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A B S T R A C T

Emissions of certain low vapor pressure-volatile organic compounds (LVP-VOCs) are considered exempt to vo-
latile organic compounds (VOC) regulations due to their low evaporation rates. However, these compounds may
still play a role in ambient secondary organic aerosol (SOA) and ozone formation. The LVP-VOCs selected for this
work are categorized as intermediate-volatility organic compounds (IVOCs) according to their vapor pressures
and molecular formulas. In this study, the evaporation rates of 14 select IVOCs are investigated with half of them
losing more than 95% of their mass in less than one month. Further, SOA and ozone formation are presented
from 11 select IVOCs and 5 IVOC-containing generic consumer products under atmospherically relevant con-
ditions using varying radical sources (NOx and/or H2O2) and a surrogate reactive organic gas (ROG) mixture.
Benzyl alcohol (0.41), n-heptadecane (0.38), and diethylene glycol monobutyl ether (0.16) are determined to
have SOA yields greater than 0.1 in the presence of NOx and a surrogate urban hydrocarbon mixture. IVOCs also
influence ozone formation from the surrogate urban mixture by impacting radical levels and NOx availability.
The addition of lab created generic consumer products has a weak influence on ozone formation from the
surrogate mixture but strongly affects SOA formation. The overall SOA and ozone formation of the generic
consumer products could not be explained solely by the results of the pure IVOC experiments.

1. Introduction

Atmospheric fine particulate matter is considered to have significant
effects on the earth's energy budget, human health, and visibility (Yee
et al., 2013; Naeher et al., 2007; Qin et al., 2013). Secondary organic
aerosol (SOA) is estimated to account for a dominant fraction of the fine
particle mass in the troposphere (Hallquist et al., 2009; Cappa et al.,
2016; Jathar et al., 2017; Ma et al., 2017). However, current models
still cannot explain a significant portion of ambient SOA (Presto et al.,
2009). In addition, emissions of volatile organic compounds (VOCs)
into the air contribute to tropospheric ozone formation, higher con-
centration of which is a threat to human health and plant ecosystems
(Finlayson-Pitts and Pitts, Jr., 1993).

The California Air Resources Board (CARB) defines a low vapor
pressure-volatile organic compound (LVP-VOC) as a chemical “com-
pound” containing at least one carbon atom with vapor pressure less
than 0.1 mm Hg at 20 °C, or having more than 12 carbon atoms, or
having a boiling point greater than 216 °C, or as a chemical mixture
being comprised solely of compounds with more than 12 carbon atoms,
or as the weight percent of a chemical mixture that boils above 216 °C
(CARB, 2015). The CARB estimates LVP-VOC usage in California to be
290 tons/day (Cocker et al., 2014). These low-volatility organic com-
pounds are widely used to produce industrial solvents, coatings, cos-
metic, perfume, and pharmaceutical products (Bernard et al., 2013; Vo
and Morris, 2014). Vo and Morris (2014) demonstrate that some LVP
solvents being categorized as meeting the LVP-VOC nonvolatile
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standards clearly volatilize at ambient conditions, nearly as rapidly as
the traditional high volatility solvents they are meant to replace. Shin
et al. (2016) develop and evaluate environmental modeling tools and
find that when the LVP-VOC in a consumer product is volatilized from
the surface to which it has been applied, greater than 90% is available
for photochemical reactions either at the source location or in the
downwind areas.

Select LVP-VOCs are considered as intermediate-volatility organic
compounds (IVOCs) according to their vapor pressures and molecular
formulas. These IVOCs have saturation concentrations ranging from
300 to 3× 106 μgm−3 (1–1000mgm−3) and are found almost entirely
in the vapor phase (Donahue et al., 2012). Much heavier and less vo-
latile IVOCs can potentially form SOA more efficiently than the more
abundant but much more volatile traditional VOC SOA precursors
(Robinson et al., 2007; Chan et al., 2009). Therefore, conducting re-
search on SOA forming potential from these IVOCs helps to explain the
gap between SOA model prediction and ambient measurement. How-
ever, not very much experimental work has been published on SOA
formation from IVOCs. Most of the work has focused on the SOA
forming potential of alkanes (straight chain, branched, and cyclic),
naphthalene, alkylnaphthalenes, and exhaust from gasoline and diesel
powered vehicles (as summarized below).

Several smog chamber experiments under both high and low NOx

conditions confirm that SOA generated from photo-oxidation of IVOCs
may be an important contributor to urban organic aerosol (OA) and
should be included in SOA models (Presto et al., 2009; Tkacik et al.,
2012). Gentner et al. (2012) find that on-road diesel vehicles are a
major source of IVOC emissions in the Los Angeles area. Additionally,
substantial formation of SOA is observed from the oxidation of diesel
emissions (Weitkamp et al., 2007; Sage et al., 2008; Gentner et al.,
2012). Recently, Zhao et al. (2014) estimate that primary IVOCs pro-
duce about 30% of newly formed SOA in the afternoon during the
California at the Nexus of Air Quality and Climate Change (CalNex)
study, about 5 times more than that from single-ring aromatics.

