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Abstract

Rooftop surfaces near building outdoor air intakes may contribute to the mass loading on filters and
compounds emitted to ventilation air downstream of the filter. In laboratory analyses, we characterized
microbial composition, primary volatile organic compound (VOC) emissions, ozone removal rates, and
VOC emissions in the presence of ozone on filters collected from air handlers located on the green and
white roof sections of a big-box retail store. Total DNA masses per area of filter were 26.3 = 11.9 ng cm™
and 6.3 £ 6.5 ng cm? for green and white roof filters respectively, with higher mass observed in winter
compared to the fall season. Of eight VOCs quantified at constant 23 °C and 50% RH across both seasons,
fluxes of m/z 33.02 (putatively attributed to methanol) dominated VOC emissions for green, 10.96 = 3.09
umol m? hr!, white, 12.02 + 3.41 pmol m™ hr?, and unused filters, 5.64 = 1.08 pmol m? hr'!. Ozone
removal across all filters varied from 3.5 % + 2.8 % to 14 % = 2.8%, depending on temperature and RH
condition. Fluxes of eight quantified VOCs were lower in the presence of ozone, apart from m/z 69.07
(putatively attributed to isoprene), where the presence of ~180 ppb inlet ozone resulted in increased fluxes
by a factor of ~2.4. A steady-state mass balance predicted increases in ventilation air methanol levels by

green roof filters ranging 0.10 pg m= to 19.44 ug m>, depending on filter face velocity and filter geometry.

Keywords

HVAC filter, filter microbial composition, ozone removal, VOC fluxes, seasonal dependence
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1. Introduction

Green roof implementation has been incentivized in many cities for their purported environmental,
social and economic benefits such as storm-water management, building energy savings and reducing urban
heat island effect'™. Benefits to urban outdoor air quality from greenery and green roofs are also claimed,®
but recent studies suggest impacts may be modest’. One explored avenue by which green roofs may affect
exposure to air pollution is by altering indoor air quality. For example, as outdoor air is transported across
green roof surfaces, particles from the substrate and vegetation may suspend and be entrained in the local
rooftop air flow. Since outdoor air intake for buildings is frequently sited on rooftops, the particle-laden
rooftop air flow may trap green roof particles onto rooftop filtration systems. A relatively unexplored
connection between green roofs and air pollution exposure is via heating, ventilation, and air conditioning

(HVAC) filters that process outdoor ventilation air entering from a green roof.

Loading of biotic matter on HVAC filters may alter the air quality of outdoor air ventilation.!® For
example, HVAC filters can be sources of indoor particles which can be composed of whole or fragmented
abiotic and biotic matter!!. Loaded filters can also contain microbes that can impact indoor air through the
release of fungal spores from filters'? due to turbulence and other microbial discharge mechanisms. The
presence of microbes is mediated by environmental conditions; over a 14 day period of high relative
humidity (RH), Méritz et al.!> show microbes from filters enter the indoor environment; and to prevent

fungal growth on filters, control of both temperature and RH were required®®.

Loaded filters can act as a source of volatile organic compounds (VOCs) to the indoor environment. A
field study of secondary air filters in a multi-story office building found indoor VOCs related to fungal
metabolic processes, and traced the source to fungal loading of filters!*. As filter operational times increase,
particle loadings increase which results in increased surface area for sorption/desorption processes®.
Compounds such as carboxylic acids, aldehydes, terpenes and nitrogen-containing organic compounds are

shown to be released from dust accumulated on filters!®!”. Higher concentrations of formaldehyde,
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acetaldehyde and acetone were found in loaded filters compared to unused filters, with acetone

concentrations increasing as filters becomes increasingly loaded’®.

As filter loading increases with run-time, filters remove greater quantities of ozone (0s)'®, a common
urban air pollutant. Prior work has characterized ozone removal to loaded HVAC filters from office
spaces?, residential and commercial filters?!, dusty and sooty filters?2, and to green roof and white roof
filters'®. Ozone removal via the Criegee mechanism leads to carbonyl formation;? a linear correlation can
be made for carbonyl generation and ozone removal, when normalized for organic carbon mass on filters®.
Ozonolysis products, including formaldehyde, acetaldehyde, acetone, and 4-oxopentanal are elevated
downstream of filters laden with particles from vegetation and diesel emissions?*. Some products, including
formaldehyde, are emitted in proportion to RH level.? Different plant species variably produce isoprene?’
and terpenes,”® organic compounds that are reactive with ozone. If these reactive organics are present on

HVAC filters, surface reactions with ozone can lead to the formation of secondary organic aerosols?-!

