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Abstract
In response to the COVID-19 pandemic, air cleaning technologies were promoted as useful tools for disinfecting public spaces and combating airborne pathogen transmission. However, no standard method exists to assess potentially harmful byproduct formation from air cleaners. Through a consensus standard development process, a draft standard test method to assess portable air cleaner performance was developed and a suite of air cleaners employing seven different technologies was tested. The test method quantifies not only the removal efficiency of a challenge chemical suite and ultrafine particulate matter, but also byproduct formation. Clean air delivery rates (CADRs) are used to quantify the chemical and particle removal efficiencies and an emission rate framework is used to quantify the formation of formaldehyde, ozone, and other volatile organic compounds. We find that the tested photocatalytic oxidation and germicidal ultraviolet light (GUV) technologies produced the highest levels of aldehyde byproducts having emission rates of 202 µg h-1 and 243 µg h-1, respectively. Additionally, GUV using two different wavelengths, 222 nm and 254 nm, both produced ultrafine particulate matter.
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Synopsis
Some air cleaning technologies can chemically transform indoor air to form air pollutants. We propose a standard test for measuring air pollutant emissions from air cleaners.
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Introduction
[bookmark: _Hlk155784648][bookmark: _Hlk156987521][bookmark: _Hlk157505608][bookmark: _Hlk155618335][bookmark: _Hlk156474067][bookmark: _Hlk155353410]In response to the heightened awareness of indoor air quality caused by the COVID-19 pandemic there has been an increase in the use of portable air cleaning technologies in public and residential spaces. Portable air cleaners have the potential to mitigate airborne pathogen transmission by removing infectious aerosols from the air. Air cleaners are also advertised to improve indoor air quality by removing particulate matter with some also advertising removal of volatile organic compounds (VOCs) or odors. Recent research has raised questions about the effectiveness of air cleaners, suggesting that some could be a source of VOCs, oxidants, and particulate matter that could potentially present health hazards to building occupants.1,2 In particular, air cleaners that use additive technologies may be of concern (e.g., ultraviolet light, oxidant generators, etc.) because they can oxidize chemicals in the air to form potentially harmful gaseous or particulate matter byproducts.
[bookmark: _Hlk155353521]Air cleaners can impact indoor air chemistry in two ways: (1) by removing VOCs, trace gases, and particulate matter and (2) by contributing to the formation of harmful byproducts.3 Notable standard tests for air cleaner particulate matter removal (e.g., American Home Appliance Manufacturer (AHAM)/American National Standards Institute (ANSI) AC-1-2020), chemical removal (e.g., National Research Council Canada (NRCC) NRCC-54013), and byproduct formation (e.g., Underwriters Laboratories (UL) 2998 “zero ozone” certification) exist, but no comprehensive standard that addresses all these aspects of air cleaner performance is available. Additionally, gas-phase byproducts that are potentially of concern3, 4,5,6,7,8 and particulate matter formation is not considered by existing test methods. 
[bookmark: _Hlk157099580]We facilitated an ASTM International working group consisting of academics, industry representatives, and testing laboratory representatives to develop a standard test method to evaluate the removal efficiency for VOCs, trace gases, and ultrafine particulate matter (UFP; particle diameter < 100 nm). Here we present the results of applying our draft test method to ten different air cleaners that used seven different technologies. Most air cleaners incorporated more than one technology. We found that photocatalytic oxidation and ultraviolet light technologies produced byproducts. We calculate emission rates, as a standard method to report byproduct formation, and apply the emission rate calculation to VOC byproducts using targeted and non-targeted analysis. 
Methods
Experimental Setup. Air cleaners were tested in a 31.5 m3 environmentally controlled stainless-steel chamber located at the National Institute of Standards and Technology in Gaithersburg Maryland. The air cleaners were placed on a metal table in the center of the chamber except for the Germicidal Ultraviolet (GUV) devices using 222 nm and 254 nm wavelength (GUV222 and GUV254) technologies which were arranged along the wall and aimed towards the center of the chamber (Figure S1). In between tests the chamber was controlled to 20 °C and 50 % relative humidity. During the air cleaner tests the HVAC system was stopped and outdoor air supply dampers closed. The chamber temperature and humidity increased due to conduction through the walls and heat loads from the tested unit and mixing fan. We conducted preliminary experiments demonstrating these temperature changes did not impact the results (Figure S2 and S3).
[bookmark: _Hlk155354300][bookmark: _Hlk155354598]Real-time measurements of ozone (O3, dual-beam UV absorption), VOCs (proton-transfer time-of-flight mass spectrometer with a gas-chromatograph, GC-PTR-MS)9,10, formaldehyde (HCHO, infrared spectroscopy), negative ions (ion counter), and UFP (nano scanning mobility particle sizer, electrical mobility diameter between 5 nm and 160 nm) were collected for each air cleaner test. Gases were injected and sampled from the chamber through 6 mm (¼” outer diameter) perfluoroalkoxy (PFA) lines and particles were injected and sampled using 6 mm (¼” outer diameter) stainless steel lines.
[bookmark: _Hlk157004214]Air cleaner information. Ten air cleaners representing seven technologies (GUV, photocatalytic oxidation (PCO), photoelectrochemical oxidation (PECO), single-stage electrostatic precipitator (HEPA ESP) with a HEPA filter, ionizer, and mechanical filtration) were tested in the development of the standard method (Table 1). Most of the devices claimed to remove particulate matter (PM) except the GUV lamps. GUV devices are advertised to deactivate airborne pathogens but are not designed to remove odors or gases. The PECO, PCO, and ionizer devices claimed to remove odors or gaseous chemicals, along with the filters used on the carbon filter do-it-yourself air cleaner.
[bookmark: _Hlk148436474]Table 1. Description of the tested portable air cleaner suite.
	ID
	Primary Technology
	Mechanical Filter if Present
	Cost (USD)*
	Claimed to Remove