High SOA yields are also observed from reactions of C12-C17 n-al-
kanes, C10-C15 cyclic alkanes, and C16 branched alkanes with OH ra-
dicals in the presence of high NOx in an environmental smog chamber
(Lim and Ziemann, 2005, 2009; Presto et al., 2010; Loza et al., 2014).
The yields from photo-oxidation of C12 cyclic alkanes are also high
under low NOx condition (Loza et al., 2014). However, Tkacik et al.
(2012) do not report high yields for high-NOx photo-oxidation of C12

straight chain, branched, and cyclic alkanes at lower COA (organic
aerosol concentration) that are more representative of typical atmo-
spheric aerosol concentrations. Under low NOx conditions, the yields
are high for photo-oxidation of naphthalene, 1-methylnaphthalene, and
2-methylnaphthalene (Chan et al., 2009; Chen, et al., 2016).

This work experimentally examines SOA and ozone formation from
the photo-oxidation of select IVOCs and generic consumer products
containing one of the select IVOCs under urban low NOx

(18.7–36.4 ppb) concentrations in the presence of a surrogate mixture
used to control the chamber reactivity and mimic urban atmospheric
activity. Controlling chamber reactivity with a surrogate reactive or-
ganic gas (ROG) mixture has been previously explored to study ozone
formation by measuring incremental reactivities of representative vo-
latile organic compounds (VOCs) (Carter et al., 1995, 2005). The at-
mospheric availability of select IVOCs, SOA mass yields, ozone forma-
tion, and bulk SOA chemical composition and physical properties from
select IVOCs and mixtures containing some of them are explored. This
paper provides fundamentals for constraining modeling research to
better estimate SOA and ozone formation from IVOCs.

2. Materials and methods

2.1. IVOC volatilization rates

Evaporation rates of individual IVOCs were studied gravimetrically

within miniature (∼30 L) evaporation chambers operating as con-
tinuous stirred tank reactors (CSTRs, Fig. 1). The residence time of the
chambers was set to 3.5 exchanges of air per hour. The air entering
these chambers was purified (Aadco 737) and had no detectable par-
ticles (< 0.2 particles cm-3), non-methane hydrocarbons (< 1 ppb),
and NOx (< 10 ppt). The dew point of the air was less than−60 °C. The
temperature of individual environmental chambers was maintained at
25° C.

The evaporative mass flux was measured by a mass balance ap-
proach with the pure compounds being placed on aluminum boats
(capacity 20ml, top I.D. 43mm, Sigma-Aldrich) and weighed. Samples
were weighed daily for the first ten days and then weekly thereafter for
compounds with slow evaporative rates for a period of six months. A
bank of 10 of these systems was utilized in parallel to simultaneously
measure the evaporation rate of the ten IVOC samples.

2.2. Surrogate ROG mixture

A surrogate ROG mixture was developed by Carter et al. (1995). to
represent the major classes of hydrocarbons and aldehydes measured in
ambient urban atmospheres, with one compound used to represent each
model species used in condensed lumped-molecule mechanism. Total
surrogate concentrations used were 1.1 ppmC. The concentration of
each species in the surrogate ROG mixture can be found in Table 1.

2.3. Photo-oxidation experiments in UCR CE-CERT environmental smog
chamber

SOA and ozone formation from photo-oxidation of IVOCs were
studied in the UCR CE-CERT dual indoor smog chambers (2 mil FEP
Teflon film), which are described in detail elsewhere (Cocker, D. R.,
et al., 2001). The chambers were located in a temperature and

Fig. 1. Schematic for IVOC volatilization measurement.

Table 1
Composition of surrogate ROG mixture.

ppb/ppmC Compounda

20.6 m-Xylene
89.8 n-Butane
20.7 n-Octane
13.6 trans-2-Butene
23.1 Toluene
16.3 Ethylene
13.6 Propylene

a All the chemicals are purchased from Sigma-Aldrich
(≥95.0–99.0%).
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humidity-controlled (< 0.1%) enclosure. Before conducting each ex-
periment, the chambers were cleaned by reducing the chamber volume
to less than 5% of its original volume while flushing the chamber with
500 L/min of purified air to make sure that the chambers had no de-
tectable nonmethane hydrocarbons (1 ppbC detection limit), NOx

(< 10 ppt), and particles (< 0.2 particles/cm3). The chambers were
then filled to capacity with purified air.

