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Environmental Significance

Particles in the indoor environment come from a variety of different sources including transport
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from outdoors, and indoor activities such as cooking, cleaning, and smoking. Human occupant
contributions to indoor aerosol loading by way of chemical reaction is not generally identified as
13 a significant contributor. However, in spaces with high occupancy such as a classroom and no

15 significant other indoor sources, we observe enhanced ozone loss attributed to reactions with

17 human skin oils and a subsequent increase in organic aerosol concentration. This 25% increase

in indoor organic aerosol is an additional mass burden in occupied spaces.
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Human occupant contribution to secondary aerosol mass in the indoor

environment
Anita M. Avery, " Michael S. Waring? and Peter F. DeCarlo0*

Humans impact indoor air quality directly via emissions from skin, breath, or personal care products, and indirectly via
reactions of oxidants with skin constituents, or with skin that has been shed. However, separating the influence of the many
emissions and their oxidation products from the influence of outdoor-originated aerosols has been a challenge. Indoor and
outdoor aerosols were alternatively sampled at 4-minute time resolution with a high-resolution time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) in a classroom with student occupants at regular intervals per university class schedule. Mass
spectral analysis showed aerosol enhancements of oxidized and unoxidized hydrocarbon ion families during occupied
periods, especially at ion fragments larger than m/z 100 and double bond equivalents consistent with squalene (Cs,Hs,) and
its oxidized products from reaction with ozone, indicative of the secondary nature of the aerosol mass. Individual
hydrocarbon mass fragments consistent with squalene fragmentation, including CsHy", and C¢Ho" were especially enhanced
with room occupancy. Emissions of individual organic fragment ions were estimated using a model accounting for outdoor
aerosols and air exchange. This showed occupancy related emissions at smaller fragments (C;Hs*, C4Hy") that despite
reflecting mostly outdoor-originated aerosols transported indoors, also show enhancements from occupant emissions
indoors. Total emission of all fragments was 17.6 pg B “'h~" above unoccupied levels, translating to approximately 25%
increase in organic aerosol mass concentration in the classroom during an occupied hour with a median occupied ozone loss
(B). Human occupants, therefore, represent an additional mass burden of organic aerosol, especially in poorly ventilated or
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highly occupied indoor spaces.

Introduction

Sources of aerosols indoors

Exposure to aerosols indoors has been linked to a host of adverse
health effects.! Indoor aerosol concentrations are dependent on
size-dependent filtration and deposition, penetration of outdoor
aerosols, and indoor emissions.2 The indoor concentration
divided by that of outdoor (i.e., indoor-outdoor ratio) describes
the proportion of outdoor aerosols that make their way indoors
in the absence of indoor emissions. However, indoor emissions
including smoking,? cooking,*> and cleaning®?® add to the
aerosol population while they occur, and until they are removed
via ventilation, filtration, or deposition. In spaces where some of
these emissions are not common or not allowed (i.e., non-
residential buildings), including classrooms and offices, the
indoor aerosol population is dominated by outdoor aerosol
introduction. Human contributions from breath or skin have not
been considered a substantial mass addition to the aerosol phase.
The outdoor contribution of aerosols in school environments
have been well studied for impacts on children,’ especially in
polluted urban environments. In classrooms, offices, airplanes,
and other high-population density or poorly ventilated indoor
environments, human presence may contribute meaningfully to

o Department of Civil, Architectural, and Environmental Engineering, Drexel
University, Philadelphia, PA, USA.

b-Department of Chemistry, Drexel University, Philadelphia, PA, USA.

t Now at: Center for Aerosol and Cloud Chemistry, Aerodyne Research, Inc.,

Billerica, MA, USA.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

This journal is © The Royal Society of Chemistry 20xx

aerosol loading, and it is the purpose of this study to investigate
that contribution.

Occupant influence on the indoor environment

A recent review describes the wide range of potential impacts of
humans on the indoor environment.!® These include, broadly,
heterogeneous reactions of gas-phase oxidants with skin
constituents on people and with skin that has been shed
(desquamation), and emissions from people themselves,
including from the personal care products they use. Most work
to date has focused on the human impact on ozone depletion, and
the subsequent VOC emissions. Ozone, transported indoors from
outdoors or emitted from cleaning devices!! or printers,!? reacts
readily with carbon-carbon unsaturated bonds in the gas phase or
on surfaces in the indoor environment to form secondary
products. Human occupants provide reactive surface area
(exposed skin) for ozone deposition, and leave unsaturated oils
and dead skin on surfaces that can react after occupants have left.
Constituents of skin oil are well known to include several types
of lipids,'? but squalene (C3oHsp) contributes approximately 12%
of the human sebum,!* and with six double bonds, is the most
likely to react. It has therefore been studied as a model molecule
for interaction of human skin components with ozone.

The commonly identified gas-phase products of ozone with
squalene are 6-methyl-5-hepten-2-one (6-MHO), 4-oxopentanal
(4-OPA), and acetone.!> These compounds and others have been
identified and measured in chamber experiments using a Direct
Analysis in Real Time Mass Spectrometry (DART-MS)
technique,'® and in a simulated aircraft using Proton Transfer
Reaction Mass Spectrometry (PTR-MS).!7 Reactions of ozone
with squalene sorbed to surfaces can also produce secondary
aerosol mass.!® Qualitative identification of bulk aerosols in
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chamber experiments has been performed with Electrospray
Ionization High Resolution Mass Spectrometry (ESI-HR-MS)
resulting in thousands of elemental formulas,!® and indicating
detectability of human influence in the aerosol phase.