	
	
	
	
	PM (y/n)
	Odors or Gases (y/n)

	AC1
	PECO
	proprietary
	1000
	y
	y

	AC2
	GUV222
	n/a
	1000
	n
	n

	AC3
	HEPA Single-Stage ESP
	HEPA
	400
	y
	y

	AC4
	Ionizer
	HEPA
	100
	y
	y

	AC5
	PCO
	carbon, HEPA
	100
	y
	y

	AC6
	PCO
	n/a
	2500
	n
	y

	AC7
	GUV254
	n/a
	1000
	n
	n

	AC8**
	Mechanical filtration
	MERV 13 
5 cm (2”) filter
	80
	y
	n

	AC9
	Mechanical filtration
	HEPA
	200
	y
	n

	AC10**
	Mechanical filtration
	carbon MERV 13 2.5 cm (1” filter)
	120
	y
	y


*Price rounded to nearest $50 increment except for AC8 and AC10 which were rounded to nearest $10
**Air cleaners were built following do-it-yourself instructions in a so called “Corsi-Rosenthal Box” design

[bookmark: _Hlk157516731]Experimental test matrix. The draft standard method for evaluating portable air cleaner performance includes four tests (Table S1). Each test consists of a four-hour measurement of gases and particles within the environmentally controlled chamber. In Test 1 and 2, chemicals were injected in the absence of particles, and in Test 3 and 4, particles were injected in the absence of chemicals. Test 2 (chemicals injected) and Test 4 (particles injected) were conducted during air cleaner operation to evaluate its performance. Background data with the air cleaner off were collected in Test 1 (chemicals injected) and Test 3 (particles injected). Background data were subtracted from the tests where the air cleaners were turned on. For this study all tests were performed in triplicate for each air cleaner.

[bookmark: _Hlk157592686][bookmark: _Hlk148435964]Challenge chemical suite and UFP injection. The challenge chemical suite includes HCHO (16% HCHO solution w/v), limonene (97 %), o-xylene (98 %), tetrachloroethylene (PERC, > 99.9 %), decamethylcyclopentsiloxane (D5, > 96.5 %), and O3. Chemicals used to challenge the air cleaners in the tests were chosen based on their reactivity with gas-phase oxidants (O3, hydroxyl radical (OH)) potentially produced from air cleaners, propensity to form byproducts (like UFP or HCHO), relevance in indoor environments, and ease of injection for generating gas-phase chamber concentrations. Target concentrations were based on typical indoor concentrations found in the literature.11,12,13 For Tests 1 and 2 neat liquids of all the challenge chemicals, except O3, were injected into a sealed glass vial heated to 100 °C. The vaporized chemicals were then injected into the chamber in a stream of ultra-high purity air. An O3 generator fed with ultra-high purity oxygen was used to achieve target concentrations of O3 in the chamber prior to the start of Test 1 and 2. For Tests 3 and 4 a solution of 0.4 mM aqueous potassium chloride (KCl) solution was aerosolized into the chamber to create the challenge particle distribution.

