercial air
freshener. Although this mixture is not representative of all
complex mixtures found in the indoor environment, it contains
solvents and fragrance agents common to many other cleaning
and personal care products. While both particulate and gas-
phase species are measured, we focus on changes in the VOC
composition. We first characterize the composition of VOC
mixture in the air freshener spray and then investigate VOC
removal and byproduct formation when the air cleaner is
running. Our analysis starts with the total carbon budget,
followed by chemical groups of different carbon numbers, and
then the changes in levels of individual species. A particular
focus is on the production of formaldehyde and acetaldehyde,
two small oxygenated VOCs known to cause adverse health
effects.

2. METHODS AND MATERIALS
2.1. Experiment Setup. This study was conducted in a 7.5

m3 environmental chamber with controlled temperature (22
°C) and relative humidity (37−42%) under atmospheric
pressure.18 The chamber was filled with humidified clean air
(AADCO 737 Zero Air Generator) before each experiment.
During experiments, a flow of 16 slpm of clean air was supplied
continuously into the chamber to balance the flow drawn by
the instruments. This translates to an 8 h residence time of air
inside the chamber, or 0.13 air changes per hour (ACH).

A commercially available air cleaner that uses a photo-
electrochemical oxidation filter (P4 in our previous paper6)
was used in this study; both physical and chemical removal of
VOCs is expected to occur. The air cleaner was placed inside
the chamber on the floor, about 0.5 m into the chamber. The
air cleaner’s internal fan circulated the air inside the chamber,
and the air passed through the oxidation filter (total flow rate
of 0.026 m3 s−1). A bottle of spray-type air freshener (Febreze)
was purchased from a retail store for use in this study. Air
freshener was added into the chamber via quick sprays, each
lasting about 1 s; spraying was done through a small opening
on one side of the chamber wall (which was kept otherwise
sealed) and aimed at the center of the chamber. Without the
fan running in the air cleaner, it takes ∼5 min for the air to
homogeneously mix inside the chamber upon introducing the

VOCs; this mixing time is expected to be much shorter with
the fan running.
2.2. Instrumentation. A suite of online analytical

instruments was used for real-time characterization of nearly
all carbon-containing species inside the chamber. Total
suspended carbon (TSC) was quantified by an “Oxy-Cat”
apparatus that catalytically oxidized suspended carbon into
CO2, which was then measured by a LI-7000 Li-Cor CO2
analyzer.19 Non-CO2 carbon was also quantified by measuring
the difference in CO2 between the sample flows going through
the catalytic converter and those bypassing the converter. A
Vocus proton-transfer-reaction mass spectrometer20 (Vocus-
PTR, Aerodyne Research, Inc.) and a PTR3 operated in NH4

+

mode21 (NH4
+-CIMS, IONICON Analytik) were deployed to

detect a broad range of VOC species. (In this work, we use the
term “VOCs” to describe compounds measured in the gas
phase, although it is possible that some of them are also
present in the aerosol phase.) Concentrations of species
measured by the Vocus-PTR were estimated from calibration
standards and their estimated VOC + H3O+ ion−molecule rate
constant, k, after correction for mass transmission efficiency
(see Figure S1),20,22 and the data were processed using
Tofware v3.2.2. The NH4

+-CIMS was calibrated for acetone,
and the measured species are reported as acetone-equivalent
mixing ratio, analyzed by PTRwid.23 The calibrations of
instruments introduce uncertainties in quantification, especially
for NH4

+-CIMS, but they do not affect the major conclusions
of this work. Some species were measured by both Vocus-PTR
and NH4

+-CIMS. To avoid double counting, if a species M was
detected by both instruments (as M·H+ and M·NH4

+), only
data from the Vocus-PTR were included in the combined data
set due to lower uncertainties in sensitivity. The final
combined data set was then used to calculate summed VOC
signals. As shown below, a range of alcohol species were
measured. Their quantifications were based on their
protonated ions (M·H+) and did not account for fragmentation
ions in the Vocus-PTR. Although this may lead to under-
estimates for some alcohols (such as propylene glycol and
ethylene glycol),24 these underestimates should be small for
methanol and ethanol given that their protonated ions account
for the dominant fraction of the total signals.25−27 More
information on instrument quantification can be found in the
Supporting Information.

