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ABSTRACT: Emissions from volatile chemical products (VCPs)
are emerging as a major source of anthropogenic secondary organic
aerosol (SOA) precursors. Paints and coatings are an important
class of VCPs that emit both volatile and intermediate volatility
organic compounds (VOCs and IVOCs). In this study, we directly
measured I/VOC emissions from representative water- (latex) and
oil-based paints used in the U.S. Paint I/VOC emissions vary by
several orders of magnitude by both the solvent and gloss level.
Oil-based paints had the highest emissions (>10° ug/g-paint),
whereas low-gloss interior paints (Flat, Satin, and Semigloss) all
emitted ~10° ug/g-paint. Emissions from interior paints are
dominated by VOCs, whereas exterior-use paints emitted a larger
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fraction of IVOCs. Extended emission tests showed that most I/VOC emissions occur within 12—24 h after paint application,
though some paints continue to emit IVOCs for 48 h or more. We used our data to estimate paint I/VOC emissions and the
subsequent SOA production in the U.S. Total annual paint I/VOC emissions are 48—155 Gg (0.15—0.48 kg/person). These
emissions contribute to the formation of 2.2—7.5 Gg of SOA annually. Oil-based paints contribute 70—98% of I/VOC emissions and
61—99% of SOA formation, even though they only account for a minority of paint usage.
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1. INTRODUCTION

PM, ;, particulate matter with a diameter of less than 2.5 um,
has deleterious effects on human health and the environ-
ment."”” Exposure to elevated concentrations of PM, is
associated with increased risk of respiratory and cardiovascular
diseases, making poor air quality one of the leading preventable
causes of death worldwide.’

A significant portion of the PM, s mass (20—90%) is organic
aerosol (OA). OA is classified as either primary (POA) or
secondary (SOA).* SOA forms through reactions in the
atmosphere and makes up a significant portion of ambient OA
even in urban areas.””® SOA is formed when pollutants which
are emitted as vapors such as volatile organic compounds
(VOCs) react with oxidants, and the subsequent products
condense into the particle phase. Here, we define VOCs as
organic compounds with effective saturation concentrations
(C*) greater than 3.2 X 10° ug/m>. Less volatile organics such
as intermediate volatile organic compounds (IVOCs, 3.2 X 10°
> C* > 32 X 10* pg/m’) also can be important SOA
precursors,””'" potentially contributing as much as 50% of
urban SOA."

Historically, mobile sources have been a large source of
anthropogenic SOA precursors. However, as vehicles have
become cleaner due to regulations and new technologies,”’ the

© XXXX American Chemical Society

WACS Publications A

importance of SOA formation from emissions from non-
combustion sources such as volatile chemical products (VCPs)
has increased.'*"> VCPs contribute about a quarter of VOC
emissions in the U.S,; this is similar to mobile source emissions
from diesel and gasoline vehicles."* The majority of research
on anthropogenic sources of SOA has focused on emissions
from combustion processes,'®™'® despite the fact that VCPs
are thought to have significant SOA yields."” In order to
address this gap, we need to quantify the magnitude and
composition of SOA-forming emissions from VCPs.

One challenge for understanding emissions from VCPs is
that these products cover a wide range of forms and functions
including cleaning supplies, personal care products, paints and
coatings, and many other products. Emissions from some of
these products are more atmospherically relevant than others
due to their timescales and modes of emission. Paints and
coatings, which made up 13% of the U.S. organic solvent
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consumption for 2012, are thought to contribute to significant
VOC emissions.' " Seltzer et al. recently estimated that paints
and coatings contribute 33% of VCP and VOC emissions in
the United States, with architectural coatings contributing 21%
of the paint sector emissions.”

Although many previous studies have characterized paint
emissions,”' ~>° there has been little effort to understand their
contribution to SOA formation. For example 2previous studies
have quantified emissions of hazardous VOCs,”"**” emissions
of individual VOCs,”*™*° their impact on indoor air quality,*’
and their outdoor ozone reactivity.32 However, we are not
aware of any published experimental work that has quantified
I/VOC (IVOC + VOC) emissions from paints and their
contribution to SOA formation.

This paper describes experimental measurements of I/VOC
emissions from a range of different paints. We use these data to
estimate the contribution of architectural coatings to I/VOC
concentrations and SOA formation potential in the U.S.

2. INSTRUMENTATION AND METHODS

2.1. Materials. The paint sector is very large. Under the
U.S. Census Bureau’s classification of “architectural coatings”
(category#: 3255101), the mass of architectural paints used per
year, scaled to the 2021 population, is 3.1 Tg.>’ Architectural
coatings make up 59% of the total paint usage in the U.S., with
the remainder dominated by industrial coatings.”’

