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Abstract

Organic gases emitted during the flaming phasestlential wood combustion are
characterized individually and by functionality mgiproton transfer reaction time-of-flight mass
spectrometry. The evolution of the organic gasesanitored during photochemical aging.
Primary gaseous emissions are dominated by oxygesgecies (e.g., acetic acid, acetaldehyde,
phenol and methanol), many of which have deleterlmalth effects and play an important role
in atmospheric processes such as secondary orgamuisol formation and ozone production.
Residential wood combustion emissions differ comsillly from open biomass burning in both
absolute magnitude and relative composition. Rasicacetonitrile, a potential biomass burning
marker, to CO are considerably lower (~0.09 pptwpplthan those observed in air masses
influenced by open burning (~1-2 pptv pphyvwhich may make differentiation from

background levels difficult, even in regions hepwhpacted by residential wood burning.
Considerable formic acid forms during aging (~2@0-6ng kg* at an OH exposure of (4.5-
5.5)x10 molec cn? h), indicating residential wood combustion carahémportant local source
for this acid, the quantities of which are currgnthderestimated in models. Phthalic anhydride,
a naphthalene oxidation product, is also formecbmsiderable quantities with aging (~55-75 mg
kg at an OH exposure of (4.5-5.5)X1folec cnt h). Although total NMOG emissions vary

by up to a factor of ~9 between burns, SOA fornrapotential does not scale with total NMOG
emissions and is similar in all experiments. Mgy is the first thorough characterization of
both primary and aged organic gases from residestiad combustion and provides a

benchmark for comparison of emissions generatedruthitferent burn parameters.
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1 Introduction

Residential wood combustion is a source of gasandgarticulate emissions in the atmosphere,
including a complex mixture of non-methane orgayases (NMOGSs) (McDonald et al., 2000;
Schauer et al., 2001; Hedberg et al., 2002; JoaddrSeen, 2005; Pettersson et al., 2011;
Evtyugina et al., 2014; Reda et al., 2015). NMQ@@Gsact climate (Stocker et al., 2013) and
health (Pouli et al., 2003; Bglling et al., 2008}lbdirectly and through the formation of
products during atmospheric processing (Mason.g2@01; Kroll and Seinfeld, 2008; Shao et
al., 2009), which makes NMOG characterization caiti Although two studies have speciated a
large fraction of the NMOG mass emitted duringdestial wood combustion in commercial
burners (McDonald et al., 2000; Schauer et al.120Bese studies relied on offline
chromatographic approaches, which are time congymiterms of sample preparation and
analysis and can introduce both positive and megattifacts (Noziére et al., 2015). Relatively
recently, the proton transfer reaction mass spewter (PTR-MS) has emerged as a powerful
tool for online quantification of atmosphericallgievant NMOGs (Lindinger et al., 1998; Jordan
et al., 2009) eliminating many of the artifactscasated with offline approaches. NMOGs
emitted during open burning of a variety of biomhesds in the laboratory have been recently
guantified using a high resolution proton transéaction time-of-flight mass spectrometer
(PTR-ToF-MS) (Stockwell et al., 2015) and seleanhintal masses were followed during aging
of residential wood combustion emissions usingadqupole PTR-MS (Grieshop et al., 2009a).
However, a complete high-resolution characterizatibresidential wood combustion emissions

has yet to be performed.

The quantities and composition of NMOGs emittedrdyresidential wood combustion are

highly dependent on a number of parameters inctudiood type, appliance type and burn

3
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conditions, and as few studies have characterlzesetNMOGs (McDonald et al., 2000; Schauer
et al., 2001; Hedberg et al., 2002; Jordan and ,865; Pettersson et al., 2011; Evtyugina et
al., 2014; Reda et al., 2015), further work is reektb constrain emission factors, as highlighted
in the recent review article by Noziéere et al. @P1Also, little is known about the evolution of

NMOGs from residential wood combustion with aging.

In this study, we present results from the firg afa smog chamber and a PTR-ToF-MS to
characterize primary and aged gaseous emissiomsrésidential wood combustion in real-time.
This novel approach allows for an improved charadéon of NMOG emissions, particularly
oxygenated NMOGs, which are a considerable fraaifahe total NMOG mass emitted during
residential wood combustion (McDonald et al., 2086hauer et al., 2001). This study focuses
on a narrow set of burn conditions, namely the ff@pphase of beech wood combustion, in
order to generate as reproducible emissions ashp®$sr a complementary investigation of the
effects of parameters such as temperature on tiesiems. While these experiments are a
narrow representation of real-world conditionss thovel work provides a benchmark and

direction for future wood combustion studies.
2 Methods
2.1 Emission generation and smog chamber oper ation

Beech Fagus sylvaticalogs are combusted in a residential wood burRgufe S1; single
combustion chamber, operated in single batch madant, 2009, Attika) and emissions are
sampled from the chimney through a heated line )7 8liluted by a factor of ~8-10 using an
ejector diluter (473 K, DI-1000, Dekati Ltd.) amjected into the smog chamber (~7)m

through a heated line (423 K). Emissions are sathguring the stable flaming phase of the

4
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burn and modified combustion efficiencies (MCE®fiked as the ratio between ¢€and the

sum of CO and C@range from 0.974-0.978 (Table 1).

Emissions are injected for 11-21 min and totaltehiu factors range from ~100-200. All
experiments are conducted under similar condititis starting wood masses in the burner of
2.9+0.3 kg and a wood moisture content of 19+2%e $mog chamber has an average
temperature of 287.0+0.1 K and a relative humidit$5+3% over all five experiments.
Experimental parameters and primary emission vaavesummarized in Table S1. After
characterization of the primary emissions, as desdrbelow, a single dose of d9-butanol (2 pl,
butanol-D9, 98%, Cambridge Isotope Laboratories)jected into the chamber and a continuous
injection of nitrous acid in air (2.3-2.6 | miN>99.999%, Air Liquide) into the chamber begins.
The decay of d9-butanol measured throughout aginged to estimate hydroxyl radical (OH)
exposures (Barmet et al., 2012). Nitrous acid pced OH upon irradiation in the chamber and
is used to increase the degree of aging. Levdgfin the chamber prior to aging range from
~160-350 ppbv and increases to ~250-380 ppbv &#ahing OH exposures of ~(4.5-5.5)%10
molec cn® h (NQ, data unavailable for experiment 1). The smaltiomous dilution in the
chamber during aging due to the constant nitroiusiaction is accounted for using CO as an
inert tracer. The chamber contents are irradiatigid UV light (40 lights, 90-100 W, Cleo
Performance, Philips) (Platt et al., 2013) for 8.5-(maximum OH exposures of (4.7-6.8)%x10
molec cn® h which corresponds to ~2-3 days of aging in theoaphere at an OH concentration
of 1x10 molec cn?). Reported quantities of aged species are tak@taexposures of (4.5-
5.5)x10 molec cn® h (Table 1; ~1.9-2.3 days of aging in the atmospla¢ an OH

concentration of 1xf0molec cn) (Barmet et al., 2012).

