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Abstract. A series of photo-oxidation smog chamber ex- marker for primary emissions of wood burning. This con-
periments were performed to investigate the primary emis4ribution atm/z 60 can overcompensate for the degradation
sions and secondary aerosol formation from two differentof levoglucosan leading to an overestimation of the contri-
log wood burners and a residential pellet burner under dif-bution of wood burning or biomass burning to the total OM.
ferent burning conditions: starting and flaming phase. Emis-The primary organic emissions from the three different burn-
sions were sampled from the chimney and injected into theers showed a wide range in O:C atomic ratio (0.19-0.60) for
smog chamber leading to primary organic aerosol (POA)the starting and flaming conditions, which also increased dur-
concentrations comparable to ambient levels. The compoing aging. Primary wood burning emissions have a rather
sition of the aerosol was measured by an Aerodyne high reslow relative contribution at:/z 43 (f43) to the total organic
olution time-of-flight aerosol mass spectrometer (HR-TOF- mass spectrum. The non-oxidized fragmegit-lq: has a con-
AMS) and black carbon (BC) instrumentation. The pri- siderable contribution at/z 43 for the fresh OA with an in-
mary emissions were then exposed to xenon light to initiatecreasing contribution of the oxygenated iopHzO™" during
photo-chemistry and subsequent secondary organic aerosabing. After five hours of aging, the OA has a rather low
(SOA) production. After correcting for wall losses, the aver- C,H30™ signal for a given C@ fraction, possibly indicat-
age increase in organic matter (OM) concentrations by SOAng a higher ratio of acid to non-acid oxygenated compounds
formation for the starting and flaming phase experimentsin wood burning OA compared to other oxygenated organic
with the two log wood burners was found to be a factor of aerosol (OOA).

4.1+1.4 after five hours of aging. No SOA formation was
observed for the stable burning phase of the pellet burner.
The startup emissions of the pellet burner showed an increan
in OM concentration by a factor of 3.3. Including the mea-
sured SOA formation potential, average E_:mission factors ofp/n0d burning for domestic heating and cooking is very com-
BC+POA+SOA, calculated from Cemission, were found  on in many parts of the world, and, because of its impor-
to be in the range of 0.04 to 3.9 g/kg wood for the stableiance as a source of renewable energy, there is currently an
burning pellet burner and an old log wood burner during jncreasing interest in its usage. By estimation, three bil-
startup respectively. SOA contr_lbuted significantly to the ion o, people use small-scale appliances (three-stone fires or
C2H40; at mass to charge ratie/z 60, a commonly used cooking stoves) that are both inefficient and highly polluting
(World Energy Council, 2007). Wood combustion emits a
wide range of volatile organic compounds (VOC) and par-

