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ABSTRACT: The COVID-19 pandemic brought new emphasis on indoor air quality. However, few studies have investigated the
impact of air filtration, a COVID-mitigation approach, on indoor air concentrations of semivolatile organic compounds (SVOCs).
Using a quasi-experimental design, we quantified the impact of a relatively low-cost “do-it-yourself” air filter (Corsi−Rosenthal Box;
CR Box) on indoor air concentrations of 42 PFAS and 24 other SVOCs. We sampled air before (October−November 2021) and
during (February−March 2022) deployment of CR Boxes in 17 rooms located in an occupied Providence, Rhode Island office
building. We measured sound levels in rooms with CR Boxes operating and not operating. While CR Boxes were deployed,
concentrations of seven PFAS (N-EtFOSE, N-EtFOSA, FBSA, PFBS, PFHxS, PFOS, PFNA) were 28−61% lower and
concentrations of five phthalates (DMP, DEP, DiBP, BBzP, DCHP) were 29−62% lower. Concentrations of five PFAS and one
phthalate increased 23−44% during the intervention period, but the 95% CI of most of these estimates included the null. Daytime
sound levels increased 5.0 dB when CR Boxes were operating. These results indicate that CR Boxes reduced exposure to several
lower-volatility phthalates and sulfonated PFAS previously reported to be found in office building materials and products, with
potentially distracting increases in sound levels.
KEYWORDS: intervention, perfluoroalkyl substances, phthalates, semivolatile organic compounds, indoor air

■ INTRODUCTION
Indoor air filtration is a critical tool to reduce the risk of COVID-
19 transmission.1 Affordable and effective air filtration is needed
to mitigate the airborne transmission of COVID-19 in schools,
offices, personal residences, health care and congregate care
facilities, workplaces, etc. In response to this need, a “do-it-
yourself” (DIY) air filter consisting of four consumer-grade
MERV-13 (or equivalent) filters and a box fan was developed
(i.e., Corsi−Rosenthal Box; CR Box). These filters provide
comparable or better air filtration performance as commercially
availableHEPA air filters at a fraction of the cost and thusmay be
a scalable and sustainable solution to reduce the risk of COVID-
19 transmission.2,3

A potential co-benefit of using indoor air filtration to mitigate
COVID-19 transmission is reducing air concentrations of

indoor pollutants such as semivolatile organic compounds
(SVOCs). Previous studies have detected several classes of
SVOCs, including phthalates, organophosphate and brominated
flame retardants, organochlorines, per- and polyfluoroalkyl
substances (PFAS), and synthetic musks in the indoor air of
homes and offices.4−7 Moreover, biomonitoring studies indicate
widespread exposure to a mixture of these compounds and
indoor air may be an important route of exposure to some of
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these SVOCs.8,9 SVOCs, including phthalates, brominated
flame retardants, and organophosphates, have been found on
heating, ventilation, and air conditioning (HVAC) filters in
buildings with mechanical ventilation.10 Air filtration has been
shown to effectively reduce particle concentrations indoors, and
a simulation study suggests a similar impact on indoor SVOC air
concentrations.11,12 An experimental crossover study in China
reported that indoor HEPA air filtration with activated carbon
filters in college dormitories reduced gas-phase air concen-
trations of several phthalates by at least 50%.13 However, this
study did not quantify the concentrations of other SVOCs,
including PFAS, and it used an air filtration system with both
activated carbon and a HEPA filter rather the MERV-13 (or
equivalent) filter typically used in CR Boxes.

Lowering indoor air concentrations of SVOCs may improve
occupant health. Phthalates, PFAS, and flame retardants have
known or presumed health hazards, particularly in susceptible
subpopulations like infants and children, who spend themajority
of their time indoors.14 Exposure to some phthalates has been
associated with an increased risk of childhood asthma and
allergy.15 Some PFAS exposures have been associated with
reduced vaccine response in children, and these same PFASmay
increase the severity of and susceptibility to COVID-19 in
adults.16

In Fall 2021, the Brown University School of Public Health
installed CR Boxes in classrooms and conference rooms as part
of a multilayered approach to mitigate COVID-19 transmission.
This provided an opportunity to conduct a quasi-experimental
study to determine if CR Boxes reduced concentrations of
common indoor air pollutants (i.e., natural experiment). We
measured indoor air concentrations of 66 PFAS and other
SVOCs in 17 rooms inside an occupied office building prior to
and during deployment of the CR Boxes. We also measured
sound levels associated with CR Box operation. These results
may inform strategies to reduce airborne disease transmission as
well as improve indoor air quality, thereby enhancing occupant
health.

■ MATERIALS AND METHODS
Setting and Study Design. This study took place between

October 2021 andMarch 2022 in an 11-story office building that
is the home of the Brown University School of Public Health
(Providence, Rhode Island). The 142,000 ft2 building holds
offices, conference rooms, classrooms, computer labs, and
biological sample storage facilities. The building was built in
1984, and mechanical air handling units were installed in 1999.
Each floor in the entire building receives outside air at a constant
ventilation rate from side louvers that is sent to an air handling
unit with a common ceiling return plenum. The air handling
units include MERV-13 filtration. Air heating and cooling is
provided with hot and chilled water systems with hot and chilled
water coils on each floor, respectively. No additional humidity
control is provided beyond that of the air handling, heating, and
cooling systems. In rooms with windows, the windows are
inoperable.

We conducted the study in 18 classrooms, conference rooms,
and computer labs spread across seven floors in the building. All
of the sampled rooms were carpeted.We were unable to use data
from one room due to a problem with sample collection during
the study. Thus, our sample size was 17 rooms (two
measurements per room). Of the 17 rooms, 10 were conference
rooms (Table 1) and seven rooms were interior rooms without
windows. The median room area was 300 ft2 and ranged from

157 to 1084 ft2. Average outdoor concentrations of particulate
matter <10 μm at an EPAmonitoring site 2.3 km away were 11.2
and 12.0 μg/m3 before and during the intervention, respectively.