In this manuscript, we examine the impact of loaded filters collected from a rooftop with vegetated
(green roof) and non-vegetated (white roof) areas to investigate the effect of surrounding rooftop type on
filter loading and the ensuing impact on VOC and particle emissions from filters. We characterize the
microbial loadings on filters as well as identify the emissions of VOCs in the absence of ozone (primary
VOC emissions), ozone removal rates, and emissions in the presence of ozone in a laboratory chamber
apparatus. These analyses are conducted for filters collected from the field site during the fall and winter
season. Despite the growing body of evidence linking HVAC filter quality to indoor air, to our knowledge,
this is the first study to explore microbial composition on filters, characterize the VOC fluxes in the absence
and presence of ozone, and report ozone removal rates for filters across various temperature and RH

conditions and multiple seasons.

2. Material and Methods

2.1.Field Site
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The field site is in north Portland, OR, USA at the roof of a big-box retail store. The rooftop is
comprised of three extensive green roof sections varying according to substrate depth, (~3600 m? of total
green roof area) and a ‘white’ roof section (~5400 m?) covered only in white waterproof membrane totaling
a combined rooftop area of 9,000 m? and shown in figure S1. The green roof design varies somewhat by
section but is generally comprised of a scoria-dominated substrate over a capillary fabric and waterproofing
membrane. The plant community is a mixture of succulent and herbaceous plants that were both planted
and introduced; dominant species include Erodium cicutarium, Plectritis congesta, Phedmus
takesimensis, Sedum rupestre ‘Angelina’, Trifolium repens, and Vulpia sp. As much as 20% of the roof
coverage was classified as rock/gravel. The field site is surrounded by urban surfaces to the south, vegetated
surfaces and urban greenery to the north and a major interstate highway (I-5) roughly ~1000 m to the west
of the field site. Air handling units (AHU) from which filters were taken were chosen based on their
location, as close to the center of each rooftop type as possible. The filters collected were outdoor ventilation
air filters only; the duty cycle of the outdoor air ventilation fans was unknown during the filter operational

period.
2.2.Filter Collection

Loaded filters (described as “green” and “white” roof filters hereafter) were collected from AHUSs after
operation for three-month periods occurring from October 2018 — January 2019 (Fall season) and January
2019 — March 2019 (Winter season). Samples of filters (area of 17.35 cm?) for analysis were randomly cut
from an intact filter, using sterilized stainless-steel scissors, from a filter taken from the AHU filter bank.
An unused filter of the same make (AAF PerfectPleat, HC M8) was acquired from maintenance personnel
immediately after the filter collection period. Filters were immediately sealed and stored in a polyethylene

bag at -15° C freezer until tested for DNA composition, ozone removal and VOC emissions.

2.3.Filter microbial composition analysis
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The collected HVAC filter samples were cut inside a biological safety cabinet into 10 cm? pieces (5 x
2 cm) before being put into individual 5 mL tubes for biomass removal. For each filter panel, six random
10 cm? pieces from different parts of the panel were cut and analyzed for replication purposes. Biomass is
first removed from the filter by washing with 6 mL phosphate buffer saline (PBS) + 0.1% v/v Triton X-100
(non-ionic detergent). The wash buffer containing the biomass is subsequently concentrated on 0.02 pm
Anodisc (Whatman) using a vacuum manifold (DHI) and immediately subjected to DNA extraction. DNA
was extracted with Qiagen DNeasy Power Water kit following the manufacturer’s protocol with slight
modifications to improve DNA yield. Briefly, during cell lysis step, a 30-min 65°C water bath incubation

was added before the recommended 5-min bead-beating step*”.

After extraction, total DNA concentration was quantified using Qubit 2.0 fluorometer with dsSDNA HS
(high sensitivity) kit (Invitrogen) and finally presented in ng of DNA per cm’ of filter. Concurrently,
Metagenomic sequencing was also performed on the extracted DNA samples with shotgun approach.
Accel-NGS 2S Plus DNA kit (Swift Biosciences) was used to create the sequencing libraries. DNA was
first sheared with Covaris S220 or E220 focused ultra-sonicator to 450bp size. Dual-barcodes with indices
from the 2S Dual indexing kit (Swift Biosciences) were then added to all libraries and validated on the
Bioanalyzer DNA 7500 chip (Agilent). Finally, library concentrations were normalized to 4 nM and pooled
at equal volume for sequencing on Illumina HiSeq 2500 platform with rapid runs at a final concentration

of 10-11 pM and read length of 251 bp paired ends (Illumina HiSeq 2500 V2 rapid sequencing chemistry).

The resulting raw sequences were first subjected to adapter removal and quality trimming (Phred
quality Q20) with Cutadapt v 1.8.1%*. Trimmed reads were then aligned to NCBI non-redudant (nr) protein
database (ver. 22 November 2019) with a maximum of 5 allowed mismatches and e-value cutoff of 0.01
for taxonomic assignment with Kaiju*. The outputs were finally visualized with MEGAN v6.17°° and the
final DNA composition of the filter samples was presented in percentage (%) of assigned reads at phylum
level. All raw sequences used in this study have been uploaded to the National Center for Biotechnology

Information (NCBI) Sequence read archives (SRA) under bioproject accession number PRINA681296.
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2.4.Filter chamber-oxidation analysis

Filters were tested for emissions of VOCs in the presence and absence of ozone and ozone removal in
the apparatus shown in figure 1. The apparatus uses filtered and humidified compressed air that is injected

into a temperature-controlled filter cartridge assembly for VOC emissions and ozone removal measurement.

