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ABSTRACT: Amplified interest in maintaining clean indoor air associated with
the airborne transmission risks of SARS-CoV-2 have led to an expansion in the
market for commercially available air cleaning systems. While the optimal way to
mitigate indoor air pollutants or contaminants is to control (remove) the source,
air cleaners are a tool for use when absolute source control is not possible.
Interventions for indoor air quality management include physical removal of
pollutants through ventilation or collection on filters and sorbent materials, along
with chemically reactive processes that transform pollutants or seek to deactivate
biological entities. This perspective intends to highlight the perhaps unintended
consequences of various air cleaning approaches via indoor air chemistry.
Introduction of new chemical agents or reactive processes can initiate complex
chemistry that results in the release of reactive intermediates and/or byproducts into the indoor environment. Since air cleaning
systems are often continuously running to maximize their effectiveness and most people spend a vast majority of their time indoors,
human exposure to both primary and secondary products from air cleaners may represent significant exposure risk. This Perspective
highlights the need for further study of chemically reactive air cleaning and disinfection methods before broader adoption.

KEYWORDS: air cleaning, indoor air, secondary chemistry, hypochlorous acid, plasma air cleaning, bipolar ionization,
photocatalytic oxidation, bioaerosol

■ INTRODUCTION

The COVID-19 pandemic has amplified interest in indoor
environmental quality. Since the SARS-CoV-2 virus can be
transmitted through airborne pathways,1,2 gathering places like
schools, factories, and other buildings need to be made safe for
occupants. The urgent need to mitigate airborne disease
transmission has led to growth in commercial air cleaning
technologies, many of which rely on oxidation chemistry, ion−
molecule reactions, or airborne release of disinfectants.
Expanded use of existing air cleaning methods and the
implementation of emerging technologies raise important
questions of both efficacy and safety. The air cleaning industry
is largely unregulated, with few standards to provide perform-
ance and safety benchmarks. However, existing studies of the
technology behind many air cleaners3,4 along with modern
understanding of atmospheric chemistry can provide insight
into unintended chemical consequences of air cleaner use. As
an example, outdoor air quality is influenced by direct
(“primary”) emissions of pollutants along with the “secondary”
products of chemical reactions between pollutants after their
release into the environment. While studies on the byproducts
of some air cleaning technologies exist,5−8 less attention has
been paid to the broader chemical side effects of air cleaners on
indoor chemistry.3 The field of indoor air quality management
is ripe for development of new materials and technologies, but
a firm understanding of their fundamental chemistry and
broader impact on air quality is needed.

Indoor air quality is influenced by the contents and activities
within a building, along with the properties of the building
itself and its environmental setting.9,10 Good air quality is
typically characterized by the lack of pollutants like airborne
particles and harmful trace gases. The concentration of any
component of indoor air is set by a balance between the rates
of production (“sources”) and removal (“sinks”). Primary
sources of trace gases and particulate matter (PM) include
cooking, cleaning, building materials, and commercial prod-
ucts. Secondary chemistry can transform primary pollutants,
especially when oxidant levels are elevated. Whereas much of
outdoor atmospheric chemistry is driven by photo-oxidation
processes, indoor environments may be subject to lower light
(except near windows in direct sunlight)11,12 and a high surface
area-to-volume ratio.9,10,13 Thus, the development of organic
and aqueous films on indoor surfaces strongly influence indoor
air as they mediate multiphase chemical reactions and
equilibrium partitioning of semivolatile components.13−16

Indoor gas-phase chemistry occurs with ozone (O3), hydroxyl
(OH) radicals, and other oxidants. O3 is mainly introduced
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into the indoor environment from outdoor air or commercial
products,17−19 while OH radicals can be chemically produced
indoors.18,20,21 Secondary oxidation chemistry removes some
compounds (e.g., alkenes), but produces others (e.g.,
aldehydes, peroxides), and can lead to an increased mass
concentration of particulate matter and increased number
concentration of ultrafine aerosol.17,19,22−24 The array of trace
gas sources coupled to the relative time scales for secondary
reaction versus exchange with outdoor air mean that indoor air
typically has higher concentrations of semivolatile and volatile
organic compounds (SVOCs and VOCs) but lower average
concentrations of oxidants compared to outdoors.9,10,18 PM
concentrations are variable. With weak indoor sources, the
depositional sink to surfaces leads to relatively low particle
levels, but strong sources like cooking can dramatically increase
PM for short periods of time.25 While human breath is a source
of biological PM of particular relevance for transmission of
some diseases,1,26 human lungs are also efficient sinks of
particles.27 Overall, humans take in many more particles than
they exhale.
The optimal way to maintain good air quality is to limit

pollutant sources in the first place. This axiom is true for
pollutants of nearly all kinds and applies to both indoor and
outdoor environments. However, once contaminants are
introduced to a building, ventilation and filtration of air are
well-established, effective strategies for mitigation.3,28−30 Using
chemistry (including ion generation) to clean indoor air leads
to the introduction of new chemically reactive material to the
building and initiates an unintended cascade of reac-
tions.3,17,19,23,31−33 Hypochlorous acid (HOCl), a potent
oxidant that can be used as a nonspecific biocide, represents
a key example in which the chemical side-effects of cleaning
agent use are strong, but are often underestimated. Keeping
indoor environments healthy requires a multipronged
approach, but must avoid the use of air cleaning techniques
that create unintended chemical consequences.