Known volumes of NO (Matheson, UHP grade) and NO2 (generated
in-situ by chemical conversion of NO) were introduced into calibrated
bulbs based on calculated partial pressures and then flushed into the
chambers by using 50 °C pure N2 as the carrier gas. Gas phase surrogate
was injected directly into the chambers at a flow rate of 0.5 LPM. Liquid
phase surrogate and tracer (perfluorohexane (Sigma-Aldrich, 99%))
were injected into a small glass tube using a microliter syringe and then
were vaporized in a 50 °C pure N2 stream. The additional OH radical
was generated via photolysis of hydrogen peroxide (SigmaAldrich,
50 wt. % in H2O) which was gently heated (55–60 °C) in a small oven
through glass wool (tube) and evaporated into a nitrogen stream (∼5
LPM) to the chambers for about 20min to insure an initial mixing ratio
of approximately 1 ppm. The two chambers were subsequently mixed to
reach identical concentrations on both sides. The two reactors were
then isolated from each other and the SOA forming IVOC precursor of
interest was injected into one of the chambers. The other chamber was
used as control. 272 UV black lights (115W Sylvania 350BL, NO2

photolysis rate 0.4 min−1) were turned on to initiate photo-oxidation.
All experiments were conducted at 300 K in the absence of seed.

Initial precursor concentrations of IVOC (40–160 ppb, Sigma-
Aldrich (≥95.0–99.0%)) were selected based on preliminary SAPRC-11
ozone modeling (lumped gas-phase kinetic model, see Carter et al.,
2012) to ensure that a measurable and kinetically comparable change
in ozone formation would be observed compared to the surrogate only
case. Table S1 lists all of the experiments conducted for this study.
Table 2 lists the experimental types.

2.4. Instrumentation

Decay of IVOCs was monitored using dual Agilent 6890 (Palo Alto,
CA) gas chromatographs equipped with flame ionization detectors (GC-
FID) and a Syft Technologies Voice200 Selected Ion Flow Tube-Mass
Spectrometer (SIFT-MS). Ozone concentration was monitored by a
Dasibi Environmental Corp. Model 1003-AH O3 analyzer. A Thermo
Environmental Instruments Model 42C chemiluminescence NOx ana-
lyzer was used to evaluate concentrations of NO, NO2 and NOx.

Particle concentrations inside the chambers were monitored using a
pair of scanning mobility particle sizers (SMPS). Particle wall loss was
corrected using the method described in Cocker et al. (2001). A house-
built volatility tandem differential mobility analyzer (VTDMA)
equipped with a Dekati thermodenuder (CSi32) was used to track the
evolving volatility of SOA produced within the reaction chamber (re-
sidence time=17 s; temperature 100°C) (Rader and McMurry, 1986;
Cocker et al., 2001). Particle density was measured by a Kanomax
aerosol particle mass analyzer (APM) coupled to a house-built SMPS

(Malloy et al., 2009).
The nonrefractory submicrometer particle mass and composition

were monitored by an Aerodyne high-resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS) (DeCarlo et al., 2006). The HR-ToF-
AMS was alternatively operated in Ve and W-modes to provide both
high sensitivity and high mass resolution data. AMS data were analyzed
using the standard AMS data analysis software SQUIRREL v1.57 and
PIKA v1.16, the standard ToF-AMS analysis toolkits written in Igor Pro
6.30 (WaveMetrics Inc., Lake Oswego, OR).

Work by the Ziemann group (Matsunaga and Ziemann, 2010) has
more recently challenged the conventional assumption that the highly
hydrophobic Teflon surfaces used for chamber wall material do not
participate in the gas-particle equilibrium achieved within the reaction
mixture inside the chamber. Matsunaga and Ziemann (2010) point out
those sufficiently low vapor pressure products could participate in an
equilibrium process with the wall, providing a sink for VOCs during the
initial part of the experiment and a possible source later in the ex-
periment. More recently, papers by Yeh and Ziemann (2014), Krechmer
et al. (2016), Ye et al. (2016), and Zhang et al. (2014) have provided
additional insight into the potential effects of chamber walls with their
impacts ranging from very significant to minor. Considering direct loss
of vapors to the chamber walls would likely result in higher SOA mass
yields. However, these losses are uncertain and have not been ac-
counted for by most of current smog chamber studies. Therefore, we do
not make any corrections for direct loss of vapors to the chamber walls.

2.5. Selection of individual IVOCs and mixtures

The selection of individual IVOCs and consumer products mixtures
was made in direct consultation with CARB staff and the advisory
committee (industry experts) set-up by CARB based on use and che-
mical classes. Fourteen LVP-VOCs were initially selected for analysis
(Table 3); however as three (glycerol, methyl palmitate, and trietha-
nolamine) do not evaporate significantly (< 5%) under ambient con-
ditions over a six-month time period they were not studied as part of
the subsequent environmental chamber work. Additionally, five IVOC
containing consumer products were selected (recipes shown in Table
S2). These generic consumer products were formulated with guidance
from the Consumer Specialty Products Association (CSPA).

3. Results and discussion

3.1. Atmospheric availability of the select IVOCs

Table 3 lists chemical and physical properties of individual com-
pounds investigated as part of this work. Oxidation state of carbon
OSc( ) for each select chemical compound is calculated as

= −OSc O C HC2 : (Kroll et al., 2011). Fig. 2 shows a 2-D space with
the volatility (saturation concentration C*, μg m−3) as the x-axis and
the extent of oxidation of the select IVOCs (oxidation state of carbon) as
the y-axis (Donahue et al., 2012). C* determines the amount of organic
aerosol. The volatility ranges are identified with colored bands. In the

Table 2
Experimental conditions for SOA formation from select individual IVOCs.