2.2 Gas-phase analysis
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NMOGs with a proton affinity greater than that cditer are measured using a PTR-ToF-MS
(PTR-ToF-MS 8000, lonicon Analytik GmbH) and @O and CH are measured using cavity
ring-down spectroscopy (G2401, Picarro, Inc.). PAKR-ToF-MS operates with hydronium ion
([H20+H]") as the reagent, a drift tube pressure of 2.2 nabdrift tube voltage of 543 V and a
drift tube temperature of 90°C leading to a rafithe electric field ) and the density of the
buffer gas ) in the drift tube (reduced electric fiel/N) of 137 Townsend (Td). The
transmission function is determined using a gasdstal of six NMOGs of known concentration
(methanol, acetaldehyde, propan-2-one, toluenglene, 1,3,5-trimethylbenzene; Carbagas).
As the RH and temperature of the sampled air idainm all experiments, changes in the

detection efficiency of individual species are erpected.

PTR-ToF-MS data are analyzed using the Tofware-pastessing software (version 2.4.5,
TOFWERK AG, Thun, Switzerland; PTR module as dmtted by lonicon Analytik GmbH),
running in the Igor Pro 6.3 environment (versioB, &/avemetrics Inc.). The minimum
detection limit is taken as three standard deviatimbove the background, where the standard
deviation is determined from the measurements df & in the chamber prior to emission
injection. Isotopic contributions are constraimienling peak fitting and are accounted for in
reported concentrations. Possible molecular ftamincrease with increasimg/z making
accurate peak assignments difficult in the high&rrange. Mass spectral data fromz33 to
m/z130 are assigned molecular formulas, as well@®@isotope of the reagent ion and signal
abovem/z130 corresponding to compounds previously ideadtifluring residential wood
combustion (McDonald et al., 2000; Schauer e28l01; Hedberg et al., 2002; Jordan and Seen,

2005; Pettersson et al., 2011; Evtyugina et all42®eda et al., 2015). All signal abawnéz 130
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is included in total NMOG mass quantification. kgthis approach, ~94-97% of the total

NMOG mass measured using the PTR-ToF-MS has aassignment.

The reaction rate constant of each species withetagent ion in the drift tube is needed to
convert raw signal to concentration. When avadabidividual reaction rate constants are
applied to ions assigned a structure (Cappellad.e2012) (Table S2), otherwise a default
reaction rate constant of 2x1@nt s’ is applied. For possible isomers, the reactite ra
constant is taken as the average of available sald@proximately 60-70% of the total NMOG
mass is comprised of compounds with known rateteots NMOG signal is normalized to
[H,"®0+H]" to convert to concentration. Emission factorsfEtormalize concentrations to the
total wood mass burned (e.g., mg'kgads as mg of species emitted per kg wood butned)
facilitate comparison between experiments and alilated as described previously (Andreae

and Merlet, 2001; Bruns et al., 2015a).

PTR-ToF mass spectrometry is a relatively softaanon technique generally resulting in
protonation of the parent NMOG ([M+B)] although some compounds are known to produce
other ions, for example through fragmentation arnr@ngement (e.g., Baasandorj et al. (2015)).
Reactions potentially leading to considerable faiomeof species besides [M+Hare discussed
in the Supplement. The extent to which reactieasling to ions other than [M+Hbpccurs is
dependent on instrument parameters sudiids The unknown relative contributions of various
isomers makes it difficult to account for reactigemerating ions besides [M+Hind thus, no
fragmentation corrections are applied. Emissianoig of compounds likely to undergo
extensive reaction to form products besides [M+iHg., methylcyclohexane (Midey et al.,

2003), ethyl acetate (Baasandorj et al., 2015)satwrated aliphatic aldehydes (Buhr et al.,
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2002), with the exception of acetaldehyde) arereported. Due to interferences, butenes

([C4Hg+H]") are not quantified.
3 Results and Discussion
3.1 NMOG emissions

In all experiments, the largest EFs for a single-pglaase species correspond to,CI¥70-1790
g kg?) and CO (27-30 g kb (Table 2), which are in good agreement with prasi
measurements from residential beech logwood corarusthere CQ EFs of ~1800 g Kgand
CO EFs of ~20-70 g kbwere measured (Ozil et al., 2009; Schmidl et 81112 Kistler et al.,
2012; Evtyugina et al., 2014; Reda et al., 20Mgthane is also emitted in considerable
quantities (1.5-2.8 g kb, similar to previously observed values for beexod burning in
fireplaces (0.5-1 g kK§(Ozil et al., 2009), however, at generally lonardls than total NMOGs
(1.5-13 g kgf). Total NMOG EFs from beech wood combustion hasebeen previously
reported, but values are similar to studies ofdezsiial wood stove burning of different
hardwoods which have attempted a detailed quaatidic of total NMOGs, such as McDonald
et al. (2000) (6.2-55.3 g Kgfor a hardwood mixture) and Schauer et al. (2@61) g kg" for
oak). Total NMOG quantities reported in this studfer to species quantified using the PTR-

ToF-MS.

Although a large fraction of atmospherically-reletzarganic gases are measured using the PTR-
ToF-MS, some species are not quantitatively deteateluding those with a proton affinity less
than water (i.e., small alkanes). Based on prevgiudies of residential burning, alkanes are
estimated to contribute less than ~5% to the NMOGsnaé either hard or softwood and the sum

of alkenes and alkynes, some of which are quahldiwith the PTR-ToF-MS, are estimated to

8



166 contribute less than ~15% to the total measured NM@Gs (McDonald et al., 2000; Schauer et

167 al., 2001).

