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ABSTRACT

SECONDARY ORGANIC AEROSOL FORMATION FROM
VOLATILE CHEMICAL PRODUCT EMISSIONS: PARAMETERS AND

CONTRIBUTIONS TO ANTHROPOGENIC AEROSOL

Volatile chemical products (VCP) are an increasingly important source of hydrocarbon and
oxygenated volatile organic compound (OVOC) emissions to the atmosphere and these
emissions are likely to play an important role as anthropogenic precursors for secondary
organic aerosol (SOA). While the SOA from VCP hydrocarbons is often accounted for in
ambient air quality models, the formation, evolution, and properties of SOA from VCP
OVOCs remains uncertain. We use environmental chamber data and a kinetic model to
develop SOA parameters for ten OVOCs representing glycols, glycol ethers, esters,
oxygenated aromatics, and amines. Model simulations suggest that the SOA mass yields
for these OVOC:s are on the same magnitude as widely studied SOA precursors (e.g., long-
chain alkanes, monoterpenes, and single-ring aromatics) and these yields exhibit a linear
correlation with the difference between the carbon and oxygen numbers of the precursor.
When combined with emissions inventories for two megacities in the United States (US)
and a US-wide inventory, we find that VCPs form 0.8-2.5x as much SOA, by mass, as
mobile sources. Hydrocarbons (terpenes, branched and cyclic alkanes) and OVOCs

(terpenoids, glycols, glycol ethers) make up 60-75% and 25-40% of the SOA arising from



VCP use, respectively. This work contributes to the growing body of knowledge focused

on studying VCP VOC contributions to urban air pollution.



ACKNOWLEDGEMENTS

I would first like to thank Dr. Shantanu Jathar for being a fantastic advisor, and for
supporting me throughout my graduate studies. I would also like to extend my gratitude to
Dr. John Volckens and Dr. Jeffrey Pierce for their invaluable inputs during the course of

my studies.



TABLE OF CONTENTS

AB ST R A CT .. 1
ACKNOWLEDGEMENTS . ... e e 1\
Chapter 1: IntrodUCtion..........ooiiiii e aaees 1
Chapter 2: Materials & Methods...........cooiiiiiiii e, 5
Chapter 3: ReSUILS. ... 16
RETOIENCES. . ..ottt 35
Supplementary Information.......... ..ot e 40



CHAPTER 1 - INTRODUCTION

Volatile chemical products (VCPs), which include personal care products, cleaning agents,
paints, coatings, printing inks, adhesives, and pesticides, have recently been highlighted as an
important source of volatile organic compound (VOC) emissions to the atmosphere.! In the United
States (US)? their emissions (3 to 7 Tg yr!) are likely to rival VOC emissions from more traditional
sources such as mobile sources (2.7 to 3.5 Tg yr'!) and oil and natural gas production activities (up
to 5.7 Tg yr'!)).2* VCP VOCs can participate in photochemical reactions to produce secondary
organic aerosol (SOA) and ozone (O3). Several studies now suggest that VCP use is an important
contributor to both anthropogenic SOA and O;3 in urban environments, especially in densely
populated regions.* ' SOA makes up a significant fraction of PM,s (mass of particles smaller
than 2.5 pm), and together with O3, are important constituents of poor air quality. Despite
recognition of the potential role of VCP use on air quality, it remains one of the most uncertain
sources of air pollution in US cities.

VCP emissions are understood to be composed of both hydrocarbons and oxygenated
VOCs. VCP hydrocarbons include organic classes such as linear, branched, and cyclic alkanes,
single- and multi-ring aromatics, and acyclic (e.g., linear and branched) and cyclic (e.g.,
monoterpenes) alkenes.®”!' Over the past several decades, an extensive body of work has
attempted to understand mass yields, composition, and properties of SOA formed from alkane
(e.g., Lim and Ziemann;!? Presto et al.'®), alkene (e.g., Ng et al.;'* Paulot et al.'®), and aromatic
(e.g., Ng et al.,'o Li et al.'”) hydrocarbons and these compound classes are represented in three-
dimensional chemical transport models (CTMs; e.g., Qin et al.*). As a result, VCP hydrocarbon

emission impacts on atmospheric chemistry and air quality can be simulated.
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In contrast, the composition, oxidation chemistry, and potential to form SOA and Os for
VCP Oxygenated Volatile organic compounds (OVOCs) is less well understood. VCP OVOCs
belong to a wide variety of organic compound classes. Those emitted in substantial amounts, as

1,6,11

estimated in previous efforts, include glycols, glycol ethers, siloxanes, esters, acetates,

oxygenated aromatics, and heterocyclics. Recently, some of these organic classes have been

studied in the laboratory for their ability to produce SOA. For instance, Li et al.'®

performed
environmental chamber experiments to study SOA formation from a survey of VCP OVOCs under
high NOx conditions and found certain glycol ethers (e.g., carbitol and butyl carbitol), oxygenated
aromatics (e.g., benzyl alcohol), and large acetates (e.g., dipropylene glycol methyl ether acetate)
to produce SOA efficiently, with mass yields that ranged between 10 and 55%. Charan et al.'
performed a comprehensive set of chamber experiments with benzyl alcohol and, consistent with
Li et al.,'"® measured very high SOA mass yields (35-104%), noting that these were calculated at
very high OA mass loadings (100-600 pg m™). Using an oxidation flow reactor (OFR), Humes et
al.” studied SOA formation from select glycol ethers, esters, and oxygenated aromatics but only
found the cyclic OVOC:s (i.e., oxygenated aromatics) to form any SOA (average yield of 16%),
with near zero SOA mass yields for acyclic OVOC:s (i.e., glycol ethers, esters).

Several studies have performed flow reactor experiments with
decamethylcyclopentasiloxane (D5), a common ingredient found in personal care products.?>*+26
Although there were large differences in the reported SOA formation between these studies, they
all estimated high SOA mass yields for D5 under high OH exposures (ranging from 5 to 100% for

>18 hours of photochemical age). However, when Charan et al.’® studied D5 in chamber

experiments over shorter photochemical ages (<12 hours), D5 seemed to produce little to no SOA
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(mass yields <1%). In general, the body of literature focused on SOA formation from VCP OVOCs
is small and uncertain, relative to that for VCP hydrocarbons.

Laboratory experiments performed with chambers and flow reactors have historically
provided the underlying data needed to develop chemical mechanisms and parameterizations for
SOA for use in CTMs.®® Yet, both chambers and flow reactors are subject to experimental
artifacts,** some of which can be corrected for empirically (e.g., particle wall losses®) but others
(e.g., vapor wall losses,”® short timescales for oxidation in flow reactors’!) require use of kinetic
models to help with interpretation of the laboratory data. For instance, He et al.>? showed that a
careful accounting of aerosol processes (e.g., gas-phase chemistry, gas/particle partitioning, wall
losses, condensed-phase chemistry, phase state) using a kinetic model helped explain observed
differences in SOA formation between chambers and flow reactors from photooxidation of a-
pinene. Few, if any, SOA parameters have been developed from laboratory data for VCP OVOC:s,
but any future parameter development should aim to use process-based kinetic models.

Several studies so far have simulated urban air quality impacts from VCP emissions and
all have found VCP VOCs to play a key role in influencing the urban SOA burden.**!° Qin et al.*
used a bulk SOA mass yield to model SOA formation from VCPs to show that VCP VOCs might
account for ~40% of the anthropogenic SOA in Los Angeles in the summer. Seltzer et al.!!
developed a detailed nationwide emissions inventory for VCP VOCs by county that accounted for
speciated formulations by product use category while also considering timescales for use and
evaporation. Pennington et al.? introduced two new precursors and leveraged six hydrocarbon-like
precursor classes®! developed for mobile sources to simulate the oxidation chemistry and SOA
formation from oxygenated and non-oxygenated VCP VOCs. Based on the updated inventory and

chemistry scheme, Seltzer et al.!' found that VCPs contributed to 20% of the seasonal
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anthropogenic SOA in Los Angeles (and New York City) and Pennington et al.” showed that up
to ~50% of the midday anthropogenic SOA could arise from VCP use. Regardless, all three
previous modeling studies have relied on simplified approaches to simulate SOA formation from
VCP OVOCs. Although laboratory data for VCP OVOCs are currently limited to only a handful

18-20,22-26

of studies, these data are generally not used to parameterize SOA in CTMs.