Many individual VOC compounds have been identified?? and
mechanisms of squalene oxidation have been proposed.?! A
recent complete review of VOCs from human bodies describes
the vast array of compounds identified in breath and skin.??
However, separating the influence of individuals from that of
their surroundings has been challenging. A study of a classroom
with real occupants separated the influence of VOCs from the
building supply air from that of emissions from occupants, and
found siloxanes to be the most abundant VOC.?*?* While
valuable indicators of occupants, these VOC markers leave gaps
in understanding the influence of occupants on the bulk aerosol
population, and any exposure therein.

Connecting individual markers to bulk quantification

The Aerodyne Aerosol Mass spectrometer (AMS) has been used
extensively outdoors to quantitatively measure non-refractory
submicron organics, nitrate, sulfate, ammonium, and chloride in
real time and at fast time resolution.?’ Its use indoors is limited?¢-
31 but has provided the opportunity to quantitatively measure
indoor and outdoor aerosol chemical composition and compare
species-dependent processes between the two environments. We
have performed this comparison in previous studies using the
sulfate-normalized indoor-outdoor ratio, for any species, i,
notated as (I/0);s04.26*7 The AMS uses electron ionization (EI),
which is destructive and does not provide information about the
parent molecule of measured fragments. However, it is
quantitative, and patterns in the mass spectrum can be probed
with other techniques, usually Positive Matrix Factorization
(PMF).3233 The High-Resolution Time-of-Flight AMS (HR-
AMS)3* provides the same quantitative abilities with additional
mass resolution to distinguish between chemical fragments at the
same nominal m/z. Fragmentation patterns and individual ion
fragments analyzed in this work are possible because of this
additional resolution. Here, we compare the family-level and
individual molecular fragments of indoor aerosol during
occupied and unoccupied periods of a university classroom, to
quantify bulk aerosol impacts of occupants indoors. The family
definitions are standard practice assignments, including the
organic family C,H,O,, separated from gas-phase CO, via
external gas measurements.

Experimental

Sampling Methods

Sampling took place in winter 2016 in a classroom at Drexel
University in Philadelphia. The classroom had no doors or walls
adjacent to the outdoors, and was surrounded by other
classrooms, offices, or hallways on all sides. The floor area 49
m? and volume 148 m3 classroom has a chalkboard and projector,
painted brick walls, tiled flooring, and two non-parallel doors.
Up to approx. 25 students could be seated in standalone desks
during classes that were held regularly during the month-long
sampling period. The HVAC system recirculated air through
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other rooms on the same zone, including offices, but no other
high-occupant density rooms. Sampling alternated between
indoors and outdoors every 4 minutes with a custom-made valve-
switching device, ensuring fast time resolution and accurate
representation of the transport of aerosols and gases between the
two environments. The indoor inlet reached approximately 20 m
into the classroom adjacent to the instrument site. Laminar flow
was maintained during indoor sampling and by a bypass during
outdoor sampling, and any potential small particle losses are
assumed to contribute negligibly to the aerosol mass measured
here. Outdoor sampling came from a dedicated roof inlet near the
HVAC system’s intake. The urban outdoor environment was
influenced by regional and local emissions, including a major
highway, downtown traffic, an oil refinery to the south, and food
trucks operating mostly on weekdays.

Due to the cold winter season, outdoor temperatures (average
4 + 6 °C) were conditioned by the heating system to an indoor
temperature of 22 + 3 °C; indoor temperatures did fluctuate some
based on the outdoors (short-term low of —14 °C outdoors
corresponding to 15 °C indoors). A time series of the temperature
and humidity in each environment is in Figure S1 in the
supplementary information (SI). For a full description of the
weather, see Avery et al.?’

Instrumentation

SOOT-PARTICLE AEROSOL MASS SPECTROMETER (SP-AMS):
The SP-AMS used here was operated with the laser off as a high
resolution time of flight (HR-ToF) AMS,* measuring the
standard submicron non-refractory components of organics,
nitrate, sulfate, ammonium, and chloride. The size range of
100% transmission for the AMS with a standard lens is
approximately 50-600 nm, with decreasing transmission
efficiency for larger sizes?3, such that large particles, including
coarse mode resuspension particles, are not detected efficiently.
A collection efficiency (CE) of 0.5 was applied to all AMS
measurements in bulk, as less than 8% of the data had an
ammonium nitrate mass fraction (ANMF) high enough to trigger
a CE greater than 0.5.3¢ However, in individual fragment
analysis, no CE or relative ionization efficiency (RIE) were
applied, as these are not known for individual fragments. For all
reported ratios of individual fragments, or derived from ratios of
(sulfate-normalized) indoor and outdoor, any RIE or CE applied
would be cancelled out, but emission values would be subject to
changes in the CE and/or RIE. High resolution mass spectra were
taken from m/z 12 to 365, although only individual fragments up
to mass 146 were used in the analysis here, totalling 598 non-
isotope ions fit, of which 174 fragments were detectible
individually fragment level. Each fragment was assigned to its
chemical family (i.e., C{H, for fragments containing only those
two elements) automatically in fitting; the detection limits of
individual fragments and family groups were calculated and only
species
Specifically, CtH,ON, and CyH;O-N,, family groups were not

above detection are included in this analysis.
above detection at the family level but some individual
fragments were detectible. CO, measured by the Picarro CRDS
was used for correction in the fragmentation table.3” The particle

phase CO," fragment in this work was separated from gas-phase

This journal is © The Royal Society of Chemistry 20xx
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contribution via standard methods of fragmentation table
correction, including verification with filter data. Further
description of this process is in the SI. PMF was used to analyze
the organic aerosol (OA) spectral matrix of combined indoor and
outdoor datasets. A more detailed description of factor selection
and analysis for this work is provided elsewhere.?’