■ AIR CLEANING AND DISINFECTION
Several approaches to air cleaning that have gained recent
traction include: (1) removing or degrading gaseous pollutants
like VOCs and NOx (= NO + NO2), (2) removing airborne
particulate matter (regardless of composition), and (3)
targeting biological PM for removal or disinfection. Some
approaches assert an ability to solve multiple issues at the same
time. Overall, there are considerable chemical side effects to
many air cleaning approaches (Figure 1). One of the
challenges with evaluating air cleaning technologies is the
combination of variability in design of devices with similar
operating principles and a general lack of studies that have
investigated most types of devices in real-world deployments.
The combined variability across devices and studies results in a
poor understanding of potential effects on indoor air quality.
Removing and Degrading Gases. Ventilation, defined as

the deliberate introduction of outdoor air to the indoor
environment with coincident exhaust of indoor air, is one
method used to reduce concentrations of VOCs and reactive
trace gases that have indoor sources and low outdoor
concentrations. However, ventilation must be maintained
constantly for best effectiveness, as pollutant sources may
remain active and reservoirs of semivolatile components
develop on indoor surfaces over time, which enable elevated
indoor concentrations to be re-established once enhanced
ventilation ceases.14,15 Targeted extraction of air near localized

sources of pollutants (e.g., cooking, combustion) is one
notable ventilation approach used in many residential and
commercial buildings.34

Trapping trace gases on solid sorbent materials can be an
effective way to reduce their concentrations.4,28,35,36 Sorbents
that collect VOCs and other trace gases through adsorption,
absorption, or chemisorption,35 will eventually saturate or may
become fouled,37 requiring replacement at regular intervals.
Continued advancements in sorbent technology should be
aimed at increasing capture capacity, reducing fouling, and
optimizing regeneration of the sorbent material, while bearing
both organic (VOC) and inorganic (e.g., NOx, HONO, O3)
trace gases in mind.
Ventilation can introduce outdoor pollutants. For example,

O3 concentrations may be typically low indoors (ca. 5 ppb)
because of removal by rapid gas-phase and multiphase
oxidation reactions,9,13,38 but O3 formed outdoors can be
introduced to indoor air through ventilation. Introducing O3
scrubbing systems or sorptive materials to the building36 could
mitigate the hazard potential while retaining benefits of
reducing the concentrations of gases that have indoor sources
(and, thus, higher mixing ratios in indoor air) with ventilation.
Indeed, introducing O3 to indoor air may reduce the mixing
ratios of certain reactive VOCs, but many gaseous and
particulate oxidation products with known hazards to human
health would be formed in the process.17,39

Some emerging air treatments involve the deliberate removal
of gases from indoor air via chemical transformation to more
oxidized compounds.4,40,41 In concept, chemical transforma-
tion of air pollutants is often intended to yield CO2
(“mineralization”) and H2O.

42 In practice, production and
release of reactive species by ionizers, hydroxyl radical
generators, photocatalytic oxidation devices, plasma devices,
or O3 generators result in the formation of oxidized VOCs,
generation of PM via secondary chemistry, and/or collateral
damage to indoor materials.4,17,32,39,40,43 At present, the
California Air Resources Board (CARB) enforces a regulation

Figure 1. Qualitative summary of chemical effects of select air
cleaning and disinfection technologies. BioPM refers to biological PM,
S/VOC refers to semivolatile and volatile organic compounds, C
C refers to alkenes, CC refers to alkanes, R-CHO refers to
aldehydes, and ROOR refers to peroxides. All other
abbreviations are defined in the text. Icons with outlined lettering
denote effects that are not well studied, highly variable across studies,
variable with device operational settings, or remain scientifically
uncertain. The summary is not quantitative, and thus does not
describe a scale of magnitude for each process.
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that limits the production of O3 in air cleaning systems to less
than 50 ppb. However, studies indicate acceptable concen-
trations for human exposure less than 10 ppb,44 and the
American Society for Heating, Refrigeration, and Air
Conditioning Engineers (ASHRAE) Standard 62.1 2019
“prohibits the use of ozone generators” and require that “air
cleaners meet UL 2998” which sets a 5 ppb limit for O3.

45

While O3 production by air cleaners has been a major focus of
regulators and the air cleaning industry, the use and/or release
of other oxidants (e.g., OH radicals) into the indoor
environment introduce their own concerns.3,8,21 Production
of oxygenated VOCs and ultrafine particles resulting from
VOC oxidation8,18,21,32 increase the risk for negative health
effects.46,47 For example, photocatalytic oxidation devices, in
which ultraviolet or visible light is shone on catalytic surfaces
to form oxidants that then react with VOCs, are well
established to produce an array of unintended byproducts
depending on the composition of air flowing through the
device and its design, including aldehydes, phosgene, and
chlorinated VOCs.7,48−50 Overall, substantial concerns remain
regarding exposure to oxidants generated, and byproducts
formed, by air cleaning devices that are intended to remove
trace gases through chemical transformation. Caution is
warranted before more concrete, peer-reviewed studies of
their safety are completed.
Removing Particles Regardless of Composition. High

efficiency particulate air (HEPA) filters are useful tools to
reduce indoor PM.28 Filtration has relatively minor effects on
chemical processes in indoor air: as PM is removed it can no
longer act as a condensation sink for semivolatile com-
pounds,51 and buildup of material on filter media can slowly re-
emit semivolatiles, and/or react with oxidants to produce
byproducts.39,52,53 Ventilation and localized air extraction are
also highly effective measures for PM mitigation54 with
relatively few chemical consequences, as discussed above.
Ionization devices seek to remove particles by reacting them
with ions, thereby charging the particles to enhance
coagulation and/or deposition rates.4,41 The efficacy of ionizers
for PM removal in realistic environments is poorly understood;
a recent assessment of one commercial bipolar ionizer
indicated minimal PM removal.31 Air cleaning devices that
rely on ion-mediated processes, of which there are multiple
variations, pose important potential chemical consequences.41