We used a quasi-experimental study design to quantify
changes in PFAS and other SVOC air concentrations and sound
before and during the deployment of CR Boxes. At baseline,
between October 25, 2021, and November 18, 2021, we
measured air concentrations and ambient sound (assessment
methods detailed below). After baseline sampling, CR Boxes
were deployed in each of the 18 rooms in a staggered fashion
approximately one week after baseline sampling was conducted
and operated from 0700 to 1900 on weekdays until December
20, 2021. The CR Boxes were off during the winter break
(December 21, 2021, through January 24, 2022), except in some
conference rooms used by staff. The CR Boxes were turned back
on for approximately 2 weeks before we began sampling during
the intervention period. The same air and sound measurements
were collected from February 7, 2022, through March 4, 2022,
during which time the CR Boxes operated from 0700 to 1900 on
weekdays. The building was occupied and classes were in session
during both sampling periods.

We recorded the room area, presence and number of
windows, type and number of furnishings, maximum number
of occupants, and number of electronics in each room using
standardized forms.
CR Box Construction and Operation. Each CR Box was

assembled using four 50 × 50 × 5 cm3 pleated MERV-13 filters
(Tex-Air), a Lasko Power Plus fan, and black electrical tape
(Supplemental Figure 1). We affixed a cardboard shroud in front
of the fan to improve its efficiency (50 cm diameter circle). The
MERV-13 filter media consisted of polyolefin and titanium
dioxide (Jim Rosenthal, personal communication). To
determine the number of CR Boxes to deploy in each room,
we assumed that the CR Boxes had a clean air delivery rate
(CADR) of 600 fpm and 85% efficiency (for COVID-19
filtration with the fan set to low speed).2,17 Thus, we placed one
to three CR Boxes in each room depending on the room area so
that the fans provided approximately six additional effective air
changes per hour (Supplemental Table 1). The CR Boxes were
placed near walls and in some cases corners to reduce
interference with foot traffic.

The CR Boxes operated from 0700 to 1900 h on weekdays
using a mechanical outlet timer with the fan set to low speed.
During the intervention period, we noted that the CR Boxes
were occasionally turned off or unplugged because of perceived
sound levels during meetings and classes. We made efforts to

Table 1. Characteristics of the 17 Rooms Included in the
Intervention

characteristic median [25th, 75th]/N (%)

room type
classroom 5 (29)
conference room 10 (59)
computer lab 2 (12)

windows
none 7 (41)
any 10(59)

number of computers and other electronics 3 [2, 9]
room area (ft2) 300 [276, 787]
number of occupants (n)a 19 [14, 33]
aEstimated from the number of chairs in the room.
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keep them on by checking each one throughout the day and
asking building occupants to leave them on.
SVOC Air Sampling. We conducted active air sampling in

each room, once before installation of the CR Boxes and again
when they were operational using previously described methods
(Supplemental Figures 2 and 3).6 Briefly, we collected gas and
particle-bound phases of air using 160 mm URG personal
pesticide samplers (Universal Research Glassware (URG);
Chapel Hill, NC) at a target flow rate of 3 L/min over
approximately 96 h. We measured the air flow rate at the
beginning and end of each sampling period using a TSI Model
4199 air flowmeter. Each sampler contained a 10 μm at 4 L/min
impactor-equipped inlet followed by a 25 mm quartz fiber filter
and 3 g of XAD sandwiched between two 1 13/16 in.
polyurethane foam (PUF) plugs. Prior to packing, the PUF
plugs and XAD powder were washed with UHLPC-grade
acetonitrile and dried in a 60 °C oven for 3 days. We purchased
PUF plugs and Supelco Amberlite XAD-2 from Fisher Scientific
(Waltham,MA). In this study, we only analyzed gas-phase PFAS
and other SVOC concentrations.

Both before and during the CR Box deployment, we
conducted air sampling from Monday morning through Friday
morning, except for four rooms where sampling ceased on
Thursday night in anticipation of a snowstorm the following day.
We positioned samplers near walls or corners, and attempted to
place them in the same location of each room before and during
the installation of the CR Boxes but had to move them in some
cases when the room was relatively small and the CR Box was
placed in the original sampling location.

We collected and analyzed several blanks and replicates to
evaluate potential contamination and precision of our SVOC
sampling. First, using the methods described below, we
quantified SVOC concentrations in two solvent blanks (i.e.,
field naiv̈e samplers) and two field blanks (samplers opened in a
room and then processed, one before and one during CR Box
deployment). We also collected three technical field replicates
by simultaneously sampling in a single residence using the
above-described procedures.
PFAS and Other SVOC Air Concentration Quantifica-

tion. We quantified gas-phase concentrations of 42 PFAS and
24 SVOCs (three brominated flame retardants, two phenols, 12
phthalates, one synthetic musk, three polychlorinated biphenyls,
and four organophosphate esters) collected in our air samples
(see Supplemental Table 2). After sample collection, the
samplers were stored at −20 °C until analysis. Details regarding
sample extraction and analysis are provided in Supplemental
Methods. In brief, for each sample, we extracted the XAD and
PUF with acetonitrile and split the extract for analysis of PFAS
and other SVOCs. We spiked aliquots with isotopically labeled
PFAS or phthalate internal standards (Supplemental Tables 3
and 4). PFASwere measured using the chromatography scheme,
internal standards, and analyte list described in EPA Draft
Method 1633 on a high-resolution Thermo QExactive HF-X
Orbitrap MS equipped with a Vanquish ultra-high-performance
liquid chromatograph (UHPLC-Orbitrap-HRMS). SVOC
concentrations were quantified using a high-resolution Thermo
QExactive Orbitrap MS equipped with a Thermo Trace 1300
Gas Chromatograph. Two isomeric SVOCs, Galoxolide and
Tonalid, could not be separated using this method and are
reported as a sum. Sample extracts for either PFAS or SVOCs
were analyzed in a single batch.