Experimental conditions Description

IVOC + H2O2 + UV Simplest oxidation experiment to study SOA formation from IVOC, no surrogate added. The photolysis of H2O2 increases both OH
and HO2 radical concentrations.

IVOC + NO + UV Photo-oxidation system with individual IVOC to study directly IVOC oxidation and SOA formation.
Surrogate + NOx + UV Performed in parallel as control for surrogate containing experiments described immediately below.
IVOC + Surrogate + NOx + UV Photo-oxidation system where a surrogate mixture is used to study the effects of individual compounds on overall SOA and ozone

formation.
Surrogate + NOx + UV + H2O2 Performed in parallel as control for surrogate containing experiments described immediately below.
IVOC + Surrogate + NOx + H2O2 + UV Introduction of a test compound into the surrogate mixture can lead to competition for the hydroxyl radical. Experiments are

conducted with 1 ppm H2O2 to reduce the impact of hydroxyl radical loss.
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order of increasing volatility, gray shading refers to extremely low
volatility organic compound (ELVOC, C* < 3 × 10−4 μgm−3), which
stays almost entirely in the aerosol phase under ambient conditions.
Light red shading stands for low volatility organic compound (LVOC,
3× 10−4 < C* < 0.3 μg m−3). Light green shading represents semi-
volatile organic compound (SVOC, 0.3 < C* < 300 μg m−3). Light
blue shading refers to intermediate volatility organic compound (IVOC,
300 < C* < 3 × 106 μgm−3). Yellow shading stands for volatile
organic compound (VOC, C*> 3 × 106 μgm−3). The C* values are
obtained from Donahue et al., (2012). All of the individual compounds
studied in this work are labelled on the figure with all compounds in the
IVOC range except glycerol and Triethanolamine.

Evaporation rates of the IVOCs tested are evaluated gravimetrically
with individual IVOC evaporation experiments commencing with

200 μl placed into a weighing boat. Benzyl alcohol, DEGBE, n-
Tridecane, DBE-5, DPGMEA, DEGEE, and propylene glycol lose more
than 95% of their mass within 1 month and Texanol® within 3 months
(Abbreviations are defined in Table 3). Glyceryl triacetate, diethylene
glycol, and n-Heptadecane lose half of their weight within 6 months.
Glycerol, triethanolamine, and methyl palmitate lose less than 5% of
their mass within six months.

Correlations of the IVOC evaporation rates to physical and chemical
properties of the IVOCs are explored in an effort to provide semi-em-
pirical prediction of the evaporation behavior for IVOCs studied.
Previous studies show that evaporation rate from inert surfaces corre-
lates well with vapor pressure (Woodrow et al., 1997, 2001; Guth et al.,
2004). Later, Mackay and Wesenbeeck (2014) develop a simpler one
parameter correlation for the evaporation rate of chemicals as a func-
tion of not only vapor pressure, but also molar mass. The relationship
agrees with the assumption that the air immediately in contact with the
liquid surface achieves a partial pressure of P (Pa). Therefore, the
evaporation rate can be estimated as the product of the saturated vapor
concentration and a mass-transfer coefficient. Their equation applies
only to liquid surfaces that are not affected by the underlying solid
substrate, such as selection of hydrocarbon carrier fluids used in
emulsifiable concentrates in pesticide formulations and prediction of
evaporation behavior of cleaning solvents applied to surfaces under
fairly quiescent conditions.

In the current study, evaporation rate is calculated from the initial
loss rate (initial slope) in Fig. 3 for each individual IVOC. Fig. 4 applies
the correlation from Mackay and Wesenbeeck (2014)’s study and plots
molar mass× vapor pressure versus evaporation rate with the constant
designed in our systems for all IVOCs (Eqs. (1)). Experimental data
exhibits a good linear trend (R2= 0.98), which indicates that the
evaporation rates of IVOCs studied in this paper not only depend on
their vapor pressures, but also correlate with their molar mass. This
work extends the application of Mackay and Wesenbeeck's method

Table 3
Chemical and physical properties of the select IVOCs tested.

IVOC Compounda Name CAS # Chemical
Formula

Molecular Structure Boiling Pointb Vapor Pressurea OSco
c log10(C*)

°C mm Hg ug m−3

Propylene Glycol 57-55-6 C3H8O2 188 0.08 −1.3 5.72

Diethylene Glycol 111-46-6 C4H10O3 245 0.002 −1.0 4.51

Diethylene Glycol Ethyl Ether (DEGEE) 111-90-0 C6H14O3 202 <0.1 −1.3 5.96

Diethylene Glycol Monobutyl Ether (DEGBE) 112-34-5 C8H18O3 230 0.02 −1.5 5.28

Benzyl Alcohol 100-51-6 C7H8O 205 0.094 @ 25 °C −0.9 5.74

Dipropylene Glycol Methyl Ether Acetate (DPGMEA) 88917-22-0 C9H18O4 209 0.08 −1.1 5.91