PICARRO GAS ANALYZER: The G2401 Analyzer for CO,, CO,
CHy, H,O (Picarro, Inc.) measured concentrations of given gases
every 4-s. CO, and CHy “dry” values as automatically provided
by the manufacturer were used. A pre-mixed cylinder of the
target gases was used to calibrate the instrument each week.

OZONE MONITOR: The Model 211 Scrubberless Dual Beam
Ozone Monitor (2B Technologies, Inc.) was used for measuring
ozone at 10-s intervals. It was zeroed via scrubbed filter air daily.

METEOROLOGICAL DATA: Outdoor
(temperature, humidity, solar radiation, precipitation) was taken
by a Vaisala Automatic Weather Station 310 (AWS310) housed
on Drexel University campus. An Elgato Eve indoor sensor

meteorological data

system measured indoor temperature and relative humidity
(RH), was placed in the room near the sampling port.

Analytical methods

Sulfate, as a nonvolatile species, was used in two ways to
account for how outdoor-originated aerosol components were
lost upon reaching the indoor environment. First, a lag correction
was applied to match the indoor concentration with the outdoor-
originated counterparts. Second, transformations and possible
emissions beyond mechanical losses were accounted for using a
sulfate-normalized indoor-to-outdoor (I/O) ratio, as the indoor-
outdoor ratio of any component, i, divided by that of sulfate, as
(I/0)is04, defined as (I/0);/(1/0)sos. These corrections are
described in more detail in previous work.26:?7

Because occupants were not counted directly in this work,
CO, was used to categorize data into ‘“occupied” and
“unoccupied” times, which will be used throughout this work.
Since the classroom was attached to other rooms on the HVAC
zone, CO, varied in distinct patterns when increasing due to
direct in-room occupants (steep increases in CO, and jagged
patterns at 1-min resolution while elevated) or occupants in
adjacent rooms on the HVAC zone (smooth, gradual patterns).
Therefore, a classification system was used to define the two
cases, and compare them both to the weekend case, which was
all unoccupied. Furthermore, since measured outdoor CO,
showed significant increases in plume patterns that were
reflected indoors, independent of occupants (see Figure S2),
hourly ACO; = (COzindoors — CO2,0utdoors) Was used to classify
time periods as “occupied”, “unoccupied”, or “no category”.
Occupied was defined if either of the following conditions were
met: (1) CO, increasing at a rate of 100 ppm h™! or greater; or (2)
ACO; above 200 ppm and not decreasing faster than 80 ppm h-!.
Unoccupied was defined as ACO, below 50 ppm and not
increasing or decreasing faster than 50 ppm h™'. Figure S3
illustrates the categorization.

This journal is © The Royal Society of Chemistry 20xx

The total number of each category was similar between
weekend and weekday unoccupied at 185 and 188, respectively,
with 104 cases of occupied hours; this analysis excludes approx.
200 points (i.e., high ACO, but decreasing rate) in an effort to
improve certainty in the distinction between the two categories.
No weekend times were occupied, and the unoccupied weekday
times are compared with weekend times to validate the
unoccupied categorization. Medians and other percentiles are
used to describe differences between categories, although as will
be described later, there is evidence of bimodal behavior that is
not well captured by median values. These calculations of
enhancement should therefore be considered a conservative
estimate.

The combined HVAC supply (i.e.,
recirculation and ventilation) rate was calculated by CO,

average room
releases, as 4.3 h™!. The ventilation rate of 0.4 h™! was calculated
with the discretized solution of change of methane indoors over
time due to ventilated outdoor air. There was no observed
difference in ventilation rate between time of day or day of week;
that is, the HVAC-supplied outdoor air fraction was not changed
over the course of the study period. The ventilation rate was used
to calculate a combined deposition and reaction rate, B (h™"), for
ozone (f03), as the discretized solution of:
dc
E=ACout—lC—ﬁC

(H
Where C (ppb) and C,y (ppb) are indoor and outdoor ozone
concentrations, respectively; A (h™!) is the ventilation air
exchange rate; and ¢ (h) is time. Indoor ozone levels were very
low and frequently below 1 minute detection limits (~1 ppb).
Averaging data to 1 hours drops the lower limit of detection
significantly, however in this case, consideration of ozone below
detection as reacted away (i.e., C = 0 ppb) is reasonable.

Equation 2 was used to calculate human-based emissions, E;
(ug B! hY) as a function of ozone deposition B, and
temperature-based losses as a function of the indoor-outdoor
temperature difference, T (°C™! h™'), for each measured ion
fragment from the aerosol i, using the Igor Pro (Wavemetrics,
Inc.) user fit function. This equation is a practical interpretation
the (I/0),s04 Wherein the indoor concentration is modelled based
on standard mass balance concepts and solved using the
parameters measured and calculated in this work. The sulfate
/O)uso0ss
indoor/outdoor ratio of aerosol sulfate (I/O)so4, temperature

normalized ratio outdoor concentration Coy,
difference AT, and volume V were directly measured. Ventilation
air exchange rate (4) and Bso4 was calculated as described above,
via the same method except accounting for particle-phase
deposition. Due to the scatter in loss rate (So03), ACO, was

converted to ozone loss rate (B03) via the slope of the equation

in Figure 2.
ACout; + Bos(Ei/V)] 1
A+ Bsoa + AT(7) |Couti
I O i =
(1/0)isso4 (1/0)s04
@)
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To examine the contribution of important parameters
(humidity, temperature, CO,, O3) on the (I/O);s04 of each
measured ion and chemical family (e.g. CyHy, CyH,O,) classified
by the HR-AMS,* a standardized regression coefficient
(SRC)*83° was calculated for each parameter. Each species and
family was evaluated against all measured parameters, and then
separately against each indoor-outdoor gradient (e.g. difference
of indoor temperature minus outdoor temperature as one
parameter). The R statistical package QuatPsych provided
function Im.beta for this calculation. For each species or family,
the SRC was evaluated, and insignificant (p>0.05) parameters
were removed iteratively until only significant parameters
remained.