Variability across the large architectural coating sector stems
from differences in the solvent (water vs oil), manufacturer,
gloss level (high through low), indoor versus outdoor use, and
the presence of different binders and pigments; all of these
factors can impact emissions.”* One of the major differ-
entiators between paints is whether they are oil- (alkyd) or
water- (acrylic/latex) based. Fifty years ago, most paints were
oil-based because of their resistance to wear and ease of
application.”> However, oil-based paints contain much higher
levels of VOCs, and over the past few decades, there has been a
dramatic shift to water-based paints.” In general, water-based
paints have <250 g/L of VOCs, while oil-based paints are
required to have <380 g/L of VOCs.*® There are also “low-
VOC?” paints which are required to have <5 g/L of VOCs.
These requirements apply only to the organic solvent portion
of the paints and do not account for “exempt” VOCs or water.
Some VOCs, including acetone, are classified as exempt VOCs
by both the U.S. EPA and the California Air Resources Board
(CARB) because of their low ozone formation potential. Thus,
while these exempt VOCs fit the traditional definition of a
VOC based on vapor pressure, they do not meet the regulatory
definition of a VOC present in consumer products.

Our approach was to sample as broad an array of
architectural coatings as possible. The U.S. Census Bureau
inventory’” includes 23 classifications of paints which can be
grouped into five categories of latex paint (Flat, Semi-gloss
Interior [Semilnt], Semi-gloss Exterior [SemiExt], High Gloss,
and Satin) and oil-based paint. We tested commercially
available paints from each of these categories. A full description
of the paints selected can be found in Table SI1 in the
Supporting Information.

2.2. Procedures. We conducted two types of experiments
with each paint: (1) headspace sample and (2) extended
emission experiments. These experiment types are described in
detail below, with additional details available in Section S1 of
the Supporting Information. All experiments were conducted
at 22 + 2 °C.

The extended emission experiments quantified the total
mass of I/VOC emissions for 48 h after paint application.
Extended emission experiments were conducted in two
different flux chambers. Most experiments used a 12 L
aluminum flux chamber (Figure S1), while others used a larger
23 L fiberglass flux chamber. At the start of each extended
emission experiment, a piece of the pre-cut substrate was
weighed, painted (~S8 cm® painted surface), re-weighed to
determine the mass of the paint applied, and immediately
placed into the chamber. As shown in Table S2, most
experiments used ~1—2 g of paint. The chamber was then
sealed, and sampling began. Activated-carbon-filtered air was
pulled through the flux chamber at a flowrate of 0.37 slpm.
This gave a residence time of 3.2 min (air exchange rate of
18.75 h™') for the aluminum chamber and 62 min (air
exchange rate of 0.96 h™"') for the fiberglass chamber.

The total mass emissions were computed via mass balance:
E, = ACQ, where E, (ug/s) is the mass emission rate of
species i, AC; is the background-corrected concentration of
species i (ug/m?), and Q is the flow rate of air through the flux
chamber (m?/s). The background-corrected concentration is
determined by collecting a blank sample from the empty flux
chamber before the start of each experiment. The total
emission per mass of paint (ug/g-paint) is determined by
integrating E for each species over the entirety of the
experiment and dividing by the mass of paint used.

Most extended emission experiments used drywall as a
substrate as it is a commonly painted surface material
throughout the United States. Several experiments, primarily
with outdoor use paints, were also conducted with wood and
metal as the substrate (Table S2).

Headspace experiments were used to obtain a fingerprint of
paint vapors. In these experiments, we sampled directly (~$
cm) above open paint cans that were placed in a fume hood.
Figure S1 shows a schematic of the headspace experimental
setup.

We used multiple methods to comprehensively quantify the
composition of paint I/VOCs in both the headspace and
extended emission experiments. VOCs and more volatile
IVOCs (e.g, naphthalene) were measured with quadrupole
proton transfer reaction mass spectrometry (PTR-MS).”” The
proton transfer reaction mass spectrometer was operated in
scan mode from m/z 21 to 155 and sampled continuously for
the entirety of the extended emission tests (typically 48 h).

IVOCs were primarily quantified using Tenax sorbent tubes,
followed by thermal desorption GC—MS gas chromatogra-
phy—mass spectrometry (GC—MS) analysis. Tenax TA was
selected as the sorbent material because it performs well while
sampling in high moisture environments and is known to be
effective at measuring I/VOCs.”*™*" A full description of the
GC—MS system, sorbent tube cleaning, and analysis
procedures can be found in section S1.3 in the Supporting
Information.