Humidification Dilution
Needle — Needle Inlet On/Off
Valve UV Ozone Generator Valve

!

Valve

Compressed Qmm-m
Air i

VOC Scrubber

T Qpir Mass Flow Meter

Mass Flow HEPAFilter v 2 .
Controller
1 (Jer

Humidifier v Backflow

On/Off
Valve -[I][[:DJ
4 N
Temp/RH Sensor Filter Cartridge
Holder

Dasibi 1003-AH

Q/([(uruul

|~—S.S. Chamber

P-Trak 8525

PTR-ToF-MS 1000 | Flow Direction - |

Figure 1. Filter chamber set up for primary emissions, ozone deposition and emissions in the presence of
ozone.

The apparatus uses an activated carbon filter (IRAC40, Ingersoll-Rand, Ireland) prior to humidification
and a HEPA filter (HCO1U-4N-B, ETA Filters, USA) after the humidifier, the latter necessary as we
observed an elevated background particle number due to the humidification. Humidification is regulated
using a 1000 mL gas-washing cylinder (LG-3765-130, Wilmad Lab Glass, USA) filled with distilled water
and a needle valve to control the flow into the humidification cylinder. Ozone generation is controlled using
a shortwave (185 nm) UV photochemical ozone generator (SOG-1, AnalytikJena, Germany). A dilution
flow is used to provide adequate flow to the instruments, 2 LPM, while maintaining a filter face velocity of
1.1-1.3 cm s7!, chosen for consistency with prior bench-scale laboratory analysis!'®*®. Filters are placed in a
PFA filter holder (PFA 225-1712, Savilex, USA) inside a temperature controlled stainless steel chamber.
A 12-Bit combined temperature and relative humidity (RH) sensor (S-THB-MO008, Onset, USA) is used to

measure the temperature and RH of the air. Ozone is measured using a UV ozone analyzer (1003-AH,
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Dasibi, USA). Particle counts (0.02 — 1 pm) are measured using through a P-Trak Ultrafine Particle Counter

(P-Trak Ultrafine Particle Counter 8525, TSI, USA).

Primary VOC emissions and VOC emissions in the presence of ozone were measured using a proton
transfer reaction — time of flight — mass spectrometry (PTR-TOF-MS 1000, Ionicon, Austria) with HsO™ as
the primary reagent ion (O>" and NO™ signal intensities were respectively less than 5% and 1% of Hs'80"
and water cluster ((H0)HsO") intensities around 1-2% of H3'80™). Drift tube conditions were Taiz = 60°C,
Parr = 2.20 mbar, Ugus = 600 V, which resulted in electric field strength to number density ratio E/N = 135
Td (Townsend, 1 Td = 10-17 V cm?). The mass axis calibration was performed using three peaks: NO™ (m/z
= 29.9974), C:H;O™ (m/z = 59.0497) and a CsHasl, fragment (m/z = 203.944) via an internal standard
continuously injected into the drift tube via a heated permeation device (PerMaScal, Ionicon Analytik
GmbH, Innsbruck, Austria). Mass spectra were stored in 30 s intervals. The inlet was held at 60°C and the

supplemental inlet flow to the drift tube was set at 150 mL min’.

A peak list of compounds of interest was chosen based on the potential for emissions from biotic matter
and precursors for byproduct formation and oxidation byproducts®*’~*. These compounds are shown in table
S1 of the supporting information document. Putative IDs of these compounds are: methanol (m/z 33.03),
acetaldehyde (m/z 45.03), formic acid (m/z 47.01), acetone (m/z 59.04), acetic acid (m/z 61.03), isoprene

(m/z 69.07), and monoterpenes (m/z 137.12).
2.5.Experimental protocol

Loaded and unused field filter samples were cut to flat circular samples of diameter of 47 mm and
placed in the filter holder. The filter sample is compressed between two mating PFA surfaces and the
operative area exposed to airflow (ozone free or containing ozone) was 17.35 cm?. Prior to each experiment,
the filter cartridge is cleaned and passivated at 200 ppb ozone for 12 hours to remove any confounders due
to cartridge handling. Three relative humidity and three temperature conditions were tested for the fall