Results

Impacts associated with occupant-emitted CO,

A strong effect of occupants is their breath emissions of CO,. In
the classroom, CO, increases were associated with changes in
outdoor concentrations, direct occupants, and occupants in the
other spaces served by the same HVAC system zone (indirect
occupants). Figure 1 (a) shows the average pattern of ACO,
(indoor — outdoor) for each day of the week, reflecting the daily
changes in course schedule for the room. Each day the
concentration increased from 8am to 9am due to indirect
occupants, and Monday through Thursday morning classes were
held, so the concentration increased steeply as a result. On
Fridays, there were no classes until noon, but the concentration
increased before that as a result of indirect occupants. The slow
decay after 4pm is indicative the low ventilation air exchange
rate and mixing of CO, in the entire zone. The Monday pattern
is especially indicative of obvious occupants and in the morning,
afternoon, and evening, with gaps (1lam, 3pm, and 6pm) in
each. Afternoons, especially 1pm to Spm show elevated CO,,
even after occupants have left. Wednesdays and Thursdays have
nearly opposite class schedules, and all days show large CO,
differences that cannot be attributed to direct occupants.
Therefore, classification of occupied/unoccupied from changes
in ACO; as described in the Methods section was used to isolate
the impact of only direct occupants.

Based on the ACO; diurnal patterns, we can investigate any
aerosol-based enhancements during directly occupied times
during weekdays. Figure 1 (b) shows the weekday diurnal pattern
of the sulfate-normalized indoor-outdoor ratio (I/0);s04 of each
aerosol ion fragment family. For reference, the complementary
weekend figure is provided in the SI, Figure S4. Values greater
than unity indicate a source of aerosol indoors or unequal loss
processes; this enhancement during occupied times is observed
for all weekdays. The observed diurnal structure in the
enhancement reflects the combination of daily CO, patterns; that
is, maxima and minima (I/O)cxuy/sos are reflective of a pattern of
an individual weekday. To further investigate this, each ion
family (I/O);so4 was sorted into 12 ACO, bins with an equal
number of points. The Pearson R? value was then calculated for
the median family (I/O);s04 of each bin with the median ACO,.
Families CyH, and CyH,O; correlate strongly (R?=0.90 and 0.89,
respectively), and CyH,O-; similarly (R?=0.84), but less so for
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CHyN,, at R?=0.73. Full regressions are shown in Figure S5.
Particle phase patterns are consistent across ion families and
correlate strongly with the ACO, measurements indicating an
effect of occupancy on the organic aerosol in the classroom. The
ion family-level particle phase observations will be described in
more detail in the next section.

The second gas-phase impact of occupants, which has been
described in detail previously,**4? is ozone depletion. Ozone
indoors was low, averaging 1.5 = 1.4 ppb, while the outdoor
ozone averaged 16 + 8.9 ppb. The variable B, accounting for
surface deposition and gas-phase reaction of ozone indoors
(calculated from Equation 1), demonstrated an increase with
increasing ACQO,, as shown in Figure 2. The hourly
categorization of occupied (red), unoccupied (black), and
uncategorized (open) are shown here. For simplicity, the data has
also been binned and shown as a box and whisker plot. A
regression analysis of the median S values with ACO, find S =
0.00797x + 2.81 with an R?>=0.84. This relationship stems from
the impact that individuals, using CO, concentration difference
as a proxy for number of occupants, have on ozone reactivity
indoors. The observed scatter in the f vs ACO, is a result of
several processes including variations in occupant characteristics
(e.g. area of exposed skin and breathing rate), the contribution of
CO, from occupants in adjacent rooms, and that potentially, only
a few individuals (low CO,) could consume most of the ozone
and adding more occupants (CO,) had relatively less of an effect
(i.e., that ozone destruction in this room was limited by new
ozone being brought in, not by number of occupants).

The median S during occupied times (5.2 h'!) is nearly twice
that of the unoccupied (2.9 h!). Although absolute S values for
each category are low, their difference is within ranges observed
in controlled occupant number studies.** This linkage between
ozone (and B) and CO, clearly shows the reaction chemistry and
its influence by occupants as has been previously observed, and
provides a way to link O3 reactivity with observations of aerosol
compositional changes with classroom occupancy.

Effects of environmental parameters on (I/0);s04 and associated
indoor emissions

Environmental parameters that affect the (I/0);s04 of any family
or individual fragment have been discussed elsewhere.?627 In
winter, heating of supply and indoor air for comfort can
volatilize components, leading to decreases in (I/O);s04. This
impact has been quantified as a fit of the (I/O);s04 to a
temperature or RH gradient,?’ but here, we discuss the organic
families and nitrate changes by relative influence of these
parameters. Figure 3 shows a standardized regression coefficient
(SRC)3%3? for each component and parameter, and values are
listed in Table S1. This analysis provides a relative association
on (I/O)isos
simultaneously. While still not causal, this method considers

among multiple environmental parameters
whether a change in (I/O);s04 is consistent with a standard
deviation change in an environmental parameter, normalized to
the relative standard deviation of each environmental parameter.
Some parameters are associated with each other (i.e., occupants

contribute CO,, humidity, and temperature indoors), but as the

This journal is © The Royal Society of Chemistry 20xx
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parameters differ in magnitude, they do not prohibit the use of
SRC. Here, each species and family was evaluated against all
measured parameters, and then separately as the gradient
difference (e.g. indoor temperature and outdoor temperature as
individual parameters, and then a separate analysis of AT).