A fiber laser-induced fluorescence instrument (FILIF) was
used to measure formaldehyde.28−30 Additionally, an aerosol
mass spectrometer31 (AMS, Aerodyne Research, Inc.) and a
scanning mobility particle sizer (SMPS, TSI) were used to
measure the composition and number distribution of
submicron aerosols. Nitrogen oxide (NOx) levels were
monitored by a commercial chemiluminescence instrument
(Thermo Scientific, Model 42i) in which NO2 was converted
to NO by a heated molybdenum converter.

3. RESULTS AND DISCUSSION
3.1. Characterizing the Direct VOC Emissions from

the Air Freshener Spray. VOCs within the air freshener
were characterized by running an experiment in which the air
freshener was introduced into the chamber in two quick sprays
(without the air cleaner present). The sprays comprised
droplets (or “mist”) as well as VOCs evaporated from the
sprays. As in our previous work,6 the chamber background had
<1 ppb of total VOCs measured by the Vocus-PTR, much
lower than the quantities of major challenge species in the
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experiments. Therefore, chamber background was not
subtracted in the analysis.

In this air-freshener-only experiment, a large variety of VOC
species were observed by Vocus-PTR and NH4

+-CIMS,
detected as more than 300 different ions total. Figure 1
shows the mass spectra in Vocus-PTR and NH4

+-CIMS shortly
after the sprays, and Table 1 lists representative ions and their

likely chemical identity. These assignments were based on the
ingredient list of the air freshener (discussed below) and
previous literature,32−35 though it is possible that some signal
from these ions may be from isomers.

Both Vocus-PTR and NH4
+-CIMS measured high ion

signals corresponding to ethanol (C2H6OH+, C2H6O(H2O)-
H+, C2H6O(H2O)2H+, and C2H6ONH4

+); this is listed in the
air freshener’s ingredient list and is widely used as a solvent in
cleaning and personal care products. In Vocus-PTR measure-
ments, C2H9O2

+ and C2H11O3
+ are assigned to ethanol

because (1) their time series are highly correlated with the
time series of C2H6OH+ (r2 > 0.997) in the experiments
described below, and (2) the large hydrogen number in
C2H9O2

+ and C2H11O3
+ indicate that they are likely water-

clustered protonated ions.
Many other small (C1−C3) oxygenates were also observed,

though their concentrations are too low to be visible in Figure
1. In addition, a number of species commonly used as
fragrance agents were measured, such as C10H16 (limonene and
possibly other monoterpenes), C10H16O (likely camphor),
C10H18O (likely linalool), C6H10O (likely 2,4-hexadien-1-ol),
and C16H26O (likely octahydrotetramethyl acetophenone).
Formaldehyde was not detected in the air freshener spray.

Besides the solvent and fragrance species, the ingredient list
of the air freshener also includes chemicals such as
hydroxypropyl cyclodextrin, PEG-60 castor oil, and preserva-
tives. These materials likely stayed in the droplets and
therefore were not readily measured by the Vocus-PTR and
the NH4

+-CIMS. A rapid but small increase of particle signals
was observed by the AMS and SMPS shortly after the spray,
but signals dropped to zero after a few minutes (as discussed
below). It is likely that the droplets were primarily supermicron
particles, most of which were not detectable by the AMS or
SMPS and deposited quickly. Regardless, our instrumentation
suite captured a broad range of VOCs, and we focus on
investigating how the air cleaner changed the VOC
composition in the following analysis.
3.2. Changes in VOC Composition with Air Cleaning.

To investigate how the air cleaner altered VOC composition,
we then repeated the air freshener sprays while running with
the air cleaner and measured the evolving VOC composition in
real time. Figure 2a shows the timeline of the experiment. The
day before the experiment (t < 0 h), the air cleaner was placed
inside the chamber and turned on, in order to allow the
emission of primary VOCs (those emitted from the air cleaner
itself) to reach steady state. The primary VOCs were examined
in detail in our previous work,6 and we showed that these
VOCs reached stable levels after several hours in the chamber,
providing a stable background for the challenge experiments.
These background levels were not subtracted and were
included in the total carbon analysis. Then, while the air
cleaner was running, two sprays were introduced into the

Figure 1. Mass spectra (expressed as fraction of total signal) of the VOC mixture from the air freshener spray, measured by Vocus-PTR (a) and
NH4

+-CIMS (b). The air cleaner was not run in these experiments. Note that the y axes have different scales in different panels.