Correspondence toA. S. H. Pevot ticulate matter (PM) which consists mainly of organics and
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2001). On a global scale, biomass burning is estimated tghases using measurements from a high resolution time-of-
contribute up to 90 % of the combustion generated primaryflight aerosol mass spectrometer (HR-TOF-AMS). SOA pro-
particulate organic carbon (OC) (Bond et al., 2004). Woodduction and estimated emission factors for BC, POA, and
burning is responsible for more than 30 % of the particulateSOA are reported for all three burners separated by starting
carbonaceous matter in Europe (Simpson et al., 2007) anghase and flaming phase. We present a correlation between
was shown to be the dominant source of PM in Swiss AlpineO:C ratio andm/z 44 obtained from unit mass resolution
valleys in winter (Sandradewi et al., 2008). These gas phas€UMR) mass spectra, which can be used to estimate the O:C
and PM emissions contribute to various adverse effects omatio of wood burning aerosols, POA and SOA, from UMR
human health (Nel, 2005; Pope and Dockery, 2006). data. In addition, results from pure SOA experiments, where
Organic aerosol (OA) is an important fraction of the only the gas phase emissions are injected into the chamber
non-refractory PM (PM with an aerodynamic diameter and processed, are presented.
da<1um) in many parts of the world (Zhang et al., 2007).
The OA mass spectra from the Aerodyne aerosol mass spec-
trometer (AMS) can be deconvolved to give information 2 Materials and methods
about sources contributing to the total OA mass (Lanz et al.,
2007). Hydrocarbon-like OA (HOA) from traffic, biomass 2.1 Experimental setup
burning OA (BBOA), and oxygenated OA (OOA) were dis-
tinguished in many datasets where secondary organic aerosdhe experiments were performed in the smog chamber of the
(SOA) is assumed to be the main contributor to OOA (LanzPaul Scherrer Institute (PSI). The PSI chamber is a 27-m
etal., 2010; Jimenez et al., 2009). OOA can be further sepaTeflon bag suspended in a temperature controlled housing.
rated into a low volatility fraction (LV-OOA), which is more  The smog chamber was operated at@Gnd a relative hu-
aged and exhibits a higher O:C ratio, and a semi-volatile frac-midity (RH) of ~50 % during all experiments described here.
tion (SV-O0A) which represents fresher OOA with a lower Four xenon arc lamps of 4kW each were used to simulate
O:C ratio (Lanz et al., 2007; Aiken et al., 2008; Ng et al., the atmospheric light spectrum and intensity during a typi-
2010; DeCarlo et al., 2010). cal Swiss winter day at noon. The smog chamber housing is
Levoglucosan was found to be a substantial constituencovered with a reflecting coating to increase light intensity
of primary organic aerosol (POA) particles from biomass and light diffusion. A more detailed description of the PSI
burning (Fraser and Lakshmanan, 2000). The AMS mas$mog chamber and its standard instrumentation can be found
spectrum of nebulized levoglucosan is highly correlated withelsewhere (Paulsen et al., 2005).
ambient measurements at a wood burning dominated site in The experiments were performed with two different res-
Roveredo, Switzerland. Three fragmenis/z 60, 73, and idential log wood burners and one residential pellet burner.
137, have been suggested as marker fragments for woodhe first burner is an old style log wood burner (WESO
burning generated aerosols (Alfarra et al., 2007). The frag-Duplex, built around 1960) with a smaHh-0.018 n¥) com-
ment atm /z 60 was observed for open burning (Lee et al., bustion chamber. The second burner is a modern log
2010) as well as for residential wood burners where thewood burner (Attika Avant, 2009, combustion chamber
markers were found to depend on burning conditions and~0.037 n¥) with well defined air flows to reach optimal com-
wood type (Weimer et al., 2008). bustion efficiencies. The wood used for these burners, 100 %
Aircraft measurements of aging wildfire plumes showed beech, was obtained from a local distributor, cut 00 g
significantly increasing OA concentrations upon aging pieces and stored in a dry place. The logs were positioned
(Yokelson et al., 2009; DeCarlo et al., 2010). However, otheron top of the kindling and lit from below. Emissions were
aircraft studies report no increase in OM for aging wildfire injected into the smog chamber either during starting, flam-
plumes (Capes et al., 2008). Recent smog chamber studié¢sg or smoldering phases of the burning cycle. For the start-
investigating different types of open biomass burning emis-ing phase experiments the kindling was lit using a small gas
sions showed an average increase in OM by a factor of 1.7orch immediately before chamber injection. Experiments on
(Hennigan et al., 2011). Emissions from a small wood burn-the gas phase only emissions were performed by filtering the
ing appliance have been shown to form significant amountdiot emissions through a heated filter (2&). These exper-
of SOA during irradiation with UV light (Grieshop et al., iments are referred to as pure SOA experiments throughout
2009b). Such an aged OA closely resembles the OOA spedhe rest of this paper and are a combination of starting and
trum, which makes it difficult to extract the total contribution flaming phase emissions. The pellet burnetiéfy KEA,
of wood burning in ambient OA. Smog chamber experiments2005, Rhax 9 kW) was operated at 80 % of its maximum
are suitable to give insight into the properties of POA and topower using wood pellets. The burners were connected to
characterize the SOA from wood burning exhaust. a chimney with a diameter of 0.16 m and a height of 3.5m.
In this paper, we describe the POA, the SOA produc- The introduction of the wood burning emissions into the
tion, and OA aging processes from three different residenchamber was done from a pickoff point in the middle of the
tial wood burning appliances during the startup and flamingchimney at a height of approximately 2 m. To avoid particle
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Table 1. Overview of several parameters for the different smog chamber experiments.