Tenax tube samples were collected over one-hour
intervals,0—1, 1-2, 4-5, 8—9, 24, and 48 h, after paint
application. Table S2 in the Supporting Information shows the
exact sampling times for each experiment.

2.3. Analysis and Compound Identification. To
estimate the SOA formation potential of paint emissions, we
need to quantify the I/VOC emissions by both volatility (C*,
ug/m?) and composition. We did this by combining data from
PTR-MS and GC—MS to comprehensively characterize the
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total I/VOC emission per mass of paint applied for all six of
the tested paint types.

A challenge is that the complexity of paint emissions makes
them hard to speciate at the molecular level. For example,
IVOCs captured on the Tenax sorbent tubes cannot be fully
speciated using one-dimensional GC. Instead, most of the GC
signal appears as an unresolved complex mixture (UCM). An
example chromatograph is shown in Figure la. There are few
well-defined peaks. Instead, most of the mass elutes as a broad
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Figure 1. Volatility binning and compound class grouping. (a) Total
ion chromatograph of a Satin paint headspace sample is shown by the
thick black line. The signal decomposed into compound class
contributions using marker ions is shown with the color shading.
Vertical lines show logarithmically spaced C* bins determined from
the alkane retention time and volatility (e.g., alkane bin 7 corresponds
to the C* = 107 ug/m® bin). The relationship between the retention
time and volatility is shown for a series of n-alkanes (b) and esters (c).
(c) also shows the alkanes as light points to highlight the offset in
ester volatility, relative to alkanes.

UCM hump. Since SOA formation depends on volatility and
molecular structure,”** one must quantify the total mass of
emissions with enough chemical specificity to estimate SOA
yields.

2.3.1. Analysis of GC—MS Data. We aim to characterize the
total mass, volatility, and the chemical nature of the UCM. We
use GC elution time to characterize volatility and the mass
spectral data to characterize the chemical composition.
Previous work has used GC—MS analysis to quantify UCM
emissions from combustion systems.*>** We draw and expand
these methods here; additional details are provided in Section
S1.3 of the Supporting Information.

Previous work has used the retention time—volatility
relationship to map the UCM to the volatility basis set for
combustion emissions.”*® An example of this binning is
shown in Figure 1b for a homologous series of n-alkanes.
There is a nearly linear relationship between log(C*) and
retention time. This relationship can in turn be used to classify
UCM into logarithmically spaced C* bins, which are shown as
vertical lines in Figure la,b.

IVOC emissions from combustion systems are generally
dominated by aliphatic and aromatic hydrocarbons.”” Since
variations in hydrocarbon volatility are mostly a function of the
carbon number (rather than molecular structure),” in
previous work, a single relationship between retention time
and volatility has been sufficient. However, paint emissions
contain other, often more polar, compound classes (e.g,
ketones, aldehydes, alcohols, and esters) that may have
different relationships between C* and retention time.
Therefore, mapping the GC—MS signal into C* bins requires
classifying the UCM by composition.

An example of a different C*-retention time relationship is
shown for a series of esters in Figure 1c. While retention time
and C* show a log-linear relationship for the esters, the esters
are offset relative to the alkanes. This means that we cannot
use the C* bins defined by alkane retention times for the
esters; hence, Figure 1c shows different boundaries for the C*
bins for esters. Thus, to bin the UCM mass emitted from the
paints, we need to separately quantify volatility for each
compound class of interest. We calibrated the C*-retention
time relationship for nine classes of compounds (alcohols,
aldehydes, alkanes, amides, amines, aromatics, esters, ethers,
and ketones) and defined separate retention time windows for
each C* bin. Full details are presented in Table S3.

Since the relationship between C* and retention time varies
by the compound class, mapping the UCM volatility also
requires apportioning the GC signal into the nine compound
classes shown in Figure la. This was done using marker ions in
the mass spectra. We identified marker ions using two basic
rules: (1) the marker needed to be unique or nearly unique to
the compound class of interest and (2) the marker ion needed
to make up a non-trivial amount (ideally >5%) of the overall
signal for the compound class.