Table 1. Major Ions Detected and Their Assigned Chemical
Species in the Air Freshener Spray

ion detecteda likely chemical identity

CH4OH+, CH4ONH4
+ methanol

C2H4OH+ acetaldehyde
C2H4O2H+ acetic acid
C2H6OH+, C2H9O2

+, C2H11O3
+,

C2H6ONH4
+

ethanol

C2H6O2H+ ethylene glycol
C3H6OH+, C3H6ONH4

+ acetone
C3H8O2H+, C3H8O2NH4

+ propylene glycol
C6H10OH+ 2,4-hexadien-1-ol (plus isomers)
C6H14O3NH4

+ dipropylene glycol
C8H8H+ styrene
C10H16H+ limonene (plus other

monoterpenes)
C10H16OH+, C10H16ONH4

+ camphor
C10H18OH+, C10H18ONH4

+ linalool
C10H20O2NH4

+ hydroxycitronellal
C16H26OH+, C16H26ONH4

+ octahydrotetramethyl
acetophenone

aIons with H+ and NH4
+ indicate Vocus-PTR and NH4

+-CIMS
measurements, respectively.
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chamber (t = 0). We let the air cleaner run for several hours
and turned it off at t = 4.3 h. About 2 h later (t = 6.3 h),
another two sprays were introduced into the chamber, this
time without running the air cleaner. After that, at 7.2 h, the air
cleaner was turned on again and was left running until the end
of the experiment (t = 9.6 h).

Figure 2b depicts the time series of TSC and non-CO2
carbon in ppm of C, measured by the Oxy-Cat in the chamber.
After the air freshener sprays at t = 0, both TSC and non-CO2
carbon show a substantial jump, followed by a decrease,
indicating removal of carbon by the air cleaner and possible
depositional loss of droplets. However, they do not fall back to
the levels prior to spraying the air freshener, suggesting
incomplete removal of the challenged VOCs, and/or the
formation of byproducts that are not fully removed from the
air. From t = 4.3 to 6.3 h, TSC and non-CO2 carbon show a
gradual and slow decrease, consistent with chamber dilution.
After the second set of sprays at t = 6.3 h with the air cleaner
turned off, TSC and non-CO2 carbon increase again and
remain high (aside from a small decrease due to chamber
dilution) until the air cleaner is turned on again, when some
fraction of the carbon is again removed.

Figure 2c shows the time series of the VOCs in the
combined data set derived from Vocus-PTR, NH4

+-CIMS, and
FILIF, with species colored by carbon number. The sum of the
speciated VOCs exhibits similar time dependences as the TSC
and non-CO2 carbon. However, the time dependence of
different species is strongly carbon-number-dependent. Pri-
mary emissions from the air cleaner (prior to t = 0) are
dominated by C3 species (primarily consisting of acetone,
C3H6O, and propylene glycol, C3H8O2), consistent with our

Figure 2. (a) Time series of the events over the course of the
experiment. “On” and “Off” (gray shading) denote the status of the air
cleaner. At t = 0 and 6.2 h, two quick sprays (indicated by the arrows)
of the air freshener were introduced into the chamber. (b) Total
suspended carbon and non-CO2 suspended carbon measured by the
Oxy-Cat instrument, in ppm of C. (c) Time series of summed VOCs
measured by Vocus-PTR, NH4

+-CIMS, and FILIF in ppb C, grouped
by carbon number. Time series show real-time mixing ratios, with no
dilution or wall-loss corrections applied.

Figure 3. Time series of gaseous organic carbon of different carbon numbers and representative individual species collectively measured by the
Vocus-PTR, NH4

+-CIMS, and FILIF, and submicrometer aerosols measured by the AMS and SMPS. In each panel, the gray shaded area indicates
when the air cleaner was off, and the two arrows show when the sprays were performed. Data shown are real-time mixing ratios with no dilution or
wall-loss corrections.
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previous work.6 The sprays at t = 0 introduced species that
spanned a broad range of carbon numbers, with C2 accounting
for about half of the speciated organic carbon, dominated by
ethanol and acetaldehyde (discussed below). High carbon
number species (C4 and above) drop rapidly within the first
hour, leaving the VOC mixture predominantly made up of C2
and C3 species. C2 species show a slight increase, suggesting
byproduct formation. C1 species also slowly increase as the air
cleaner continues to run.