Dimethyl Glutarate (DBE-5) 1119-40-0 C7H12O4 215 0.097 −0.6 4.33

n-Tridecane (n-C13) 629-50-5 C13H28 234 0.08 @25 °C −2.2 5.74
n-Heptadecane (n-C17) 629-78-7 C17H36 302 <0.001 −2.1 4.61
2,2,4-Trimethyl-1,3-Pentanediol Monoisobutyrate

(Texanol®)
25265-77-4 C12H24O3 244 0.01 −1.5 4.64

Glyceryl Triacetate 102-76-1 C9H14O6 260 0.0025 @ 25 °C −0.2 4.50

Methyl Palmitate 112-39-0 C17H34O2 417 0.038 @ 25 °C −1.8 2.90

Triethanolamine 102-71-6 C6H15NO3 335 8.38e-6@ 25 °C −1.5 1.80

Glycerol 56-81-5 C3H8O3 290 0.003@50 °C −0.7 1.83

a All the chemicals are purchased from Sigma-Aldrich (≥95.0–99.0%).
b Values are obtained from ACD/Labs Percepta Predictors—Software Modules.
c OSco is calculated based on the molecular structure of the IVOCs studied.

Fig. 2. Volatility and the extent of oxidation of the select IVOCs.
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(2014).

= × ×ER VP MW0.00284 (1)

where ER is the individual IVOC evaporation rate in g day−1, VP is the
vapor pressure in mmHg, and MW is the molar mass in g mol−1.

3.2. SOA formation

As the extent of gas-particle partitioning is a function of organic
aerosol concentration, the atmospheric representativeness of a given
aerosol formation experiment is related to the final organic aerosol
formed during a given experiment. Typically, ambient fine particle
organic aerosol concentrations tend to be less than 10 μgm−3. Rather
than invest in obtaining full data sets necessary for yield curve de-
terminations for just a few IVOCs, it is determined to measure SOA
formation from a variety of IVOC precursors. Therefore, the SOA for-
mation observed is used as a guidance as to the extent of SOA formation
that might be expected from a variety of SOA precursors. The relative
amounts of SOA formation from the IVOC precursors provide a strong
indication of which IVOC precursors are important (or unimportant)
SOA producers warranting further investigation. To calculate the mass
concentration of the SOA, the SOA volumes established by SMPS
measurements are wall-loss corrected following procedures detailed in
Cocker et al. (2001) and then multiplied by measured SOA density.

3.2.1. Adding an IVOC to a surrogate ROG mixture
As mentioned in the previous section, the surrogate consists of a

simplified mixture designed to represent the major classes of hydro-
carbons measured in ambient urban atmospheres, with one compound
used to represent each class of model species used in condensed
lumped-molecule mechanism (Carter et al., 2005). The surrogate is
used as a tool to better simulate atmospheric reactivity during SOA and
ozone formation in an urban environment. Fig. 5 shows SOA formation
from photo-oxidation of DEGEE in the presence of NO only, H2O2 only,
and both the surrogate mixture and NOx. A surrogate/NOx experiment
(no added IVOC) is also provided for comparison. Experimental con-
ditions are summarized in Table 4. SOA formation is the highest for
conditions that favor greater IVOC consumption, as illustrated in Fig. 5,
where the higher OH radical concentration in the H2O2 only experiment
is available to consume more DEGEE (Table 4). The second highest
hydroxyl radical concentration is generated in the surrogate-NOx-
DEGEE experiment and therefore has the second greatest DEGEE con-
sumption and SOA formation (Table 4). Without the presence of the
surrogate mixture, the progression of the DEGEE-NO experiment to a
point where NO consumption is complete is suppressed, thus delaying
the evolution of excess peroxy and hydroperoxy radicals (Li et al.,
2015). Therefore, it is not until the end of the DEGEE-NO experiment
that conditions favoring SOA formation are achieved and measurable
aerosol formation commenced in the relative absence of NO. NO de-
pletion is achieved much earlier with surrogate mixture present. Fur-
ther, due to the lower reactivity (hydroxyl radical generation) without
the surrogate mixture, a smaller amount of DEGEE is consumed under
NO only conditions. The surrogate-NOx run (no additional IVOC) does
not form much SOA.

3.2.2. SOA formation from select individual IVOCs
Fig. 6 presents the SOA formation from individual IVOCs when

oxidized in the presence of the surrogate, NOx and UV. SOA mass
concentration is normalized by total mass of precursor consumed. One
might expect that the selected IVOCs with lower vapor pressures than
traditionally studied VOCs would have greater propensity to form SOA.
However, these findings demonstrate that half of the select IVOCs did
not form appreciable SOA. Benzyl Alcohol, n-Heptadecane, and DEGBE
have the most significant aerosol formation, while DEGEE, n-Tridecane,
and DBE-5 show moderate aerosol formation. The largest rate of SOA
formation occurred within the first two hours of photo-oxidation, co-
inciding with highest OH concentrations, estimated from the decay of
m-xylene. The higher the SOA formation is, the faster the formation rate
of SOA is during the first two hours of photo-oxidation. The SOA for-
mation from n-Tridecane and DBE-5 are delayed, which may have been
due to formation of low-volatility compounds through multi-generation
processes.