Calculation of clean air delivery rates (CADRs). To assess the efficiency of chemical and UFP removal by the air cleaners we calculate chemical CADRchem and particle CADRp. For each test first-order loss rate constants (kdecay), measured for particles and chemicals, were determined from the slope of a linear fit of the integrated first-order rate equation (Equation 1):
kdecay = -ln(()										(Eq. 1)
where kdecay (hr-1) is the rate constant for first-order loss of particles or chemicals during a test, [C] is the concentration of UFP (number concentration units cm-3 and volume concentration units µm3 cm-3) or chemicals (parts-per-billion) at time t and start of the test (t = 0). We calculated parts-per-billion as the number density of a chemical (molecules cm-3) divided by the dry air number density of air (≈ 2.5 x 1019 molecules cm-3) multiplied by 109. kdecay was determined from the linear fit, following Equation 1, up to where Ct was within 5 % of C0 (i.e., where  = -3) for chemicals in Test 2 and particles in Test 4. The amount of time that the fits for Test 2 and Test 4 were performed for determined the time interval for the linear fit of data from Test 1 and Test 3 (Figure S4). Once kdecay was determined from Test 1 and Test 2 for chemicals and Test 3 and Test 4 for UFP, we calculated the CADRs via Equations 2 and 3;
CADRchem = V(kdecay,Test 2 – kdecay,Test 1)							(Eq. 2)
CADRp = V(kdecay,Test 4 – kdecay,Test 3)								(Eq. 3)
[bookmark: _Hlk156486966][bookmark: _Hlk155354830]where V is the volume of the chamber (31.5 m3). A description of how we determined method limits of quantification for CADRs (CADRLOQ) is presented in the SI (Figure S5).

[bookmark: _Hlk157011540][bookmark: _Hlk157949801]Quantification of VOC byproducts. VOC byproducts were quantified from real-time PTR-MS measurements. Saturated aldehydes (up to C9; except HCHO) were quantified from PTR-MS measurements using gas-chromatography (GC) pre-separation because of complications with quantification from real-time PTR-MS measurements14. Direct calibrations were performed for 28 VOCs from standard cylinders. For VOCs measured that we did not have a direct calibration for, we parametrized the instrument sensitivity (cps ppb-1) as a function of the proton-transfer rate constant between the reagent hydronium ion (H3O+) and the VOC of interest (Figure S7).15,16 An extensive discussion of the PTR-MS operating parameters and quantification methods (mass-to-charge dependent transmission efficiency corrections and kPTR versus sensitivity determination) is included in the SI (e.g., Figures S7 and S8 and Tables S2 and S3). Background VOCs present in the chamber at the beginning of Test 1 or Test 2 were subtracted from quantified VOC concentrations in the proceeding four-hour test. Background concentrations of challenge chemicals were always less than 10 % of the injection concentrations, as required by the standard. VOCs measured during Test 1 were subtracted from VOCs measured during Test 2 when evaluating VOC byproduct formation.

[bookmark: _Hlk157526484]Calculation of Byproduct Emission Rates (Er). Here we define the emission rate as the sum of all processes (e.g., chemical production, surface partitioning, etc.) that impact the measured concentration of a byproduct. We quantify byproduct emission as a time-dependent emission rate (Er) as shown in Equation 4,
 							(Eq. 4)
[bookmark: _Hlk157526393][bookmark: _Hlk157093140][bookmark: _Hlk157001710]where i is the time-step (20 minutes in this study) where i = 0 is the start of the test (t = 0 hours) and Er,i=0 is zero. We use the kdecay, Test 1 measured for D5 when quantifying Er for VOCs measured by the PTR-MS. By using the kdecay, Test 1 for D5 in our calculation of VOC Er we are potentially under-representing the Er for VOCs that deposit to surfaces faster than D5.  All challenge chemicals showed similar kdecay, Test 1.  We assume that VOC byproducts that have vapor pressures higher than that of D5 (53 Pa) will have a similar kdecay, Test 1 as the challenge chemicals. Of all the aldehydes we calculate Er for, the largest is nonanal which has a vapor pressure similar to D5, of 35 Pa, and thus we expect the kdecay, Test 1 measured for D5 to reasonably approximate the loss of the aldehydes. For other VOCs we quantify using the D5 loss rate constant may under-represent the Er. We performed 20-minute averages of VOC mixing ratios, calculate Er for each 20-minute average, and report the average of the five largest Er values measured during an experiment. We do not normalize Er by the mass of VOC precursor lost during the test because byproducts may be emitted directly from the air cleaner.