The second set of sprays (at t = 6.2 h) serves as a replicate
for the first spray, but with the air cleaner off. Some differences
are observed: the carbon number distribution is slightly
different from that in the first sprays, and the VOC/TSC ratios
differ, which may be a result of the constituents inside the air
freshener bottle not being fully homogeneous (possibly due to
inconsistent shaking beforehand), leading to spray-to-spray
differences. Regardless, consistent with the first sprays, C2
compounds account for a large portion of speciated organic
carbon from the sprays, dominating the carbon budget, with C4
and larger compounds mostly removed from the air.

The non-CO2 carbon in Figure 2b is substantially higher
than the sum of speciated organic carbon in Figure 2c. This
may arise from unmeasured carbon by Vocus-PTR, NH4

+-
CIMS, and FILIF, for example, the low-volatility species in
supermicron particles, as discussed above. Such inconsistencies
may also be partly due to uncertainties in the sensitivities used
for the CIMS measurements; these can be especially high for
NH4

+ chemical ionization.21,36 No secondary organic aerosol
(SOA) formation was observed.

Figure 3 shows the evolution of individual VOC species,
grouped by the carbon number. C1 organic species are
dominated by formaldehyde, which is not present in the spray
itself but is a major secondary product. Its mixing ratio
increases for 4 h after the first sprays until the air cleaner was
turned off, reaching mixing ratios as high as 55 ppb C. It
increases again when the air cleaner is turned back on after the
second spray. Methanol is formed at a much lower level and
behaves similarly but also appears to be present in very low
concentration within the air freshener.

Ethanol (C2H6O) is by far the most abundant VOC species
measured from the air freshener, reaching ∼600 ppb of C after
the first sprays. It is continuously removed by the air cleaner.
Its clean air delivery rate (CADR) is 10 m3 h−1, lower than the
CADRs of 30−40 m3 h−1 associated with larger species such as
limonene (C10H16), linalool (C10H18O), and octahydrotetra-
methyl acetophenone (C16H26O). (The calculation of CADRs
is given in the Supporting Information, and CADRs for
representative species are provided in Table S1). Acetaldehyde
(C2H4O) and ethylene glycol (C2H6O2) are formed mostly as
byproducts, leading to an increase of the summed C2 carbon
after an initial decrease. Acetaldehyde, the dominant by-
product, increases to ∼600 ppb C 4 h after the first sprays and
also increases after the second sprays when air cleaner was on.

To test whether ethanol is converted to acetaldehyde (as
well as formaldehyde) inside the air cleaner, in a separate
experiment, we exposed the air cleaner to ∼600 ppb C ethanol,
and the VOC composition was measured by the NH4

+-CIMS
and FILIF. The formation of acetaldehyde and formaldehyde
was observed immediately after injecting ethanol into the
chamber (Figure S2), though no formation of ethylene glycol
was detected. The carbon yield of formaldehyde from ethanol
was 1.5−2%. Yield for acetaldehyde appears to be higher,
although it is more uncertain given that direct calibration of
acetaldehyde was not available in this work. Xu et al. observed
a sensitivity of acetaldehyde 3 times the sensitivity of ethanol
in their NH4

+-CIMS.36 Assuming a similar relative sensitivity
transferable, the acetaldehyde yield in this work would be 15−
20%. Future work is needed to better quantify the absolute
yield of ethanol to acetaldehyde conversion. The combined
carbon yield of less than 100% in the gas phase may be due to
trapping of a portion of the carbon onto the carbon filter. In
the air freshener experiment (Figure 3), ethanol is likely the
primary contributor to acetaldehyde and formaldehyde
formation, but other constituent VOCs may also contribute.
Acetic acid (C2H4O2, not shown in Figure 3) is also present in
the air freshener but at a much lower amount (∼10 ppb C after
the first sprays). Its time series shows an initial decrease but

Figure 4. Individual species in the gas-phase shown in nC- OSC space, shortly after the air freshener sprays (t = 5 min in Figure 3, open blue circles)
and 4 h after running the air cleaner (t = 4 h in Figure 3, filled orange circles). The histograms show the distributions of carbon number (top) and
OSC (left). OSC is calculated by the approximation OSC 2 × O/C−H/C−5 × N/C.37
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eventually levels off at ∼6 ppb C, suggesting secondary
production that counterbalances its removal.