Gas-phase ions react with VOCs and other trace gases to form
an array of oxidized products,3,4 mimicking the complex
chemistry that is well-understood in atmospheric chemistry to
induce new particle formation.55,56 Ionization systems using
nonthermal plasmas can produce NOx and O3, so postplasma
treatment of air in the device outflow may be necessary.57

Overall, further study of ion-mediated air cleaners is needed.
Targeting Biological Particles. A variety of chemical

treatments that were designed for surface application are now
being sprayed or fogged into indoor spaces, intended for both
surface and air disinfection.23,58 Chemical disinfectants
implemented in fogging or spraying include strong oxidizers
(e.g., hypochlorous acid,59 peracetic acid,60 hydrogen per-
oxide61), quaternary ammonium compounds,58 and triethylene
glycol vapor.62 While it may seem obvious to focus mainly on
the chemistry involving active ingredients, most disinfectant
solutions are mixtures containing many “inactive” ingredients,
each with a unique chemical fate and exposure risk after release
into the environment.23,63 While some disinfecting agents have
been used on surfaces or in specialized environments, few have

been rigorously assessed for toxicity due to repeated or
extended inhalation exposure.58 If fogged or sprayed chemical
disinfectants are continuously dispersed or applied with the
intention of reducing disease transmission risk while indoor
spaces are occupied, substantial secondary chemistry can
occur23,61,64 and/or exposures outside the limits of current
health risk assessments may be experienced.58,65 Ultraviolet
germicidal radiation (UVGI) systems66 are widely used in
healthcare settings, and are regarded as safe when individuals
avoid direct UV exposure, but secondary chemistry could
occur upon photolysis of UV-active VOCs under certain
conditions. UV photolysis of acetone is thought to be a source
of peroxy radicals67 and the exposure of various VOCs to
intense 254 nm light can produce a mixture of oxidized
byproducts and newly formed particulate matter.43 A wide
variety of VOCs have appreciable photolysis quantum yields68

at common UVGI wavelengths (UV−C; 100−290 nm), but
careful selection of the UV wavelength and light intensity used
in these devices may be able to mitigate unintended chemistry.

■ DISTURBING THE BALANCE

The concentrations of many gaseous components in indoor air
are dictated by equilibrium with a condensed phase reservoir
on indoor surfaces.14,15,69 Any introduction of new air
constituents or removal of existing constituents will cause
compound-specific equilibria to respond.70 Even the removal
of particles onto filters or via electrostatic precipitation can
induce subsequent multiphase chemistry.4,39,52 In some cases
where relatively high, steady-state concentrations of pollutants
exist indoors, it may be in the best interest of air quality to
perturb these equilibria with ventilation to reduce indoor
human exposure, as in the case of nitrous acid (HONO).14

The application of acidic or basic surface cleaning agents
releases chemical species from surfaces to indoor air according
to the pH-dependent equilibrium coefficient of each
compound.14,71 Similar chemistry would be expected when
fogging acidic (HOCl) or alkaline (quaternary ammonium)
disinfectants indoors. Air “cleansing” chemicals and any
SVOCs present in their formulations that are introduced to
indoor air will deposit or partition to surfaces.23 Depending on
partition coefficients, SVOCs could have removal time scales
from days to decades with typical air change rates.15,69,70 Even
compounds that are considered to be quite volatile outdoors
(e.g., monoterpenes) can partition to indoor surfaces.14 Thus,
avoiding the introduction of unnecessary chemical components
to indoor environments is the safest practice.

■ THE UNDERAPPRECIATED CHEMISTRY OF HOCL

HOCl fogging is an important case study of technology
deployed in commercial and medical settings59,72−74 without
full consideration of the indoor chemical side effects. A
substantial body of research exists on the reactivity and
biochemistry of HOCl in the immune system, on the details of
its reactivity with organic compounds, and on its proclivity to
induce inflammation.75−77 HOCl has a reacto-diffusive length
of a few micrometers in biological systems,76 and its
biochemical activity is thus highly localized. Introduction of
HOCl to biological environments that are not tailored to its in
situ production and reactivity (e.g., within the membranes of
neutrophils) can lead to inflammation.75,77 The rapid and
broad reactivity of HOCl with organic matter can limit its
performance against pathogens in water and hard surface
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disinfection, highlighting the formation of disinfection by-
products as a major concern.78

A variety of cleaning solutions contain HOCl, including but
not limited to those made from sodium hypochlorite (chlorine
bleach), sodium dichloroisocyanurate (NaDCC), or those
produced via electrolysis of an aqueous sodium chloride
solution. The formation of byproducts has been shown from
the use of various HOCl-containing systems.64,78,79 While
several indoor air studies have investigated this chemistry using
chlorine bleach,33,64,80,81 since HOCl is the most reactive
ingredient in sodium hypochlorite solutions and is responsible
for most of the disinfecting action,82 similar chemistry is likely
to occur across various types of hypochlorite and HOCl-
containing cleaning agents. Reaction rates of HOCl with
various chemical functionalities have been investigated in the
aqueous phase83,84 and are depicted in Figure 2. While the rate
constants of gas-phase or multiphase HOCl reactions may
differ from aqueous reactions, it is important to highlight both
the broad-spectrum reactivity and the wide range of reaction
rates.83,85 Use of hypochlorite bleach leads to the formation of
volatile HOCl, Cl2, chloramines, chloraldimines, and chlor-
ocarbons, through homogeneous and multiphase reac-
tions.33,64,79,81 The direct impact of HOCl on respiratory
health is not well-known, but HOCl forms in the respiratory
tract upon Cl2 inhalation,86 so links may be drawn between
these two “active chlorine” species. Studies involving cleaning
professionals indicate that repeated exposure to hypochlorite
bleach solutions can lead to degraded respiratory health,58