We used several quality control measurements, including
blanks, replicates, and surrogates, to evaluate the quality of our

data. PFAS and other SVOC levels were generally nondetectable
or low in solvent and field blank samples (Supplemental Tables 5
and 6, Supplemental Figures 4 and 5). Among the PFAS, the
maximum field blank levels of PFOSA and FBSA exceeded the
minimum measured field sample concentrations, although the
field blank concentrations were below the LOD. For the SVOCs,
field blank levels of 8 compounds (triphenyl phosphate,
benzophenone-3, BDE 100, dihexyl phthalate, di-n-pentyl
phthalate, dibutyl phthalate, benzyl butyl phthalate, and
dicycloheyl phthalate) exceeded the minimum reported field
sample concentrations. Concentrations of most PFAS in the
three field replicates were reproducible (coefficient of variation
< 30%); however, there were some exceptions that included
perfluoro(2-ethoxyethane) sulfonic acid, perfluoro-3-methox-
ypropanoic acid, perfluoroheptanoic acid, and perfluorohepta-
nesulfonic acid (Supplemental Table 5). Coefficients of
variation were <30% for phthalates, with the exception of
dihexyl phthalate (Supplemental Table 6). Recovery of each
analyte was assessed by spiking a PUF and XAD sample with all
target analytes and extracting. PFAS and other SVOC recoveries
ranged from 71 to 110% (Supplemental Tables 7 and 8).
Air Filter PFAS and Other SVOC Concentrations. To

better understand how the MERV-13 filters used in CR Boxes
may be a source or sink of PFAS or SVOCs, we quantified PFAS
and other SVOC concentrations on three filters that had been
used for approximately 4 months in one of the intervention
rooms and one unused filter of the same brand and size used for
the intervention. For the unused filter, we took three 2.5 × 2.5
cm2 samples from the top-center, middle-center, and bottom-
center of the filter. For the used filters, we took a single 2.5 × 2.5
cm2 sample from the middle-center of each filter. We quantified
the mass of each PFAS and other SVOCs per g of filter (ng/g)
using procedures described above with the additional step of
sonicating during each extraction for 20 min.
Sound Sampling. We assessed sound levels in each room

both with the CR Boxes operating (daytime, 0700−1900 h) and
with the CR Boxes not operating (nighttime, 1900−0700 h).
Nighttime measurements were made when we were not
conducting air sampling in the rooms. We measured ambient
continuous sound using a Cirrus Optimus Octave Band
Analyzer CR-171B (class 1) (North Yorkshire, U.K.) (dynamic
range: 20−140 dB) in 1 s intervals. Calibrations were performed
at 90 dB(A) at a frequency of 1 kHz immediately before and after
each monitoring session. The microphone of the CR-171B was
mounted on a tripod at a height of 1.5 m. Each sound monitor
was placed in the exact position of the air samplers. The A-
weighted sound level (dB(A)) was used to assess the measured
sound as it is the most commonly reported sound weighting
system. It emphasizes sounds processed through the auditory
system and penalizes both low- and high-frequency sounds.18

The 1-s levels were aggregated by the hour and over the
daytime and nighttime 12-h period. Equivalent continuous
sound levels were calculated using the following formula
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whereT is the time period (1-h, day/nighttime), n is the number
of 1 s time samples in the time period, and Li is the 1s level
determined for each frequency region or for the A-weighted
sound level.19

Statistical Analysis. For each PFAS and other SVOC, we
calculated the indoor air concentration in ng/m3 over the
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Table 2. Univariate Statistics and Frequency of Detection in PFAS (pg/m3) and SVOC (ng/m3) Air Concentrations before and
during Intervention (n = 17 Rooms)a

pre-intervention during intervention

chemical % > LOD median (25th, 75th) min, max % > LOD median (25th, 75th) min, max