While there are common marker ions routinely used to
interpret mass spectra,49 they are not necessarily appropriate
for use in our analysis, given the complexity of the signal. For
example, m/z 57 is a common marker ion for hydrocarbons,
but it is a poor marker ion for our samples because m/z 57
appears in the mass spectrum for nearly every molecule with a
long carbon chain. Therefore, it is not specific enough to use as
a marker ion for paint analysis. Instead, we used the NIST
(National Institute of Standards and Technology) mass
spectral library to determine marker ions for each of our
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Figure 2. Total I/VOC emissions (ug/g-paint) over two-day extended emission experiments. Panel (a) separates the emissions into IVOC and
VOC, and (b) separates by the compound class. Error bars in panel (a) show the full range of experiment-to-experiment variability for VOCs and
the uncertainty associated with UCM apportionment for IVOCs, as described in SI section S2. Numbers in panel (a) show the ratio of the total I/
VOC emissions to the emissions for Flat paint, which had the lowest emissions. Numbers in panel (b) show the mass fraction of emissions

explained by measured I/VOCs.

nine compound classes. Table S4 shows the selected marker
ions for each compound class and the contribution of that ion
to the total ion signal, as determined from the NIST mass
spectral library. Example mass spectra showing marker ion
selection are shown in Figure S2.

The GC—MS signal was thus classified by both the
compound class and volatility. We first extracted the marker
ion signals from the total ion chromatogram and scaled them
by the corresponding volatility-dependent multiplier from
Table S4. This scaled signal was subsequently converted to
mass, using calibrations from authentic standards of the
compound class and volatility bin specific representative
compounds (Table S3). All GC—MS samples were also
corrected for recovery of a deuterated internal standard
(Section S1.3). Volatility was then apportioned using the
predefined volatility bins described above. The net result of
this analysis is shown in Figure la, where the colors indicate
contribution of different compound classes. Any unappor-
tioned signal (the white area in Figure la) was assumed to
have the same volatility relationship and mass calibration as
alkanes. GC—MS data for the headspace samples of each paint
type are shown in Figure S3. Section S2 in the SI provides
additional discussion on uncertainty in quantifying the UCM.

2.3.2. Analysis of PTR-MS Data. Our PTR-MS has unit
mass resolution. It therefore is unable to separate isobaric ions,
nor can it distinguish between compounds with the same
elemental composition. We addressed this in several ways, as
detailed below. Compound assignments are shown in Table S5
of the SL

For most mass fragments, compound identification relied on
the PTR-MS library’® to identify possible compounds for a
given mass—to-charge ratio (m/z). One exception was m/z 4S.
This ion is traditionally identified as acetaldehyde, but it has

been suggested that it is likely ethylene glycol in paint
emissions.”’

For some m/z values, there is only one suggested compound
in the PTR-MS library; however, there are many others which
may have contributions from multiple compounds. For those
m/z values, a search on PubChem was conducted to identify
the most likely of the suggested compounds to be found in
paints.

Not all m/z values that were detected in PTR-MS were able
to be identified with the combination of the PTR-MS library
and PubChem. To further aid in the identification, an open
headspace analysis of each paint sample was conducted with
the high resolution ThermoFisher Scientific Exactive Plus
extended mass range (EMR) mass spectrometer. The orbitrap,
operated in the normal mass range, allowed for exact mass
measurements using a resolution of 140000 at m/z 200. A
custom atmospheric pressure chemical ionization (APCI)
setup operated at 1400 V was used to generate the ions from
the paint emissions. According to the orbitrap instrument
manual, the external calibration, which was performed prior to
acquisition, is expected to provide a <3 ppm mass accuracy. To
further improve the ppm mass accuracy of detected species, a
lock mass calibration technique that utilized a persistent
background peak as the lock mass was introduced. To select a
proper peak, caffeine, a common mass spectrometry standard
with a monoisotopic ion mass of m/z 195.08765 first served as
a lock mass to determine the exact mass of the background
peak. A closely neighboring persistent background peak at
195.17421 amu was found and was then selected to serve as
the lock mass for all the analyses. After acquisition, the
elemental composition tool in XCalibur 4.1 (ThermoFisher
Scientific, San Jose, CA, USA) was used to find the best
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matching chemical formulas based on the elements C, H, N, O,
P, and S for the selected chemical species.

The orbitrap data allowed us to better constrain isobaric
species that could not be separated by PTR-MS. It also enabled
us to identify several fragment ions of texanol (2,2,4-trimethyl-
1,3-pentanediol monoisobutyrate), an ester found in many
latex paints. These fragments occur at m/z 69, 89, 111, and
129. Ions at these m/z are commonly assigned to other species
when detected with PTR-MS, for example, isoprene or
cyclopentene at m/z 69, hydroxyphenol at m/z 111, and
naphthalene at m/z 129. Since texanol is a latex paint additive,
we attribute these ions to texanol for the latex paints, but not
for the oil-based paint. Stockwell et al.”’ previously assigned
m/z 111 and 129 to texanol fragments for water-based paints.

Table SS shows a full list of ions scanned by PTR-MS, the
compound assigned to that m/z, and the resources used to
make that determination (PTR library, PubChem, and/or
APCI Orbitrap).