suggesting that HOCl and/or its volatile byproducts lead to
negative health effects.
Less recognized and perhaps more broadly impactful,

however, is the impact of volatile HOCl on indoor chemistry.
Liberation of HOCl to the gas phase can lead to the formation
of OH and Cl radicals33 that accelerate oxidative gas- and
multiphase chemistry. The chemistry of HOCl within
hypochlorite bleach vapors can lead to an increase in the
indoor concentrations of key reactive species (e.g., NO2,
O3,HONO, OH),33,64,71,87 generate oxygenated and chlori-
nated VOCs,33,64,79 chemically modify organic surface films,64

and lead to the formation of secondary PM under fluorescent
or solar illumination.80 Releasing potent oxidizers indoors will
amplify the oxidizing capacity of air and increase the quantities
of oxidation products present. While some of the associated
reaction products are known to be health hazards (e.g., O3,
NO2, CCl3, secondary PM), insufficient compound-specific
toxicology or exposure data is available for many chemicals.
Still, there is broad evidence for the negative health effects of
poor indoor air quality based on the presence of similar

chemical mixtures in air.17,47,88 Hence, the use of oxidizing
cleaning agents, especially those that are volatile (e.g., HOCl,
H2O2), have important and wide-reaching chemical implica-
tions for indoor air quality, some of which have only recently
been directly studied.

■ AN OPPORTUNITY FOR HEALTHIER BUILDINGS
Taking steps to implement interventions for improved indoor
air quality in this time of heightened awareness due to the
COVID-19 pandemic will have a lasting impact. Improving
scientific understanding of the chemistry of indoor environ-
ments represents a significant opportunity to guide the public
to safe and effective indoor air quality solutions. Environmental
scientists have, for many years, worked through case studies
where the use of chemicals outpaced a full understanding of
their safety, resulting in serious negative ecological and/or
health outcomes (e.g., DDT, chlorofluorocarbons, perfluor-
oalkyl substances). Using the precautionary principle is
prudent: unnecessary use of chemical products and reactive
processes should be avoided until the broader environmental
and health impacts of such interventions are understood. In the
case of air cleaning technologies, decades of fundamental
indoor and outdoor atmospheric chemistry knowledge
provides a strong footing. The field lacks sufficient scientific
information to arrive at a comprehensive, fully quantitative
assessment of byproduct formation from many air cleaning
technologies. This Perspective highlights some of the unknown
aspects of air cleaning technologies and the potential for
unintended chemical consequences. There is an urgent need to
apply existing knowledge and perform specific chemistry
studies associated with air cleaning technologies in realistic
scenarios. Until then, the prolific use of chemical disinfectants
and reactive processes for air cleaning warrants extreme
caution.

■ AUTHOR INFORMATION
Corresponding Author

Douglas B. Collins − Department of Chemistry, Bucknell
University, Lewisburg, Pennsylvania 17837, United States;
orcid.org/0000-0002-6248-9644; Email: dbc007@

bucknell.edu

Author
Delphine K. Farmer − Department of Chemistry, Colorado
State University, Fort Collins, Colorado 80523, United
States; orcid.org/0000-0002-6470-9970

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.1c02582

Figure 2. A comparison of the apparent rate constant of HOCl(aq) with a variety of chemicals that represent examples for a variety of functional
groups. While gas-phase and multiphase reaction rate constants may differ, one can derive a sense for relative reactivity with different functional
groups or chemical classes. Amino acids with reactive side chains are labeled with their three-letter abbreviations (Gly: glycine, Ala: alanine, Ser:
serine, Val: valine, His: histidine, Cys: cysteine, Met: methionine).

Environmental Science & Technology pubs.acs.org/est Perspective

https://doi.org/10.1021/acs.est.1c02582
Environ. Sci. Technol. 2021, 55, 12172−12179

12175

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Douglas+B.+Collins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6248-9644
https://orcid.org/0000-0002-6248-9644
mailto:dbc007@bucknell.edu
mailto:dbc007@bucknell.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Delphine+K.+Farmer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6470-9970
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Notes
The authors declare no competing financial interest.

Biographies

Douglas B. Collins is an Assistant Professor of Chemistry at Bucknell
University. His research involves the atmospheric chemistry of indoor
and outdoor environments, especially pertaining to processes at
chemically complex gas−solid and gas−liquid interfaces. He is also
interested in new applications of mass spectrometry to environmental
issues, connections between ecology and atmospheric chemistry,
surface analysis, and ion mobility-mass spectrometry. Prof. Collins
earned a B.A. in chemistry from Colgate University and a Ph.D. in
atmospheric chemistry from the University of California, San Diego
working with Prof. Kimberly A. Prather. He has held positions as
Managing Director of the Center for Aerosol Impacts on Chemistry of
the Environment and as a postdoctoral fellow with Prof. Jonathan P.
D. Abbatt at the University of Toronto.

Delphine K. Farmer is an Associate Professor of Atmospheric
Chemistry at Colorado State University. Dr. Farmer’s research
focuses on outdoor atmospheric and indoor chemistry with an
emphasis on understanding the sources and sinks of reactive trace
gases and particles and their effects on climate, ecosystems, and
human health. Dr. Farmer earned an MS in Environmental Science,
Policy and Management and a PhD in Chemistry from the University
of California, Berkeley. Dr. Farmer received NOAA Climate and
Global Change Postdoctoral Fellowship in 2007 and an Arnold and
Mabel Beckman Young Investigator Award in 2013.

■ ACKNOWLEDGMENTS
D.B.C. acknowledges support for this work from the Surface
Consortium for Chemistry of Indoor Environments (SURF-
CIE; via University of California, San Diego) which is funded
by the Alfred P. Sloan Foundation (G-2019-12365). D.K.F.
acknowledges the Alfred P. Sloan Foundation (G-2020-
13929). The content of this article reflects the views of the
authors and not necessarily those of the funding sources.