Results and Discussion
Clean air delivery rates of UFP (CADRp) and chemicals (CADRchem). For the air cleaners that used some form of mechanical filtration (all except AC2, AC6, and AC7) we measured CADRp for our UFP challenge particles (count median diameter, Dp, of 36 nm) to be equal to or greater than what the manufacturer reported for particles larger than 300 nm (Figure S6) in product specifications (manufacturer reports using AHAM AC-1). CADRp calculated using both number and volume concentrations fell within 15 % of one another for each of the five air cleaners with measured removal. Agreement between the CADRp calculated with our test method compared to manufacturer-reported CADRp shows that the air cleaners that claim particle removal in this study are also efficient at removing UFPs—a feature that is not captured by the AHAM AC-1 test method. UFP are unique because they can efficiently penetrate deep into the lungs where they have a greater propensity to deposit and impact the bloodstream more than larger particles.17 As such, UFP present a unique exposure risk compared to larger particles. This proposed test method provides a metric for air cleaner efficiency that addresses this specific indoor air quality concern.

[bookmark: _Hlk157595003]AC8 is a do-it-yourself air filter and does not have a manufacturer reported CADR and our CADRp values (323 m3 h-1 to 388 m3 h-1), while similar to the tested commercial air cleaners, are lower than those reported for larger particles by a recent study (620 m3 h-1 to 970 m3 h-1 for Dp of 0.3 µm to 1 µm).18 However, we observe the same positive dependence of CADRp with increasing fan speed for AC8 as observed elsewhere.19,20 We note that noise levels from the do-it-yourself filter (AC8), although not quantified, are lower at lower fan speeds and thus a similar particle removal efficiency for the high fan setting may be achieved at the lowest fan setting with a lower noise burden.18 
[bookmark: _Hlk155350681]
A few of the tested air cleaners showed removal of challenge chemicals above the CADRLOQ and AC1 was the only air cleaner that removed chemicals at rates (Figure 1) comparable to UFP removal rates (i.e., > 150 m3 h-1). Most of the air cleaners that claimed to remove gases or odors used PECO or PCO technology and emitted VOC byproducts. Similar to a recent study comparing limonene and toluene removal by PECO, GUV, PCO, and plasma technologies7, we found that the PECO unit removed our VOC suite at rates faster than any of the other technologies. AC3 used ESP, with an in-line HEPA filter, as the primary air cleaning technology and was the only air cleaner to show removal of all the challenge chemicals, even HCHO. However, AC3 did not remove challenge chemicals at rates similar to UFPs or AC1. CADRs measured from the air cleaners are summarized in Table S5.

[image: ]
Figure 1. Average CADRchem determined for the challenge chemical suite from AC1, AC2, AC3, AC5, and AC6 (left axes). CADRchem below the CADRLOQ were determined for AC4, AC7, AC8, AC9, and AC10 and thus are not displayed on the figure. Average CADRNp are shown on the right axes for comparison to CADRchem for AC1, AC3, and AC5. Error bars show the standard deviation of three tests. Note that the left y-axis range on panel a is three times larger than the y-axis range for the other panels. The right y-axis range is the same for the three ACs.