Following our comprehensive identification of compounds
measured by PTR-MS, with the help of the EMR measure-
ments, the emissions were also classified into one of the nine
compound groups used in the GC—MS analysis. Effective
saturation concentrations (C*) were calculated for individual
compounds using the SIMPOL method"™® and from GC
retention times for the UCM to classify the compounds as
either IVOCs or VOCs. SIMPOL typically estimates C* within
a factor of two. Ultimately, masses of I/VOCs measured by
both GC—MS and PTR-MS were added together to obtain the
total I/VOC emissions per mass of paint applied (ug/g) for
the tested paint types.

3. RESULTS AND DISCUSSION

3.1. Total I/VOC Emissions. Figure 2 shows the total I/
VOC mass emitted per mass of paint applied (1g/g) over 48 h
during the extended emission tests for each of the six paint
types tested. Figure 2a shows the total emission split among
VOCs and IVOCs, and Figure 2b shows emissions by the
compound class.

The total I/VOC emissions varied by several orders of
magnitude across the tested paint types. I/VOCs emitted from
the low-gloss, indoor, water-based paints (Flat, Semilnt, and
Satin) range from ~350 to 470 ug/g of paint applied. The
higher gloss, water-based paints had emissions 1—2 orders of
magnitude larger than the those of low-gloss paints. High Gloss
I/VOC emissions were 20 times larger than Flat paint
emissions (~7000 pg/g), and SemiExt emissions (24000
ug/g) were a factor of 67 larger than Flat paint emissions. The
oil-based paint had the highest emissions (~2.5 X 10° ug/g).

Variations in emissions by the paint type were significantly
larger than variations due to the substrate (drywall, wood, or
metal) or the choice of the flux chamber (aluminum vs
fiberglass). For example, substrate effects (Table S2) were
~10—20%, similar to experiment-to-experiment variability for
drywall experiments. In contrast, differences in emissions
between paint classes were an order of magnitude or more
(Figure 2).

This large variation in emissions indicates that representing
paint I/VOC emissions in chemical transport models will
require information on both the total mass of the paint used
and the types of paints used. Our data indicates that emission
inventories should incorporate information on three categories
of paints: (1) low-gloss water-based paints, (2) high-gloss
water-based paints, and (3) oil-based paints.

Our emission measurements are broadly consistent with the
measurements by Stockwell et al.”* They measured emissions
from several paints and an oil-based stain using time-of-flight
PTR-MS. As is the case in Figure 2, the measurements of
Stockwell et al. can be binned into three classes: the oil-based
stain had the highest emission (4.95 X 10° ug/g), latex paint of
the unspecified gloss level had significantly lower emission (43
000 ug/g), and a low-odor “zero VOC” paint had the lowest
emission (710 pg/g). The emission factors measured by
Stockwell et al. are around two times higher than the
measurements shown in Figure 2. This may be due to
differences in either the formulation or manufacturer of the
selected paints (e.g.,, Stockwell et al. tested an oil-based stain,
while we tested an oil-based paint) or differences in sensitivity
of their time-of-flight PTR-MS versus our quadrupole PTR-
MS. Nonetheless, the results of Stockwell et al. show the same
trend that emissions from different paints and coating classes
are separated by an order of magnitude or more.

The distribution of IVOC versus VOC emissions varies by
the paint type. The emissions from the lower gloss, indoor
paints are almost entirely VOCs (97% on a mass basis),
whereas IVOCs dominate the mass emissions from the High
Gloss (91% IVOCs) and SemiExt (83% IVOCs) paints.
Furthermore, as we describe in more detail below, the IVOC
emissions from the lower gloss, indoor paints are small and fall
below our detection limits after the first hour following paint
application. This implies that emissions from the lower-gloss,
indoor paints have little impact on outdoor IVOC concen-
trations and perhaps SOA formation.

By contrast, the high IVOC content of High Gloss and
SemiExt emissions indicates that they have larger SOA
formation potential. In addition, since the SemiExt paints are
exterior paints, this means that 100% of their I/VOC emissions
are released into the outdoor environment and therefore
impact ambient I/VOC concentrations and SOA formation.

The oil-based paints have a closer to even split between
IVOC and VOC emissions (39 and 61% respectively). The
total I/VOC emissions from oil-based paints are about a factor
of 10 larger than emissions from SemiExt, and the oil-based
paint has the largest emissions of IVOCs among the paints
tested here. Oil-based paints are primarily used outdoors due
to their hard-wearing properties. Therefore, oil-based paints
may also contribute significantly to ambient SOA formation.