season filters: 20%, 50% and 80% RH and 15 °C, 23 °C and 31 °C, respectively. Temperatures were chosen
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to characterize the behavior of filters across realistic outdoor temperatures. The range was selected to span
>10 °C, as a rule of thumb (Arrhenius equation) predicts will lead to a doubling of the reaction rate, while
considering limitations of our laboratory setup to maintain elevated and lowered chamber concentrations
for the duration of each experiment. High and low temperature and RH conditions were tested in duplicates
for the fall season. The median condition, 50% RH and 23 °C, was tested in triplicates for the fall and winter
season. A flow rate of 1.2-1.4 L min™! of air is sent to the filter cartridge, resulting in a face velocity of 1.1-
1.3 cm s'!. Measurements were split into two 2.5 h segments for each filter; the first segment was to measure
filter primary VOC emissions and downstream particle concentration and a second segment to measure
filter ozone removal efficiencies, secondary organic aerosol formation and VOC emissions in the presence
of ozone. For each 2.5 h segment the inlet concentration was measured for the first 0.5 h, the outlet
concentration measured for the next 1.5 h and finally the inlet concentration was measured again for 0.5 h
(figure S2). For the first 2.5 h segment, Os levels were <2 ppb and during the second segment ozone was
injected, with filter holder inlet levels ranging 170-190 ppb. Experiments were run in duplicate, except for
the median temperature and RH conditions (23 °C and 50% RH) for the fall and winter data set, which was
run in triplicate. The averaged concentrations reported here are the time-average of the final 30 minutes of
the 1.5 h outlet measurement. This period met the steady-state conditions for ozone, <2 ppb change over

10 mins*’.

3. Theory/Calculation

3.1.1. Volatile organic source and sink strength quantification

Primary VOCs were calculated according to the following equation:

Q filter out

S c XQrotgy -G, 1n* Qdil Qi R
_ L, tot out "Lin out filter out
Ff:lter = |[( out - Cr., m) X A ] X 0&] - Fbackground [1]

where subscripts ‘out’ and ‘in’ represent the flow through the filter chamber and flow bypassing the filter

chamber, respectively. The mean primary VOC flux from the filter (umol m? h'') is Fruter , C is the

L, totout
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mean total outlet concentration of compound i (ppb), Q¢o¢,,,, 1s the total flow during the respective outlet
period (L min™), C,,, is the mean inlet concentration of compound i (ppb), Qaii,,, is the dilution flow
during the outlet measurement period (L min™), Q ritter out 1S the flow measurement at the outlet of the filter
(L min'!), A is the area of the exposed filter (m?), « is the unit conversion factor to convert from units of
ppb L m? min? to units of umol m? h'! and depends on the molecular weight of the specific compound,

and finally Fp,cpgroung 15 the mean background VOC flux (umol m? h?) in the absence of a filter. Time-

averages for C ’ and C, ,,, were taken over the last 30 minutes of the oulet and inlet period, respectively.

L, totgy,

Qfitter our Was calculated by subtracting Qgy;,,,, from Qeor,,,, -

VOC emissions in the presence of ozone was calculated in a similar manner and shown below:

B €y, totgyr *Qrotour €, Mopp p*Qailour €y ror, *Qrotyy €, Mopp p<Qaily Qritrer our
F, filtergs — = X

Xa|l—F back,
ground
in.tter out in.tter in A ]

[2]

where the second part of the right side of the equation represents the potential change in concentration of

compound i (ppb) with respect to the increased ozone concentration. C, Moppp is the mean inlet

concentration of compound i at 0 ppb ozone (ppb), C, it is the mean total inlet concentration of

compound i (ppb), Q¢or;, 1s the total flow during the inlet measurement period (L min’), Qaiy,, 1s the
dilution flow during the respective measurement period (LPM), and @Q;,, is the ozonated inlet flow (L min-

.0 fitterin W3S measured through bypassing the filter chamber and calculated by subtracting Qg;;, from
Qtotm'

3.1.2. Ozone removal

The removal of ozone to filters was characterized using fractional removal efficiency provided by
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& totgqumfout
_ Q filter out [3]

*Qroty,

=
|
[EEY

€L totn

Q filterin

where 1 is removal efficiency (%), C, ,,,, . and C, ., —are the mean outlet and inlet ozone concentration

in (ppb) and the other variables are previously mentioned. Averages for C, fois and C, tot,, Were taken

over the last 30 minutes of the respective experimental period.
3.1.3. Contribution to ventilation air

The contribution of filter emissions to ventilation air downstream of the filter is provided by a mass-

balance on a volume of air passing through the air-handler containing a filter’:

C.

in

Fs; R
= ok II::; [4]

where Cj, and C,,; are inlet (ug m™) and outlet concentrations upstream and downstream a hypothetical
filter, respectively, Frj,, is the emission flux (ug m h™") converted from units of pmol m™* h', R is the
ratio of filter media surface area to filter face area (dimensionless), V (ms?) is the filter face velocity, and
B is the unit conversion factor (3600 s h'). R values can vary depending on the type of filter; pad filter

(R=1), pleated filter (R=4), thick pleated filter (R=10), and bag filter (R=19). The contribution of the filter