168 Figure 1 shows the primary NMOG mass spectrumdchexperiment classified by NMOG

169 functionality and the fractional contribution of NG functional groups to the total NMOG

170 mass. EFs for individual compounds are preseméable 2. For ease of reading, nomiméis
171 are presented in the text and figures, howeveraisotopicm/z for all identified species can be
172 found in Tables 2 and S3. Separation of isobgumécies is possible using the PTR-ToF-MS,

173 however, isomers remain indistinguishable. Quigstibf gas-phase species generated during
174 residential wood combustion depend on a varietyapdmeters, such as type of burner and wood
175 species. However, many compounds are commonlyesihand structures are assigned to

176 observed ions based on previously identified spedeDonald et al., 2000; Schauer et al.,

177 2001; Hedberg et al., 2002; Jordan and Seen, Z¥ifersson et al., 2011; Evtyugina et al.,

178 2014; Redaet al., 2015). A few small, unambiguous are also assigned a structure, including
179 methanol, formic acid and acetonitrile. Approxiglat70% of the total NMOG mass measured

180 using the PTR-ToF-MS is assigned a structure basdtis method.

181 NMOGs are categorized by functional groups inclgdioxygenated, total &y, nitrogen-

182 containing and other. Oxygenated subcategoriégdacacids (comprised of non-aromatic

183 acids), carbonyls (comprised of non-aromatic cayts)noxygenated aromatics (not including
184 furans), furans, O-containing (comprised of struaity unassigned oxygenated compounds and
185 multifunctional oxygenated compounds) and O- ancbNtaining (comprised of species

186 containing both oxygen and nitrogen atoms). Spema¢egorized as N-containing contain no
187 oxygen atoms. Total,Ely subcategories include: aromatic hydrocarbons namdaromatic and

188 structurally unassigned species (referred to,&f @ the text and figures). Higher molecular

9
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weight species lacking an ion assignment are catsgbas “other”. In the case of possible
isomers, ions are categorized according to theisperost likely to dominate based on previous
studies (McDonald et al., 2000; Schauer et al. 126f@dberg et al., 2002; Jordan and Seen,

2005; Pettersson et al., 2011; Evtyugina et all42®eda et al., 2015).

Oxygenated species contribute ~68-94% to the totalgpy NMOG mass, which has important
atmospheric implications due to the role of them@gounds in photochemical reactions, for
example by altering ©and peroxide formation (Mason et al., 2001; Shax.£2009).

McDonald et al. (2000) and Schauer et al. (200&yipusly observed the dominance of
oxygenated NMOGs during residential burning of otheod types, whereas Evtyugina et al.
(2014) found that benzene and benzene derivatmatsilbuted 59% to the total measured
NMOGs, compared to only 26% from oxygenated comgsuar residential burning of beech
wood in a woodstove. However, Evtyugina et al1@®0as well as McDonald et al. (2000) and
Schauer et al. (2001), did not include emissioomfall lower molecular weight NMOGs, such
as acetic acid. Oxygenated NMOGs are also repagedlarge fraction of NMOGs emitted

during open burning of many biomass fuels (Gilmial ¢ 2015; Stockwell et al., 2015).

Acids are the most abundant subclass of speciexperiments with an average EF of
200042000 mg kg and acetic acid ([#,0.+H]* at nominam/z61) is the most highly emitted
compound in all experiments. In addition to acati, [GH4O.+H]" can correspond to
glycolaldehyde, however, Stockwell et al. (2015)rfd that acetic acid contributes ~75-93% to
[C,H4O,+H]" during open burning of black sprud@idea marianagnd ponderosa pineifius
ponderosaand thus, it is expected that this ion is alsgdly attributable to acetic acid in the
current study. Acetic acid and formic acid ([£M+H]" at nominaim/z47) are the most

abundant carboxylic acids in the atmosphere andrgyertant contributors to atmospheric

10
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acidity (Chebbi and Carlier, 1996). However, tharses of these acids are poorly understood
(Paulot et al., 2011) and data on their EFs frosidential wood combustion are relatively
unknown. The high acetic acid EFs found here etgithat residential wood combustion can be
an important local source of this acid. Interagiinthe enhancement of acetic achCtH,0,)
over background levels relative to CO enhancem®@)) in the current study ranges from ~6
to 80 pptv ppb¥ (Table 1), which is much higher than the avera§8 pptv ppb¥ (sum of gas
and aerosol phase) measured in an Alpine valleyilgempacted by residential wood
combustion in winter (Gaeggeler et al., 2008). tlkemrwork is needed to investigate the source
of this discrepancy, as limited ambient measuremard available from regions heavily
impacted by residential wood combustion. Howelas, possible that the ambient
measurements were dominated by emissions produsedygoor burning conditions (e.qg.,
starting phase) where CO EFs are expected to behilgan during the stable burning phase

investigated in the current study.

The sum of oxygenated and non-oxygenated aromatipounds contribute ~7-30% (800£300
mg kg?) to the total primary NMOG mass with benzenesJ&-H]" at nominaim/z 79), phenol
([CeHeO+H]" at nominaim/z 95), and naphthalene ([§Els+H]" at nominaim/z129) as the three
most dominant species. Oxidation products of atmnspecies are the largest contributors to
residential wood combustion SOA in this study (Bret al., 2016) and both aromatic and
related oxidation products are of interest duén&rtparticularly deleterious effects on health (Fu

etal., 2012).