Figure 2b shows that the distribution of compound classes
emitted varies by the paint type. The three low-emitting low-
gloss paints had a significant fraction of alcohols and ketones in
their emissions. These compound classes were almost entirely
due to emissions of two compounds: methanol and acetone.
For these three paints, acetone and methanol comprised 51—
65% of the total I/VOC emissions. As noted above, acetone is
classified as an “exempt” VOC because of its low ozone
formation potential.

The other paints had contributions from a wider array of
individual components, and the major compound classes
varied by the paint type. Table S5 indicates species that
contributed >1% of the mass emissions measured by PTR-MS.
Alkanes are a major component of the detected High Gloss
and SemiExt emissions (42% of the total mass for each). Many
of these alkanes were detected as the UCM on the Tenax
sorbent tubes. Texanol was a major component of the
emissions from High Gloss and SemiExt paints. A significant
portion of emissions from the oil-based paints (17%) is
aromatics. Aromatics typically have high SOA yields’' and are
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likely to significantly contribute to the SOA formation
potential from paints. The oil-based paint was also the only
paint with detectable emissions of formaldehyde (73 + 56 ug/

).

’ Figure 2b also shows the fraction of the observed paint mass
loss that can be described by I/VOC emissions based on
weighing the substrates prior to painting, immediately after
painting, and then at 48-h intervals for up to one month
(Figure S4). I/VOCs represent <5% of the total mass loss for
the water-based paints. This is consistent with the composition
of water-based paints. A 2005 CARB survey showed that
water-based paints contained approximately 45% water by
mass and 5% evaporative organics by mass.”> Emissions from
these paints are therefore mostly water vapor. Measured I/
VOCs constitute a larger fraction of the mass loss from the oil-
based paint (62%), as expected, based on the composition of
the solvent.

3.2. Time Evolution of Emissions. One potential
characteristic of VCPs is that they can serve as long-term,
low-level emissions sources.'”” Our extended emission
experiments examine how paint emissions evolved over time.
We grouped the paints into two classes: “fast” emitting paints
(Flat, Semilnt, Satin, and Oil) released most of their total
emissions within 12 h after paining and nearly 100% of their
emissions within 24 h; “slow” emitting paints (High Gloss and
SemiExt) still had measurable emissions after 48 h. Figure 3
shows an example of the total emissions measured by PTR-MS
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Figure 3. Cumulative emissions from (a) oil-based and (b) SemiExt
paints. The colored band shows the total emissions measured by
PTR-MS. The bands show the experiments with the highest and
lowest total emissions. Individual traces show representative
compounds (right axis).

for one fast-emitting and one slow-emitting paint and time-
series traces of individual components. The remaining paints
are shown in Figure S5. In general, the fast-emitting paints had
most of their emissions as VOCs, whereas the slow-emitting
paint emissions were mostly IVOCs.

Figure 2 shows that the organic emissions from the indoor
paints (Flat, Satin, Semilnt) and the oil-based paints were
primarily VOCs. Figure 3 shows that the mass emission rate
from the Oil paint falls off rapidly. All four of the fast-emitting
paints emit more than 80% of their total detected emissions
within 12 h after application. The slow-emitting paints, such as
SemiExt in Figure 2b, emitted about half of the measured
emissions within 12 h and were still emitting after 48 h.

As expected, the emission profile of the paints and of
representative components scales with volatility. Figure 2
shows cumulative emissions of m/z 79 (benzene), 139
(CoH50%), 59 (acetone), and 111 (texanol) measured by
PTR-MS. Benzene (C* ~ 10° ug/m®) and acetone (C* ~ 10°
ug/m?) are both VOCs. M/z 139, commonly identified as
methoxy methylphenol, is a “light” IVOC (C* ~ 10° ug/m?),
and texanol is a lower volatility IVOC (C* ~ 10* ug/m®). The
VOC:s are rapidly emitted, with e-folding times of 0.09 h for
acetone and 1.8 h for benzene. For the fast-emitting paints
dominated by VOCs, emissions of individual VOCs are similar
to the emission timescale for the entire paint. The slow-
emitting paints have larger contributions from slow-emitting
IVOCs, and accordingly have longer emission timescales. For
example, texanol has a measured e-folding time of ~33 h for
the case shown in Figure 3b.

Figure 3 shows the temporal evolution of emissions
measured by PTR-MS; these measurements are mostly
VOCs. Figures 4 and S6 show the corresponding measure-
ments for Tenax tubes which primarily capture IVOCs, for the
Oil and High Gloss paints.
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Figure 4. Extended emission samples of the High Gloss paint
measured with Tenax tubes.