. L EXR
to the indoor concentration is given by T

3.1.4. Statistical analysis and uncertainty propagation

Shapiro-Wilk tests were used to check normality of log-transformed fluxes of selected compounds
across seasonal, temperature and RH datasets. Shapiro-Wilk tests with output p-value < 0.05 were ignored
from ANOVA tests. A three-way ANOVA considered the effects of season (fall and winter), filter type
(green and white), and trial (non-ozonated and ozonated) and associated interactions on compounds from
the seasonal dataset that passed the Shapiro-Wilk tests, presented in table S2. Data on unused filters was

not included in these analyses, as season is not an independent variable of unused filters. A three-way
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unbalanced ANOV A was performed on temperature (15 °C, 23 °C and 31 °C), filter type (green, white and
unused), and trial and their associated interactions on compounds that passed the Shapiro-Wilk tests for the
temperature dataset and shown in table S3. A similar three-way unbalanced ANOVA considered the effects
of RH (20%, 50% and 80% RH), filter type (green, white and unused), and trial and associated interactions
on compounds that passed the Shapiro-Wilk tests for the RH dataset, presented in table S4. A Tukey

multiple comparison post hoc test was employed for all three-way ANOVA tests.

A Friedman’s test was applied, similar to a one-way ANOVA with repeated measures*°, for filter
type (green, white and unused) across the two trial conditions (non-ozonated and ozonated) for the selected
compounds that did not pass the Shapiro-Wilk normality tests for the fall season dataset, shown in table
S5. A Dunn's pair wise post hoc analysis was performed between the ranks of the Friedman's test and a
Bonferroni post hoc correction for multiple tests was applied. A p-value < 0.05 was deemed a significant
difference among the variables tested for each dataset. All statistical tests, analysis and graphs were

performed and generated in MATLAB.

Uncertainty for VOC fluxes at each condition was estimated by propagating the difference between the
maximum and minimum averaged concentrations across replicates for each selected compound. Propagated
uncertainty for ozone removal was calculated using 2% instrumentation error on inlet and outlet

concentrations.

4. Results and Discussion

An illustrative dataset collected from chamber studies is shown in figure 2, with green roof filter data
shown for select VOCs, particle number concentrations, and inlet and outlet ozone levels at 23° C and 50%
RH. Results from the experiments on fall filters studied across all temperature and RH conditions are
presented in table S6. VOC fluxes were calculated based on eq. 1 and eq. 2 and normalized to background
concentrations. Periods in which the background concentration is higher is due to the filter behaving as a

sink and shown as a negative flux in table S6.



271

272
273
274

275
276

277
278

279

280

281

282

283

Inlet Outlet Inlet
T I | 1 I I T T
a =—+—Temp Outlet
e = = =RH Outlet
g V2N U e \ -150 ;—\O\
o ’ Vo e el e msmr e CEne .- L -3
£ . T —— T
D 2350 . __ Teee a5
| | | | | | 1 |
T T T T T T T T
i) b ——0zone o
g ——UFP Conc g
o 200 120 #
| =
o] )
O 5
© 150 - 110 ©
(e} o
N .
o] =
| | | 1 | | 1 |
T T T T T T T T
50 :C Methanol B
- Acetaldehyde
o)
Q
="
o 10F E
(=
o)
| | | | | | | |
T T T T T T T T
10 d —|soprene
= Terpene
Q
9 1F ,\/\ ——————_ 4
o J\M\/V\/\j \\NM
50.1F N
(@)
1 ! Il | ] | Il 1
0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 2. Representative measurements from filter ozonolysis experiment for fall season green roof
sample at the 23° C and 50% RH. The inlet concentrations are measured in the first ~30 mins, then ~90
mins of outlet concentrations are measured (shaded area) and finally ~40 mins of inlet concentrations a.

Temp (C) and RH (%) b. Ozone (ppb) and Particle number concentration (%) concentration ¢. Methanol
(ppb) and Acetaldehyde (ppb) concentrations d. Isoprene (ppb) and Terpene (ppb)

4.1.VOC fluxes from green, white, and unused filters

Green and white roof filters were significantly more emissive than unused filters and methanol fluxes
dominated the VOC fluxes that were tracked. Compounds of interest for this study were methanol
(CH;0H), acetaldehyde (C,H40), formic acid (CH»0,), acetone (C3;HsO), acetic acid (CH3:COOH),
isoprene (CsHg) and terpenes ((CsHs).); emission fluxes are reported in full in table S6 of supporting

information. For the fall season at 23° C and 50% RH, methanol emissions from green and white filters are
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similar in magnitude at 10.96 = 3.09 and 12.02 + 3.41 pmol m™ hr, respectively, and were significantly
more emissive than the unused filters which measured 5.64 = 1.08 umol m™ hr''. Methanol fraction of the
total flux of the selected compounds were between 60-100% for green and white filters after background
(empty filter holder) emissions were accounted for. Methanol fluxes from filters may be partially a result
of cellulose composition of filters'®. Cellulose composes many plant and wood walls**! and methanol has
been found to be a major component of VOC fluxes from plant and wood material®%, potentially explaining
the high methanol flux in unused filters. Higher fluxes of methanol from green and white roof filters could
be due to numerous reasons, including; local plant leaf emissions of methanol being sorbed and desorbed
from filters*, suspension and entrapment of soil or plant litter, which can include cellulose containing biotic

matter, leading to emissions of methanol®**%, or anthropogenic sources such as traffic that could emit

methanol that is sorbed onto HVAC filters®>.