A series of experiments are conducted with enhanced OH reactivity
by injecting 1.0 ppm H2O2, which allows for greater consumption of the

Fig. 3. Weight loss of the select IVOCs in evaporation chambers (Abbreviations are de-
fined in Table 3).

Fig. 4. Evaporation rate measured by the experiments and predicted by the evaporation
model of the select IVOCs (calculated from weight loss results (Fig. 3).

Fig. 5. Comparison of SOA formations from three different photo-oxidation systems.
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initial IVOC by offsetting losses in reactivity due to hydroxyl radical
consumption. Fig. 7 illustrates the normalized SOA formation from
individual IVOCs with surrogate, NOx, UV, and H2O2. Benzyl Alcohol,
n-Heptadecane, DPGMEA, DEGBE, and n-Tridecane all show significant
aerosol formation. DEGEE, Propylene Glycol, and DBE-5 show mod-
erate aerosol formation. The SOA formed from DEGEE and DEGBE is
observed to decrease slightly during the last 3 h of the experiments,
which may indicate that some semi-volatile species partition back from
aerosol phase to gas phase and fragmented during further oxidation (Li
and Cocker, 2017). The SOA formations from n-Tridecane, DPGMEA,
DBE-5, Propylene Glycol, DEGEE and DEGBE are all delayed, which
may be due to formation of low-volatility compounds through multi-
generation processes.

Fig. 8 confirms that more SOA formation occurs for IVOCs in the

presence H2O2 than without. DPGMEA does not form observable SOA
without H2O2 addition, but forms appreciable amount of SOA in the
presence of H2O2. Adding H2O2 creates twice and five times the SOA
formation from Benzyl Alcohol and n-Tridecane, respectively. Adding
H2O2 does not significantly affect SOA formation from n-Heptadecane
indicating that the SOA formation is dominated by sufficiently first
generation low volatility products which do not react further to form
appreciable additional SOA. The other reason could be that some semi-
volatile products partition back to gas phase through continuous oxi-
dation.

3.2.3. SOA mass yields of select individual IVOCs
To compare the SOA formation across individual IVOCs, an effective

SOA mass yield is calculated for each IVOC using an approach similar to
that of Odum et al. (1996, 1997a, 1997b). The definition of the effective
SOA mass yield (Y) used in this study is the ratio of the particle wall-
loss-corrected SOA mass ( MΔ 0) to the estimated mass of IVOC reacted
( HCΔ ) (Eq. (2)).

=Y M
HC

Δ
Δ

0
(2)

The amount of IVOC reacted is calculated by assuming that each
IVOC undergoes a first order reaction with the OH radical (Eq. (3)),

= −
d C

dt
k OH C[ ] [ ][ ]i

OH C i, ,i (3)

where [Ci] is the individual IVOC concentration in μg m−3, kOH is the
reaction rate constant in cm3 (molecules·s)−1, [OH] is the OH radical
concentration in molecules cm−3. The reaction rate constants (kOH) for
each IVOC are taken from the literature and are listed in Table S3. [OH]
is estimated using decay of m-xylene. Excellent consistency is seen be-
tween yields obtained from calculated and measured IVOC decay for
IVOCs with available concentration data (Fig. S1). SOA yields from
photo-oxidation of IVOCs with surrogate and NOx range from<0%

Table 4
Experimental conditions for runs listed in Fig. 5.

Experimental conditions Surrogate0a (ppmC) NOb (ppb) NO2
b (ppb) DEGEE0c (ppb) OH (molec cm−3) ΔDEGEEd (μg m−3) ΔMe (μg m−3) Yield

Surrogate + NOx 1.1 ∼16 ∼9 – 1.52E+08 – 2.3 –
DEGEE + NO – ∼20 – 40 6.49E+07 168.0 4.6 0.03
Surrogate + NOx + DEGEE 1.1 ∼16 ∼9 40 9.96E+07 338.2 23.0 0.07
DEGEE + H2O2 – – – 40 3.66E+8 360.9 49.1 0.2

a Initial surrogate ROG mixture concentration.
b Initial NO and NO2 concentration.
c Initial DEGEE concentration.
d DEGEE reacted.
e SOA formed.

Fig. 6. Normalized SOA formation by total precursor consumed from select individual
IVOCs with surrogate and NOx.

Fig. 7. Normalized SOA formation by total precursor consumed from individual IVOCs
with surrogate, NOx, and H2O2.