Figure 2 shows that the low-gloss, indoor paints (Flat, Satin,
and Semilnt) all had low emissions of IVOCs. Figure SS also
shows that these paints also were “fast” emitters, with
emissions measured by PTR-MS falling to zero within 24 h.
The IVOCs measured with the Tenax tubes for these paints
follow the same trend, and there are no long term IVOC
emissions for these paints. Measurements of IVOCs using
Tenax tubes were below detection limits after 1 h following
paint application; the 0—1 h tubes were above the detection
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limit, but the 1-2 h and subsequent tubes were below the
detection limit.

The two “slow” emitting paints (e.g,, High Gloss in Figure
4) showed high initial IVOC emissions that decayed over time.
These emissions did not reach zero over the course of the
extended emission experiments. Even after 48 h, the High
Gloss paint continued to emit IVOCs at 15% of the original
rate during hour 0—1. The e-folding time for IVOC emissions
measured on the Tenax tubes for the High Gloss paint was 25
h, similar to the 33 h e-folding time for texanol emissions from
this paint. This suggests that these IVOC-dominated, slow-
emitting paints maybe long-term sources of IVOCs.

The composition of IVOC emissions changed over time. For
example, for the High Gloss paints, alkanes were an important
component of the emissions over the entire two days, but they
increased from 28% of the emitted mass during hour 0—1 to
60% at hour 47—48.

Figures 3 and 4 show that the total emissions transition from
being more VOC-dominated immediately after paint applica-
tion to progressively more IVOC-dominated over time. This
transition is expected since the emissions seem to be mostly
driven by evaporation. More volatile species will evaporate
faster than lower volatility species. Nonetheless, VOC and
IVOC emissions fall to zero for most of the paints tested here
within 48 h of paint application.

3.3. Volatility Distributions. We used the combined
PTR-MS and GC—MS data to develop volatility distributions
for each of the sampled paints. Figure S shows the 48-h mass-
weighted volatility distributions for Oil, High gloss, and Flat
paints; the remaining paints are shown in Figure S7.
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Figure S. Mass-weighted volatility distributions for Oil, High Gloss,
and Flat paints for 48 h extended emission experiments.

Emissions from the Flat paint are dominated by VOCs
(Figure 2). This is evident in the volatility distribution. More
than 60% of the emitted mass falls into one volatility bin (C* =
10° pg/m?®). This is in part a consequence of the high
methanol emissions, which contribute ~60% of the total I/
VOC emissions for the Flat paint. Satin and Semilnt paints
(Figure S7) have similar volatility distributions with large
contributions from methanol to the total I/VOC emissions.

The oil paint emissions are dominated by a broad UCM
hump near the VOC/IVOC volatility border. The volatility

distribution similarly peaks in the C* = 10° and 107 ug/m?
bins. Most of the emissions for the High Gloss paint are in the
10® pg/m? bin. These paints may therefore have a higher SOA
formation potential than the low-gloss indoor paints.

Figure 5 shows a one-dimensional volatility distribution,
where the mass is lumped only by C*. It is also common to
define emissions in two-dimensional volatility space, where the
second dimension is a measure of oxygenation such as the O/
C molar ratio.”* However, that is not possible in this study.
Much of the mass is emitted as a broad UCM hump. While we
can determine UCM volatility from GC—MS, we are not able
to assign O/C or other molar markers of oxygenation without
greater chemical specificity of the UCM.

3.4. Implications for SOA Formation. Here, we combine
our new emission data with paint usage and literature SOA
yields to estimate the total I/VOC emissions and SOA
formation potential from architectural coatings. These
estimates rely critically on estimates of the oil paint usage
because emission factors from oil-based paints (Figure 2) are
1—-3 orders of magnitude larger than those for other paint
types. We explore this sensitivity by constructing three
estimates of oil paint usage in this section, as shown in Figure
6.

We estimate the total architectural coating usage in the U.S.
using the U.S. Economic Census to scale our measured I/VOC
emission factors to the national scale.”® This census estimated
the total architectural coating usage (product code 3255101)
of 651.6 million gallons in 2010. We converted this usage to
mass, assuming a density of 10 pounds per gallon®® and
adjusted by population to estimate the total usage in 2021. All
three of our emission estimates use the same total paint
consumption (3.13 X 10° kg, or ~10 kg per person) along with
the cumulative I/VOC emissions after 48 h for each of the
tested paint types.

We then construct three estimates with varying levels of the
oil paint usage. The first (“Census” in Figure 6) apportions
paint types to one of the six classes tested here using their 10-
digit product code from the Economic Census. This
apportionment is shown in Table S6 in the Supporting
Information. The Census case attributes 28% of the total paint
usage to oil paints.