Primary fluxes of isoprene and terpenes, which are known precursors for secondary organic aerosol
formation, were small across all temperature, RH, and seasonal conditions; 0.07 = 0.08 and 0.01 = 0.08
pumol m? hr respectively, relative to other compounds for all filter types. One possible explanation is that
since the filters were stored for roughly four months in a polyethylene bag at -15° C freezer, active plant
cells trapped on filters may have deteriorated and lost their ability to perform metabolic processes that
produce isoprene and terpenes>®>’. Another potential rationale for the low terpene flux may be due to these
compounds being more strongly sorbed to the filter or dissolved in a reservoir where the mass transfer

across the boundary of the reservoir is much slower>.

Methanol fluxes were lower in the presence of ozone, suggesting methanol consumption during
ozonolysis and potential for secondary biproducts. Furthermore, isoprene fluxes increased in the presence
of ozone for green roof filters, increasing from 0.15 = 0.41 to 0.40 = 0.22 pmol m? hr, and for white roof
filters, from 0.17 = 0.30 to 0.38 = 0.33 pmol m™ hr'!. We speculate this may result from a few possibilities
including; fragmentation of a compound that may lead to a signal at m/z 69.07 or breakdowns and responses

of organic matter present on the filter due to oxidation processes that lead to increases in gas-phase isoprene
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concentrations. Ozone is known to cause death amongst gram-positive and gram-negative bacteria®® and is
suggested in the food industry as a disinfecting agent®. This bacterial destruction could introduce isoprene
in the gas-phase from responses in bacterial metabolic mechanisms®-%. Another possibility for isoprene
emissions in the presence of ozone could be due to plant cells trapped on loaded filters as some plants are
known to emit isoprene as a method of reducing oxidative damage to the plant®. Isoprene synthesis has
been shown to occur on transgenic tobacco plants to prevent oxidative damage® and leaves themselves

have been shown to emit isoprene and nitric oxide (NO) during oxidative stress as a protection mechanism®.
4.2.Ozone Removal for green, white, and unused filters

Ozone removal across filters varied between 3.5 % + 2.8 % to 14 % = 2.8 % depending on the type of
filter, temperature, and RH condition, shown in figure 3. Overall, removal efficiencies were in the range of
those previously reported; Abbass et al.!° found ozone removal efficiencies for green roof and standard
rooftop filters were 5 % + 2.8 % to 14 % + 2.8 % removal at 21° C across 30% and 70% RH with an inlet

ozone concentration of 120 ppb.

White and green filter removal efficiencies increased as a function of RH, while the unused filters did
not vary across RH (figure 3a). Similarly, unused filters did not vary across temperature conditions (figure

3b), maintaining approximately 7 % + 2.8 % to 8 % + 2.8 % removal across all changes in temperature.

Ozone removal to filters increased as a function of increasing RH, shown in figure 3a, but effects of
temperature (figure 3b) were within propagated uncertainty. The highest removal was detected at 80% RH
at 23° C, which compares well with prior work that reported ozone removal doubles when RH is increased
from 24% RH to 80% RH®. Removal of ozone to filters has been shown to decrease with time®*?, but,
removal efficiencies have been shown to partially recover after filters were treated with clean, non-ozonated
air”. Figure 3¢ shows ozone removal efficiencies as a function of season and is discussed in further detail

in section 4.4.2.
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Figure 3. a. Ozone removal efficiency (%) for fall filters as a function of RH (%) b. Ozone removal
efficiency (%) for fall filters as a function of Temp (C) ¢. Ozone removal efficiency (%) as a function of
season (fall and winter). Unsused filters were ignored for the seasonal dataset as seasons have no impact
to unused filters. Propagated instrumentation error was calculated to be + 2.8 % removal efficiency for all
tests.

4.3. Microbial characteristics of green and white roof filters

The microbial characterization of the HVAC filter samples is presented in figure 4. The green and
white roof filters harbor distinct microbial contents in terms of both absolute and relative abundance. Green
roof microbial communities change with plant community as well as environmental conditions®, and this
could explain some of the patterns in filter characteristics observed. The total DNA concentration extracted
from the green roof samples was at least double the amount extracted from the white roof samples for both
fall and winter samples (figure 4a). Differences in microbial composition between the two filter types are
more apparent in winter as compared to fall season with DNA from plant taxa dominating the green roof
filters (figure 4b-d). In the fall, both green and white filters were dominated by fungi, especially
Ascomycota., which were also the most abundant phyla found in a study of green roof substrates in NYC®®,

In winter, green roof filters were characterized by plants from Streptophyta, and white roof filters were
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characterized by Proteobacteria. Streptophyta encompasses some freshwater algae as well as bryophytes
and mosses which are common winter active species found on green roofs in Portland®. As the filters only
processed the ambient outdoor air, this finding reaffirmed how the roof types affected the amount and

composition of particles depositing on the HVAC filters.
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Figure 4. Microbial characteristics of the HVAC filters from green roof (green) and white roof (grey)
buildings collected during fall (lighter shade) and winter (darker shade) a. Total DNA concentration per
cm? area of filter b. Microbial composition in percentage of assigned reads on phylum level ¢. Shannon-
Weaver diversity index d. Principal coordinates analysis (PCO) based on BrayCurtis similarity matrix. The
error bars represent standard deviation with 6 replicates each per filter category.