[bookmark: _Hlk157100143]Byproduct emission from air cleaners. From most of the air cleaners that used additive technologies (technologies other than mechanical filtration by itself) we observed emission of byproducts. No VOC byproduct emission, within the uncertainty of the background, was observed from all of the air cleaners that only used mechanical filtration. Consistent with the hypothesis that air cleaners that use oxidants as the air cleaning technology (AC1, AC5, AC6) or create oxidants as byproducts (AC2 and likely AC7) would chemically oxidize the air to form VOC byproducts, we observed a suite of emitted VOC byproducts from Test 2 that we were able to quantify from the PTR-MS measurements (Figure 2).
[image: ]
Figure 2. VOC byproduct analysis excludes challenge chemicals, except HCHO, and the Test 1 background was subtracted from VOCs measured from Test 2. Air cleaners that used mechanical filtration (AC8 AC9, AC10) are not shown here. AC5 was also excluded from this analysis because of low CADRchem and low HCHO emission. (a) Cumulative VOC concentration increase minus concentration decrease measured from AC1, AC2, AC3, AC6, and AC7. The shaded regions show the 25% uncertainty, determined from calibrations, from VOC quantification (Figure S7). (b) VOC concentration measured in Test 1 that was used for background subtraction. (c - g) Background-subtracted VOC concentrations measured from AC operation during Test 2. Light gray shaded traces show concentrations of VOCs not explicitly defined in the legend that increased in concentration during Test 2 and the pink shaded regions are VOCs not explicitly defined in the legend that decreased in concentration.

Several VOCs could be identified from the non-targeted analysis of Test 2 including acetone, acetaldehyde, and acetic acid, but many VOCs were produced that had elemental compositions that could correspond to different isomers (e.g., C4H7O+ could be methyl vinyl ketone or methacrolein). Gas chromatography pre-separation measurements were used to resolve isobaric contributions to VOCs from the real-time measurement including the determination of ionization chemistry artifacts (i.e., fragments and water clusters) and isomers.

Excluding challenge chemical contributions, except HCHO which is both a challenge chemical and byproduct, we observe that three air cleaners emitted more VOC byproducts than were reduced (Figure 3; panel a). AC6 produced the highest mixing ratio of VOC byproducts. We observe for AC1 that early in Test 2, challenge chemical mixing ratios are rapidly reduced by the air cleaner creating byproducts that are converted to low molecular weight VOCs like acetone, HCHO, and formic acid (Figure 3; panel f). In contrast to the PECO and PCO air cleaners, the GUV-based air cleaners did not emit as many VOC byproducts. The VOC byproduct population resulting from AC2 operation mostly consisted of HCHO, acetic acid, acetaldehyde, and acetone, and no reduction of cumulative VOC byproducts, compared to the background Test 1, was measured. We note that, consistent with the relatively small CADRchem, we only observed reduction of VOC byproducts from AC3 indicating that, not only some of the challenge chemical suite, but also VOC byproducts presumably produced from the O3 plus limonene reaction in Test 1 (or VOCs present in chamber background) were reduced. 

We use the framework of emission rates to describe the collection of processes, both physical (e.g., surface-to-gas partitioning) and chemical (e.g., oxidation product formation from chemical reactions), that lead to an increase in concentration of chemicals or UFP byproducts in our chamber. We quantified emission rates (Er) of HCHO from five ACs, O3 from AC2, and aldehydes + other quantified VOCs from AC2 and AC6 (Figure 3).
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Figure 3. (a) Average HCHO Er (µg h-1) quantified for five air cleaners. (b) Average O3 Er for AC2. (c) VOC emission rates for AC2 and AC6 with aldehyde emission rates (including HCHO) stacked on top. (d and e) Aldehyde emission rates partitioned into the individual aldehydes. Note y-axis is on log scale. All error bars show the standard deviation of the average of the five largest Er calculated from Test 2 measurements.

[bookmark: _Hlk157003949]In all cases where other increases in VOC concentrations are measured, HCHO is also generated suggesting it could be an appropriate indicator species for byproduct formation from air cleaners. HCHO has been reported as a common byproduct from PCO air cleaners.6,7 Here we find that HCHO is a byproduct of PECO, PCO, and GUV technology-based air cleaners. Notably, we did not observe any emission of O3 from the HEPA ESP technology in this study. Accounts in the literature report varying O3 emission from both portable21,22 and in-duct23,24 systems. A high variability of O3 emissions have been measured across a large number of ESP devices25. While we did not measure O3 emission from the unit we tested, other ESP based devices may emit O3. 