■ REFERENCES
(1) Lednicky, J. A.; Lauzardo, M.; Fan, Z. H.; Jutla, A.; Tilly, T. B.;
Gangwar, M.; Usmani, M.; Shankar, S. N.; Mohamed, K.; Eiguren-
Fernandez, A.; Stephenson, C. J.; Alam, M. M.; Elbadry, M. A.; Loeb,
J. C.; Subramaniam, K.; Waltzek, T. B.; Cherabuddi, K.; Morris, J. G.;
Wu, C.-Y. Viable SARS-CoV-2 in the Air of a Hospital Room with
COVID-19 Patients. Int. J. Infect. Dis. 2020, 100, 476−482.
(2) Santarpia, J. L.; Rivera, D. N.; Herrera, V. L.; Morwitzer, M. J.;
Creager, H. M.; Santarpia, G. W.; Crown, K. K.; Brett-Major, D. M.;
Schnaubelt, E. R.; Broadhurst, M. J.; Lawler, J. V.; Reid, S. P.; Lowe, J.
J. Aerosol and Surface Contamination of SARS-CoV-2 Observed in
Quarantine and Isolation Care. Sci. Rep. 2020, 10 (1), 12732.
(3) Siegel, J. A. Primary and Secondary Consequences of Indoor Air
Cleaners. Indoor Air 2016, 26 (1), 88−96.
(4) Zhang, Y.; Mo, J.; Li, Y.; Sundell, J.; Wargocki, P.; Zhang, J.;
Little, J. C.; Corsi, R.; Deng, Q.; Leung, M. H. K.; Fang, L.; Chen, W.;
Li, J.; Sun, Y. Can Commonly-Used Fan-Driven Air Cleaning
Technologies Improve Indoor Air Quality? A Literature Review.
Atmos. Environ. 2011, 45 (26), 4329−4343.
(5) Jakober, C.; Phillips, T. Evaluation of Ozone Emissions from
Portable Indoor Air Cleaners: Electrostatic Precipitators and Ionizers;
Staff Technical Report; California Air Resources Board, 2008.
(6) Britigan, N.; Alshawa, A.; Nizkorodov, S. A. Quantification of
Ozone Levels in Indoor Environments Generated by Ionization and
Ozonolysis Air Purifiers. J. Air Waste Manage. Assoc. 2006, 56 (5),
601−610.
(7) Tompkins, D. T.; Lawnicki, B. J.; Zeltner, W. A.; Anderson, M.
A. Evaluation of Photocatalysis for Gas-Phase Air CleaningPart 1:
Process, Technical, and Sizing Considerations. ASHRAE Trans. 2005,
111 (2), 60−84.
(8) Joo, T.; Rivera-Rios, J. C.; Alvarado-Velez, D.; Westgate, S.; Ng,
N. L. Formation of Oxidized Gases and Secondary Organic Aerosol
from a Commercial Oxidant-Generating Electronic Air Cleaner.
Environ. Sci. Technol. Lett. 2021, .8(8), 691−698
(9) Weschler, C. J.; Carslaw, N. Indoor Chemistry. Environ. Sci.
Technol. 2018, 52 (5), 2419−2428.
(10) Abbatt, J. P. D.; Wang, C. The Atmospheric Chemistry of
Indoor Environments. Environ. Sci. Process. Impacts 2020, 22 (1), 25−
48.
(11) Kowal, S. F.; Allen, S. R.; Kahan, T. F. Wavelength-Resolved
Photon Fluxes of Indoor Light Sources: Implications for HOx
Production. Environ. Sci. Technol. 2017, 51 (18), 10423−10430.
(12) Gandolfo, A.; Gligorovski, V.; Bartolomei, V.; Tlili, S.; Gómez
Alvarez, E.; Wortham, H.; Kleffmann, J.; Gligorovski, S. Spectrally
Resolved Actinic Flux and Photolysis Frequencies of Key Species
within an Indoor Environment. Build. Environ. 2016, 109, 50−57.
(13) Ault, A. P.; Grassian, V. H.; Carslaw, N.; Collins, D. B.;
Destaillats, H.; Donaldson, D. J.; Farmer, D. K.; Jimenez, J. L.;
McNeill, V. F.; Morrison, G. C.; O’Brien, R. E.; Shiraiwa, M.; Vance,
M. E.; Wells, J. R.; Xiong, W. Indoor Surface Chemistry: Developing a
Molecular Picture of Reactions on Indoor Interfaces. Chem. 2020, 6
(12), 3203−3218.
(14) Wang, C.; Collins, D. B.; Arata, C.; Goldstein, A. H.; Mattila, J.
M.; Farmer, D. K.; Ampollini, L.; DeCarlo, P. F.; Novoselac, A.;
Vance, M. E.; Nazaroff, W. W.; Abbatt, J. P. D. Surface Reservoirs
Dominate Dynamic Gas-Surface Partitioning of Many Indoor Air
Constituents. Sci. Adv. 2020, 6 (8), No. eaay8973.
(15) Kristensen, K.; Lunderberg, D. M.; Liu, Y.; Misztal, P. K.; Tian,
Y.; Arata, C.; Nazaroff, W. W.; Goldstein, A. H. Sources and

Environmental Science & Technology pubs.acs.org/est Perspective

https://doi.org/10.1021/acs.est.1c02582
Environ. Sci. Technol. 2021, 55, 12172−12179