11Cl-PF3OUdS 35 0.57 (0.541, 1.50) (0.508, 89) 47 1.27 (0.575, 2.12) (0.503, 10.6)
3:3 FTCA 6 2.84 (2.70, 2.93) (2.6, 94.5) 0 2.83 (2.75, 3.10) (2.58, 6.55)
4:2-FTS 41 0.072 (0.070, 0.288) (0.063, 0.63) 29 0.075 (0.068, 0.178) (0.062, 0.33)
5:3 FTCA 100 194 (175, 208) (121, 297) 100 185 (166, 247) (131, 397)
6:2-FTS 47 0.206 (0.166, 0.515) (0.156, 24.6) 59 0.480 (0.167, 0.903) (0.153, 3.81)
7:3 FTCA 0 1.121 (1.069, 1.158) (1.03, 1.37) 6 1.13 (1.09, 1.37) (1.02, 35.0)
8:2-FTS 24 0.095 (0.089, 0.114) (0.086, 2.24) 18 0.094 (0.091, 0.122) (0.085, 3.22)
9Cl-PF3ONS 18 0.209 (0.196, 0.215) (0.188, 93.3) 18 0.207 (0.199, 0.268) (0.187, 6.18)
ADONA 65 0.667 (0.393, 1.097) (0.355, 10.3) 76 0.919 (0.505, 1.822) (0.355, 40.8)
FBSA 100 2.43 (0.884, 5.23) (0.464, 34.9) 100 0.992 (0.788, 2.08) (0.397, 5.88)
FHxSA 88 1.32 (1.14, 2.62) (0.548, 83.8) 94 1.54 (1.22, 2.42) (0.589, 27.4)
HFPODA-GenX 0 5.64 (5.38, 5.83) (5.17, 6.9) 6 5.63 (5.48, 6.91) (5.14, 201)
NEtFOSA 100 17.8 (15, 20.1) (10.1, 24.3) 100 10.4 (8.84, 14.8) (7.44, 32.1)
NEtFOSAA 29 0.039 (0.037, 0.291) (0.034, 18.6) 29 0.046 (0.038, 0.111) (0.036, 4.24)
NEtFOSE 100 1430 (973, 1630) (466, 4060) 53 483 (347, 567) (317, 1300)
NFDHA 12 0.624 (0.594, 0.653) (0.571, 4.38) 29 0.681 (0.619, 3.924) (0.567, 4.83)
NMeFOSA 94 11.9 (6.99, 15.3) (0.721, 35.3) 100 6.42 (4.26, 11.2) (0.934, 23.7)
NMeFOSAA 100 925 (840, 1040) (693, 1190) 100 766 (669, 893) (611, 2050)
NMeFOSE 65 1.76 (0.232, 3.13) (0.208, 9.26) 18 0.235 (0.218, 0.314) (0.204, 5.60)
PFBA 100 24.5 (22.6, 33.6) (16.1, 52) 100 28.5 (18, 43.3) (10.5, 79.9)
PFBS 100 34 (17.9, 63.2) (10.4, 120) 100 17.3 (10.9, 29.8) (7.56, 49.8)
PFDA 47 0.411 (0.336, 1.848) (0.308, 10.7) 41 0.412 (0.336, 1.24) (0.308, 95.6)
PFDoA 12 0.152 (0.147, 0.157) (0.139, 9.76) 29 0.157 (0.146, 0.744) (0.136, 4.62)
PFDoS 100 7.61 (5.31, 17.5) (3.69, 311) 100 21.5 (5.67, 49) (2.65, 96.5)
PFDS 24 0.064 (0.062, 0.076) (0.058, 33.5) 59 0.388 (0.068, 0.859) (0.058, 4.45)
PFEESA 35 0.006 (0.006, 0.021) (0.006, 0.07) 47 0.014 (0.007, 0.042) (0.006, 0.605)
PFHpA 100 1.061 (0.737, 1.349) (0.419, 3.75) 100 1.40 (0.870, 2.14) (0.489, 8.28)
PFHpS 71 0.460 (0.190, 2.788) (0.149, 30.9) 76 0.511 (0.212, 0.959) (0.147, 4.22)
PFHxA 100 10.0 (7.99, 13.0) (6.83, 19.6) 100 9.11 (7.89, 12.6) (5.81, 47.0)
PFHxS 100 27.2 (21.6, 33.4) (18.5, 268) 100 16.7 (15.1, 22.8) (12.7, 35.5)
PFMBA 24 0.063 (0.061, 0.071) (0.057, 0.46) 47 0.144 (0.061, 0.457) (0.057, 1.86)
PFMPA 71 0.537 (0.228, 0.791) (0.175, 2.97) 88 0.583 (0.437, 0.817) (0.186, 1.16)
PFNA 100 4.64 (3.46, 9.92) (1.04, 21) 82 2.20 (1.47, 4.75) (0.867, 75.4)
PFNS 53 0.146 (0.090, 0.489) (0.081, 36) 59 0.352 (0.092, 0.989) (0.080, 5.05)
PFOA 100 36.6 (30.1, 39.9) (24.5, 62.6) 59 28.4 (20.6, 37.6) (18.3, 181)
PFOS 100 86.5 (64.7, 124) (51.4, 357) 100 60.8 (49.0, 86.8) (33.0, 426)
PFOSA 94 1.85 (1.32, 3.26) (0.308, 43.4) 88 1.55 (1.29, 4.17) (0.313, 13.3)
PFPeA 100 11.4 (10.1, 12.8) (8.08, 16.3) 100 14.3 (11.7, 16.6) (8.37, 24.9)
PFPeS 59 0.059 (0.039, 0.266) (0.036, 39.8) 94 0.165 (0.083, 0.295) (0.035, 3.96)
PFTeDA 88 7.39 (5.47, 11.3) (1.4, 14.3) 100 9.84 (7.29, 11.2) (2.87, 19.8)
PFTrDA 12 0.107 (0.101, 0.111) (0.097, 12.6) 18 0.111 (0.103, 0.148) (0.096, 3.22)
PFUnA 24 0.051 (0.048, 0.061) (0.046, 4.73) 24 0.050 (0.048, 0.115) (0.045, 5.00)
BDE 47 18 0.001 (0.001, 0.001) (0.001, 0.082) 6 0.001 (0.001, 0.001) (0.001, 0.064)
BDE 99 18 0.002 (0.002, 0.002) (0.001, 0.018) 18 0.002 (0.002, 0.002) (0.001, 0.013)
BDE 100 41 0.002 (0.002, 0.053) (0.002, 0.888) 6 0.002 (0.002, 0.002) (0.002, 0.012)
BP 100 1.13 (0.82, 1.33) (0.597, 2.24) 100 1.09 (0.897, 1.30) (0.302, 2.29)
BP3 18 0.940 (0.915, 1.06) (0.849, 23.3) 6 0.932 (0.902, 1.13) (0.843, 7.22)
BBzP 82 0.201 (0.165, 0.305) (0.04, 0.324) 41 0.056 (0.043, 0.168) (0.040, 0.241)
DEHA 100 1.57 (1.22, 1.93) (0.845, 3.21) 100 1.34 (1.26, 1.76) (1.01, 3.35)
DEHP 76 0.403 (0.347, 0.547) (0.218, 1.83) 100 0.361 (0.310, 0.562) (0.280, 1.42)
DnBP 100 19.1 (15.9, 39.0) (6.87, 58.4) 100 11.8 (5.03, 45.3) (2.38, 74.2)
DCHP 100 23.2 (17.4, 44.5) (12.5, 54.6) 100 14.3 (12.3, 19.8) (9.96, 43.1)
DEP 100 97.9 (81.2, 113) (40.7, 159) 100 61.4 (50.4, 76.4) (44.2, 238)
DHP 71 0.040 (0.006, 0.071) (0.006, 0.151) 35 0.006 (0.006, 0.037) (0.005, 0.119)
DiBP 100 37.9 (19.9, 68) (7.74, 154) 100 11.3 (8.28, 20.3) (4.89, 193)
DMP 100 2.38 (2.04, 3.06) (1.71, 5.56) 100 1.29 (1.15, 1.72) (0.827, 3.59)
DnOP 53 5.2 (3.41, 7.24) (3.16, 10.6) 82 7.05 (6.13, 8.28) (3.18, 17.2)
DnPP 100 24.5 (20.4, 50.0) (8.82, 74.9) 100 15.1 (6.45, 58.1) (3.05, 95.2)
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sampling period using the analyte mass, sampling duration, and
average of the start and end of sampling air flow rate (L/min).
Next, we examined univariate characteristics of the PFAS and
other SVOC air concentrations before and during the
intervention by calculating means, medians, percentiles, ranges,
and proportions of detected values. For values below the limit of
detection (LOD), we used machine-read values unless a
concentration of 0 was reported (i.e., no analyte detected). In
those cases, we imputed these values with the minimum
observed value of that analyte multiplied by its frequency of
detection.20 We limited subsequent analyses to those analytes
detected in at least 80% of samples before or during the
intervention.