As shown in Figure 3, for each measured component, the
most influential gradient is ACO, (in — out). Relative humidity
gradients, ARH (out-in), were not significant for any organic
component. AT was only significant for C;H, (gray) and C,HyN,
(purple) families, while ozone gradients, AO3 (out — in), were
significant for all species. In this wintertime study, larger
temperature and ozone gradients are associated with the heat that
occupants contribute to the room, occupant-based destruction of
ozone, and occupant emissions of CO,; positive SRC values for
all gradients is consistent with occupant influence. The only
shared response between nitrate and organic families for A
parameters in Figure 3 (a) is AO;. However, the multiple
regression R? of each (all <0.4) indicates that gradient parameters
only partially describe the variance in measured species. The
individualized parameters described below generally improved
correlation from the gradient parameters, although are still weak.

In individual parameters shown in Figure 3 (b), all of the
organic fragment families agree in sign or direction, but differ in
magnitude. For C,H, (gray), the most important parameters are
ozone outdoors and CO, indoors; each are positively correlated
with (I/O)cymy/sos, indicating an effective indoor source of
organics associated with high ozone and/or high indoor CO,.
Oxygenated organics (pinks) are not highly associated with
outdoor ozone, making it unlikely that (I/O)cxuyorsos and
(I/O0)cxmyo>1/s04 are driven by gas-phase oxidized components
from outdoors condensing indoors—that they are more
associated with indoor CO, indicates that they are produced
directly or indirectly by occupants. C,HyN, groups have the least
association of the organics with CO, and temperature indoors,
and they instead are strongly related with outdoor temperature
(negative) and outdoor ozone (positive).

Interestingly, temperature increases both indoors and
outdoors are associated with a decrease in the (I/0)cxmy/so4 and
(I/O)cxuynzsoss however increases in AT (in-out) are weakly
associated with a small increases in these quantities. Since
variations in outdoor temperature are reflected indoors (see
Figure S1), decreases in (I/0O);s04 (relative loss of i) with
increasing temperature is likely due to the physical properties of
outdoor-originated aerosols (including fuel and oil-based
hydrocarbons), which condense more readily to the particulate
phase at lower outdoor temperatures and then are volatilized
(decrease in (I/0);s04) in the warmer indoor environment.
However, changes in gradient are at least partially driven by
human-induced warming. Using the temperature gradient
normalizes for the outdoor trend, and isolates the smaller,
occupant-based conditions, where indoor temperature increases
relative to outdoors, creating a larger gradient, and being
associated with a larger (I/0);s04. SRC values for ozone indoors,
RH in both environments, temperature outdoors, and CO,
outdoors indicated small and

infrequently  significant

contributors to each organic ion family (I/0);s04.

This journal is © The Royal Society of Chemistry 20xx

With the exceptions of AO3 and indoor temperature, nitrate
was dependent on categorically different parameters, or in the
opposite direction from organics, indicating different sources
and/or differences in chemical processing indoors, as expected.
SRC wvalues for (I/O)nozsos With CO, indoors was not
significant, while values for outdoor ozone showed inverse
dependence for nitrate in comparison to all organic families.
Nitrate was the only species consistently associated with RH,
consistent with aqueous-phase processing or co-varying
temperature-based volatility. Increasing temperatures indoors
are associated with decrease in (I/O)nos/sos, consistent with
volatility, but the reason for the reverse relationship with outdoor
temperature is unclear, possibly more related to storm-based
changes in air mass associated with temperature changes
outdoors, or the effect of outdoor-indoor temperature gradients
described elsewere.?’” While the SRC values do not fully explain
the underlying mechanism or variability of each parameter, the
relative influence of each parameter to each other can inform
potential influences on (I/0);s04 across chemical families.

Distributions of occupied and unoccupied periods

Applying categorizations of occupied versus unoccupied to
organic families reveals measurable differences in organic
aerosols during occupied periods. Figure 4 shows the distribution
of (I/0);s04 values for each family in weekends (left), weekday
unoccupied (middle) and weekday occupied (right); values of
each are in Table S2. Inorganics, NH; and NOj, show little
change over the occupant categories, with a majority of (I/0);s04
values overlapping between the three, consistent with non-
occupant sources and values less than unity indicating additional,
likely volatility-based losses.?’

In contrast to inorganics, each organic family shows
variability, with similar overlapping distributions between
weekend and unoccupied times, and a clear increase in
distribution and median during weekday occupied times. The
median (I/O)cymy/so4 Was nearly exactly unity during weekend
and unoccupied times, meaning there were not observable
increases or decreases in CH, fragment families over sulfate.
The slightly larger distribution in the unoccupied weekday case
versus weekend case may indicate the range of potential
categorization error, the detection of each component, and
precision of (I/0);yso4. The similar 25t percentile in all three
cases may be a result of potential categorization
misidentification, few or low emitters, or other differences
discussed in the next section. The median (I/0)cxmy/so4 increased
43% in the occupied above unoccupied case, and the 90®
percentile increased 77%. The largest values could be a measure
of the range of occupied values, including that some classes were
likely fuller (~25 students) than others (~10 students). Similar
trends hold for C,H,O;, C;H,0O-;, and CyHyN, families. The
oxidized families exhibit a much smaller distribution in the two
unoccupied cases of weekend and weekday unoccupied. Still, in
the occupied case, the median (I/O)cynyo1/s04 increased by 29%
and the 90" percentile by 74%. Multiply-oxidized fragments
trend similarly with the singly-oxidized fragments. C HyN,
groups, associated with smoking products** which are persistent
in the indoor environment,* and could also be emitted from