For the other functional group categories, carbamyg alcohols contribute ~8-12% (600+600
mg kg?) and ~3-5% (300+300 mg Ky respectively, to the total NMOG mass. In gehéhe

most highly emitted carbonyl compound is acetaldeh§GH,O+H]" at nominaim/z45).
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Methanol ([CHOH+H]" at nominaim/z33) is the most highly emitted alcohol, althoudinen
acyclic alcohols can undergo extensive fragmematidhe mass spectrometer. Furans are only
a minor contributor to the total primary NMOG massntributing ~3-5% (300+300 mg Ky
but are of potential interest as several furangwecently identified as SOA precursors (Gomez

Alvarez et al., 2009) and possible open biomassibgmarkers (Gilman et al., 2015).
3.2 Burn variability

Although the same compounds are emitted duringuathis, there is variability in EFs between
experiments despite efforts to replicate burnd@sety as possible and the fact that the MCE for
each experiment falls within a narrow range (0.92%8) (Table 1). Experiments 2 and 3 show
marked differences in total NMOG EFs and NMOG cosifen compared to experiments 1, 4
and 5. For example, the total NMOG EF is ~9 timghdr in experiment 2 compared to
experiment 5 (Table 2). Acetic acid EFs vary dgaor of ~15 between burns, with high
emissions in experiments 2 and 3 relative to expemis 1, 4 and 5. The total emission of
oxygenated species also correlates with aceticaanidsions, with total oxygenated EFs
considerably higher in experiments 2 and 3 thaexjperiments 1, 4 and 5. In contrast, aromatic
hydrocarbons and,&y EFs show no correlation with total oxygenated sgseor acetic acid

EFs. Interestingly, differences in black carbors fifimary organic aerosol EFs and primary
organic aerosol mass to black carbon ratios acereis observed between these two groupings of
experiments (2, 3 and 1, 4, 5), as presented prsli@Bruns et al., 2016). Enhancements in the
average EF for the different functional groupsxperiments 2 and 3 relative to experiments 1, 4

and 5 are shown in Figure 2.
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The differences in EFs due to inter-burn variapiliustrate the difficulty in constraining EFs
from residential wood combustion. The burner igd®a in an uninsulated building and the
emission profile variability could be due to efedf outdoor temperature variability on the
burner. For example, emission profiles from bugrlignite and pyrolysis of bark and other
biomass sources have been shown to vary with lemnpérature (Hansson et al., 2004; Syc et
al., 2011). Further work to constrain the possihlege of EFs generated under different
conditions is critical for improving model input&Fs are also dependent on factors such as
appliance type and fuel loading and further workesded to characterize the emissions and the
evolution of these emissions with aging generatexh fourning of different wood types and

under different burn parameters.
3.3 Biomass burning tracers

Individual compounds emitted exclusively or in lamguantities during biomass burning are of
interest for source apportionment and compoundgibaiting to SOA formation are of
particular interest for climate and health (Fig8)e Acetonitrile is used as an ambient gas-phase
marker for open biomass burning (de Gouw et abD32&ingh et al., 2003). In the current
experiments, acetonitrile EFs are relatively lows£®.3 mg kd) compared to open biomass
burning (~20-1000 mg kY (Yokelson et al., 2008; Yokelson et al., 2009a4ket al., 2013;
Stockwell et al., 2015). The enhancements of adteile over background levels relative to CO
enhancementy,CHsCN/ACO, are ~0.08-0.1 pptv ppb\Table 1). This is slightly lower than
the only previously published residential wood caoistion measurements (0.1 to 0.8 pptv ppbv
1) (Grieshop et al., 2009a), but is much lower th&;CN/ACO measurements in ambient air
masses impacted by open biomass burning (~1-2 v’ (Holzinger et al., 1999; Andreae

and Merlet, 2001; Christian et al., 2003; de Gotmale 2003; Jost et al., 2003; Holzinger et al.,
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2005; de Gouw et al., 2006; Warneke et al., 20@ke¥son et al., 2008; de Gouw et al., 2009;
Yokelson et al., 2009; Aiken et al., 2010; Akagaget 2013). HoweverA\CH3;CN/ACO during
open burning has been shown to depend stronglyanyfpe; Stockwell et al. (2015) observed
ACH3CN/ACO values from 0.0060-7.1 pptv ppbfor individual open burns of different
biomass types in the laboratory. In agreement thighcurrent study, ambient measurements of
acetonitrile made in Colorado (USA) were not assteci with fresh residential burning
emissions (Coggon et al., 2016). Lower ambientsmesmnents of nitrogen-containing NMOGs
(including acetonitrile) during residential burningmpared to open burning were attributed to
the generally lower nitrogen content in fuels barnesidentially (Coggon et al., 2016). Lower
nitrogen content of the fuel is likely a contributo the relatively low acetonitrile emissions in

the current study.

The primary emission factors of other nitrogenatpelcies, such assisN (likely corresponding
to acrylonitrile) and HNCO ranged in our study fr8m6-6.4 mg kg and BDL-11 mg k@,
respectively. Emission factors ofzN in the current study are lower than those obskrve
during open burning (e.g., ~10-90 mg’k@\kagi et al., 2013)), as expected based on tero
acetonitrile emission factors observed in the curstudy and the findings of Coggon et al.

(2016).”

Further work is needed to investigate 4Nl emissions from residential burning of other wood
types, as well as emissions during other burniragplfe.g., smoldering). However, these low
enhancements may be difficult to differentiate frambient background levels, making
acetonitrile a poor marker for residential wood bwoistion under these burning conditions.
Coggon et al. (2016) concluded that acetonitrilg mat be a good tracer for residential burning

in urban areas.
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302 The interference from isobaric compounds when dgiyamg acetonitrile using a PTR-MS is an
303 important consideration when high resolution daeareot available. Previously, several studies
304 have determined this interference is minimal duopgn biomass burning (de Gouw et al., 2003;
305 Warneke et al., 2003; Christian et al., 2004; Wkeret al., 2011). Recently, Dunne et al. (2012)
306 quantified interferences with acetonitrile measwata in polluted urban air using a quadrupole
307 PTR-MS and found contributions of 5-41%ntdz42 from non-acetonitrile ions including:

308 [CsH¢l" and the™C isotope contribution from [Els]*. In the current study, in addition to

309 contributions from [GHg] " and the isotopic contribution from §8s]”, ~30-50% of the total

310 signal atm/z42 is due to [gH,0]", which is presumably a fragment from higher molacu

311 weight species. The total contributionntdz42 from species besides acetonitrile is ~70-85%.
312 Although an investigation into the effects of tHEBRRMS operating conditions (e.g., {O signal
313 from ion sourceE/N affecting fragmentation) is outside the scopéhefdurrent study, the

314 possibility of considerable non-acetonitrile sigatin/z42 should be taken into consideration
315 when using nominal mass PTR-MS data to quantifyoadeile from residential wood

316 combustion.