4.4, Seasonal variation across green roof and white roof filters

4.4.1. VOC emissions across winter and fall seasons

Primary fluxes for selected compounds were higher in the fall relative to winter seasons. Primary fluxes
of methanol at 23° C and 50% RH were higher for fall season filters, 11.49 = 0.40 umol m™ hr!, compared

to winter filters, 4.35 = 0.85 umol m™? hr', and shown in figure 5a. In comparison to the microbial analysis,
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fall season had a greater fungal DNA fraction, and this difference may explain the higher methanol fluxes
for the fall season filters as fungal degradation of plant cell walls have been shown to form methanol™.
Primary fluxes of acetaldehyde, formic acid, acetone, and acetic acid were low in magnitude across both

fall and winter periods.

Fluxes in the presence of ozone exhibited similar seasonal behavior as primary fluxes; higher fluxes of
methanol for fall season filters, 3.99 + 1.26 pmol m? hr! in relation to the winter filters, 1.74 = 0.50 pmol
m~ hr!. Higher fluxes of acetaldehyde, an established byproduct of ozonolysis”"%; was also found in the
fall season filters, 1.29 = 0.94 umol m? hr! versus winter filters, 1.08 = 0.57 pmol m™ hr'l, shown in figure
5b. Formic acid, another byproduct of ozonolysis’~"™%, had similar behavior however the differences were
within propagated uncertainty. Higher fluxes of methanol and acetaldehyde were found on the fall season
green roof sample compared to all other filter samples. Total VOC fluxes of the selected compounds were
lower in the presence of ozone but increases in acetaldehyde and formic acid fluxes can have detrimental

effects to human health and function’-'S, There is also potential for increases in fluxes of compounds not

tracked in this study.
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Figure 5. a. Averaged white roof and green roof primary VOC fluxes for selected compounds across
seasons at 23° C and 50% RH b. Averaged white roof and green roof VOC fluxes in the presence of
ozone for selected compounds across seasons at 23° C and 50% RH

4.4.2. Ozone removal across winter and fall seasons

Ozone removal for green roof and white roof filters were higher in the winter season, 6.5 % + 2.8 %
and 8.0 % =+ 2.8 % respectively, than those for the fall season, 5.9 % + 2.8 % and 3.6 % + 2.8 % respectively,
though the differences were within propagated uncertainty, shown in figure 3c. Green roof filters had
similar removal efficiency across the two seasons, but the differences again fell within propagated

uncertainty.
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4.4.3. Microbial variation across winter and fall seasons

Across both fall and winters seasons, more biomass deposited on the green roof filters than the white
roof filters. The DNA concentration difference was substantially higher in fall season (avg. 21-fold)
compared to winter season (avg. 3-fold) (figure 4a). In contrast, the relative composition of the loaded
matter on the filter were more distinct in winter season between the two roof types. The relative abundances
of the top phyla (figure 4b), the diversity index (figure 4c) and the PCO analysis (figure 4d) indicated that
while the biomass compositions of the two roof types were similar in fall season, they were significantly
different in winter. Taxa originated from plants dominated the green roof filters in winter. On average, the
proportion of fungal taxa was higher during fall season than winter season for both types of filters. This
result suggests that environmental conditions (e.g. temperature, RH) associated with different seasons also,
directly or indirectly, impacted particle deposition on the HVAC filters.

4.5.VOC Fluxes due to changing temperature and RH conditions

Fluxes for the selected compounds varied highly between filter samples for each temperature and RH
condition and shown in table S2. Temperature was not a statistically significant indicator of VOC fluxes
of the selected compounds that passed the Shapiro-Wilks test criteria. RH was found to be a statistically
significant indicator of filter fluxes of formic acid, acetone, and isoprene. Further statistical analysis on
filter VOC fluxes as a function of temperature and RH could not be performed due to the non-normality of
the dataset. The green roof filter generally had higher total VOC flux of the selected compounds, with the

white roof having higher total VOC flux under high RH conditions.
4.6.Low SOA formation from oxidation processes on filters

The aerosol number formation (ANF) yield was calculated based on equation 4 present in Wang and

Waring® and the average ANF amongst the green, white, and unused filters across all temperature and RH

conditions was, 0.2 + 1.7 c_;/%’ with the green roof sample at 23° C and 50 % RH being the highest at