J. Name., 2013, 00, 1-3 | 5
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recent smokers and their clothing, exhibited the largest
distributions in the base cases, and the largest difference between
the two base cases (median increased 16%, all others decreased
<5%). The enhancement in the occupied case versus unoccupied
is similar to other families at 38% in median value. This indicates
that the factors affecting C,H,N,, were not unique to occupants.
Due to an often small overall mass contribution of occupants,
as discussed in the next section, the effect was not visible in
previous mass-based analysis methods.?” PMF apportions mass
to different factors, and seeks to minimize the residual. There are
two likely reasons PMF did not identify an occupant factor
before:?’ first, the overall mass contribution is small meaning the
residual from not classifying it is not significant, and second, it
has chemical similarity to other factors identified in by PMF.
This second reason will be explored in later sections. The final
three sets of Figure 4 shows the weekend, unoccupied, occupied
box and whisker plot of each PMF factor. (I/O)yoassos 1S
consistently above unity and (I/O)ooa/so4 is consistently below.
The median (I/O)coassos 1S greater than unity and does increase
during occupied times, but less than any organic family (18%).
However, the 75t and 90t percentiles for both occupied and
unoccupied weekdays show the most extreme values observed
for any family of fragment. This indicates a systematic difference
between weekday and weekend cooking activities, consistent
with known patterns of food truck operation, but not between
occupied and unoccupied weekday times. As will be discussed
later, the mass spectral similarity between occupant influence
and a COA factor could mean that the effects of occupants are
incorporated into this factor and contribute to the increase in
(I/0O)coassos, but are not the direct driver of it. The COA trends
could be occupant-influenced, but not direct room occupants,
and while it is associated with occupant behavior (possibly
cooking in a microwave or toaster in an adjacent room), the
similarity between unoccupied and occupied cases indicates it is
not a direct influence from occupants of the measured room.
Individual ion signals can provide insight as to what chemical
species occupants are contributing to the aerosol phase. Figure 5
shows the histogram of (I/0);s04 values in the occupied (red) and
unoccupied (gray) cases for a single ion, C;Ho* (m/z 93).
Gaussian fits were made for each distribution as an independent
measure for the peak value. The median values for the occupied
and unoccupied cases are included for reference of the practice
of implementing comparisons of medians in the next section. The
unoccupied case is well constrained with a peak of (I/O)c7n9/504
of 1 (fit value 0f 0.97). The occupied case appears bimodal, with
similar 10" to 25™ percentile values between unoccupied and
occupied cases in the box/whisker plots of Figure 4. The first
mode is similar to that of the unoccupied case, and then a second
mode peaks closer to (I/O)c7ugsos of 1.70 (fit 1.77). This
example is representative of other fragments as shown below,
and is indicative of one or two scenarios: 1) if all occupants emit
equally, then there is a distribution of number of occupants in the
occupied category, or 2) different occupants (body type, clothing
covering, respiration rate, etc.) emit differently. Since the
occupied distribution is bimodal, using medians as described for
ion families above and for individual ion fragments below, is
likely an underestimation because the occupied case will be
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skewed low (median unoccupied 1.01, occupied 1.63). We use
this conservative approach as a method to identify trends for
individual ion fragments. This figure also serves to exemplify
both the accuracy and limitations of the categorization used in
this work. The unoccupied case is very well limited to low
(I/O)c7noisos values, indicating that the base case is well
described in this method. The source of the highest (I/O)c7n9/504
is currently unknown but could further indicate that this method
produces an underestimate of the impact of occupants on the
indoor environment.

Emission and enhancements of individual fragments

A similar analysis for as shown in Figure 5 was performed on
each ion measured in the high-resolution mass spectra dataset.
Comparison of median occupied and unoccupied data provide
relative enhancements for each ion. Figure 6 (a) is a mass defect
plot showing this enhancement as the size of each data point. The
mass defect describes the molecular weight difference from the
nominal m/z shown on the x axis. In this way, the difference from
the nominal m/z increases for more reduced species, and
decreases for oxidized ion fragments. Double bond equivalents
(DBE, the number of unsaturations in a molecule or in this case,
ion fragment) are drawn to emphasize the effects of highly
unsaturated species, possibly originating from squalene (6 DBE),
or aromatic fragments (4 DBE and above). The enhancement at
larger fragments is a result of low signal at those fragments, the
fragmentation pattern of long chain hydrocarbons, and the
sources of long chain hydrocarbons (e.g squalene) that may be
associated with occupant emissions. While these are small mass
contributors, and the enhancement is a reflection of the very low
concentrations during unoccupied periods, they signal large
molecular weight and large double bond equivalent (DBE) to be
source signatures of occupants, and the enhancement scales
themselves are non-trivial. The Cs hydrocarbon series are
enhanced 29 to 48%, and C;¢ hydrocarbon series are enhanced
39 to 81%. Oxidized species (CH,O; and CH,O.,) are
generally less enhanced, except for CO, which is likely from
decarboxylation of organic acids. In addition to the low-mass,
high molecular weight fragments, smaller fragments are also
emitted, although masked by dominant outdoor contributions.
To represent the magnitude of occupant emissions, the results
of solving for the ozone deposition-normalized emission term in
Equation 2 for each individual fragment ion are shown Figure 6
(b). By displaying the emission of individual fragments as a
function of m/z, the resulting mass spectrum can be used as a
source mass spectrum for occupants in the classroom. The
fragments associated with highest emission are short-chain
hydrocarbons, and some oxidized components, similar to that of
a cooking organic aerosol (COA) PMF factor. The total emission
of the C,H,, C;H,0O, and CyH,O-, families are 15.0, 1.7, and 0.8
pg B! hrl, respectively, where the mass increase is a function of
occupants as described by ozone depletion (f) in each hour. This
corresponds to an estimate of 0.29 ug m>h-! of total organics at
median occupied B in this space (approximately 15 students),
and taking into account the volume of the room. Using S as a
scaling factor in this analysis, the results can be used in any
future modelling or experimental work that describes ozone
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depletion by reactions with humans, linking

measurements with impacts in the particle phase.