1.'8 and a kinetic

In this work, we combined environmental chamber data from Li et a
chemistry-microphysics model to simulate SOA formation from a representative set of VCP-
related OVOC:s. The kinetic model was used to estimate atmospherically relevant SOA mass yields
and develop volatility basis set (VBS) parameters for a diversity of VCP OVOCs. These were

subsequently used to calculate the contribution of total VCP use and the most important VCP

hydrocarbons and OVOC:s to anthropogenic SOA, relative to fossil fuel combustion.
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CHAPTER 2 - MATERIALS & METHODS

2.1 SOA Environmental Chamber Data

The SOA parameters developed and applied in this work are based on the environmental
chamber data reported in Li et al.'® Li et al.!® performed chamber experiments on fourteen unique
VCP OVOCs, with a minimum of one experiment performed for each OVOC and several
perturbations performed for a few select OVOCs. Li et al.'® chose those OVOCs because they are
widely used to produce and/or are directly present in industrial solvents, cleaning and personal
care products, paints and coatings, adhesives, and printing inks. We focus our efforts on SOA data
from thirteen experiments performed on ten OVOCs for which complete gas, particle, and
environmental data were available to perform the modeling. The OVOC:s, in increasing carbon
number, are: propylene glycol, diethylene glycol, carbitol (diethylene glycol ethyl ether),
triethanolamine, benzyl alcohol, dimethyl glutarate, butyl carbitol (diethylene glycol monobutyl
ether), dipropylene glycol methyl ether acetate (DPGMEA), Texanol (2,2,4-trimethyl-1,3-
pentanediol monoisobutyrate), and methyl palmitate. Triethanolamine, though it contains an N
atom, would be classified as an OVOC. A brief description of the chamber experiments is provided
below, but the reader is referred to Li et al.'® for more details.

The SOA experiments were performed in the dual indoor environmental chamber facility
located at the University of California, Riverside (UCR);?® the SOA data are summarized in Tables
1 and S1. The Teflon chambers each had a volume of 30 m® and were located in a temperature-
and humidity-controlled enclosure. Before starting each experiment, the chambers were cleaned
by reducing the chamber volume to less than 5% of its original volume, while flushing the chamber

with zero air. The chambers were subsequently filled to capacity with zero air. NO and NO2
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(generated in-situ via chemical conversion of NO) were directly added to achieve concentrations

of ~20 ppbv and ~10 ppbv, respectively.



Table 1: Summary of data for the high NOx chamber experiments performed by Li et al.'® and those used in this work to develop SOA

parameters.
Seed Surrogate Initial Initial Initial SOA Mass
MW kKon v OgC H,0, OH Exposure Max. SOA SOA
VCP OVOC Formula (um? Mix.? VOC, NO NO2 Yield
(g.mole) | (cm*molec's™) o Added (molec. hr cm™) (ug m?) 0:C
cm?) (ppbv) (ppbv) | (ppbv) (Max.)
Propylene
C;H;0, 76.09 2.15x10! NA Y N 40 19 9.0 7.1x10° 3.59 0.07 0.55%
glycol
Diethylene
C4H,00; 106.12 2.75x10°! NA Y N 80 21 8.7 1.4x107 2.27 0.01 NM
glycol
Carbitol CeH140; 134.17 5.16x10! NA Y N 40 20 12 8.3x10° 22.71 0.13 0.6-1.2%
Triethanola-
CsH;sNO; 149.18 1.11x1071° 1080 Y N 40 22 14 5.4x10° 3.57 0.02 NM
mine
Benzyl
C;H30, 108.13 2.80x10! 2334 N Y 79 71 - 4.9x107 171.0 0.49 0.8-0.86%
Alcohol
Dimethyl
C;H,0,4 160.16 3.50x10"2 185 N Y 160 12 12 4.4x107 4.50 0.01 0.72
Glutarate
Butyl
CsH50; 162.22 7.44x10!! NA Y Y 40 18 9.8 9.7x10° 67.64 0.28 0.98
Carbitol
Dipropylene
Glycol Methyl
CoH,50,4 190.24 3.36x10! NA Y Y 40 12 6.8 2.8x107 78.53 0.26 0.17

Ether Acetate

(DPGMEA)




Texanol C12H2405 216.31 1.29x10!! NA 80 18 10 8.9x10° 1.07 0.004 0.34
Methyl

Cy7H3,0, 270.45 1.88x10!! 287 40 21 6.9 1.7x107 177.99 0.60 NM
Palmitate

&Measurement based on a different experiment; NA=unseeded experiment; NM=not measured.




The NOx values reported in this table are comparable to that observed in major cities
worldwide. As an example, the mean NOx concentrations at the Caltech supersite for the period
May 27 — June 15, 2010 has been shown to be ~21.8 ppbv.”? Similarly, the NO; levels in Beijing
have been reported to be ~ 21 ppbv. A surrogate hydrocarbon mixture (22.6 of m-xylene, 98.7 of
n-butane, 22.7 of n-octane, 14.9 of trans-2-butene, 25.4 of toluene, 17.9 of ethylene, and 14.9 of
propylene; units of ppbv) was added in eight of the ten experiments to mimic urban atmospheric
conditions.?® Approximately 1 ppmv of hydrogen peroxide (H.02) was added in four of the ten
experiments, photolysis of which resulted in elevated concentrations of hydroxyl radicals (OH);
OH was produced in the other six experiments from VOC-NOx chemistry. Ammonium sulfate
seed was added in four of the ten experiments to facilitate SOA condensation on the pre-existing
seed; SOA was allowed to homogeneously nucleate in the other six experiments. Despite seed
addition, there was evidence for nucleation in the experiment performed with methyl palmitate.
Constituents in both chambers were then mixed together to achieve uniform concentrations in both
chambers before they were separated again. The VCP OVOC of interest was only added to one of
the chambers, with the other chamber serving as a control. The initial OVOC concentrations
ranged from 40 to 160 ppbv. 272 UV black lights with a net rated NO2 photolysis rate of 0.4 min
! were turned on to initiate photo-oxidation.

A suite of instrumentation was used to measure gas phase mixing ratios, aerosol mass
concentrations and composition, and environmental conditions in both chambers. NO, NO>, and
O3 were measured using standard gas analyzers, and the VCP OVOCs were monitored either using
gas chromatography or mass spectrometry. The measured decay of m-xylene (in cases where a
surrogate mixture was added) or the OVOC (when no surrogate mixture was used) was used to

quantify OH concentrations and exposure during the chamber experiment. Particle size



distributions and mass concentrations were quantified using a combination of a scanning mobility
particle sizer (SMPS), aerosol particle mass analyzer (APM) coupled to an SMPS, and a high-
resolution aerosol mass spectrometer (HR-AMS). The Teflon walls had little to no observed
influence on the parent OVOC mixing ratios, and hence no corrections were needed. VOC
oxidation products are subject to losses on Teflon walls and these were accounted for in the kinetic
model (explained later). The particle data were corrected for losses of particles to the wall,
following the methods described in Cocker et al.,?” as well as corrected for any SOA production
from the surrogate mixture in the control chamber. As the aerosol mass spectrometer only sampled
from the chamber with OVOC added, the SOA O:C data were not corrected for the SOA produced
from the surrogate mixture.