12176

https://doi.org/10.1016/j.ijid.2020.09.025
https://doi.org/10.1016/j.ijid.2020.09.025
https://doi.org/10.1038/s41598-020-69286-3
https://doi.org/10.1038/s41598-020-69286-3
https://doi.org/10.1111/ina.12194
https://doi.org/10.1111/ina.12194
https://doi.org/10.1016/j.atmosenv.2011.05.041
https://doi.org/10.1016/j.atmosenv.2011.05.041
https://doi.org/10.1080/10473289.2006.10464467
https://doi.org/10.1080/10473289.2006.10464467
https://doi.org/10.1080/10473289.2006.10464467
https://doi.org/10.1021/acs.estlett.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.1c00416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b06387?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9EM00386J
https://doi.org/10.1039/C9EM00386J
https://doi.org/10.1021/acs.est.7b02015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b02015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.buildenv.2016.08.026
https://doi.org/10.1016/j.buildenv.2016.08.026
https://doi.org/10.1016/j.buildenv.2016.08.026
https://doi.org/10.1016/j.chempr.2020.08.023
https://doi.org/10.1016/j.chempr.2020.08.023
https://doi.org/10.1126/sciadv.aay8973
https://doi.org/10.1126/sciadv.aay8973
https://doi.org/10.1126/sciadv.aay8973
https://doi.org/10.1111/ina.12561
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Dynamics of Semivolatile Organic Compounds in a Single-Family
Residence in Northern California. Indoor Air 2019, 29 (4), 645−655.
(16) Won, D.; Sander, D. M.; Shaw, C. Y.; Corsi, R. L. Validation of
the Surface Sink Model for Sorptive Interactions between VOCs and
Indoor Materials. Atmos. Environ. 2001, 35 (26), 4479−4488.
(17) Weschler, C. J. Ozone’s Impact on Public Health:
Contributions from Indoor Exposures to Ozone and Products of
Ozone-Initiated Chemistry. Environ. Health Perspect. 2006, 114 (10),
1489−1496.
(18) Young, C. J.; Zhou, S.; Siegel, J. A.; Kahan, T. F. Illuminating
the Dark Side of Indoor Oxidants. Environ. Sci. Process. Impacts 2019,
21 (8), 1229−1239.
(19) Goldstein, A. H.; Nazaroff, W. W.; Weschler, C. J.; Williams, J.
How Do Indoor Environments Affect Air Pollution Exposure?
Environ. Sci. Technol. 2021, 55 (1), 100−108.
(20) Gómez Alvarez, E.; Amedro, D.; Afif, C.; Gligorovski, S.;
Schoemaecker, C.; Fittschen, C.; Doussin, J.-F.; Wortham, H.
Unexpectedly High Indoor Hydroxyl Radical Concentrations
Associated with Nitrous Acid. Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (33), 13294−13299.
(21) Carslaw, N.; Fletcher, L.; Heard, D.; Ingham, T.; Walker, H.
Significant OH Production under Surface Cleaning and Air Cleaning
Conditions: Impact on Indoor Air Quality. Indoor Air 2017, 27 (6),
1091−1100.
(22) Liu, Y.; Misztal, P. K.; Arata, C.; Weschler, C. J.; Nazaroff, W.
W.; Goldstein, A. H. Observing Ozone Chemistry in an Occupied
Residence. Proc. Natl. Acad. Sci. U. S. A. 2021, 118 (6). e2018140118.
(23) Nazaroff, W. W.; Weschler, C. J. Cleaning Products and Air
Fresheners: Exposure to Primary and Secondary Air Pollutants. Atmos.
Environ. 2004, 38 (18), 2841−2865.
(24) Waring, M. S.; Siegel, J. A.; Corsi, R. L. Ultrafine Particle
Removal and Generation by Portable Air Cleaners. Atmos. Environ.
2008, 42 (20), 5003−5014.
(25) Patel, S.; Sankhyan, S.; Boedicker, E. K.; DeCarlo, P. F.;
Farmer, D. K.; Goldstein, A. H.; Katz, E. F.; Nazaroff, W. W.; Tian, Y.;
Vanhanen, J.; Vance, M. E. Indoor Particulate Matter during
HOMEChem: Concentrations, Size Distributions, and Exposures.
Environ. Sci. Technol. 2020, 54 (12), 7107−7116.
(26) Asadi, S.; Wexler, A. S.; Cappa, C. D.; Barreda, S.; Bouvier, N.
M.; Ristenpart, W. D. Aerosol Emission and Superemission during
Human Speech Increase with Voice Loudness. Sci. Rep. 2019, 9 (1),
2348.
(27) Heyder, J.; Gebhart, J.; Rudolf, G.; Schiller, C. F.; Stahlhofen,
W. Deposition of Particles in the Human Respiratory Tract in the Size
Range 0.005−15 Mm. J. Aerosol Sci. 1986, 17 (5), 811−825.
(28) Laguerre, A.; George, L. A.; Gall, E. T. High-Efficiency Air
Cleaning Reduces Indoor Traffic-Related Air Pollution and Alters
Indoor Air Chemistry in a Near-Roadway School. Environ. Sci.
Technol. 2020, 54 (19), 11798−11808.
(29) James, C.; Bernstein, D. I.; Cox, J.; Ryan, P.; Wolfe, C.;
Jandarov, R.; Newman, N.; Indugula, R.; Reponen, T. HEPA
Filtration Improves Asthma Control in Children Exposed to Traffic-
Related Airborne Particles. Indoor Air 2020, 30 (2), 235−243.
(30) Miller-Leiden, S.; Lohascio, C.; Nazaroff, W. W.; Macher, J. M.
Effectiveness of In-Room Air Filtration and Dilution Ventilation for
Tuberculosis Infection Control. J. Air Waste Manage. Assoc. 1996, 46
(9), 869−882.
(31) Zeng, Y.; Manwatkar, P.; Laguerre, A.; Beke, M.; Kang, I.; Ali,
A.; Farmer, D.; Gall, E.; Heidarinejad, M.; Stephens, B. Evaluating a
Commercially Available In-Duct Bipolar Ionization Device for
Pollutant Removal and Potential Byproduct Formation. Build.
Environ. 2021, 195, 107750.
(32) Gligorovski, S.; Strekowski, R.; Barbati, S.; Vione, D.
Environmental Implications of Hydroxyl Radicals (•OH). Chem.
Rev. 2015, 115 (24), 13051−13092.
(33) Wong, J. P. S.; Carslaw, N.; Zhao, R.; Zhou, S.; Abbatt, J. P. D.
Observations and Impacts of Bleach Washing on Indoor Chlorine
Chemistry. Indoor Air 2017, 27 (6), 1082−1090.