317 Methanol is also used to identify air masses imfagl by open biomass burning and

318 enhancement over background levels relative to itircementACH;OH/ACO) is typically

319 ~1-80 pptv ppb¥in ambient and laboratory measurements of fresh bEmass burning

320 emissions(Holzinger et al., 1999; Goode et al., 2000; Andraad Merlet, 2001; Christian et al.,
321 2003; Yokelson et al., 2003; Singh et al., 200hazadeh et al., 2004; Holzinger et al., 2005; de
322 Gouw et al., 2006; Gaeggeler et al., 2008; Yokektaa., 2008; Yokelson et al., 2009; Akagi et
323 al., 2013; Stockwell et al., 2015; Miiller et alb1B). Here, we find similar values ranging from

324 ~2-20 pptv ppbV (Table 1), in agreement with Gaeggeler et al. (208®% measured a
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ACH;OH/ACO value of 2.16 pptv ppb\vin an Alpine valley heavily impacted by residehtia

wood combustion emissions in winter.
3.4 Chamber studies of NMOG aging

Previous investigations of aged residential woadlmastion emissions have largely focused on
the evolution of the aerosol phase (Grieshop e@09a; Grieshop et al., 2009b; Hennigan et
al., 2010; Heringa et al., 2011; Bruns et al., 20Funs et al., 2015b; Bruns et al., 2016) and
little is known about the evolution of the gas pha3he evolution of the NMOG functional
group categories with increasing OH exposure isvehia Figure 4. Figure 5 shows the absolute
change in mass spectral signal between the agepgramdry NMOG quantities. Although an
increase in NMOG mass could be expected with aduggto oxygenation, total NMOG mass
decreases by ~5-30% at an OH exposure of (4.6-305)ralec cn h relative to the primary
emissions in experiments 1-4, likely due to thevemsion of species from the gas to particle
phase, the mass of which increased considerablyagihg (Bruns et al., 2016), and the
formation of gas-phase species not quantified feee, formaldehyde). Previous investigation
of these experiments determined that the converdfiddMOGs traditionally included in models
to SOA accounts for only ~3-27% of the observed S@iAgreas ~84-116% of the SOA is
explained by inclusion of non-traditional precussancluding naphthalene and phenol (Bruns et
al., 2016). The total NMOG mass increases slighiyy~5%, in experiment 5. Quantities of
individual NMOGs and NMOG functional group categsrafter reaching an OH exposure of
(4.6-5.5)x10 molec cn h are presented in Table S3. In addition to gamtticle phase
partitioning and formation of gas-phase speciegjoantified here, a decrease in NMOG mass
with aging could also be due to losses of gas-pbpseies to the chamber walls (Zhang et al.,

2014; Bian et al., 2015). Measurements of NMOGH@&chamber prior to aging are stable,
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indicating that the chamber walls are not a sinkKNMOGs, but rather that NMOGs are in
equilibrium with the chamber walls, particles ahd gas phase. Zhang et al. (2014) show that
the rate of NMOG wall loss is proportional to seedlosol concertation and OH concentration,
both of which were relatively high in the curremperiments (Table S1; OH concentrations were
~1.4x1d molec cnt). Under these experimental conditions, NMOG Wadbes are not

expected to be large. Future studies are needegdstigate vapor wall loss of residential wood

combustion emissions during aging.

Subcategories of oxygenated species behave diffgmeith aging. For example, total quantities
(mg kg") of oxygenated aromatic species decrease by faofor7-15 and furan quantities
decrease by factors of ~4-9, whereas all other matgel subcategories, as well as N-containing
species, remain within a factor of 2 of primaryues at an OH exposure of (4.6-5.5)%fblec
cm® h. Aromatic hydrocarbons andHtg; quantities decrease with aging by factors of ~1.5-3
The large decreases in oxygenated aromatic spaoetefirans illustrate the highly reactive
nature of these species with respect to OH. Th&gon of the bulk NMOG elemental

composition during aging is shown in Figure S2ha Supplement.

In all experiments, formic acid quantities increasensiderably with aging (by factors of ~5-
50), as does [§H,03+H]" at nominaim/z99 (by factors of ~2-3), which likely corresponds t
maleic anhydride, both of which are formed during txidation of aromatic species among
other compounds (Bandow et al., 1985; Sato e2@07; Praplan et al., 2014). However, the
fragment resulting from the loss of water from nabeid cannot be distinguished from maleic
anhydride using the PTR-ToF-MS. Formic acid isemedtimated in models, likely due to
missing secondary sources (Paulot et al., 2011}jlse®e results indicate that aging of residential

wood combustion emissions can result in considersé#tondary formic acid production. The
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signal atm/z149, corresponding to [840s+H]", increases by factors of ~2-7 with aging. This
ion likely corresponds to phthalic anhydride, whisla known naphthalene oxidation product

(Chan et al., 2009).

Acetic acid formation has been observed in somaeamhlopen biomass burning plumes with
aging (Goode et al., 2000; Hobbs et al., 2003; Yaukeet al., 2003), whereas not in others (de
Gouw et al., 2006) and a doublingrofz61, likely dominated by acetic acid, was observed
during aging of residential burning emissions pravious laboratory study (Grieshop et al.,
2009a). In the current study, no increase in ttegage acetic acid concentration relative to
CQ) is observed (Table 1). Note that this impliesdoiciion of secondary acetic acid that
compensates for the expected consumption of ~8-I(86rary acetic acid by reaction with
OH at an OH exposure of (4.5-5.5)%Ifolec cnt h. These results indicate that acetic acid
from residential burning of beech wood is domindiggrimary emissions of this species (Table
1). As with acetic acid, there are discrepancieneéthanol behavior as open biomass burning
plumes undergo aging (Goode et al., 2000; Yoke&ta@l., 2003; Tabazadeh et al., 2004;
Holzinger et al., 2005; de Gouw et al., 2006; Aketgal., 2013). As described by Akagi et al.
(2013), methanol enhancement has been hypothasizedrelate with terpene concentration
and here, methanol remains within ~1-20% of the arinvalue after exposure to (4.5-5.5)%10
molec cn® h OH (Table 1), which is expected based on theti@awith OH (Overend and
Paraskevopoulos, 1978) and the low terpene coratemts. Monoterpene concentrations are

below the detection limit in all experiments anojggene emissions are relatively low (Table 2).