2.2 SOM-TOMAS Model, Simulations, and SOA Parameters

We used the SOM-TOMAS model, or Statistical Oxidation Model (SOM)-TwO Moment
Aerosol Sectional (TOMAS) model, to simulate the SOA formation and composition from
photooxidation of the ten OVOCs mentioned earlier. SOM uses a two-dimensional carbon-oxygen
grid to simulate the multiphase and multigenerational oxidation chemistry of VOCs and calculates
the thermodynamic properties of the oxidation products.” TOMAS uses a number and mass
moment scheme to simulate aerosol processes of coagulation, condensation, evaporation, and
nucleation.’® A detailed description of the SOM-TOMAS model along with the governing
equations can be found in previous publications.?'** Recently, the SOM-TOMAS model was used
to study SOA formation from biomass burning emissions and evaporated biofuels in chamber
experiments,’!** from a-pinene in an oxidation flow reactor,?? inside wildfire plumes,** and at a
continental rural site.’

The SOM-TOMAS is a parameterized model and uses the following five parameters to

track the oxidation chemistry of the VOC and its oxidation products that includes both

10
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functionalization and fragmentation reactions: (i-iv) ps,1 to pr4, mass yields for four functionalized
products that add one, two, three, and four oxygen atoms to the carbon backbone, respectively;

and (v) mfag, a parameter used to calculate the probability of fragmentation (Prrg) based on the

oxygen-to-carbon ratio (O:C) of the model species (Prrqq = (0:C)™/7e9 ). A sixth parameter,
ALVP that quantifies the decrease in volatility with the addition of an oxygen atom, is used to
calculate the volatility (c*) of the model species. The reaction rate constant of the model species
with OH is parameterized as a function of its carbon (Nc) and oxygen (No) number. SOM-TOMAS
uses a diffusive-reactive framework to simulate kinetic gas/particle partitioning of condensable
model species, subject to the prescribed phase state of the absorbing organic aerosol.>® Finally,
vapor losses to the chamber walls are modeled using the framework presented in Matsunaga and
Ziemann®® and Krechmer et al.>” where the first-order uptake to the walls is assumed to be equal
to kvap.on and the release of vapors from the walls (kvap,on) 1s modeled using absorptive partitioning
theory with the Teflon wall serving as an absorbing mass with an effective mass concentration of
Cw mg m>. Vapor wall loss has not been specifically studied for the UCR chamber, s0 kvap,on is
assumed to be equal to 2.5x10* s! based on the work of Zhang et al.*® for a 30 m® chamber.

In addition, SOM-TOMAS can simulate autoxidation (e.g., Ehn et al.*"), reactive uptake
(e.g., Shiraiwa et al.*), and oligomerization (e.g., D’ Ambro et al.*!) reactions, some of which have
recently been shown to be influential for SOA formation from photooxidation of a-pinene.*
However, in the absence of dedicated measurements for the OVOCs studied here, the relative
importance of these processes remains uncertain and, hence, these processes were not considered
in this work. Finally, SOM-TOMAS can also simulate heterogeneous oxidation via OH, but these

reactions were found to have limited influence on SOA formation (not shown), likely due to the

11
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short photochemical ages encountered in the chamber experiments (3.6 to 33 hours at an OH
concentration of 1.5x10° molecules cm™).

The SOM-TOMAS model was initialized with the VOC mixing ratio, seed particle size
distribution (in cases where ammonium sulfate seed was injected), and the environmental
conditions (i.e., temperature, relative humidity). In experiments where SOA homogeneously
nucleated, observations of the total particle number concentration were used to develop an
empirical parameterization for the nucleation rate, which was then fed to the model (see Figure
S1). The time-varying OH concentrations, obtained from the m-xylene or OVOC decay, were
directly prescribed in the model. As the SOA data were already corrected for data from the control
chamber, we did not simulate SOA formation from the surrogate mixture.

The SOM-TOMAS model was used to determine SOA parameters (pr,1 to pt.4, Mfrag, ALVP)
for each OVOC studied in this work by fitting model predictions of SOA mass concentrations to
the observations. Initial guesses for the SOA parameters were varied randomly before arriving at
the final set of fit parameters. We fit model predictions to the mean observations of SOA, which
are expected to carry a minimum uncertainty of 38% (at the 95% confidence interval, based on
Bahreini et al.*?). By extension, model predictions based on those SOA parameters also carry a
minimum uncertainty of 38%. In previous work, we have determined SOA parameters by
simultaneously fitting observations of SOA mass concentrations and O:C.** However, time series
data for O:C were available for only four of the OVOC experiments and, for three of these
experiments, the O:C data were not corrected for SOA produced from the surrogate mixture.
Hence, we did not include O:C data within the fitting procedure. For select OVOCs, the SOM-
TOMAS model was run with the fit parameters for repeat experiments performed with the same
OVOC to evaluate those SOA parameters (Table S1).

2.3 VBSsom Model and Parameters

12


https://paperpile.com/c/yAUcsJ/T8qYd/?noauthor=1
https://paperpile.com/c/yAUcsJ/CKw7z

The SOM-TOMAS model output was used to develop VBS (or VBSsom) parameters for
VCP OVOC:s that theoretically account for the influence of multigenerational aging and some of
the important environmental chamber artifacts (i.e., particle and vapor wall losses). This approach
was identical to that developed by our group to develop VBS parameters for SOA precursors in a
widely used CTM (GEOS-Chem) and more details can be found in Bilsback et al..** Briefly, we
performed pseudo atmospheric simulations with the SOM-TOMAS model for 48 hours (2 days)
at three different OA mass concentrations (0.1, 1, and 10 pg m>) and an OH concentration of
1.5x10° molecules cm™. The simulation length of 48 hours was chosen to capture the SOA
production that might occur within the atmospheric envelope of a large city. As will be shown
later, the SOA mass yields predicted by the SOM-TOMAS model seem to level off for most
OVOCs past 48 hours of photochemical aging. The OA mass loadings, and OH concentrations
were chosen to ensure that the VBSsom parameters were atmospherically relevant.** The SOM-
TOMAS predictions of SOA mass yields with time were fit to determine VBSsom parameters,
separately for each OVOC. We chose to fit a ‘static’ set of VBSsom parameters to keep the
parameterization simple and consistent with how most modern VBS schemes are implemented in
CTMs 214346 A limitation of this assumption is that the VBSsom parameters will not be able to
reproduce the time-varying SOA mass yield predicted by the SOM-TOMAS model, especially at
short photochemical ages. The SOA mass yields and VBSsom parameters determined in this
exercise are likely to be upper bound estimates since we do not simulate losses of the VOC
oxidation products to processes other than homogeneous gas-phase chemistry (e.g., dry and wet
deposition, photolysis, surface chemistry).

2.4 SOA Production from VCPs and Mobile Sources

SOA mass yields from the SOM-TOMAS atmospheric simulations were used to estimate

SOA production from VOC emissions from mobile sources and VCP use. This analysis was

13


https://paperpile.com/c/yAUcsJ/QZFMp/?noauthor=1
https://paperpile.com/c/yAUcsJ/hdL72
https://paperpile.com/c/yAUcsJ/ijkmo+UXCOC+ToNuU

performed with three previously published VOC emissions inventories for VCPs for the following
regions and years: South Coast Air Basin (SoCAB) in California for 2010 based on McDonald et
al.,! New York City (NYC) in New York for 2018 based on Coggon et al..® and US for 2017 based
on Seltzer et al.'' VOC emissions from mobile sources for SOCAB and NYC were based on the
Fuel-based Inventory of motor-Vehicle Emissions (FIVE)*’ and those for the US were based on
the National Emissions Inventory for 2017.*® Annual estimates from these regions were
normalized by the population to present VOC emissions and SOA production information on a kg
person’' yr'! basis.