C3 species appearing in large abundance are acetone
(C3H6O), propylene glycol (C3H8O2), and the C3H9

+ ion
measured by Vocus-PTR. Mixing ratios of acetone and
propylene glycol show a burst with spraying, then decrease,
and later level off and do not fall back to the levels prior to
spraying the air freshener, indicating that they are both
components of the spray and oxidation products. C3H9

+, with a
time series consistent with that of an oxidation product, is
likely a fragment from an oxygenated compound since the
Vocus-PTR is not sensitive to alkanes (e.g., propane).

Larger species (C4−C25) generally behave similarly to each
other, showing a burst from the sprays and then being removed
almost completely by the air cleaner, with negligible formation
of oxygenates at these carbon numbers. The second sprays
contain a greater proportion of larger species (C8 and above),
which again may be due to the spray-to-spray inhomogeneity
of compounds emitted from the spray can. But again, these
large species all show rapid removal after the air cleaner starts
running.

As shown in the last panel of Figure 3, there is only a small
increase of submicron aerosol number above the typical
chamber background (∼50 particles cm−3) from spraying the
air freshener. AMS measurements show a small spike in
organic mass (0.5−1 μg m−3), which quickly drops down to 0,
likely from a combination of deposition and removal by the air
cleaner. NOx (shown in Figure S3) was observed to increase
slightly (by up to 3 ppb) throughout the experiment. This
small change may be a result of an interference in the NOx
instrument (e.g., by HONO); the signal was slightly lower
during air cleaner operation, possibly suggesting the cleaner
was removing some fraction of the NOy species.

Figure 4 shows how the gas-phase organic mixture changes
with air cleaning on the individual species level. Organic
species are shown in the carbon number (nC) − mean carbon
oxidation state ( OSC) space. At t = 5 min, shortly after the first
sprays, the mixture comprises a variety of VOC species
spanning a wide range in carbon number and OSC. These
include: large species such as C25H36O, C22H46O6, C18H22,
C16H26O, and C9−C10 terpenoid species; smaller species like
C8H16O4, C7H10, and C6H8; and small oxygenates such as
acetone and ethanol (many of which are discussed above). The
most abundant compound by far is ethanol, so the nC
distribution (top histogram) is dominated by nC = 2; however,
there is a long “tail” of higher-nC species. The oxidation state
distribution (left histogram) is dominated by OS 2C = due
to ethanol, with smaller contributions from higher- OSCspecies.

After 4 h of air cleaning, the VOC mixture is far less
complex. Virtually all the species with 4 or more carbon atoms
have been removed from the VOC mixture, leaving only C1−
C3 compounds, and the carbon number distribution has shifted
to small species with a much tighter nC distribution. C2 species
still dominate due to the production of acetaldehyde and
ethylene glycol. At the same time, the mixture also shifted to
higher OSC, due to the formation of small oxygenates (most
importantly acetaldehyde, OSC = −1). The second sprays
(shown in Figure S4) exhibited the same trends, although the
resulting mixture also included acetaldehyde and other smaller
oxygenates from the previous sprays and subsequent air
cleaning.

3.3. Discussion. Using a suite of real-time instruments, we
measured a large number of VOCs emitted from the air
freshener, including a broad range of fragrance agents with
large carbon backbones, a high concentration of ethanol, and
other hydrocarbons and oxygenates of various molecular sizes.
The composition of the VOC mixture changed drastically after
interacting with the photoelectrochemical oxidation-based air
cleaner. Species with 4 or more carbon atoms as well as ethanol
were effectively removed from the air within a few hours.
Negligible C≥4 gas-phase oxidation products or SOA were
observed. A few hours after running the air cleaner, the VOC
composition shifted to higher carbon oxidation states and
lower carbon numbers, driven by the formation of
acetaldehyde as well as formaldehyde, ethylene glycol, and
other minor C1−C3 oxygenates.