(34) Zhao, H.; Chan, W. R.; Delp, W. W.; Tang, H.; Walker, I. S.;
Singer, B. C. Factors Impacting Range Hood Use in California Houses
and Low-Income Apartments. Int. J. Environ. Res. Public Health 2020,
17 (23), 8870.
(35) VanOsdell, D. W.; Owen, M. K.; Jaffe, L. B.; Sparks, L. E. VOC
Removal at Low Contaminant Concentrations Using Granular
Activated Carbon. J. Air Waste Manage. Assoc. 1996, 46 (9), 883−890.
(36) Darling, E.; Corsi, R. L. Field-to-Laboratory Analysis of Clay
Wall Coatings as Passive Removal Materials for Ozone in Buildings.
Indoor Air 2017, 27 (3), 658−669.
(37) Metts, T. A.; Batterman, S. A. Effect of VOC Loading on the
Ozone Removal Efficiency of Activated Carbon Filters. Chemosphere
2006, 62 (1), 34−44.
(38) Morrison, G. Interfacial Chemistry in Indoor Environments.
Environ. Sci. Technol. 2008, 42 (10), 3495−3499.
(39) Destaillats, H.; Chen, W.; Apte, M. G.; Li, N.; Spears, M.;
Almosni, J.; Brunner, G.; Zhang, J.; Fisk, W. J. Secondary Pollutants
from Ozone Reactions with Ventilation Filters and Degradation of
Filter Media Additives. Atmos. Environ. 2011, 45 (21), 3561−3568.
(40) Chen, W.; Zhang, J. S.; Zhang, Z. Performance of Air Cleaners
for Removing Multiple Volatile Organic Compounds in Indoor Air.
ASHRAE Trans. 2005, OR-05-17-2.
(41) Kim, K.-H.; Szulejko, J. E.; Kumar, P.; Kwon, E. E.; Adelodun,
A. A.; Reddy, P. A. K. Air Ionization as a Control Technology for Off-
Gas Emissions of Volatile Organic Compounds. Environ. Pollut. 2017,
225, 729−743.
(42) Huang, Y.; Ho, S.; Lu, Y.; Niu, R.; Xu, L.; Cao, J.; Lee, S.
Removal of Indoor Volatile Organic Compounds via Photocatalytic
Oxidation: A Short Review and Prospect. Molecules 2016, 21 (1), 56.
(43) Kang, I.-S.; Xi, J.; Hu, H.-Y. Photolysis and Photooxidation of
Typical Gaseous VOCs by UV Irradiation: Removal Performance and
Mechanisms. Front. Environ. Sci. Eng. 2018, 12 (3), 8.
(44) Bell, M. L.; Peng, R. D.; Dominici, F. The Exposure-Response
Curve for Ozone and Risk of Mortality and the Adequacy of Current
Ozone Regulations. Environ. Health Perspect. 2006, 114 (4), 532−536.
(45) Emerging Issues: Ozone and Indoor Chemistry; American Society
for Heating, Refrigeration, and Air Conditioning Engineers
(ASHRAE), 2011.
(46) Leikauf, G. D. Hazardous Air Pollutants and Asthma. Environ.
Health Perspect. 2002, 110 (suppl 4), 505−526.
(47) Shiraiwa, M.; Ueda, K.; Pozzer, A.; Lammel, G.; Kampf, C. J.;
Fushimi, A.; Enami, S.; Arangio, A. M.; Fröhlich-Nowoisky, J.;
Fujitani, Y.; Furuyama, A.; Lakey, P. S. J.; Lelieveld, J.; Lucas, K.;
Morino, Y.; Pöschl, U.; Takahama, S.; Takami, A.; Tong, H.; Weber,
B.; Yoshino, A.; Sato, K. Aerosol Health Effects from Molecular to
Global Scales. Environ. Sci. Technol. 2017, 51 (23), 13545−13567.
(48) Farhanian, D.; Haghighat, F. Photocatalytic Oxidation Air
Cleaner: Identification and Quantification of by-Products. Build.
Environ. 2014, 72, 34−43.
(49) Sleiman, M.; Conchon, P.; Ferronato, C.; Chovelon, J.-M.
Photocatalytic Oxidation of Toluene at Indoor Air Levels (Ppbv):
Towards a Better Assessment of Conversion, Reaction Intermediates
and Mineralization. Appl. Catal., B 2009, 86 (3), 159−165.
(50) Destaillats, H.; Sleiman, M.; Sullivan, D. P.; Jacquiod, C.;
Sablayrolles, J.; Molins, L. Key Parameters Influencing the Perform-
ance of Photocatalytic Oxidation (PCO) Air Purification under
Realistic Indoor Conditions. Appl. Catal., B 2012, 128, 159−170.
(51) Xu, Y.; Little, J. C. Predicting Emissions of SVOCs from
Polymeric Materials and Their Interaction with Airborne Particles.
Environ. Sci. Technol. 2006, 40 (2), 456−461.
(52) Zhao, P.; Siegel, J. A.; Corsi, R. L. Ozone Removal by HVAC
Filters. Atmos. Environ. 2007, 41 (15), 3151−3160.
(53) Abbass, O. A.; Sailor, D. J.; Gall, E. T. Ozone Removal
Efficiency and Surface Analysis of Green and White Roof HVAC
Filters. Build. Environ. 2018, 136, 118−127.
(54) Singer, B. C.; Delp, W. W.; Price, P. N.; Apte, M. G.
Performance of Installed Cooking Exhaust Devices. Indoor Air 2012,
22 (3), 224−234.