The three different VCP emissions inventories were based on combining inputs for total
chemical product use, composition profiles, timescales for product use and evaporation, and spatial
allocation by population. The level of classification and VOC speciation varied across these three
inventories with the SOCAB inventory being less detailed (on account of being the first such
dataset) and the NYC and US inventories being the most comprehensive (later efforts). For SoOCAB
and NYC, the emissions magnitudes for all VCP VOCs were further adjusted by constraining the
estimated emissions ratios for select VOCs to corresponding measurements available from
stationary sites (for SOCAB) or mobile monitoring efforts (for NYC)."® No such adjustments were
made for the US inventory.

Reaction rate constants for the VOCs with OH were based on values reported in the
literature (e.g., Atkinson and Arey*’) or from EPISuite v4.11.* To keep the SOA production
estimates relevant for urban environments, the VOC reacted and SOA mass yields were calculated
for a photochemical age of 12 hours (OH concentration of 1.5x10° molecules cm™);>° SOA mass
yields were based on an OA mass loading of 10 pg m™. By selecting experiments with high NO

concentrations, the SOA mass yields are reflective of RO2+NO dominant conditions with a
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transition towards increasing RO2+HO- towards the end of experiments, typical of plumes from
urban environments. The methods and assumptions used to calculate the SOA mass yields for

OVOCs and hydrocarbons are described in Section S1 in the supporting information.
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CHAPTER 3 - RESULTS

3.1 SOA Formation from VCP OVOCs
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Figure 1: Predictions of SOA mass concentration from the SOM-TOMAS model compared to observations
for ten different OVOCs. OVOCs are ordered by carbon number: (a) propylene glycol (C3HsO:), (b)
diethylene glycol (C4H003), (c) carbitol (CsH1403), (d) triethanolamine (CsHisNO3z), (e) benzyl alcohol
(C7Hs0), (f) dimethyl glutarate (C7H1204), (g) butyl carbitol (CsH1s03), (h) dipropylene glycol methyl ether
acetate (DPGMEA; CoH504), (i) Texanol (C12H»403), and (j) methyl palmitate (C17H340:). Predictions are
shown in solid lines (dull red for VWL=on (corrected for vapor wall losses) and lime green for VWL=off
(not corrected for vapor wall losses)) while observations are shown as symbols (yellow circles). The
number labels (#x) describe the increase in SOA formation between the VWL=on and VWL=off simulations
at the end of the experiment. SOA parameters (VWL=on and VWL=off) used with the SOM-TOMAS model
for these OVOC:s are listed in Table 2.

The SOM-TOMAS model was fit separately to observations of SOA mass concentrations
for high NOx experiments performed on ten different OVOCs to determine SOA parameters.
Predictions based on the SOM-TOMAS fits are compared to observations in Figure 1 and the

corresponding parameters for all ten OVOC:s are listed in Table 2.
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Table 2: SOM-TOMAS parameters based on fitting high NOx chamber data from Li et al.”® for ten different
OVOCs. Parameters are listed with (VWL=on) and without (VWL=off) considering vapor wall losses.

VCP OVOC VWL ALVP Myrag P Pr2 Pe3 Pra

Propylene Glycol On 2.1092 0.2660 0.0014 0.5625 0.0001 0.4360

Off 1.7994 0.4919 0.1772 0.0817 0.5881 0.1531
Diethylene Glycol On 1.7130 0.1179 0.7253 0.0002 0.0501 0.2245

Off 1.4731 0.0764 0.4773 0.0100 0.2142 0.2985

On 1.6346 0.4370 0.3119 0.4262 0.0013 0.2605
Carbitol

Off 1.6163 0.3439 0.4489 0.0387 0.4984 0.0140

On 2.0778 0.1103 0.8841 0.1152 0.0000 0.0007
Triethanolamine

Off 1.6520 0.0496 0.0040 0.0059 0.9576 0.0325

On 1.1960 1.1260 0.0000 0.7780 0.0100 0.2110
Benzyl Alcohol

Off 1.1580 0.6470 0.0140 0.6020 0.0020 0.3820
Dimethyl On 1.4970 0.0360 0.6850 0.1530 0.1240 0.0380
Glutarate Off 1.2930 0.0380 0.0020 0.0130 0.3660 0.6190

On 1.0975 0.7268 0.0010 0.0000 0.9982 0.0008
Butyl Carbitol

Off 1.2840 0.2990 0.0007 0.0012 0.5600 0.4381

On 1.5861 0.6053 0.0005 0.0010 0.3254 0.6731
DPGMEA

Off 1.6796 0.5482 0.0003 0.0005 0.1927 0.8065

On 1.0414 0.0200 0.4755 0.0037 0.4502 0.0706
Texanol

Off 1.0300 0.0080 0.6288 0.0089 0.0293 0.3331

On 2.1023 0.2687 0.0176 0.9456 0.0340 0.0028
Methyl Palmitate

Off 1.3981 0.3492 0.9478 0.0316 0.0052 0.0153
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Separate fits were developed with and without accounting for vapor wall losses (VWL=on
and VWL=off, respectively) and both model configurations seemed to reproduce the SOA
observations well. It should be noted that, these 6 SOM-TOMAS parameters aren’t correlated in
any way. In addition, it is possible to establish confidence intervals (CI) about the parameter fits.
It is dependent on the scatter in the measured data, that the model is fit to. We note that the SOA
mass concentration data were already corrected for particle wall losses.!® There were two
experiments (triethanolamine and butyl carbitol) where the model configuration with VWL=on
did better than the model configuration with VWL=off. Here, the model configuration with
VWL=0n was able to reproduce the slight decline in SOA mass concentrations after 3 hours of
photochemical aging. The decrease in the observed SOA mass concentrations with time could
result from a host of reasons including, but not limited to, the use of an imprecise particle wall loss
rate that might be changing with time®! or losses of semi-volatile vapors to photolysis>? or
fragmentation® reactions. The SOM-TOMAS fits listed in Table 2 were found to be robust in that
they did not vary significantly when the fitting procedure used different initial guesses for the SOA
parameters. For the relatively short photochemical exposures encountered in the chamber
experiments (3.6 to 33 equivalent hours at an OH concentration of 1.5x10° molecules cm?),
heterogeneous oxidation with OH did not seem to have a meaningful effect on either the SOA
mass concentration or O:C predictions (not shown), consistent with He et al.*> Overall, the quality
of the model-measurement comparisons was similar to that observed in earlier work with the
SOM-TOMAS model and environmental chamber data.?!~33*

When the SOM-TOMAS model was re-run with the fit parameters corrected for vapor wall
losses (VWL=on) but with vapor wall losses turned off during the chamber simulation to mimic

ambient conditions, the model predicted an increase in SOA mass concentrations. For seven
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OVOCs, the SOA production increased between 5% (methyl palmitate) and 90% (butyl carbitol),
which was reasonably consistent with the increase in SOA production estimated for alkane,
aromatic, and biogenic VOCs for chambers between 10 and 30 m? under high NOx conditions.**
In contrast, the increase in SOA production was quite large for the three remaining OVOC:s (factors
of 3.7, 4.7, and 4.7 for Texanol, triethanolamine, and dimethyl glutarate, respectively), the primary
reason for which can be explained as follows. These three OVOC:s (i.e., Texanol, triethanolamine,
and dimethyl glutarate) had much smaller SOA mass yields (0.004-0.02; see Table 1) compared
to six of the other remaining OVOCs (0.07-0.60; see Table 1); results for diethylene glycol
remained an exception. A smaller observed SOA mass yield meant that most of the OVOC
oxidation products were left in the gas phase and subjected to vapor wall losses. The OVOC
oxidation products, which were lost to the chamber walls during the experiment, had some residual
potential to form SOA. So, when the SOM-TOMAS model was run with VWL turned off, it
predicted a much larger increase in SOA production for these three OVOC:s, relative to the effect
observed for the six remaining OVOCs that had higher SOA mass yields. In essence, we are
implying that when the SOM-TOMAS model is constrained to chamber data it is very likely to
produce a large VWL effect for precursors that are not very efficient in producing SOA (say, SOA
mass yields less than 2% in these experiments), everything else being equal. Previously, several
chamber studies have been able to constrain the VWL effect by performing experiments under