0.64+1.2 %/%. For comparison, Waring and Seigel found ANF due to surface reactions and gas phase
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reactions with d-Limonene was 126-339 ig ”—‘93 and 51.1-60.2 ig/'u—‘g; % and Wang and Waring found
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: # ; :
ANF varied around 2 —/ ”—‘9; for ozone reactions with surface-sorbed squalene”. Low aerosol number
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fractions are expected given observation of low concentrations of reactive organics (isoprene and
monoterpenes) emitted from filters; we speculate that this implies there exist low concentrations of surface-
sorbed monoterpenes on tested filter. For comparison, Waring and Seigel, in a study of the role of surfaces
to impact SOA formation from oxidation of d-limonene performed experiments with gas-phase
concentrations between 400 and 600 ppb.*® whereas average concentrations of monoterpenes downstream

loaded and unloaded filter samples varied between 0.2 and 1 ppb in this study.

A thorough study of filter surface properties was not conducted but may be warranted to better
understand the fundamental roles of the surface sorbed compounds to the gas-phase filter emissions. Surface
environmental scanning electron microscope (ESEM) images and solvent extraction methods are potential
ways to better understand the surface properties!®”” and chemical composition of filter loaded mass, lending
further mechanistic insight into what conditions may yield secondary aerosol formation from surface
ozonolysis of filters. Future studies could also consider testing filters in-situ, e.g., by generating ozone on-
site or immediately after sampling from the field; it is possible that volatile reactive organics were lost in

our sample handling and storage.
4.7.VOC contribution to the indoor environment

Results of the estimate of the impact of primary emission of VOCs from filters on ventilation air quality
(i.e., air downstream a hypothetical filter, emitting at rate measured in this study) is made using equation
4. A median face velocity, 0.5 m s was chosen to represent typical flow rates for a 1 m” filter area®, and
a high and low value of 1 ms™ and 0.1 m s! was chosen to represent high and low HVAC air flow conditions
respectively. Low face velocities are on the order of 360 m> h''/(m? filter area) and high face velocities are
approximately 3600 m> h''/(m? filter area). Steady-state contribution to indoor ventilation air for five VOCs

for green and white roof filters at various face velocities and ‘R’ values are given in table S7.
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Steady state increase in methanol concentration in ventilation air for various filter pleats under different
face velocities is shown in figure 6. For loaded green roof bag filters (R = 19) operating at low flow rates,
the steady-state contribution to the indoor ventilation air is approximately 19 + 0.5 pg m™ which can be a
substantial contribution to the indoor environment given that a typical range of indoor air methanol

concentrations is 10 - 30 ug m= 78,
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Figure 6. Steady state volatile contribution to the indoor environment for green (GR) and white (WR)
roof filters for different filter types; pad filter (R = 1), thick pleated filter (R = 7), and bag filter (R = 19).

For green roof filters from the fall season at 23° C and 50% RH, the measured methanol primary flux
was 10.96 + 3.09 pmol m? h™! and the respective contribution to the indoor ventilation air is 3.90 + 0.27,
0.78 £ 0.05, and 0.39 £ 0.03 pg m™ for the low, medium, and high face velocities and pleated filters (R =
4). Similarly, for a fall green roof filter at the same temperature and RH conditions and in the presence of
~180 ppb ozone, the measured flux of formic acid is 3.47 = 0.78 umol m™ h™ and the contribution to indoor

ventilation air is 1.72 £ 0.38, 0.34 £ 0.08, and 0.17 = 0.04 pug m™ for pleated filters at low, medium, and
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high face velocities, respectively. For thick bag filters (R = 19), the contribution to the ventilation air can
be sizeable, 3.48 + 1.32 pg m, relative to measured formic acid concentrations in the indoor environment,

approximately 9 pg m3 7%,
4.8. Conclusions

In sum, these results show that contributions of loaded filters to the indoor environment can elevate
VOC levels in ventilation air and depend on the filter face velocity and the ratio of filter media to face area.
Filter VOC fluxes can vary across seasons and potentially vary due to local rooftop environment. Fluxes of
methanol overshadowed the compounds tracked in this study, including in unused filters suggesting high
methanol fluxes are intrinsic to some HVAC filters. Variation of VOC fluxes of other selected compounds
between filter samples made it difficult to assess trends due to temperature, RH, or seasonal conditions.
Green and white roof filters collected different microbial contents in terms of both absolute and relative
abundance suggesting roof type may affect the amount and composition of biotic particles depositing on
the HVAC filters. No particle formation was observed due to surface ozonolysis across varying
temperature, RH, and seasonal conditions. Further studies should quantitively characterize the amount and
chemical composition of accumulated mass loaded on the filter. These data would contribute to a more
complete understanding of the drivers of emissions and chemistry occurring on loaded HVAC filters that

may lead to the gas-phase emissions to indoor ventilation air.
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