We compared PFAS and other SVOC concentrations before
and during the CR Box deployment both visually and

statistically. Among analytes detected in 80% of samples before
or during the intervention, we graphed concentrations before
and during the intervention using violin, box-and-whisker, and
line plots. We log10-transformed air concentrations prior to
modeling to approximate normality assumptions. For each
PFAS and other SVOC concentration, we estimated the percent
change (and 95% confidence interval [CI]) and geometric mean
concentrations before and during the intervention using linear
mixed effect models with a random intercept for room and an
unstructured covariance matrix. Among the PFAS detected in
>80% of samples, we also examined whether sums of PFAS
classes changed during CR Box deployment. We limited this
analysis to perfluorooctane sulfonamides, perfluoroalkane
sulfonamides, perfluorosulfonates, and perfluorocarboxylates,

Table 2. continued

pre-intervention during intervention

chemical % > LOD median (25th, 75th) min, max % > LOD median (25th, 75th) min, max

Gal/Ton 100 0.353 (0.316, 0.416) (0.143, 0.582) 82 0.233 (0.152, 0.422) (0.110, 0.486)
PCB 52 88 0.003 (0.002, 0.008) (0.001, 0.027) 82 0.002 (0.002, 0.005) (0.001, 0.007)
PCB 105 12 0 (0, 0) (0, 0.011) 6 0 (0, 0) (0, 0.003)
PCB 153 24 0.001 (0.001, 0.001) (0.001, 0.023) 12 0.001 (0.001, 0.001) (0.001, 0.011)
TCEP 100 0.164 (0.097, 0.217) (0.051, 0.518) 100 0.119 (0.107, 0.220) (0.058, 0.595)
TPP 65 0.033 (0.006 0.062) (0.005, 0.435) 47 0.008 (0.006, 0.026) (0.005, 0.122)
TDCPP 100 0.784 (0.718, 0.919) (0.39, 3.76) 100 0.875 (0.614, 1.21) (0.400, 2.05)
TCPP 100 0.508 (0.413, 0.691) (0.285, 1.09) 100 0.580 (0.484, 1.10) (0.261, 2.34)

aFor full names of chemicals, see Supplemental Table 2.

Figure 1. Box-and-whisker, violin, and line plots of PFAS air concentrations (pg/m3) before and during the CR Box intervention (n = 17 rooms).aFor
full names of chemicals, see Supplemental Table 2. bEach dot represents the room-specific PFAS concentration before and during the intervention,
with a line connecting the same room. The shaded area represents the density function of PFAS concentrations before and during the intervention.
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as these had at least two individual PFAS in the respective
class.21

Next, we calculated room-specific changes in chemical
concentrations by dividing the during-intervention concen-
tration of each chemical by the before-intervention concen-
tration of the same chemical. We plotted these using Plotly (see
Supplemental File for interactive graphics that includes features
of each room and instructions to interact with the plots).22 We
also examined if the log-Koa and molecular weight of respective
phthalates and PFAS were related to changes in room air
concentrations using graphical methods and linear regression.22

For sound data, we used a linear mixed effects model with a
random intercept for room and an unstructured covariance
matrix to estimate the change in sound levels before and during
the intervention during the daytime (0700−1900) and night-
time (1900−0700) hours.

■ RESULTS
Among the 66 SVOCs measured, 37 were detected in over 80%
of samples before or during the intervention (Table 2),
including 21 PFAS and 15 other SVOCs. PFAS with the highest
median air concentrations before the intervention included 5:3
fluorotelomer carboxylic acid (5:3 FTCA, median = 194 pg/
m3), N-ethyl perfluorooctane sulfonamidothanol (NEtFOSE,
median = 1430 pg/m3), and N-methyl-perfluorooctane
sulfonamido acetic acid (NMeFOSAA, median = 925 pg/m3).
Among the other SVOCs, we observed the highest median air
concentrations before the intervention for diethyl phthalate
(DEP, median = 97.9 ng/m3), di-isobutyl phthalate (DiBP,
median = 37.9 ng/m3), and di-n-pentyl phthalate (DnPP,
median = 24.5 ng/m3).

Generally, air concentrations of most PFAS decreased during
the intervention period, and in some cases, these decreases were
≥50% (Figure 1 and Table 3). Notably, concentrations of
NEtFOSE, N-Ethyl-perfluorooctanesulfonamide (N-EtFOSA),
perfluorobutane sulfonic acid (PFBS), perfluorobutane sulfo-

Table 3. Geometric Mean Air PFAS (pg/m3) and Other SVOC (ng/m3) Concentrations and Percent Differences in Air
Concentrations before and during Intervention: Results from Linear Mixed Models (n = 17 rooms)a,b

chemical pre-intervention GM during-intervention GM % difference (95% CI) p-values