ozone

While these occupant-based increases in organic aerosol
contribute to the total aerosol loading, it is on a much smaller
magnitude compared with outdoor-originated aerosol. For this
work, the median I/O ratio for sulfate was 0.35, meaning that
almost 2/3 of any outdoor-originated component are removed by
mechanical filtration and deposition, leaving only 1/3 of original;
an increase in (I/0);s04 value would need to be 3 to return to
outdoor levels, and that is not observed here. An additional 43%
(I/0)cxiy/sos, Which is the largest organic component, represents
only 0.16 pg/m? increase from the average indoor unoccupied
value. Put another way, the average total organic loading was
3.24 pug/m3 outdoors and 1.14 pg/m? indoors, and a median
(I/0)orgisos 0f 0.98, as shown in Figure 4.

Given the emission rates described above, and the occupant-
based ozone removal f, the aerosol mass contribution of
occupants in the room can be estimated. For the median occupied
time, an increase of 0.29 pg/m? over unoccupied times is
observed. This is an increase of approximately 25% in organic
aerosol mass, or approximately 15% increase in total aerosol
mass indoors. The highest B values correspond to 0.81 pg/m?
increase from unoccupied times. Table S3 displays the full
statistics of mass concentration increases for a single hour class.

The temperature-based losses (7) from Equation 2 were
negligible (average 0.03 h'! °C!) for organic fragments,
consistent with a median (I/O);s04 of 0.98 for total organics and
nearly 1 for all organic families. However, temperature-based
losses for ammonium and nitrate ion fragments are notably high:
0.69, 0.25, and 0.17 h'! °C! for NH;", NO,*, and NO" fragments,
respectively. This is reflected in Figure S6. The lesser sensitivity
of NO* to temperature than NO,* is consistent with organic
nitrate (NO* could be from organic or inorganic nitrate sources)
as less volatile as inorganic nitrate.*¢

Finally, it should be noted that siloxanes associated with
personal care products?? were not observed in this dataset. This
may be due to their volatility being too high to effectively
partition to the aerosol phase, and/or because limits of detection
are high due to background signal in the AMS from internal Si-
containing components such as o-rings in the vacuum chamber.
This results in the Si-containing peaks being of similar
magnitude in open and closed measurements.*’

DISCUSSION

While AMS mass spectral fragments cannot be directly
connected to a parent molecule, some interesting trends are
visible in Figure 6. Emission rate values reflect the AMS
fragmentation pattern, while the enhancement values reflect the
range of fragments that are emitted by occupants, including the
high MW fragments that may be more directly attributed to
squalene and other large unsaturated compounds. Here, we use
both emission rates and enhancements to connect the observed
patterns to known squalene oxidation chemistry,?? and to a lesser
extent, breath emissions.?>*® The hydrocarbon emission results
cannot be directly attributed to specific fragments due to the
extremely complex mixture of species and the similarities of

This journal is © The Royal Society of Chemistry 20xx

saturated and unsaturated bond patterns, but instead provides an
overview of the fragmentation patterns of the aerosols in bulk.

The observed emission spectrum characteristics shown in
Figure 6 (b) are in common with signatures of a cooking organic
aerosol (COA) PMF result.*® The mass spectra of the three PMF
factors resolved in this study are shown in Figure S7. The
commonalities in spectra include the hydrocarbon ratios of m/z
27/29, 39/41/43, 55/57, and the oxidized peak at m/z 55. The
characteristics of COA in meat cooking and pan frying are from
saturated and unsaturated fatty acids, and many are the same as
those emitted by humans; the two spectra in UMR correlate at
R?=0.78, and the CH, family species correlate at R?>=0.94.
Together, these spectral similarities point to the importance of
long-chain fatty acids, which are too varied in proportion to each
other to be meaningful as an individual spectrum, but are
identified collectively as this COA factor, and that collective
signal is the same as that here for occupant-based emissions. The
individual ion and ion family analysis is a non-PMF method to
identify organic aerosol signatures emitted by occupants. PMF
factors are driven by minimizing scaled residuals33*3% and do not
appear to be well suited to identify small source contributions of
organic aerosol sources that are spectrally similar to other
identified factors (e.g. COA). The trends are more visible by
family because there are components of occupant influence in
other PMF factors.

Squalene (C3oHsp) is a commonly studied occupant emission,
and the NIST mass spectrum?! signatures CsHo™ and CsHo" (m/z
69 and 81) are well represented in both emission (0.78, 0.51 ug
g1 h'") and enhancement (47, 45 %). While both NIST and
AMS spectra utilize EI ionization, AMS spectra have been
shown to be more destructive of original compounds, through
additional thermal decomposition.’> However, the relationship
between occupied and unoccupied levels of high MW fragments
using the same instrument are directly comparable. The signature
fragments are a result of the large, repeating molecular nature of
squalene: C;, Cs, and C¢ hydrocarbon chains repeat throughout
the molecule. Each hydrocarbon series is represented in the NIST
mass spectrum, including the C¢ series which exhibits a cluster
of ions (CjoH;5" to CjgH;7") instead of neat pairs or triplets of
odd valued ions that are the signature of other carbon series. This
is indicative of the variety of hydrogen atoms associated with
chains of 10 carbons in the squalene molecule. These Ci
fragments are observed as enhanced (69, 64, 44 %), although
CioH14" is enhanced the most (81%). CoH 4" is likely a fragment
of a larger molecule and not originally a monoterpene, but it is
enhanced 64% over unoccupied times; associated monoterpene
peaks of CsH;*, and C;Hy" are prominent in both enhancement
in and emission. The other more reduced (increased DBE)
fragments are likely not directly from squalene, so reaction
pathways which increase the DBE value and other potential
sources of aerosol-phase impacts must be considered.