CARB also maintains an inventory of paint and coating
usage in California (https://ww2.arb.ca.gov/sites/default/
files/2020-11/t3_t8 _jan42018_remediated.pdf). It estimated
that in 2014, solvent-borne coatings represented 6% of paint
usage. We built two additional emission estimates based on
this lower amount of oil paint usage. “CARB low” assumes that
the remaining 94% of paints have emissions described by the
mean emissions from the low-gloss, low-emitting latex paints
(Flat, Semilnt, and Satin). “CARB high” assumes that the
remaining paints have emissions equal to the mean emissions
of the high-emitting High Gloss and SemiExt paints.

Figure 6a shows the annual I/VOC emissions for the three
cases. The estimates range from 48 Gg for the CARB low case
to 155 Gg for the Census case. This variation is largely driven
by the differences in the oil paint usage across the three cases.
We estimate I/VOC emissions of 0.15—0.48 kg/person and
15—49 g/kg of paint used. This is slightly lower than a recent
inventory by Seltzer et al. (0.67 kg/person per year)”’ and
significantly smaller than the estimate from McDonald et al.
(1.2 Tg I/VOC emissions from architectural coatings, 3.8 kg/
person/year)."*
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Figure 6. Annual I/VOC emissions and SOA formation from architectural coatings. (a) Total I/VOC emissions for the three sensitivity cases
described in the text. (b) and (c) show predicted SOA formation, with (b) showing the contributions of VOC and IVOC to SOA formation and

(c) showing contributions of oil-based versus water-based paints.

The VOC/IVOC split varies across the three cases shown in
Figure 6a. The IVOC fraction ranges from 35% in the CARB
low case, where the bulk of the paint mass is assumed to be
VOC-dominated low-gloss paints, to 48% in the Census case.

We estimated the contribution of paint-emitted I/VOCs to
ambient SOA production. We estimated SOA production by
multiplying the total I/VOC emissions by SOA mass yields for
each compound class. The SOA vyields (g/g) were calculated
using the statistical oxidation model (SOM)>® and are shown
in Table S7. These are the same SOA yields previously used by
McDonald et al. to estimate the contributions of VCPs to SOA
formation in Los Angeles."*

Figure 6b,c shows the estimated annual SOA production,
which ranges from 2.2 to 7.5 Gg. As with the emission
estimates, differences in predicted SOA production are
primarily the result of differences in oil-based paint usage,
with a smaller influence from the abundance of IVOC
emissions in the two CARB cases. Oil-based paints dominate
SOA formation in all the cases; oil paints (Figure 6¢) are
responsible for 61% (CARB high) to 99% (CARB low) of the
predicted SOA mass. Thus, while oil-based paints make up a
minority of the total architectural coating use, further reducing
their use is the most efficient way to reduce both I/VOC
emissions and SOA formation from this sector.

While IVOCs make up a minority of the emissions (Figure
6a) for all three cases, they contribute the most to the SOA
formation. This is because IVOCs, which have a lower
volatility than VOC:s, typically have higher SOA mass yields.

To put the SOA production from paints in context, we
compare it to estimates of SOA formation from vehicle
emissions. Jathar et al. estimated that on-road gasoline and
diesel vehicle emissions generate ~120 Gg of SOA annually in
the U.S."® Our estimate of 2.2—7.5 Gg of SOA from paints is
about 2—6% of the amount of vehicle-generated SOA.
However, architectural coatings are just one component of
the larger VCP sector. Thus, these calculations highlight how
important it is to understand SOA formation from the entire
VCP sector especially as on-road sources become cleaner and
emit less SOA precursors.

There are several potential sources of uncertainty in our
estimates of I/VOC emissions and subsequent SOA formation.
These include uncertainty in SOA yields, especially for UCM
and oxygenated VOCs that have not been directly measured in
the laboratory. There may be significant variation in the paint
emission rate and composition across manufacturers that we
did not capture here. Since our results suggest that emissions
and SOA formation are dominated by paints that are often

used outdoors, the role of sunlight-driven changes in
emissions”™® should be considered in future studies.

In this study, we have been able to reduce one potential
source of uncertainty in the contribution of architectural
coatings to ambient SOA. Three paint types that are often used
indoors (Satin, Semilnt, and Flat) all had low emissions and
negligible SOA contributions. One potential confounder for
the ambient impact of these emissions is indoor-to-outdoor
transit (ie., paint fumes need to leave the building without
being lost to walls or other surfaces). Our data suggest that
these indoor paints are a minor contributor to I/VOC
emissions from the paint and coating sector, and that emissions
and SOA formation are dominated by oil paints used outdoors.
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