We have previously identified the compounds contiiiy to the majority of the SOA formed
during these experiments (Bruns et al., 2016). alerage EF for each of these species is shown

in Figure 3. Figure S3 shows the observed dec#dlyso§OA precursors contributing the most to
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SOA formation during aging in the chamber compaoetthe expected decay based on the OH
concentration in the chamber and the reactionwdterespect to OH. There is generally good
agreement between the observed and calculated tmoagch compound which supports the
structural assignment of each ion. For 2-methbeyol and 2,6-dimethoxyphenol (Figure S3 f
and i, respectively), the agreement between therabd and calculated decays is not as good as
for the other compounds, with slower decays thaadlipted. This discrepancy may be due to
fragmentation of related compounds to form 2-meypbenol and 2,6-dimethoxyphenol in the
instrument or formation of these compounds in thentber during oxidation. For

benzenediol, the decays are initially faster thgreeted and then become slower with increased

aging, possibly due to the presence of isomers @vifarent reaction rates with respect to OH.
3.5 Aged emission variability

As described above, the primary emission proféasyell as total NMOG mass emitted, vary
considerably for experiments 2 and 3 compared pements 1, 4 and 5, with much higher total
NMOG emissions in experiments 2 and 3. It is etgubthat the aged emission profiles also
exhibit variability based on the primary emissiof@tal acid and O-containing species decrease
with aging in experiments 2 and 3, in contrast{pegiments 1, 4 and 5, where these classes
increase with aging (Figure 4). Formic acid shéiweslargest increase with aging in all
experiments (~190-480 mg kgelative to the primary EF, Figure 5), howevereiperiments 1,

4 and 5, this increase contributes much more toofiad acid mass as the total acid mass is ~5-15
times lower compared to experiments 2 and 3. Aslagous case occurs for maleic anhydride
for the O-containing class of compounds. As forag and maleic anhydride are formed from
the oxidation of aromatic compounds (Bandow etl®185; Sato et al., 2007; Praplan et al.,

2014), among others, a higher fraction of aromsiecies to the total NMOG emissions will
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contribute to increases in acid and O-containing®4. Inclusion of NMOGs not quantified

by PTR-ToF-MS could impact the trends observeddguie 4.

To determine the impact of the high NMOG emissigpegiments (2 and 3) compared to the
lower NMOG emission experiments (1, 4 and 5) on SQrAnation potential, individual SOA
precursors with published SOA vyields are invesédatThe SOA formation potential for each of
these 18 compounds is determined as the produkegfrimary EF and the best estimate SOA
yield determined from the literature, as determipegliously (Bruns et al., 2016). The total
SOA formation potential for each experiment is taks the sum of the individual SOA
formation potentials. Interestingly, the SOA fotioa potential is similar in all experiments and
the average enhancement of SOA formation potentiexperiments 2 and 3 compared to the
average of experiments 1, 4 and 5 is insignifi¢gigure 2), despite the considerably different

total NMOG EFs.

4 Conclusions

This study is the first detailed characterizatiopamary NMOGs from residential wood
combustion using a PTR-ToF-MS and the first ingzgton of the evolution of the majority of
these NMOGs with aging. Differences in EFs andil@®between residential burning and open
burning can be considerable and these result$rdbasthe importance of considering these
emission sources individually. While total emissidrom open burning are much larger than
from residential burning, the societal relevanceesidential wood burning emissions is
nontrivial. A large fraction of open biomass bugniderives from wildfires in sparsely
populated regions (Ito and Penner, 2004), wheresidential wood combustion has been shown

to be a major fraction of wintertime submicron arigaaerosol in densely populated
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communities (Glasius et al., 2006; Krecl et alQ20Goncalves et al., 2012; Guofeng et al.,
2012; Crippa et al., 2013; Herich et al., 2014; €tal., 2014; Paraskevopoulou et al., 2015).
Interestingly, MCE does not completely capturerittiern variability, which is driven by
differences in oxygenated content. This work dlesinows that measurements of total NMOGs
or total hydrocarbon measurements are insuffid@néstimating SOA formation potential from
residential wood combustion. While this work cltaeaizes the stable burning of beech wood in
a modern woodstove, the composition and quantfi@od combustion emissions are highly
dependent on many factors and further work is neeéaleharacterize the emissions and the
evolution of these emissions with aging generatexh fourning of different wood types and

under different burn parameters.
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Table 1. Modified combustion efficiencies, OH exposuresegforted aged values (molectm
h) and enhancement of select species relative ter@@ncement above background levels (pptv

ppbv?)
parameter experiment averag@

1 2 3 4 5
MCE 0975 0978 0977 0.974 0978  0.976+0.002
OH exposure 45x70 55x10 5.3x10 5.2x10 4.7x10
ACH3CNyiman/ACO 0.079 0.1 0.099 0.077 0.082  0.09+0.01
ACH3CN,4ed ACO 0.084 0.1 0.11 0.072  0.069  0.09+0.02
ACH3OH,imar/ACO 3.4 21 11 2.4 1.5 8+8
ACH3OH,4dACO 3.4 19 11 25 1.8 7+7
AC,H4Osprimar/ ACO 12 84 57 9.8 5.9 30430
AC,H 4024404 ACO 12 68 48 9.4 6.5 30+30

®Uncertainties correspond to one sample standaratitev of the replicates.