193855 A gimilar set of

varying initial seed surface area concentrations or condensational sinks.
experiments might need to be performed to better understand the VWL effect for individual

OVOCs and the SOM-TOMAS-informed VWL-corrected SOA estimates in this work need to be

considered with caution.
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The SOA parameters determined from fitting one set of experiments were evaluated by
comparing SOM-TOMAS model predictions based on those parameters against observations from
a different experiment performed on the same OVOC. Results for propylene glycol, diethylene
glycol, and carbitol, OVOCs for which repeat experimental data were available, are presented in

Figure 2.
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Figure 2: Predictions of SOA mass concentration from the SOM-TOMAS model compared to observations
for three different OVOCs. These model-measurement comparison tests how well the parameters developed
from a different experiment work for the shown experiments. Predictions are shown in solid lines (dull red
for VWL=on and lime green for VWL=0ff) while observations are shown as symbols (yellow circles). SOA
parameters (VWL=on and VWL=off) used with the SOM-TOMAS model for these OVOCs are listed in
Table 2.

Model predictions of SOA mass concentrations were underestimated for propylene glycol
and diethylene glycol but still within the reported uncertainty for the observations (+38%). Model
predictions of SOA mass concentrations were only slightly overestimated for carbitol compared
to the observations. The use of VWL=on and VWL=off parameters resulted in similar model
predictions. Overall, these comparisons suggested that while there was some experiment-to-
experiment variability in the chamber experiments for the same OVOC, the SOM-TOMAS
parameters were able to generally reproduce the SOA formation under a slightly different set of
initial conditions (see Table 1 for experiments used to fit the parameters and Table S1 for

experiments used to evaluate the parameters). It needs to be re-iterated here that, the discrepancies
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that you see here, are due to the inherent experiment-to-experiment variability, and not due to the
ineffectiveness of the parameters developed. This provides confidence for broader use of the SOM-
TOMAS parameters developed in this work.

Observations of SOA O:C were not accounted for in the fitting procedure as experiment-
specific O:C data were only available for four of the ten experiments and in three of the
experiments the data were not corrected for SOA formed by the surrogate mixture. Nevertheless,
we qualitatively compared the predicted SOA O:C from the end of the experiment to observations,
noting that those observations were not necessarily from the same experiment used to determine
the fits. For carbitol and benzyl alcohol, the model-predicted SOA O:C of 1.0 and 0.85 was
consistent with the SOA O:C range measured for these OVOCs across two different experiments
(0.6-1.2 for carbitol and 0.8-0.86 for benzyl alcohol). The model slightly under- and over-
estimated the SOA O:C for butyl carbitol (0.76) and dimethyl glutarate (0.95) compared to the
observations (0.98 for butyl carbitol and 0.72 for dimethyl glutarate) but the model predictions
were within the reported uncertainty for observations of SOA O:C (£28%, as per Canagratna et
al.>%). The model significantly overestimated the SOA O:C for propylene glycol (1.99), DPGMEA
(0.81), and Texanol (0.52) compared to the observations (0.55 for propylene glycol, 0.17 for
DPGMEA, and 0.34 for Texanol). For propylene glycol and DPGMEA, the observed SOA O:C
(0.55 and 0.17, respectively) was lower than the O:C for the primary OVOC (0.67 for propylene
glycol and 0.44 for DPGMEA) suggesting that these OVOCs may be reacting and fragmenting in
ways that our statistical approach is unable to capture. In addition to comparing the end-of-
experiment values, we examined the modeled and observed trends in SOA O:C with the carbon

number of the OVOC and these results are shown in Figure 3.
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Figure 3: Modeled and observed SOA O:C ratios from the end of the experiment plotted against the carbon
number of the OVOC (symbols). Solid lines are exponential fits to the data.

The red triangles in the figure denote the end-of-experiment measured O:C values
segregated by the Carbon number, whereas the solid green circles are the SOM-TOMAS-predicted
corresponding O:C results. The red & green lines are exponential fits to the measured & modeled
data, respectively. Although there was some overlap between the modeled and observed SOA O:C
values between OVOC carbon numbers of 6 and 8, they exhibited very different trends. The SOM-
TOMAS-predicted SOA O:C understandably exhibited a stronger and tighter trend with carbon
number but it was harder to see a similar trend in the observed values. To summarize, while the
SOM-TOMAS predictions of O:C are roughly in the same range as the observations, the model-
measurement comparison for SOA O:C is modest at best. It is likely that fitting SOM-TOMAS
predictions to observations of SOA mass concentration and O:C simultaneously, as has been done

in the past, would result in better constrained SOA parameters.
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We explored the possibility of developing a unified set of SOM-TOMAS parameters for

carbitol and butyl carbitol since the oxidation chemistry leading to SOA formation for these two
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Figure 4: Predictions of (a) SOA mass concentration and (b) SOA O:C from the SOM-TOMAS model
compared to chamber observations for high NOx experiments performed with carbitol and butyl carbitol.
Predictions from the individual fits are shown with solid lines, while those from the unified fit are shown
with dashed lines. Observations are shown as symbols. There are no observations for SOA O:C for carbitol.
SOA parameters (VWL=on) used with the SOM-TOMAS model are listed in Table 2.

OVOCs, who only differ from each other in the terminal alkyl group (ethyl versus butyl,
respectively), might be similar. Results from performing separate fits are compared to those from
performing unified fits in Figure 4.

Model predictions based on this unified parameter set reproduced observations of SOA
mass concentration for both OVOCs with nearly the same level of fidelity as the separate sets.
These fits, however, seemed to underpredict the O:C for Butyl Carbitol, compared to the
standalone fits. Such universal parameter sets hold significant value in simulating the SOA
formation from a lumped class of SOA precursors in CTMs.

3.2 SOA Parameterizations Based on Atmospheric Simulations
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Output from the pseudo atmospheric simulations performed using the SOM-TOMAS
model were used to develop two different kinds of parameterizations for VCP OVOC:s: (i) a simple
parameterization based on the carbon and oxygen numbers of the OVOC and (ii) VBS parameters
for use in CTMs. The atmospheric simulations were based on the SOM-TOMAS parameters
(VWL=on) listed in Table 2 for OVOCs and were based on SOM-TOMAS parameters from our

previous work for hydrocarbons.?! We should note that for both OVOCs and hydrocarbons, the
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Figure 5: Predictions of SOA mass yields from atmospheric simulations (photochemical age=12 hours,
OA=10 ug m>) performed with the SOM-TOMAS model. Simulations for OVOCs were based on the par-
ameters listed in Table 2 (VWL=on). Simulations for alkanes, biogenics, and aromatics were based on
parameters developed in previous work.”’ Aromatic outliers (phenol, guaiacol, and naphthalene) are lab-
eled explicitly and excluded from the linear fits.

parameters used to run these simulations were exclusively determined from environmental
chamber data performed under high NOx conditions.