Fig. 8. Comparison of SOA formation with and without H2O2 for select IVOCs in the
presence of NOx and surrogate.
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(negligible) to 41% (Table S4). SOA yields from photo-oxidation of
select IVOCs with surrogate, NOx, and H2O2 range from<1% (negli-
gible) to 56% (Table S4). Individual aerosol yield experiments are in-
sufficient to fit empirical two-product models or Volatility Basis Sets
(VBS) (Donahue et al., 2012). However, the values obtained still pro-
vide insight into those IVOCs that are most likely to form SOA. While
the initial hypothesis is that IVOCs would form significant SOA, only
Benzyl Alcohol, n-Heptadecane, and DEGBE have yields greater than
0.1 (without additional H2O2). Addition of H2O2 adds DEGBE, and
DPGMEA to the list of SOA precursors with yields> 0.1.

3.2.4. SOA formation from select IVOC-containing consumer products
Fig. 9 plots the SOA formation from several consumer products in

the presence of surrogate and NOx. SOA formation from corresponding
individual IVOCs present in the consumer product is shown as com-
parison. The IVOC in consumer product quantity matches to the in-
dividual IVOC experiment except for laundry detergent and lotion runs,
where the Propylene Glycol quantity are 2 times higher than that in
individual Propylene Glycol experiments. For the caulk remover
without water run, the top three major components (dimethyl glutarate,
dimethyl succinate, and dimethyl adipate) in the caulk remover mixture
are injected instead of adding the whole mixture. The amount of the
three IVOCs injected matches the amount of the three IVOCs present in
the caulk remover with water run. Fig. 9 illustrates that laundry de-
tergent, general purpose spray cleaner, and paint stripper (from most to
least) each forms appreciable amounts of SOA compared to that formed
from the surrogate ROG mixture alone while the hand lotion and caulk
remover (with or without water) form only minimal amounts of SOA
compared to that formed from the surrogate only experiment. General
purpose spray cleaner contains DEGBE and more aerosols are formed in
the general spray cleaner mixture than by that from DEGBE alone. Si-
milarly, the laundry detergent mixture forms more aerosol than its
IVOC, propylene glycol. Both paint stripper and caulk remover contain
DBE-5. However, DBE-5 aerosol behave differently in the two different
product mixtures. Paint stripper forms more aerosol than DBE-5 while
caulk remover forms less aerosol than DBE-5.

Clearly, the presence of other chemicals in the consumer product
influences the reactivity and aerosol formation routes. For instance, the
paint stripper contains 5% d-limonene, a known reactive compound
individually capable of forming significant amounts of SOA (and ozone)
(Kundu et al., 2012), which is expected to have an additive effect on the
SOA formed from the individual IVOC. The additive effect includes both
increased reactivity of the IVOC (More is consumed) as well as the
additional SOA produced by the d-limonene itself. This further leads to
greater SOA formation as more SOA present increases the expected SOA
yield of the compound through increased sorptive partitioning. Con-
versely, other ingredients in the caulk remover may be acting as a

hydroxyl radical scavenger reducing the extent of IVOC oxidation and
thus SOA formation from the caulk remover compared to the individual
compound itself.

Two consumer products (laundry detergent and lotion) are studied
in the presence of the surrogate mixture with enhanced H2O2 (Fig. 10).
The hand lotion still produces little SOA while the SOA formation from
laundry detergent is greatly enhanced. The SOA enhancement for
laundry detergent is consistent with enhancements seen for individual
IVOCs (however, SOA formation is much greater than that anticipated
from Propylene Glycol). The hand lotion is difficult to inject, which may
have led to lower SOA formation than expected from the mixture.

3.2.5. Trends in SOA elemental composition and SOA physical properties
Table S1 summarizes the oxygen-to-carbon (O:C) and hydrogen-to-

carbon (H:C) ratios along with other physical properties of SOA, in-
cluding density and volatile fraction remaining (VFR) for all the ex-
periments. VFR ( =VFR d d/3

0
3, d (particle final mobility diameter) and

d0 (particle initial mobility diameter)) is used to describe bulk SOA
volatility after heating SOA at a fixed temperature (17 °C) in a ther-
modenuder for a short period of time (17s). Fig. 11 plots ΔO:C against
SOA mass concentration. The ΔO:C is calculated by subtracting the
initial O:C of SOA forming precursor from the final O:C, which is an
averaged value over the last one hour. A general increase of the ΔO:C
ratio as the SOA mass concentration increases is observed, suggesting
that the amount of SOA formed is dependent on SOA chemical

Fig. 9. Comparison of SOA formation from single IVOCs with that from mixtures in the
presence of surrogate and NOx. Fig. 10. SOA formation from IVOCs containing generic consumer products with surro-

gate, NOx, and H2O2.

Fig. 11. Correlation between the change of oxygen to carbon ratio (ΔO:C) and SOA mass
concentration for all the runs producing > 2 μg m−3 of aerosol with available AMS data.
Data collected under different experimental conditions are identified by different mar-
kers.
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composition. Several experiments, most notably DPGMEA, are observed
to have ΔO:C less than zero, attributable to loss of oxygen during
fragmentation processes or through dehydration reactions. Fig. S2 and
Fig. S3 explore the relationship amongOSc, volatility, and SOA yield for
photo-oxidation of select IVOCs. Fig. S4 shows the relationship between
VFR and OSc.