We focus on quantifying Er of other VOC byproducts from AC2 (GUV222) and AC6 (PCO) because no reduction in VOC byproducts was measured coincidentally with emission (like AC1). For AC6 average emission rates of all aldehydes, except HCHO, fell in the range of 1 µg h-1 to 10 µg h-1 (Figure 4, panels d and e).  For AC2 emission rates of acetaldehyde (Er = 79 µg h-1) and nonanal (Er = 34 µg h-1) were similar to HCHO (Er = 54 µg h-1). For AC6 the driver of VOC byproduct formation potentially was hydroxyl radical chemistry resulting from the PCO unit. For AC2 the driver of VOC byproduct formation is likely O3 chemistry with about three times more O3 (Er = 1,300 µg h-1) mass produced than VOC byproducts (Er = 403 µg h-1). The VOC byproducts for AC2 likely come from O3-initiated surface or gas-phase chemistry—including reactions of OH produced from O3 oxidation of limonene.26,27

We emphasize that the measured Er values are specific to the conditions of our chamber and the test method. In real-world indoor environments reactive VOCs, which could produce VOC byproducts, can be present at concentrations higher than in our test method and/or may have emission sources that provide a continuous source of reactive VOCs.

Three of the air cleaners, AC2, AC6, and AC7, generated UFP byproducts (Figure 4) that were above background chamber concentrations (e.g., typically less than 10 particles cm-3).
[image: ]
Figure 4. Particle byproduct formation observed during Test 2 from AC6 (PCO, a and d), AC2 ( GUV222, b and e), and AC7 (GUV254, c and f). The left axes for panels a through c show particle number concentrations (Np; black) and the right axes show volume concentrations (Vp; blue). Shaded areas show the standard deviation of the average measured from triplicate experiments. The maximum range for the y-axes on panel c is an order of magnitude smaller than the y-axes for panels a and b. Panels d, e, and f show log normalized number distribution time series corresponding to the panels. The color scale ranges for panels d, e, and f are all different and thus not directly comparable. 

[bookmark: _Hlk157951432][bookmark: _Hlk157530488]The highest number concentration (Np) of UFPs was generated by AC2 (GUV222) while AC7 (GUV254) generated about an order of magnitude fewer UFPs. AC6 (PCO) generated the highest levels of UFP volume compared to AC2 and AC7. We suspect the UFPs emitted from AC6 could be a direct emission of salts from the water heater used as part of the air cleaner design (Figure 5d) as opposed to originating from chemical reactions that initiate new particle formation as we observed with AC2 and AC7 (Figure 5 e and f). 
[bookmark: _Hlk157013476]We note that the proposed test method is not suitable for calculating secondary organic aerosol yields like is commonly done for experiments of monoterpene oxidation in Teflon chambers. AC6 generated particles for which the median diameter of the mass distribution came close to the upper limits of our measurement suggesting that the test method, in its current form, may not be adequate for assessing the maximum extent of possible particle volume or mass production. Wall loss of condensable vapors supressed the amount of organic aerosol we would expect to be formed from oxidation of limonene by O3 in the Test 2 for AC2 (Figure S10).

Discussion

PECO/PCO technologies and OH radical production. Photocatalytic air cleaning technologies often are advertised as replicating the “self-cleaning” aspects of the outdoor atmosphere because they generate hydroxyl radicals (OH) that react with VOCs to theoretically form CO2 and H2O.28,29,30 The mechanism of OH generation from PCO technologies can vary, but generally follows Reaction 1:

							       (1)

While studies have shown PCO technologies can produce OH, there is limited evidence30 to show that devices employing PCO technology will completely oxidize VOCs to CO2 and H2O. Instead, here, we have shown that two devices employing PECO/PCO technology (AC1 and AC6) emit a population of VOC byproducts that are known or suspected oxidation products of our challenge chemical suite. PECO/PCO technology implementation can vary, and it is clear from comparing the relatively high CADRchem measured from AC1 (limonene = 110 m3 h-1) to low CADRchem from AC6 (limonene = 15 m3 h-1) and AC5 (CADRlimonene < CADRLOQ,limonene) that VOC removal efficiency can also vary considerably. For all the tested PECO/PCO technologies we observed the formation of HCHO as a byproduct of the air cleaners oxidizing mechanism. This indicates that the PECO/PCO units are not fully oxidizing the challenge VOCs to CO2 and H2O. Additionally, we present an analysis in the SI suggesting OH oxidation may not completely explain the PECO/PCO chemical removal rates measured here (Tables S6 and S7).