Table2. Primary emission factors of gas-phase species @R

species monoisotopic structural assignment functional group experiment averdge
m/z 1 2 3 4 5
CO; 1780000 1781000 1777000 1772000 1784000  17790000+4
CcO 27000 26000 27000 30000 27000 28000+2000
CH, 1800 1600 2000 2800 1500 1900+500
NMOG 2800 13000 9200 3200 1500 6000+5000
acid 750 5000 3500 700 340 2000+2000
O-containing 560 3400 2200 590 290 1000+1000
carbonyl 310 1500 960 270 170 600+600
oxygenated aromatic 230 780 520 270 140 400+300
alcohol 130 660 360 90 48 300+300
furan 93 680 410 95 51 300+300
O- and N-containing 120 81 77 120 91 100420
CiHy 120 210 210 160 64 150160
aromatic hydrocarbon 320 170 490 680 250 400+200
N-containing 20 39 36 23 16 3010
other 140 390 310 160 94 200+100
[CH3OH+H] 33.034 methanol alcohol 110 660 360 87 a7 300+300
[CoHaN+H]* 42.034 acetonitrile N-containing 3.4 34 4.1 3.6 3.2 3.5#0.3
[CaHe+H]* 43.055 propene Ely 38 61 40 28 15 40+20
[CaH,0+H]" 45.034 acetaldehyde carbonyl 94 330 230 79 48 + 0D
[CHO+H]+ 47.013 formic acid acid 9.9 96 100 31 4.2 50+
[CoHeO+H] 47.050 ethanol alcohol 16 BDL 3.3 25 BDL 4+7
[C4He+H] 55.055 buta-1,3-diene xBy 14 38 33 14 5.7 20+10
[CsH4O+H] 57.034 prop-2-enal carbonyl 45 160 120 45 25 80+60
[CoH20-+H] 59.013 oxaldehyde carbonyl BDL BDL BDL 1.3 BDL 380.6
[CaHeO+H]" 59.050 propan-2-one carbonyl 54 190 120 30 30 80+70
propanal
[CoH4Ox+H]* 61.029 acetic acid acid 740 4900 3400 670 340 200042000
glycolaldehyde
[C4H4O+H]" 69.034 furan furan 17 140 82 19 9.7 50160
[CsHg+H]* 69.070 isoprene Ely 34 12 9.4 2.8 11 3+2
cyclopentene
[C4HsO+H]" 71.050 E)-but-2-enal carbonyl 25 120 72 19 14 50+40
3-buten-2-one
2-methylprop-2-enal
[CsHio+H]" 71.086 E)-/(2)-pent-2-ene CxHy 2.7 5.3 4.0 2.0 0.86 3£2
2-methylbut-1-ene
2-methylbut-2-ene
pent-1-ene
3-methylbut-1-ene
[CaH4Ox+H]* 73.029 2-oxopropanal carbonyl 26 140 96 26 15 560+
[C4HgO+H]" 73.065 butan-2-one carbonyl 7.2 44 24 5.2 4.2 20420
butanal
2-methylpropanal
[CaHO+H]* 75.045 methyl acetate O-containing 62 490 300 56 28 200+200
[C6H6+H]+ 79.055 benzene aromatic 210 90 300 450 150 200+100
hydrocarbon
[CsHeO+H]" 83.050 2-methylfuran furan 21 160 88 21 12 60160
[CsHgO+H]" 85.065 3-methyl-3-buten-2-one carbonyl 10 69 39 78 54 30+30
[CeHiz+H]" 85.102 E)-hex-2-ene CxHy BDL 2.2 1.6 0.60 BDL 1+1
2-methyl-pent-2-ene
[C4HeO+H]" 87.045 butane-2,3-dione carbonyl 51 450 250 52 26 200+200
[CiHg+H]* 93.070 toluene aromatic 23 22 34 39 16 27+9
hydrocarbon
[CeHeO+H]" 95.050 phenol oxygenated 110 110 130 130 68 110+20
aromatic
[C5H402+H]+ 97.029 furan-2-carbaldehyde furan 40 270 180 40 1 2 100+100
[C6H80+H]* 97.065 2,4-/2,5-dimethylfuran furan 11 86 48 11 55 30+30
[C4H205+H]* 99.008 maleic anhydrife O-containing 40 91 66 40 26 50+30
[CeHg+H]* 105.070 styrene aromatic 12 8.0 20 24 9.6 1547
hydrocarbon
[CHeO+H]" 107.050 benzaldehyde oxygenated 18 14 23 27 11 18+7
aromatic
[CeHigtH]" 107.086 m-/o-/p-xylene aromatic 4.2 6.9 7.5 6.3 29 6+2
ethylbenzene hydrocarbon
[C7HgO+H]" 109.065 m-/o-/p-cresol oxygenated 24 71 48 25 14 40+20
aromatic
[CeHeO2+H]" 111.045 m-/o-/p-benzenediol oxygenated 26 150 86 22 14 60+50
2-methylfuraldehyde aromatic
[CoHg+H]* 117.070 H-indene aromatic 5.0 BDL 9.5 15 2.9 616
hydrocarbon
[C9H1C+H]+ 119.086 2,3-dihydroH-indene aromatic 2.3 2.8 3.9 3.3 1.3 3+1
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hydrocarbon