3.3. Ozone formation from select individual IVOCs

Fig. 12 presents the results of ozone formation from individual
IVOCs with surrogate and NOx. The final ozone concentrations range
from 145 to 222 ppb. DEGEE, Diethylene Glycol, Glycerol Triacetate,
and Propylene Glycol show enhanced O3 formation, while DBE-5 and
DEGBE are similar to the surrogate only O3 formation, and the presence
of n-Tridecane, n-Heptadecane, Benzyl Alcohol, and Texanol® reduces
the O3 formed from the surrogate mixture.

It is important to note that a decrease in ozone formed with the
addition of the IVOC does not necessarily indicate that the IVOC will
suppress ozone formation in the atmosphere—only that it is negatively
impacting the specific surrogate mixture ozone formation. This may be
attributed to larger changes in radical concentrations, NOx loadings,
etc. than expected to occur within the more complex ambient atmo-
sphere with its more significant reservoir. This has been observed and
discussed previously (Carter, 2011). For example, in the n-Tridecane
and n-Heptadecane case, heavy alkanes could be radical inhibitors,
which will prevent cycling OH radicals back by generating RONO2 in-
stead of RO· (Carter, 2011). Therefore, addition of n-Tridecane and n-
Heptadecane reduces the overall hydroxyl concentrations available to
oxidize both the IVOC and the ozone forming surrogate hydrocarbons
relative to the amount of oxidation and ozone that forms in the surro-
gate photo-oxidation alone. If the reduction is large enough and the
experiment is sensitive enough to this reduction in hydroxyl radical
then less net O3 formation will occur when the added IVOC is present.
The sensitivity of the experiment to reduced radical levels depends on
the conditions of the experiment, and calculations indicate that most of
our experiments are more sensitive to reduced radical levels than is the
case for atmospheric conditions where the relative abundance of the
IVOC to other VOCs participating in the reaction is lower (Carter,
2011).

As to the Benzyl alcohol and Texanol® case, the ozone formation rate
is faster than that of the surrogate but also plateaus at a lower ozone
concentration. The probable explanation is that under low NOx condi-
tions, the availability of NOx throughout the experiment determines
how much ozone will ultimately form. Although the ozone forms faster
under this condition, if there is a VOC or IVOC that removes NOx at a
faster rate and the experiment is sensitive enough to NOx conditions,
there will be less NOx available to form ozone. Once the NOx is con-
sumed, ozone will stop forming. The experiments measure the effects of

the test compounds or mixtures on ozone formation under the chamber
environment. Because of different sensitivities to effects on radical le-
vels and other factors, the effects on ozone in the chamber is not exactly
the same as their effects on ozone in the atmosphere.

An additional series of experiments with enhanced hydroxyl radical
concentration is performed to exercise the performance of the model
and offset losses in hydroxyl reactivity in the mixture due to the addi-
tion of the IVOC (Fig. S5). Direct comparisons of ozone formation for
select IVOCs with and without H2O2 are shown in Fig. S6. Ozone for-
mation rate is faster when adding H2O2. Fig. S7 and Fig. S8 illustrate
ozone formation from select IVOCs-containing consumer products in
the presence and absence of H2O2. Ozone Modeling Results from the
SAPRC-11 Mechanism is shown in Fig. S9. Generally, acceptable
agreement is observed between the IVOC experiments within this work
and that predicted by the current SAPRC-11 model, with the model
giving good simulations (Fig. S9), and simulating the impacts of the
added compounds within the range observed previously for similar
compounds (Carter, 2010).

4. Conclusion

The evaporation rates of 14 IVOCs that are also classified as LVP-
VOCs are measured. Half of these IVOCs lose more than 95% of their
mass within a month suggesting that these compounds, which are ex-
empted from VOC regulations as LVP-VOCs, may be evaporate under
ambient conditions for SOA and ozone formation. SOA formations from
the individual IVOCs studied vary widely with nearly half of the IVOCs
explored not forming measurable SOA while other IVOCs producing
appreciable SOA. Further detailed studies are required to determine
functional relationships of other IVOC compound types to improve
forecasting of ability of other types of IVOCs to form SOA. Ozone for-
mations from several individual IVOCs are suppressed, which indicates
that the IVOCs act as either radical inhibitors or removed NOx at a
faster rate than the surrogate mixture. The current SAPRC-11 model
predicts ozone formation from select IVOCs well, and the current
maximum incremental reactivity (MIR) values associated with the
compounds are expected to be good. The addition of lab created generic
consumer products (general purpose spray cleaner, paint stripper, caulk
remover, laundry detergent, and hand lotion) has a weak influence on
ozone formation from the surrogate mixture but strongly affects SOA
formation. Other components, beyond the individually identified IVOCs
also strongly contribute to aerosol formation as the total aerosol for-
mation observed could not be explained solely by the individual aerosol
forming IVOCs studied. The overall SOA and ozone formation of the
generic consumer product could not be explained solely by analyzing
the results of the pure IVOC experiments.
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