5:3 FTCA 192 208 8 (−4, 22) 0.2291
N-EtFOSE 1330 519 −61 (−72, −44) <0.0001
N-EtFOSA 16.9 12.2 −28 (−38, −16) 0.0007
N-MeFOSA 9.06 6.55 −28 (−53, 11) 0.1603
N-MeFOSAA 0.120 0.113 −6 (−75, 263) 0.9338
PFOSA 1.88 1.88 0 (−42, 73) 0.9979
PFBS 35.0 18.6 −47 (−64, −22) 0.0049
PFBA 26.9 29.2 8 (−22, 50) 0.6327
FBSA 2.42 1.21 −50 (−73, −9) 0.0362
PFMPA 0.49 0.539 9 (−21, 51) 0.6125
PFPeA 11.4 13.9 23 (4, 45) 0.0307
PFPeS 0.12 0.173 40 (−37, 210) 0.4183
FHxSA 1.83 1.94 6 (−44, 101) 0.8566
PFHxA 10.4 11.2 7 (−20, 44) 0.6477
PFHxS 31.5 18.6 −41 (−57, −18) 0.0057
PFHpA 1.06 1.48 39 (−6, 108) 0.1208
PFOS 102 70.3 −31 (−53, 0) 0.0668
PFOA 36.3 32.0 −12 (−33, 17) 0.3889
PFNA 5.19 3.05 −41 (−63, −5) 0.0443
PFDoS 13.1 18.8 44 (−32, 205) 0.3604
PFTeDA 6.29 8.97 42 (−2, 108) 0.0841
DMP 2.55 1.45 −43 (−55, −29) 0.0002
DEP 96.2 67.9 −29 (−44, −11) 0.0089
DnBP 22.4 14.1 −37 (−64, 11) 0.1281
DiBP 39.2 14.9 −62 (−76, −39) 0.001
DnPP 28.8 18.1 −37 (−64, 11) 0.1281
BBzP 0.170 0.081 −53 (−67, −32) 0.0009
DCHP 25.8 16.7 −35 (−52, −13) 0.0121
DEHP 0.425 0.443 4 (−26, 46) 0.8128
DEHA 1.51 1.51 0 (−22, 29) 0.9947
DnOP 4.99 6.85 37 (9, 72) 0.0152
BP 1.06 1.02 −4 (−30, 32) 0.8195
galoxolide/tonalid 0.334 0.247 −26 (−46, 1) 0.0764
TCEP 0.146 0.143 −2 (−40, 58) 0.9309
TDCPP 0.876 0.890 2 (−33, 55) 0.9436
TCPP 0.538 0.717 33 (−6, 90) 0.1294
PCB-52 0.004 0.003 −29 (−60, 24) 0.2443

aFor full names of chemicals, see Supplemental Table 2. bLess chemicals are presented than in Table 2 because the analysis was limited to those
detected in >80% of samples before or during the intervention.
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namide (FBSA), perfluorohexane sulfonic acid (PFHxS),
perfluorosulfonic acid (PFOS), and perfluorononanoic acid
(PFNA) decreased by 61% (95% CI: −72, −44), 28 (95% CI:
−38, −16), 47% (95% CI: −64, −22), 50% (95% CI: −73, −9),
41% (95% CI: −57, −18), 30% (95% CI: −53, 0), and 41%
(95%CI: −63, −5), respectively. Concentrations of perfluoro-n-
pentanoic acid (PFPeA) significantly increased by 23% (95%
CI: 4, 45), and concentrations of perfluorododecanesulfonic
acid (PFDoS), perfluoroheptanoic acid (PFHpA), perfluor-
opentanesulfonic (PFPeS), and perfluorotetradecanoic acid
(PFTeDA) increased, but the 95% CI contained zero. The
sums of perfluorooctane sulfonamides (−29%; 95% CI: −42,
−12) and perfluorosulfonates (−34%; 95% CI: −54, −6)
declined during the intervention period. The sums of
perfluoroalkane sulfonamides also declined (−27%; 95% CI:

−57, 24), while there was no change in the sum of
perfluorocarboxylates (7%; 95% CI: −12, 31). All rooms had
declines in air concentrations of at least two of the seven PFAS
with the largest average decrease during the intervention
(NEtFOSE, NEtFOSA, FBSA, PFBS, PFHxS, PFOS, and
PFNA) (Figure 3; Supplemental Files 1, 2, and 3).
Concentrations of FBSA increased in the two largest (>92 m2

or 1000 ft2) and two smallest rooms (<17 m2 or 180 ft2).
The five PFAS whose air concentrations increased during the

intervention were infrequently detected on unused filter pieces
and concentrations were similar on used filters compared to
unused ones (Supplemental Table 9). Average masses of 3:3
fluorotelomer carboxylic acid (3:3 FTCA), NMeFOSAA, PFBS,
perfluorohexanoic acid (PFHxA), perfluorohexane sulfonic acid
(PFHxS), perfluorooctanoate (PFOA), and perfluorosulfonic

Figure 2. Box-and-whisker, violin, and line plots of air SVOC concentrations (ng/m3) before and during the CR Box intervention (n = 17 rooms). aFor
full names of chemicals, see Supplemental Table 2. bEach dot represents the room-specific SVOC concentration before and during the intervention,
with a line connecting the same room. The shaded area represents the density function of SVOC concentrations before and during the intervention.
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acid (PFOS) were higher on used filter pieces compared to
unused ones. FBSA, NEtFOSE, and N-methyl-perfluorooctane
sulfonamidoethanol (NMeFOSE) were higher on unused filters
compared to used ones.

Air concentrations of all phthalates, except di-2-ethylhexyl
phthalate (DEHP) and di-n-octyl phthalate (DnOP), decreased
during the intervention period (Figure 2 and Table 3). Air

concentrations of di-methyl phthalate (DMP) (−43%; 95% CI:
−55, −29), DEP (−29%; 95% CI: −44, −11), DiBP (−62%;
95%CI: −76, −39), butyl benzyl phthalate (BBzP) (−53%; 95%
CI: −67, −32), and di-cyclohexanoic phthalate (DCHP; −35%;
95% CI: −52, −13) all decreased by at least 25%. Interestingly,
DnOP concentrations were 37% (95% CI: 9, 72) higher during
the intervention period. Air concentrations of Galoxolide/

Figure 3. Room-specific changes in PFAS air concentrations before and during the intervention. aFor full names of chemicals, see Supplemental Table
2. bRoom-specific change presented as a ratio on the y-axis with the during-intervention concentration divided by the before-intervention
concentration. Ratios <1 indicate that the chemical concentration declined during the intervention. The red line indicates a ratio of 1 (i.e., no change).
cAn interactive version of this figure is available as Supplemental File 1. Rooms are sorted from smallest to largest area (left to right).