Environmental Science & Technology pubs.acs.org/est Perspective

https://doi.org/10.1021/acs.est.1c02582
Environ. Sci. Technol. 2021, 55, 12172−12179

12177

https://doi.org/10.1111/ina.12561
https://doi.org/10.1111/ina.12561
https://doi.org/10.1016/S1352-2310(01)00223-0
https://doi.org/10.1016/S1352-2310(01)00223-0
https://doi.org/10.1016/S1352-2310(01)00223-0
https://doi.org/10.1289/ehp.9256
https://doi.org/10.1289/ehp.9256
https://doi.org/10.1289/ehp.9256
https://doi.org/10.1039/C9EM00111E
https://doi.org/10.1039/C9EM00111E
https://doi.org/10.1021/acs.est.0c05727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1308310110
https://doi.org/10.1073/pnas.1308310110
https://doi.org/10.1111/ina.12394
https://doi.org/10.1111/ina.12394
https://doi.org/10.1073/pnas.2018140118
https://doi.org/10.1073/pnas.2018140118
https://doi.org/10.1016/j.atmosenv.2004.02.040
https://doi.org/10.1016/j.atmosenv.2004.02.040
https://doi.org/10.1016/j.atmosenv.2008.02.011
https://doi.org/10.1016/j.atmosenv.2008.02.011
https://doi.org/10.1021/acs.est.0c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1038/s41598-019-38808-z
https://doi.org/10.1016/0021-8502(86)90035-2
https://doi.org/10.1016/0021-8502(86)90035-2
https://doi.org/10.1021/acs.est.0c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/ina.12625
https://doi.org/10.1111/ina.12625
https://doi.org/10.1111/ina.12625
https://doi.org/10.1080/10473289.1996.10467523
https://doi.org/10.1080/10473289.1996.10467523
https://doi.org/10.1016/j.buildenv.2021.107750
https://doi.org/10.1016/j.buildenv.2021.107750
https://doi.org/10.1016/j.buildenv.2021.107750
https://doi.org/10.1021/cr500310b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1111/ina.12402
https://doi.org/10.1111/ina.12402
https://doi.org/10.3390/ijerph17238870
https://doi.org/10.3390/ijerph17238870
https://doi.org/10.1080/10473289.1996.10467524
https://doi.org/10.1080/10473289.1996.10467524
https://doi.org/10.1080/10473289.1996.10467524
https://doi.org/10.1111/ina.12345
https://doi.org/10.1111/ina.12345
https://doi.org/10.1016/j.chemosphere.2005.04.049
https://doi.org/10.1016/j.chemosphere.2005.04.049
https://doi.org/10.1021/es087114b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.atmosenv.2011.03.066
https://doi.org/10.1016/j.atmosenv.2011.03.066
https://doi.org/10.1016/j.atmosenv.2011.03.066
https://doi.org/10.1016/j.envpol.2017.03.026
https://doi.org/10.1016/j.envpol.2017.03.026
https://doi.org/10.3390/molecules21010056
https://doi.org/10.3390/molecules21010056
https://doi.org/10.1007/s11783-018-1032-0
https://doi.org/10.1007/s11783-018-1032-0
https://doi.org/10.1007/s11783-018-1032-0
https://doi.org/10.1289/ehp.8816
https://doi.org/10.1289/ehp.8816
https://doi.org/10.1289/ehp.8816
https://doi.org/10.1289/ehp.02110s4505
https://doi.org/10.1021/acs.est.7b04417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.buildenv.2013.10.014
https://doi.org/10.1016/j.buildenv.2013.10.014
https://doi.org/10.1016/j.apcatb.2008.08.003
https://doi.org/10.1016/j.apcatb.2008.08.003
https://doi.org/10.1016/j.apcatb.2008.08.003
https://doi.org/10.1016/j.apcatb.2012.03.014
https://doi.org/10.1016/j.apcatb.2012.03.014
https://doi.org/10.1016/j.apcatb.2012.03.014
https://doi.org/10.1021/es051517j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es051517j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.atmosenv.2006.06.059
https://doi.org/10.1016/j.atmosenv.2006.06.059
https://doi.org/10.1016/j.buildenv.2018.03.042
https://doi.org/10.1016/j.buildenv.2018.03.042
https://doi.org/10.1016/j.buildenv.2018.03.042
https://doi.org/10.1111/j.1600-0668.2011.00756.x
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(55) Wagner, R.; Yan, C.; Lehtipalo, K.; Duplissy, J.; Nieminen, T.;
Kangasluoma, J.; Ahonen, L. R.; Dada, L.; Kontkanen, J.; Manninen,
H. E.; Dias, A.; Amorim, A.; Bauer, P. S.; Bergen, A.; Bernhammer, A.-
K.; Bianchi, F.; Brilke, S.; Mazon, S. B.; Chen, X.; Draper, D. C.;
Fischer, L.; Frege, C.; Fuchs, C.; Garmash, O.; Gordon, H.; Hakala, J.;
Heikkinen, L.; Heinritzi, M.; Hofbauer, V.; Hoyle, C. R.; Kirkby, J.;
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