In Figure 5, we plot the SOA mass yields from atmospheric simulations performed at an
OA mass loading of 10 pg m™ and at a photochemical age of 12 hours against the quantity

[Nc—No] (carbon number - oxygen number). The SOA mass yields, as we know, scale with Carbon
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number, and have an inverse relationship with Oxygen number, owing to increased fragmentation.
Hence, we subtract the Oxygen number, to account for the fragmentation effects. We found that
the SOA mass yields for OVOCs exhibited a modest linear correlation with [Nc-No] (R*=0.57),
with Texanol being an outlier (SOA mass yield of 0.02); the slope of the linear fit increased by
25% and the R changed to 0.88 if Texanol was removed from the fit. It is not clear as to why
Texanol is an outlier, given that it is very vulnerable to fragmentation. This linear trend seemed
intuitive since SOA production, as previously mentioned, has been shown to be proportional to the

carbon number!>137

and negatively affected by the presence of oxygen-containing functional
groups (e.g., alcohol, carbonyl, acid), % for acyclic VOCs. The linear correlation was weakened

when we considered different integer values for ‘z’ in [Nc—2ZXNo] (z=0, 1, 2, 3, etc.). When

compared to the trends seen with OVOCs, the SOA mass yields for alkanes (based on parameters
for n-dodecane, methylundecane, and hexylcyclohexane)®® and biogenic VOCs (based on
parameters for isoprene, a-pinene, and 3-caryophyllene)'*¢! showed a stronger correlation with
[Nc] (since [Nc-Nol=[Nc] for No=0); R>=0.9 for alkanes and R’=0.99 for biogenic VOCs.
Furthermore, the trend lines for OVOC:s, alkanes, and biogenic VOCs were nearly parallel to each
other, offset by an [Nc-No] of ~4, suggesting that for the same [Nc-No] OVOCs take on higher
SOA mass yields relative to biogenic OVOCs, followed by alkanes. The SOA mass yields for
single-ring aromatics (based on parameters for benzene, toluene, m-xylene, o-xylene, phenol,
guaiacol, syringol, and naphthalene)'®%>"%* did not show clear trends with [Nc-No]. If phenol,
guaiacol, and naphthalene were treated as outliers (no specific reason), the SOA mass yields for
single-ring aromatics exhibited a negative correlation with [Nc-No] (R?=0.72). Interestingly, the
SOA mass yield for benzyl alcohol (0.13) with an [Nc-No] of 6 was in between that for syringol

(SOA mass yield of 0.15 and with an [Nc-No] of 5) and toluene (SOA mass yield of 0.096 and
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with an [Nc-No] of 7). The SOA mass yield trends shown for hydrocarbons are for illustrative
purposes and to facilitate comparisons with those for OVOCs.

Overall, we found that the SOA mass yields for OVOCs were on the same order of
magnitude or higher (after correcting for the presence of oxygen-containing functional groups) as
previously well-studied VOCs. It is important to note that the SOA parameterization for OVOCs,
presented here (i.e., y=0.002+0.032x[Nc-No])), is based on a limited set of environmental chamber
data. Accordingly, we advise that this parameterization only be used in the absence of experimental
data or when a rough estimate is needed for the SOA mass yield for a new OVOC, representative

of conditions in a typical urban environment.
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Figure 6: (a) Predictions from the SOM-TOMAS and VBSsou models for the pseudo atmospheric simulat-
ions for carbitol at three different OA mass concentrations. Predictions from the VBSsoy model are based
on VBS fits to the SOM-TOMAS model results. The VBS fits are listed for carbitol (along with other OVOCs)
in Table 2. (b) VBS fits presented for carbitol as a function of ¢

The time-varying SOA mass yields from the atmospheric simulations at three different OA

mass loadings were used to fit VBSsom parameters for use in CTMs. Results for carbitol, as a
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representative choice, are shown in Figure 6. An instantaneous partitioning model based on the
VBSsom parameters was able to generally reproduce the OA mass concentration-dependent SOA
mass yield at photochemical ages longer than 12 hours but it overestimated the SOA mass yield at
shorter times (Figure 6a). As mentioned in Section 2.3, this was because we deliberately chose to
fit a static set of products that did not react further, which resulted in a fixed mass yield with time.
Results for all OVOCs are shown in Figure S2 and VBSsom parameters for all OVOC:s are listed
in Table 3.

Table 3: VBS parameters based on fitting the SOM-TOMAS model output from pseudo atmospheric
simulations at three COA values: 0.1, 1, and 10 ug m>. The SOM-TOMAS parameters used in these
simulations are from Table 2 (VWL=on).

logjoc*
VCP OVOC
0.1 1 10 100
Propylene Glycol 0.0919 0.0000 0.0000 0.0000
Diethylene Glycol 0.0149 0.0000 0.0000 0.0017
Carbitol 0.1473 0.0000 0.0000 0.6652
Triethanolamine 0.0221 0.0159 0.1008 0.1618
Benzyl Alcohol 0.0000 0.1513 0.1592 0.0001
Dimethyl Glutarate 0.0051 0.0020 0.0507 0.0684
Butyl Carbitol 0.0000 0.0100 0.3734 0.0166
DPGMEA 0.2326 0.0000 0.0000 0.2138
Texanol 0.0009 0.0145 0.0088 0.0046
Methyl Palmitate 0.6572 0.0000 0.0000 0.0000

In general, results for these other OVOCs were similar to those shown in Figure 6 for
carbitol, with one exception (i.e., benzyl alcohol). Characteristic SOA mass yield versus OA mass
concentration curves based on the VBSsom parameters for all ten OVOCs are shown in Figure 7.
These curves are useful in visualizing the rank order for OVOC:s for their potential to form SOA

as well as quantifying the SOA mass yields at different OA mass loadings.
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Figure 7: SOA mass yields plotted against OA mass concentrations based on the VBSsou parameters
determined from atmospheric simulations performed with SOM-TOMAS. The yield curves are split across
two panels (a and b) for visual clarity.

The VBSsowm parameters listed in Table 3 are for individual OVOCs and do not provide
direct guidance on how these need to be implemented in CTMs aiming to simulate the SOA
contribution from VCP sources. For propylene glycol, we recommend treating that it as an explicit
species in chemical mechanisms due to its implications for PAN formation combined with
significant emissions and potential to form SOA.° In addition, we propose the following surrogate
schemes based on a qualitative interpretation of the yield-loading curves presented in Figure 7. For
a lower bound estimate of SOA, we propose using the VBSsom parameters for diethylene glycol
for all glycols, butyl carbitol for all glycol ethers, and Texanol for all esters and acetates. For an
upper bound estimate of SOA, we propose using the VBSsom parameters for propylene glycol for
all glycols, carbitol for all glycol ethers, and DPGMEA for all esters and acetates. Oxygenated
aromatics could be represented using the VBSsom parameters for benzyl alcohol. These surrogate
assignments do not aim to cover the entire diversity of VCP OVOCs and more work is needed to

help target OVOC:s for future experimentation with chambers and flow reactors.
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4. Implications for Anthropogenic SOA

New York City (Manhattan)
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Figure 8: (a,d) VOC (blue bars) and reacted VOC (AVOC) (red bars) and (b,e) SOA estimates from mobile
sources and VCP use in (a,b,c) NYC and (d,e,f) the US. VOC and SOA estimates are calculated for a pho-
tochemical age of 12 hours and an OA mass loading of 10 ug m™, representative of high NOx conditions.

SOA is resolved by precursor class. (c,f) Fractional contribution of VOCs to VCP-related SOA for the top
fifteen species.