Germicidal Ultraviolet Light (GUV). We have demonstrated in a previous study the formation of O3 from a GUV222 device31, but here we have supplemented those observations with measurements of VOC and UFP byproducts. Compared to the PECO/PCO technologies, the UV-based technologies removed less of the challenge chemicals and produced less VOC byproducts. However, AC2 (GUV222) is notable as it produced the highest Np of all the devices we tested. In the study of Graeffe, et al. (2023) the authors observed considerable formation of byproducts from operation of a large hospital-grade GUV254 device that contained sixteen 95 W lamps and eight 60 W lamps. In contrast to that study the device we tested consumed 17 W of power when operating and thus we did not observe substantial byproduct formation likely because of a much lower fluence rate compared to the unit in the Graeffe, et al. (2023) study. We acknowledge that while we observed GUV technologies to produce UFP in our tests, these technologies have demonstrated32 efficacy in mitigating airborne pathogen transmission33,34, and thus may merit consideration for situation-specific applications (e.g., “superspreader” virus transmission environments, hospital installation, etc.).

[bookmark: _Hlk157532167][bookmark: _Hlk157414163]Electrostatic Precipitation. The ESP device tested here (AC3) is notable in that it was the only device to have measurable CADRs for challenge UFP and all of the challenge chemicals (including HCHO). The removal of challenge chemicals was not as efficient as AC1, but non-targeted analysis showed that it was capable of removing many different VOCs while generating no measurable byproducts except for negative ions (Figure S11). While the CADRchem values were modest compared to CADRp, AC3 was the only the only air cleaner where we quantified a CADRchem for HCHO. ESP technologies are generally observed to produce a varying amount of O3 as a byproduct25, but AC3 did not and in contrast removed O3 with a CADRchem of 64 m3 h-1 ± 14 m3 h-1. We hypothesize that, with this particular device, the combination of the single-stage ESP with a HEPA filter design resulted in chemical removal. More research is warranted on the removal efficiency of ESP devices paired with a HEPA filter.

Air cleaners using only mechanical filtration. We did not observe significant removal of challenge chemicals or O3 from technologies using filtration, including the Corsi-Rosenthal box using carbon filters. Our measurements of CADRp for UFP are broadly in agreement with available manufacturer reports for larger particles for the air cleaners we tested (Figure S5). When considering the CADRp normalized to the up-front cost (i.e., not considering the cost of replacing filters) the do-it-yourself air cleaner (AC8; CADRp/price = 5.25 m3 h-1 $-1) filters UFP most effectively and for the lowest price compared to AC1 (CADRp/price = 0.35 m3 h-1 $-1) which did not filter UFP as well and was more than 10 times more expensive.

[bookmark: _Hlk157532447]Our proposed standard test method quantifies which portable air cleaners are most likely to produce the most byproducts in indoor environments on a relative basis. Real indoor environments could have higher levels of reactive VOCs or surface-mediated chemistry that enhance air cleaner generated byproducts beyond what we measured in our chamber.  The key byproducts potentially produced from air cleaners that we considered in this work were HCHO, O3, UFP, and negative ions. We recommend an emission rate approach when reporting byproduct formation rates from air cleaners that considers the loss via air change as well as gas-phase reaction loss and/or surface deposition that can happen dynamically with production. As shown in our non-targeted analysis of VOC byproducts, other chemicals can be produced from operation of air cleaners using reactive cleaning technologies like GUV or PCO. Overall, we find that several of the air cleaners that claimed to remove gases or odors did not efficiently remove our challenge chemical suite (AC4, AC5, AC6) and/or emitted byproducts (AC1 and AC6). Given the efficiency of the tested units at removing chemicals and their propensity to form byproducts, adequate ventilation would be one of the most important tools for maintaining good indoor air quality under typical conditions.

[bookmark: _Hlk157532574]More research is needed evaluating air cleaning technologies for byproduct formation, particularly in real-world indoor spaces. This test method is likely to evolve to accommodate new understandings around additive air cleaning technologies and indoor air quality. The scope of our study was limited to the evaluation of the performance of a select population of air cleaners in the context of chemical and particle removal or production in a chamber. Thus, the impacts on indoor air quality presented in this study should be considered in concert with other efforts to characterize air cleaner biological impacts for a comprehensive assessment of air cleaner performance. 
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