Exhaled breath could be a source of the aromatic fragments
(DBE>4) observed to be enhanced during occupied times,
translating VOCs
measurements here is a challenge that cannot be directly

although in breath to particle-phase

addressed here. However, the chemical diversity in emission
from breath is great?? especially in smokers,> such that VOCs
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measured in other studies could be a connection point to the
particle-phase enhancements discussed here. Isoprene,>*
observed as with other unsaturated hydrocarbons largely at
CsH;" and CsHg", is the primary VOC in exhaled breath but
many other high DBE hydrocarbons, including many benzyl
hydrocarbons have been detected. Unsaturated hydrocarbons
emitted from breath are elevated in smokers,’® and a study of
cyclist exposure to urban pollutants found elevated BTEX
compounds in breath after riding in high traffic streets.>> The
highest DBE fragments enhanced in occupied over unoccupied
times are potentially aromatics, that are not produced
endogenously. These and other exogenous compounds could be
connected to occupant exposure to outdoor pollutants (in the
urban Philadelphia environment) before arrival and re-emission
indoors. The previous experiences of occupants, including recent
urban pollutant exposure or smoking, is not known, but cannot
be ruled out as a potential exposure and re-emission source. The
link between BTEX compounds in breath and these observations
of increases in aerosol mass at high DBE is an indirect one but
serves as a hypothetical source to be examined more closely in
the future.

Oxidized components that are emitted or enhanced in the
aerosol phase could be from a few sources, including primary
emissions (fatty acids from skin) or reactions of unsaturated
bonds with ozone or other oxidants.*®”7 Products of the reaction
of squalene and ozone are generally cleaved and oxidized. CO,"
as the dominant oxidized peak is an effect of the many primary
emissions of fatty acids that make up >10% of skin surface
lipids,!3 and oxidized products of the reaction of squalene and
ozone.'3?0 The large difference in enhancement and emission
between CO,* and the next important oxidized species could be
a result of that the fragmentation pattern of both small and large
molecular weight acids includes a cleavage at the acid group
(decarboxylation), which is known to occur in the AMS.%®
Several smaller oxidized fragment ions, including CH,O",
C,H;0%, and C3H30%, are shown here to be from emitted parent
species; (C,H;0%, m/z 43) is the second largest emission of a
singly oxidized species (0.35 pg B ~th _1). These fragments are
further linked to individual traditional gas-phase tracers of
occupants: 4-oxopentanal (4-OPA, CsHgO,*, m/z 100.05) is not
directly observed as a fragment ion in the aerosol, but might
contribute to the short-chain oxidized species m/z 43 C,H;0",
along with other ketones. 6-Methyl-5-hepten-2-one (6-MHO)
(CgH 140", m/z 126.1) would contribute to m/z 43 (ketone) and
unsaturated hydrocarbons ubiquitous in enhancement and
emission results.

Of additional note are a few CyHyN, family groups that are
likely related to occupants who have recently smoked, and in an
unoccupied season, were a major contributor to indoor aerosol
mass.*> C3HgN" is the most enhanced at 55%, and CoH4N™ is the
most emitted at 0.11 ug B~ h ™. As Figure 4 shows, this effect
is not as limited to occupants, and the difference between
weekend and weekday unoccupied indicates potential influence
from indirect occupants, or other parameters like aqueous
aerosol availability as described in DeCarlo et al.*®

The total emission of all species of 17.6 pug 8~ h ™, applied
to the median 8 during occupied times (2.4 hr'!) over unoccupied

8| J. Name., 2012, 00, 1-3

Environmental Science:Processes & Impacts

times and the known room volume is a volume-normalized
emission of 0.29 pg m> h’l, an increase of about 25% in one
hour. Tang et al., 2016 reported a 35% increase in VOC
concentration from the building supply, and 57% contribution
from occupants, of which 43.9% of was from siloxanes (not
observed in the aerosol phase for this work), for an increase in
non-siloxane emissions of 27.6%. Comparison of this VOC
increase from the PTR-MS data from Tang, with the organic
aerosol enhancements presented here, there is reasonable
agreement and future studies in different environments with both
measurements made together will provide additional insight into
the VOC and aerosol enhancements from occupancy.

While the organic aerosol mass enhancements do not
dominate the aerosol loading, this study provides a detailed
quantification of aerosol-phase impacts of human occupants in
an indoor environment, and in the absence of large sources (like
cooking), a common scenario in offices, meeting spaces, and
classrooms; this effect can scale with number of occupants and
contribute more significantly in less-well ventilated spaces.

Conclusions

This work quantifies the chemically-specific influence of
occupants on the composition of indoor aerosols. In most
mechanically ventilated non-residential spaces, the majority of
submicron indoor particulate mass is outdoor-originated.
However, by sampling an occupied classroom and outdoors
simultaneously and at high time resolution, the influence of
outdoor-originated aerosols was separated from occupant-
related. During occupied times, mass spectral features connected
to secondary oxidation products of skin oils and breath emissions
were identified. While the total mass of linked to human
occupants was small compared to outdoor-originated aerosols,
this occupant influence is important in other high-occupancy or
poorly ventilated spaces, including offices, classrooms, and
airplanes.
situation, the processes and results observed here are applicable

While this study represents one observational

to other occupied spaces
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