VOC emissions from mobile sources and VCP use were combined with SOA mass yields
from the SOM-TOMAS atmospheric simulations to estimate SOA production resolved by source
and precursor class. Results for NYC are shown in Figure 8. VOC emissions from VCP use (10.9
kg person’! yr'!) were more than twice that from gasoline exhaust (4.9 kg person™ yr'!), which

constituted most of the emissions from mobile sources (i.e., on- and off-road gasoline, evaporated
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gasoline vapors, and on- and off-road diesel) in NYC. After 12 hours of photochemical aging, a
comparable amount of VOCs from VCP use had reacted (37%) compared to those from mobile
sources (43%). With more emissions and a higher OH reactivity, VCP use resulted in much
stronger (2.5%) SOA production (0.32 kg person’! yr'l) compared to mobile sources (0.12 kg
person'1 yr‘l). Amongst VCP VOCs, hydrocarbons (i.e., alkanes, alkenes, and aromatics)
accounted for most of the VCP-related SOA, with OVOCs contributing to 28% of the SOA. An
examination of the top fifteen VOCs that were responsible for more than two-thirds of the VCP
SOA offered a few additional insights: (1) fragrances that are primarily composed of terpenes and
terpenoids® accounted for a quarter of all VCP-related SOA, (ii) many of the important VCP SOA
precursors were long-chain (Cjo+) branched and cyclic alkanes, and (iii) glycols (propylene glycol,
glycerol) and a single methyl ester (isopropyl palmitate), insect repellent (N,N-Diethyl-m-
toluamide), and glycol ether (carbitol) were amongst the top OVOCs contributing to VCP SOA.
Results for SOCAB are shown in Figure S3 and, despite the use of a coarser emissions inventory,
the findings were generally consistent with those presented for NYC (Section S2).

Coming to the fraction of VOCs emitted indoors that make it outside, it can depend on a
host of factors such as the compound being emitted, indoor oxidant levels, geographical location,
& physical conditions. As an example, the indoor emissions react with oxidants such as O3 among
others. So, in the limit of zero chemical losses, the indoor emissions will equal the emissions to
the ambient air. For molecules reactive with O3 in indoor air, such as Terpenes, chemical losses
indoors will decrease the amount that is transported outside. Under typical ambient levels of O3
(50-80 ppb) observed across the LA basin during the 2010 CalNex study, 5-30% of terpenes
emitted indoors can react from ozonolysis.! So, it would be fair to say that 70-95% of the terpenes

emitted indoors are transported outdoors.
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Results for the US, which uses a separate emissions estimation approach, are also shown in Figure
8 and these appeared to be slightly different from those presented for SOCAB and NYC. VOC
emissions from VCP use (7.6 kg person™! yr'!) were slightly lower than those from mobile sources
(8 kg person™! yr'!) and, hence, SOA production was proportionately lower (0.19 versus 0.23 kg
person’! yr'!, respectively). Despite those differences, some of the same precursor categories (e.g.,
alkanes, OVOCs) and classes (e.g., branched and cyclic alkanes, terpenes, glycols, glycol ethers,
esters, insect repellents) were found to contribute the most to VCP SOA. The top fifteen VOCs
accounted for slightly less than two-thirds of the total VCP SOA. There were three key differences
between the US and NYC/SoCAB results. First, large alkyl methyl esters were the dominant
species contributing to VCP SOA nationally (15% of the total) while fragrances were the dominant
species in NYC/SoCAB. Second, OVOCs accounted for more than 40% of the VCP SOA
nationally but ~27% of the VCP SOA in NYC/SoCAB. Third, diesel (on- and non-road) sources
contributed more to SOA than gasoline sources in the US, highlighting the larger proportion of
diesel to gasoline sources nationally, relative to NYC and SoCAB. A compilation of the top 50
VOC:s contributing to VCP SOA for all three regions is provided in Tables S5 through S7. One
key takeaway from this analysis that would be of particular significance to EPA is that, to cut down
on the SOA formation from VCP sources, one should probably focus on reformulating the products
with non-oxygenated VOC species with lower SOA forming potentials. The OVOC species may

be overlooked, considering their relatively low SOA contributions.
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The results described above were calculated for photochemical ages of 12 hours and a

background OA mass loading of 10 ug m™ to keep the findings relevant for cities. To investigate
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Figure 9: Same as Figure 8(a,b,c) but with all VOC reacted.

the maximum potential to form SOA, we performed the same analysis for the NYC emissions
assuming all SOA precursors had completely reacted and those results are presented in Figure 9.

Here, the VCP SOA was only 1.2x the mobile source SOA, a much smaller difference
compared to the 2.5x difference found at the city-relevant photochemical age. This was largely
because the important SOA precursors in gasoline exhaust are single-ring aromatics and IVOCs,
both of which reacted much more slowly than the more reactive VOCs found in VCP emissions.
As shown in Figure 9, SOA production from VCP use only doubled (from 0.32 to 0.66 kg person
U'yr!) while SOA production from mobile sources more than quadrupled (from 0.12 to 0.53 kg
person! yr'l).

If results from the calculations above can be extrapolated for the US population, VCP use
would contribute to 60 to 130 Gg yr'! of SOA 12 hours after emission and a maximum of 160 to

310 Gg yr'! of SOA (ignoring that at regional/global scales the OA mass loading and NOx levels
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would be much lower and other atmospheric processes might be more important (e.g., deposition,
photolysis)). The VCP contributions to anthropogenic SOA and PM> 5 are significant since mobile
sources, as a widely regulated source of air pollutants, are estimated to contribute to PMa25 on a
similar scale: 100 Gg yr'! of primary OA and a maximum of 200 Gg yr'! of SOA.®® Quantifying
the magnitude and the composition of atmospheric VCP VOC emissions is an active area of
research and, hence, the calculations performed in this work and the comparisons made with

mobile source SOA need to be interpreted with care.
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SUPPLEMENTARY INFORMATION

S1: The SOA mass yields for the OVOC:s studied in this work were based on the SOA parameters
listed in Table 2. The SOA mass yields for the following VOCs were based on parameters
determined in previous work: n-dodecane, methylundecane, hexylcyclohexane, isoprene, a-
pinene, limonene, f-caryophyllene, benzene, toluene, m-xylene, o-xylene, naphthalene, alkylfuran
mixture (2-methylfuran and dimethylfuran), phenol, guaiacol, and syringol.!** For the remaining
VOC:s, the following surrogate assignments were made to calculate SOA formation: linear alkanes
- n-dodecane, branched alkanes - methylundecane, cyclic alkanes - hexylcyclohexane, alkenes (Cs
to Co) - isoprene, alkenes (Cio+) - a-pinene, single-ring aromatics (Cg+) - m-xylene, multi-ring
aromatics - naphthalene, gasoline IVOCs - Ci3 linear alkane, diesel IVOCs - Cis linear alkane,
furans - alkylfuran mixture, oxygenated aromatics - phenol/guaiacol, glycol ethers - diethylene
glycol, and acetates and esters - Texanol. We should point out that the SOM-TOMAS parameters
inform the trajectory of the VOC and its oxidation products through a carbon-oxygen grid subject
to functionalization and fragmentation reactions. By definition, then, the SOA mass yields for a
precursor, with a different carbon and oxygen number than the assigned surrogate, will be different
from those for the surrogate. We deliberately chose a low SOA mass yield surrogate for glycol
ethers (i.e., diethylene glycol instead of carbitol or butyl carbitol) and acetates and esters (i.e.,
Texanol instead of methyl palmitate, DPGMEA, or dimethyl glutarate) to provide a lower bound

on the SOA production estimate from VCP VOC:s.
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S2: Results for SOCAB are shown in Figure S3 and, despite the use of a coarser emissions
inventory, the findings were generally consistent with those presented earlier for NYC. VOC
emissions from VCP use (11.4 kg person’ yr'!) were 1.6x of those from mobile sources (7.3 kg
person’ yr'!); compared to NYC, SOCAB had higher evaporative gasoline emissions presumably
from a warmer climate and higher diesel exhaust emissions from a larger footprint of on- and off-
road diesel vehicles. SOA production from VCP use (0.38 kg person™! yr'!) was 2.6x that from
mobile sources (0.15 kg person’! yr'!), which was nearly identical to that in NYC. The precursor
contributions to VCP SOA were very similar between SOCAB and NYC with nine VOCs (out of
fifteen) overlapping between the two regions. Similarities between SOCAB and NYC can partly
be attributed to similar methodologies being used to develop those respective emissions

inventories.
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Table S1: Summary of data for the high NOx chamber experiments performed by Li et al."® and those used in this work to test SOA parameters for

select OVOC:s.
Seed
Surrogate - . . OH

VCP MW kou , VOC H,0, Initial Initial Initial Exposure Max. SQA Mass | SOA
ovVoC Formula (um Mix.? Added VOC, NO NO2 (molec.hr SOA Yield