Figure 4. Room-specific changes in phthalate air concentrations before and during the intervention. aFor full names of chemicals, see Supplemental
Table 2. bRoom-specific change presented as a ratio on the y-axis with the during-intervention concentration divided by the before-intervention
concentration. Ratios <1 indicate that the chemical concentration declined during the intervention. The red line indicates a ratio of 1 (i.e., no change).
cAn interactive version of this figure is available as Supplemental File 4. Rooms are sorted from smallest to largest area (left to right).
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Tonalid, synthetic fragrances, decreased by 26% (95% CI: −46,
1). Notably, air concentrations of tris(1-chloro-2-propyl)
phosphate (TCPP) increased by 33% (95% CI: −6, 90), but
this effect estimate included the null value of 0%.

In all rooms, we observed declines in at least two of the five
phthalates with >25% decreases in concentrations during the
intervention period (Figure 4; Supplemental Files 2, 3, and 4).
There was no discernible pattern of increases or decreases in air
phthalate concentrations by room size.

Brominated diphenyl ethers, polychlorinated biphenyls, and
organophosphate ester concentrations were low or below the
LOD on unused filter pieces, whereas most phthalates were
detected on unused filters (Supplemental Table 10). However,
concentrations of nearly all phthalates were higher on used filter
pieces compared to unused ones, including DnOP, the one
phthalate whose concentration increased during the interven-
tion. In addition, concentrations of organophosphate esters and
Galoxolide/Tonalid were higher on used filters than unused
ones.

For phthalates, lower log Koa values (β per log-unit decrease in
Koa: −0.05; 95% CI: −0.01, −0.09; p-value = 0.03) and
molecular weight (β per 100 g decrease in molecular weight:
−0.16; 95% CI: −0.01, −0.32; p-value = 0.04) were associated
with greater decreases in air concentrations during the
intervention (Supplemental Figure 6). Among PFAS, there
were no clear associations of log Koa and molecular weight with
air concentration change (all p-values > 0.26). However, five of
the seven PFAS whose concentrations declined had sulfonyl
groups and lower log Koa values (<5.5).

During daytime when the CR Boxes were operating, sound
levels increased by 5.0 dB(A) on average (95% CI: 3.1, 7.0; p-
value < 0.0001) from 47.7 to 52.7 dB(A); levels increased in all
rooms (range: 1.2 to 11.6 dB(A)). During nighttime when CR
Boxes were operational, average sound levels increased by 10.1
dB(A) (95% CI: 7.8, 12.4) from 39.3 dB to 49.4 dB(A). Sound
increased in all rooms at nighttime when boxes were operational
(range: 1.9 to 18.4 dB(A)).

■ DISCUSSION
In this study, we demonstrated that CR Boxes reduced gas-phase
indoor air concentrations of seven PFAS and five phthalates. Of
the PFAS whose concentrations declined, five were lower-
volatility PFAS with sulfonyl groups (log Koa < 5.5). Phthalates
whose concentrations declined were more volatile (log Koa <
11.5). We observed increased concentrations of five PFAS and
one phthalate. Three of the five PFAS whose concentrations
increased had carboxylic acid groups. Sound levels increased
modestly during the intervention. Collectively these results
suggest that CR Boxes may be a cost-effective way to reduce
indoor air concentrations of some PFAS and other SVOCs, in
addition to mitigating COVID-19 transmission.

Most studies evaluating the impact of air filtration on indoor
air quality focused on particulate matter with few examining
SVOCs.23 SVOCs readily partition between indoor surfaces and
are found in both the gas and particle-bound phase in indoor
air.7 A simulation study modeled reductions in indoor air
concentrations of PAHs and DEHP with air filtration and
predicted reduced gas-phase and particle-phase air concen-
trations.11 An intervention study evaluated the impact of HEPA
air filtration on indoor air phthalate concentrations using a
randomized crossover design in 18 dormitories in China.13

Similar to the magnitude of our results, this prior study found
that filtration reduced air concentrations of DMP, DEP, DnBP,

DiBP, and BBzP by 50−90%. The authors reported greater
decreases in gas-phase phthalate concentrations compared to
particle-phase concentrations, likely due to the presence of
activated carbon on the air filters. We note that the MERV-13
filters used in this study contained polyolefin and titanium
dioxide and it is possible that the SVOCs interacted with the
filter material itself rather than simply trapped particle-bound
SVOCs. It is also possible that the gas-phase SVOCs adsorbed
onto trapped particles on the MERV-13 filters. Given that many
SVOCs are routinely detected in homes and offices and the
dynamic nature of SVOCs that readily partition to various
surfaces and materials indoors, it is not surprising that exposure
could be modified through air filtration.4,6,24,25 A future study
with simultaneous quantification of SVOCs in the gas- and
particulate-phase of air and on the MERV filter could help
elucidate SVOC dynamics in the presence of air filtration.