[CeHgO+H]" 121.065 1-phenylethanone oxygenated 8.3 14 13 8.8 4.6 1044
3-/4-methylbenzaldehyde aromatic
[CoHiz+H]" 121.102 i-propylbenzene aromatic 1.0 24 2.3 1.2 0.68 1.5+0.8
n-propylbenzene hydrocarbon
1,3,5-trimethylbenzene
[CgH100+H]" 123.081 2,4-/2,6-13,5-dimethylphenol oxygenated 4.7 36 18 4.9 3.0 1010
aromatic
[C7HgO+H]" 125.060 2-methoxyphenol oxygenated 9.2 110 55 12 4.9 40+50
methylbenzenediols aromatic
[CeHgOs+H]" 127.040 5-(hydroxymethyl)furan-2-carbaldehyde afur 4.4 29 17 4.9 2.7 10+10
[CioHg+H]" 129.070 naphthalene aromatic 42 20 80 100 33 60+30
hydrocarbon
[CeH1002+H]* 139.076 2-methoxy-4-methylphenol oxygenated 3.2 59 29 6.2 1.8 20420
4-(2-hydroxyethyl)phenol aromatic
[C11H1(,+H]+ 143.086 1-/2-methylnaphthalene aromatic 4.0 2.3 5.7 7.5 3.3 5+2
hydrocarbon
[CoHeO+H]* 147.045 2,3-dihydroinden-1-one oxygenated 11 13 13 11 6.0 1143
aromatic
[CeH4Os+H]* 149.024 phthalic anhdyrifle O-containing 16 31 25 16 8.3 1949
[CgHgOs+H]" 153.055 4-hydroxy-3-methoxybenzaldehyde oxygehate 3.8 27 15 3.7 1.4 10+10
aromatic
[CioHg+H]" 153.070 acenaphthylene aromatic 6.1 3.6 12 15 8.3 915
hydrocarbon
[CoH1,0.+H]" 153.092 4-ethyl-2-methoxyphenol oxygenated 14 30 14 3.2 BDL 10+10
1,2-dimethoxy-4-methylbenzene aromatic
[CeH100s+H]" 155.071 2,6-dimethoxyphenol oxygenated 2.2 73 35 7.8 1.0 20+30
aromatic
[C12H10+H]+ 155.086 1,1-biphenyl aromatic 3.1 BDL 4.3 6.1 2.9 3+2
1,2-dihydroacenaphthylene hydrocarbon
[C12H12+H]+ 157.102 dimethylnaphthalene aromatic 1.3 3.0 3.2 2.2 1.2 2.240.9
hydrocarbon
[C1oH1202+H]* 165.092 2-methoxy-44H)-prop-1-enyl]phenol oxygenated 0.92 24 13 2.3 0.59 8+10
2-methoxy-4-prop-2-enylphenol aromatic
2-methoxy-4-[Z)-prop-1-enyl]phenol
[CoH100s+H]" 167.071 1-(4-hydroxy-3-methoxyphenyl)ethanone oxygenated 25 11 6.7 2.2 1.2 514
2,5-dimethylbenzaldehyde aromatic
3,4-dimethoxybenzaldehyde
[CisHio+H]* 167.086 fluorene aromatic BDL BDL 1.0 25 2.0 1+1
hydrocarbon
[C1oH1402+H]) 167.107 2-methoxy-4-propylphenol oxygenated 0.88 7.6 4.4 1.1 BDL 343
aromatic
[CoH1205+H]* 169.086 2,6-dimethoxy-4-methylphenol oxygenated BDL 14 6.2 11 BDL 446
aromatic
[C14H10+H]+ 179.086 phenanthrene aromatic 6.4 8.4 6.1 3.6 7.7 6+2
anthracene hydrocarbon
[C1sHgO+H]" 181.065 fluoren-9-one oxygenated 2.7 4.0 2.7 1.2 1.9 2+1
phenalen-1-one aromatic
[C10H1205+H]* 181.086 1-(4-hydroxy-3-methoxyphenyl)propan-2- oxygenated BDL 4.2 2.6 11 0.69 2+2
one aromatic
[CoH1004+H]" 183.066 3,4-dimethoxybenzoic acid oxygenated 1.1 BDL 1.4 1.1 1.0 0.9+0.5
4-hydroxy-3,5-dimethoxybenzaldehyde aromatic
[C1oH140s+H]" 183.102 4-ethyl-2,6-dimethoxyphenol oxygenated 1.0 7.4 4.2 1.0 BDL 3+3
aromatic
[CisHiz+H]* 193.102 1-/2-/3-/9-methylphenanthrene aromatic 0.50 2.6 1.3 BDL 0.44 1+1
2-methylanthracene hydrocarbon
[C1iH140s+H]" 195.102 1,3-dimethoxy-2-prop-2-enoxybenzene  oxygenated BDL 1.7 1.2 BDL BDL 0.6+0.8
2,6-dimethoxy-4-[Z)-prop-1-enyllphenol aromatic
[C16H1(,+H]+ 203.086 fluoranthene aromatic BDL 0.87 BDL BDL BDL 0.2+0.4
pyrene hydrocarbon
acephenanthrylene

%C0O,, CO and CH are measured using cavity ring down spectroscogyadl other species are

measured using the PTR-ToF-MS.
PBDL indicates value is below the detection limit.

‘Multiple structural assignments for a given ionrespond to possible isomers.

dUncertainties correspond to one sample standaratitmv of the replicates.

°Structural assignment based on known products pestiduring oxidation of aromatics

(Bandow et al., 1985; Chan et al., 2009; Praplaal.e014).
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Figure 1. Mass spectra of primary emissions for experimérfiga-e) colored by functional
group. (a-e) Labelled peaks correspond tgH0]" (m/z 43, fragment from higher molecular
weight compounds), [{1,0.+H]" (m/z 61, acetic acid), [§s0.+H]" (m/z 75, methyl acetate),
[CeHe+H]" (Mm/z 79, benzene), BlsO+H]" (m/z 95, phenol) and [GHs+H]" (m/z 129,
naphthalene). The bars in (f) correspond to thetiwnal contribution of each functional group
to the total NMOG mass for each experiment andhtleeage of all experiments. Error bars
correspond to one sample standard deviation afegpiecates. Legend in (b) applies to (a-f).
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Figure2. Enhancement (average value (mgkaf experiments 2 and 3 relative to the average
value of experiments 1, 4 and 5) in each NMOG fianetl group category and for SOA
formation potential. Total SOA formation potenigidetermined using the primary EF of each
NMOG identified as a SOA precursor and literatu@ASyields and assumes complete
consumption of each NMOG with aging (see text ftads). Error bars correspond to one
sample standard deviation.
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Figure3. Geometric mean of the primary emission factorgys-phase species of particular
interest for SOA formation (solid bars and graytgrated bars) and identification of air masses
influenced by biomass burning (black patterned)bat®lors and patterns corresponding to

NMOGs contributing to SOA formation are consisteith Bruns et al. (2016). Error bars

correspond to the sample geometric standard dewiafithe replicates.
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Figure4. Temporal evolution of gas-phase species categpbby functional group throughout

aging in the smog chamber for experiments 1-5 (a:&)its on the y-axes are mass of each
functional group (mg) per mass of wood consumedl. (kg
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Figure5. Absolute difference of aged and primary masstspdor experiments 1-5 (a-e),
where peaks less than zero decrease during agihgesks greater than zero increase during
aging. Aged emissions correspond to an OH expasfu#e5-5.5)x10 molec cn? h. (a-e)
Labelled peaks correspond to [@B+H]" (m/z 47, formic acid), [@H40-+H]" (m/z 61, acetic
acid), [GHe+H]" (m/z 79, benzene), KEIsO+H]" (m/z 95, phenol), [§H40>+H]" (m/z 97, furan-
2-carbaldehyde), [{H,0s+H]" (m/z 99, maleic anhydride), jgHg+H]" (m/z 129, naphthalene)
and [GH4O3+H]" (m/z 149, phthalic anhydride). The bars in (f) cope to the fractional
contribution of each category to the total NMOG&Rn OH exposure of (4.5-5.5)X1fiolec
cm® h for each experiment and the average of all éxyats. Error bars correspond to one
sample standard deviation of the replicates.
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