(g.mole) | (cm*molec’'s™) " (ppbv) (ppbv) (ppbv) em?) ) (ug m?) (Max.) 0:C

cm?)
P‘gfy-‘yclg‘e C3H;0, 76.09 2.15x10°!! 249 Y N 40 17 6.4 1.04x10 6.22 0.09 0.55%
D‘é’;l};ycloelne C4H100; 106.12 2.75%101! NA % N 80 20 13 9.80x10° 344 0.02 NM
Carbitol C¢H 405 134.17 5.16x10" NA Y Y 40 7.6 22 1.52x107 25.57 0.12 0.6-1.2%

EMeasurement based on a different experiment; NA=unseeded experiment; NM=not measured.
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Table S2: Top 50 VOCs contributing to VCP SOA in NYC.

Species Contribution to VCP SOA (%)
Fragrances 25.8
Propylene glycol 8.9
C13-C18 mixed hydrocarbons 54
Isopropyl palmitate 5.0
C12 cycloalkanes 2.6
Glycerol 2.6
Xylenes 2.5
C12 branched alkanes 2.5
C11 cycloalkanes 24
C16 branched alkanes 2.0
N,N-Diethyl-m-Toluamide and Isomers 1.8
C13 branched alkanes 1.7
C15 cycloalkanes 1.7
C17 branched alkanes 1.6
Butyl carbitol 1.5
n-dodecane 14
Pine oil 1.3
C11 branched alkanes 1.2
n-undecane 1.2
C9 cycloalkanes 1.2
C16 cycloalkanes 1.1
C10 cycloalkanes 1.1
n-pentadecane 1.0
dipropylene glycol monobutyl ether 1.0
Ethylene glycol phenyl ether 1.0
Dipropylene glycol 0.9
C15 branched alkanes 0.9
C10 branched alkanes 0.9
C10 disubstituted benzenes 0.7
Butyl cellosolve (2-butoxyethanol) (egbe) 0.7
n-hexadecane 0.7

42




2,2 4-trimethyl-1,3-pentanediol isobutyrate

0.7

(Texanol)

Toluene 0.7
C8 cycloalkanes 0.7
C13 cycloalkanes 0.6
C14 cycloalkanes 0.6
D-limonene (4-isopropenyl-1-methylcycohexane) | 0.6
C16-C18 alkyl methyl esters 0.5
C10 internal alkenes 0.5
Propylene glycol butyl ether (1-butoxy-2- 0.5
propanol)

n-nonane 04
C10 alkyl phenols 0.4
n-tetradecane 0.3
Ethylbenzene 0.3
n-tridecane 0.3
Hexylene glycol (2-methyl-2,4-pentanediol) 0.3
1,2 ,4-trimethylbenzene 0.3
C11 internal alkenes 0.3
C15 naphthalenes 0.3
Diethylene glycol 0.3
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Table S3: Top 50 VOCs contributing to VCP SOA in SoCAB.

Species Contribution to VCP SOA (%)
Fragrances 16.8
Oxygenated IVOCs 10.7
Diesel 5.4
IVOCs 5.4
Propylene glycol 4.9
Pine Oil 4.5
Xylenes 3.6
C16 branched alkanes 2.5
C15 cycloalkanes 2.5
Limonene 2.3
C12 branched alkanes 2.1
C17 branched alkanes 1.9
Butyl carbitol 1.9
C12 cycloalkanes 1.8
Carbitol 1.7
C11 cycloalkanes 1.6
C16 cycloalkanes 1.6
toluene 1.5
C13 branched alkanes 14
n-pentadecane 1.3
n-dodecane 1.2
C15 branched alkanes 1.1
C9 cycloalkanes 1.1
n-undecane 1.0
n-hexadecane 0.9
i-butyl acetate 0.9
C14 cycloalkanes 0.9
n-butyl acetate 0.8
C8 cycloalkanes 0.8
C11 branched alkanes 0.8
Hexylene glycol 0.8
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C10 cycloalkanes 0.6
C10 branched alkanes 0.6
2-Butoxyethanol 0.5
Dipropylene glycol Methyl Ether 0.5
Texanol 0.5
C10 disubstituted benzenes 0.5
n-tetradecane 0.5
n-nonane 0.4
Cl11 trisubstituted benzenes 0.4
C12 trisubstituted benzenes 0.4
Phenoxyethanol 0.4
C13 cycloalkanes 0.4
Dipropylene glycol 0.3
Ethylbenzene 0.3
C14 naphthalenes 0.3
C10 trisubstituted benzenes 0.3
C9 branched alkanes 0.3
1,2,4-trimethylbenzene 03
n-octane 0.3
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Table S4: Top 50 VOCs contributing to VCP SOA in the US

Species Contribution to VCP SOA (%)
C16-C18 alkyl methyl esters 14.9
C14-C16 alkanes 6.3
Butyl carbitol 59
Terpene 4.4
Propylene glycol 44
Limonene 3.7
Xylenes 33
C12 cycloalkanes 3.1
C12 branched alkanes 2.8
C11 cycloalkanes 2.8
N,N-diethyl-m-toluamide 2.5
Carbitol 24
Toluene 22
C13 branched alkanes 2.1
Ethylene glycol monobutyl ether 1.9
n-dodecane 1.7
Misc. esters 1.6
n-undecane 1.5
DL-limonene (dipentene) 1.4
Phenoxyethanol 1.4
Texanol 1.2
Glycol ether dpnb 1.1
Dipropylene glycol methyl ether acetate 0.9
1-butoxy-2-propanol 0.9
C15 cycloalkanes 0.7
C16 branched alkanes 0.7
Styrene 0.7
Methyl propylcyclohexanes 0.6
C10 internal alkenes 0.6
C11 branched alkanes 0.6
Isomers Of undecane 0.6
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C13 cycloalkanes 0.6
Dipropylene glycol monomethyl ether 0.6
C17 branched alkanes 0.6
C10 alkylphenols 0.5
Isomers Of decane 0.5
C16 cycloalkanes 0.4
C11 internal alkenes 0.4
C10 cycloalkanes 0.4
Benzyl alcohol 0.4
n-tridecane 0.4
n-pentadecane 0.4
C11 trialkyl benzenes 0.4
2-ethylhexyl benzoate 0.3
Citrus terpenes 0.3
2-methyldecane 0.3
Ethylmethylcyclohexanes 0.3
C15 branched alkanes 0.3
UNC peaks to CBM xylene 0.3
n-decane 0.3
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(a) Propylene Glycol (b) Diethylene Glycol (c) Carbitol (d) Butyl Carbitol
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Figure S1: (a-f) Modeled and measured total particle number concentration in experiments where
ammonium sulfate seed was not added to the chamber and SOA was allowed to nucleate. (g) Modeled and
measured total particle number concentration for the methyl palmitate experiment, where a small amount
of nucleation was observed. For simplicity, a constant nucleation rate was determined by fitting the initial
increase in the particle number concentration and nucleation was turned off after reaching the peak number
concentration.
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Figure §2: Same as Figure 6 but for OVOC:s studied in this work. Results for carbitol, shown in Figure 6,
are repeated in this figure.
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South Coast Air Basin (California)
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Figure S3: Same as Figure 8 but for the South Coast Air Basin (SoCAB).
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