PFAS and phthalates found or used in indoor environments
were among those reduced during the intervention period. Air
concentrations of N-EtFOSE, perfluorooctane sulfonamides
(individual and sum), and perfluorosulfonates (individual and
sum) were reduced during the intervention period. Perfluor-
ooctane sulfonamidoethanols (like N-EtFOSE), perfluorooc-
tane sulfonamides, and perfluorosulfonates (also degradation
products of former categories) have been detected in
electronics, carpets, carpet protection products, textiles, and
upholstery.26 Phthalates with lower log Koa values had greater
declines during the intervention. Phthalates like DEP are used in
personal care and cleaning products,27 while BBzP is used in
some furnishings.28 Reassuringly, pre-intervention air concen-
trations of PFAS and phthalates were generally on the same
order of magnitude as previous studies of gas-phase indoor air
concentrations.24,29

We note that the concentrations of one PFAS (PFPeA) and
one phthalate (DnOP) significantly increased during the
intervention period. Both of these SVOCs have similar physio-
chemical properties (e.g., log Koa values) and uses in the indoor
environment to other SVOCs whose concentrations did not
increase during the intervention. Therefore, the reason for the
increase in concentrations of these SVOCs is unclear. However,
it may be that there are sources (e.g., carpet treatments and
materials) that may be releasing these compounds as a result of
the altered partitioning equilibrium induced by the CR boxes.
Material testing would be needed to confirm this speculation.

While we detected several SVOCs on unused MERV-13
filters, our results do not suggest that the filters would be a
substantial source of the SVOCs that increased during the
intervention period. Given the high volume of air passing over
the filters and long period of air sampling, it is unlikely that any
contamination on the filters was a significant source of SVOCs in
the rooms. Indeed, we found higher concentrations of many
PFAS, phthalates, organophosphate flame retardants, and a
synthetic fragrance chemical on used filters compared to unused
ones, suggesting that the air filters acted as a sink. In fact,
previous studies have used air filters within HVAC systems to
assess indoor SVOC exposures.10 However, future studies
should be cautious with the materials used since prior
interventions have observed unexpected increases in exposure
due to contamination.30 Moreover, future studies should
evaluate if the CR Boxes would become a source of PFAS or
other SVOCs after long-term use and chemical accumulation on
filters. Finally, future studies should determine if filter
concentrations are related to measured air concentrations, as
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this could provide a novel method to simultaneously conduct
intervention and exposure assessment studies.

Inhalation of contaminated air can meaningfully contribute to
biomarker concentrations of fluorotelomers, perfluoroalkane
sulfonamido substances, and low-volatility phthalates, especially
in young children.8,31 Given the reductions in air concentrations
of several PFAS and phthalates associated with use of CR Boxes
in this study, future studies could quantify the impact of air
filtration on biomarker concentrations measured in occupants to
better estimate potential health impacts of air filter inter-
ventions. Indeed, prior intervention studies using dietary
modifications and changes in personal care products have
observed reduced urinary phthalate concentrations over a few
days of intervention.32 These studies may be more appropriate
for SVOCs such as phthalates given their shorter biological half-
lives relative to biologically persistent SVOCs like PFAS.33

A potential drawback to using CR Boxes is the additional
sound they produce. We observed an increase in daytime sound
(5 dB(A)) during their operation that translates to a 3-fold rise
in the sound intensity and a 41% increase in the sound loudness.
Indeed, prior studies suggest that a 5 dB(A) sound level increase
would be noticeable to occupants, increasing their annoyance
and inducing fatigue.34 In this study, some occupants
complained that the CR Boxes interfered with classroom
instruction and meetings, particularly when CR Boxes were
located near the speaker or listener. Future implementation
studies could be conducted to increase the acceptability of CR
Boxes and identify low-cost modifications (e.g., placement in
room, baffling, etc.) to reduce their sound levels.

Characteristics of the room, as well as behaviors of occupants
may influence the degree to which CR Boxes reduce SVOC air
concentrations. Given our small sample size, we were not able to
systematically examine factors impacting CR Box effectiveness,
but we present results for qualitative evaluation in Supplemental
Files 1−4. While the concentrations of some PFAS were higher
in smaller and larger rooms, we cannot discount the possibility
that these increases were due to the behaviors of roomoccupants
(e.g., person applying PFAS-containing cosmetics next to
sampler).35 Additionally, the CR Boxes were operated for 12 h
per day, allowing for a rebound of air chemical concentrations
during the nighttime hours. Despite this, we still observed
statistically significant reductions in the concentrations of
several PFAS and phthalates. Future studies could investigate
factors that influence the effectiveness of CR Boxes to reduce
SVOC indoor air concentrations (e.g., materials in room,
placement in room, initial concentrations, duration of operation,
etc.).

Our study has several notable strengths. First, we used a quasi-
experimental design to quantify the potential causal effect of CR
Boxes on PFAS and other SVOC indoor air concentrations. An
alternative design could have sampled rooms that did not receive
the intervention to ensure that unmeasured time-varying factors
(e.g., temperature or relative humidity) did not influence our
results; however, we did not have the resources to do so. An
additional strength was the comprehensive assessment of
multiple PFAS and other SVOCs, allowing us to quantify the
impact of this air filter intervention on exposure to a mixture of
indoor air pollutants. Another strength is that we conducted this
study in a single building over a relatively short period to reduce
the impact of between-building factors and time-varying
confounding factors on our results.

Our study has some limitations. First, our small sample size
prevented us from exploring how room-level factors impacted

the effectiveness of the CR Boxes on indoor air PFAS and other
SVOC concentrations. Second, time-varying confounding is
possible and changes in temperature, relative humidity, or room
occupancy may have influenced air concentrations of PFAS and
SVOCs during the intervention.36 Future studies could evaluate
these as potential sources of bias. Third, it is possible that PFAS
and other SVOC concentrations decreased during the winter
break when the building was unoccupied. Finally, one downside
of the CR Boxes was increased sound they produced. In our
study, this reduced fidelity to the intervention, as we noted
instances when the fans were turned off during the intervention
period. However, we expect that this would result in under-
estimation of the true effect of the CR Boxes on air PFAS and
other SVOC concentrations.

In conclusion, we found that CR Boxes reduced indoor air
concentrations of seven PFAS and five phthalates by at least
25%. Thus, reducing exposure to a mixture of indoor air
pollutants linked to adverse health effects in humans is a co-
benefit of conducting air filtration to reduce COVID-19
transmission. Future studies should determine if air filtration
is effective at reducing the body burden of these exposures and
preventing exposure-related health effects.
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