The byproduct distributions observed in this study show
some differences compared to our previous study6 in which the
same air cleaner was challenged by limonene and toluene, and
to other independent studies8,38 that used similar air cleaning
technologies. In our previous study, when the air cleaner was
challenged by limonene, the major products were C2H4O2
(likely acetic acid), C2H6O3, C3H6O (acetone), and form-
aldehyde. C3H6O (acetone), C7H8O2 (methyl-catechol or
other toluene oxidation products), and formaldehyde were the
major byproducts in the toluene experiment. In an
independent set of experiments, Link et al.8 challenged an air
cleaner with the same technology by a VOC mixture that
contained large molecules, including limonene, o-xylene,
tetrachloroethylene, and decamethylcyclopentasiloxane (D5),
as well as formaldehyde and ozone. They observed the
formation of acetone, formic acid, and formaldehyde; only a
small amount of acetaldehyde was detected,8 consistent with
our earlier results. In Sørensen et al.,38 in addition to
formaldehyde and acetaldehyde, C4 species (methyl vinyl
ketone or methacrolein) were observed as byproducts when
the air cleaner was challenged by a VOC mixture that
contained isoprene.

The byproduct distribution here is also different from those
using other kinds of air cleaning technologies, such as
ultraviolet photocatalytic oxidation (UV-PCO), ozone-gener-
ating air cleaners, and germicidal ultraviolet lamps. Besides
C1−C3 species, studies on PCO air cleaners have reported
larger byproducts, including a range of aromatic species from
toluene.39,40 Byproducts from O3-generating air cleaners6 and
germicidal ultraviolet lamps10,11,13 on monoterpenes were
found to include (and even be dominated by) large oxidation
products and SOA, which were also not observed in this work.

Previous studies using photoelectrochemical oxidation air
cleaners tend to focus on byproducts from large molecules,
while our present results suggest that ethanol (and possibly
other small oxygenates) deserve substantial attention as well, as
they are converted to acetaldehyde and formaldehyde, both of
which are hazardous air pollutants. Ethanol is among the most
abundant organic compounds in indoor environments, with
indoor mixing ratios that can extend into hundreds of
ppb.3,41−43 It is derived from a wide range of sources including
human breath, cooking activities, and personal care and
cleaning products of various kinds. In this study, the oxidation
of ethanol to acetaldehyde and formaldehyde by the air cleaner
occurs rapidly, with immediate formation and release of
acetaldehyde and formaldehyde into the air. It is possible that
ethanol is oxidized by the hydroxyl radical (OH) formed in the
photocatalytic process in the presence of water vapor in the air,
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converting ethanol to acetaldehyde; acetaldehyde can then be
oxidized by OH to formaldehyde. Such a process has been
proposed in UV-PCO,44 in which acetaldehyde and form-
aldehyde (among other small oxygenates) have been identified
as major byproducts from ethanol.16,17,45 While the formation
of formaldehyde and acetaldehyde may have negative health
effects, many other gaseous compounds (whose health effects
are less well understood) also decrease; thus, it is challenging
to estimate the net health effects of operating the air cleaner.

Our results (Figures 3 and S2) also suggest long-lasting
impacts of acetaldehyde and formaldehyde on indoor air
quality from running the air cleaner, as their levels sustained or
continued to increase for 4 h or more, well after the ethanol
and larger VOCs had been removed. This could be in part due
to the inefficient removal rates of small molecules by the air
cleaner. As illustrated in this work (Table S1) and in Link et
al.8 and Sørensen et al.,38 the CADRs for C1−C2 species are
lower than those of large species by the photoelectrochemical
oxidation filter. For example, Link et al.8 saw a net increase of
formaldehyde when they challenged the air cleaner with
formaldehyde. In addition, the persistent increase in small
byproducts may have been due to the continuous oxidation of
ethanol (and other VOCs) adsorbed on the carbon filter,
releasing byproducts back into the air; such potential processes
and their impacts on indoor air quality require further
investigation.

This study is intended as a case study focused on the
impacts of a single indoor cleaning device on the composition
of a single complex mixture, and care must be taken before
drawing broad conclusions about all oxidation-based air
cleaners or VOC mixtures. More studies are needed to
understand the efficacy and byproduct formation across a wide
range of air cleaning devices, VOC mixtures, and conditions.
Further, this work is carried out within a controlled laboratory
setting, but factors in real-world indoor environments, such as
emissions, coexisting pollutants, ventilation rate, and surface
properties, can influence the abundance and composition of
organic mixture in the air. Therefore, future studies conducted
in different real-world indoor environments are needed.
Nonetheless, the ubiquity and abundance of ethanol in indoor
air, its efficient conversions to acetaldehyde and formaldehyde,
and the slow removal and continuous release of its byproducts
suggest the importance of including ethanol in evaluating the
benefits and risks of oxidation-based (as well as other
chemistry-based) air cleaning technologies.
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