Experiment POA OAWPOA POA OAp POA/CO MCE AO3tsh—1foh
(ugim?)  (WLC)  O:C  O:C  (ug/nippm?) (ppb)
Old log wood burner
1 flaming + smoldering 3.8 1.6 0.51 0.58 3.9 0.986 32
2 flaming 4.4 3.8 0.38 0.50 n/a n/a 59
3 flaming 28 51 0.19 0.36 11 0.960 111
4 starting 27 6.9 0.32 0.42 7.6 0.943 52
5 starting 6.5 5.7 0.23 0.46 6.4 0.959 65
6 smoldering 17 0.7 0.87 0.79 14 0.909 16
7 flaming 7.6 3.8 0.25 0.36 38 0.994 10
Pellet burner
8 stable burning 4.2 1.0 0.23 0.50 48 0.999 n/a
9 starting 3.6 2.8 0.52 0.72 29 0.992 26
10 starting 35 3.7 0.59 0.84 22 0.988 24
Modern log wood burner
11 flaming 1.4 3.6 0.48 0.62 25 0.993
12 flaming 4.9 5.3 0.37 0.50 3.1 0.987 79
13 flaming 6.1 2.7 0.35 0.41 11 0.995 3
14 gas-phase orlly - - - 0.50 - 0.989 73
15 starting 31 4.2 0.37 0.56 20 0.958 23
16 starting 3.9 34 0.41 0.62 28 0.979 12
17 starting 20 2.3 0.33 051 16 0.966 25
18 gas-phase orfly - - - 0.36 - 0.994 10
19 gas-phase orfly - - - 0.39 - 0.993 25
20 flaming 2.0 2.1 050 0.54 5.8 0.995 2

& Modified combustion efficiency defined as [GJ{CO5] + [CO)).
b Gas-phase only experiments were performed on a mixture of starting and flaming phase emissions.

coagulation, the emissions were diluted by a factor@f  flushing the chamber with zero air for at least 36 h. Blank ex-

using a heated ejector diluter (Dekati Ltd., Tampere, Fin-periments were performed to make sure that the organic mat-
land). The preheated dilution air was provided by a pureter (OM) produced during the experiments is not significantly

air generator (737-250 series, AADCO Instruments, Inc.,influenced by background impurities in the smog chamber.

USA). The dilution system, dilution air, and all sampling An overview of the experiments described in this paper can
lines were usually operated at 18D to prevent condensa- be found in Table 1. The table in the Supplement (Table S1)
tion of semi-volatile organic compounds (SVOC'’s). Finally, describes additional parameters for all experiments.

the emissions experienced a second dilutief2Z0 times)

and cooling to 20C when entering the smog chamber. A 2.2 Instrumentation

schematic representation of the inlet system and the smog . o i

chamber setup is shown in Fig. 1. The filling time and/or 2-2-1 High resolution time of flight aerosol mass

the flow into the smog chamber were varied to achieve at- spectrometer

mospherically relevant concentrations (1-30 )/af POA. An Aerodyne high resolution time-of-flight aerosol mass

The smoldering phase emissions generally produced low

POA emissions and therefore only one smoldering experi-SpQCtrometer (HR-TOF-AMS) was used for the on-line quan-

; . . o ; . tification of the submicron (PM) non-refractory aerosol
ment, which showed a high organic emission, is described in . " .
) components. The term “non-refractory” is assigned to those
this paper. . :
species that evaporate rapidly at 8@under vacuum con-
After injection and a 15-min homogenization/mixing pe- ditions, e.g. OM, NEHNO3 and (NH;)2SO4 (Allan et al.,
riod the primary emissions were measured for 30-60 min2004). Potassium salts like KN@r K2 SOy can not be quan-
before the xenon lamps were switched on to start photoditatively measured with the AMS. A detailed description can
oxidation. After each experiment the smog chamber wade found elsewhere (DeCarlo et al., 2006), however a short

cleaned by the addition of several ppm of ozone¥@h and  description is given here.
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Fig. 1. Schematic representation of the inlet system and smog chamber setup.

The aerosol particles are sampled through a 100-um critiet al.,, 2004) was modified accordingly fet/z 16, 18,
cal orifice into an aerodynamic lens which focuses particles?29 and 44. In addition, the improved fragmentation ta-
into a narrow particle beam (Zhang et al., 2004). The inletble (Aiken et al., 2008) was used with the following frag-
system shows 100 % transmission for particles in the vacmentation patterns in relation to the measurede@g—
uum aerodynamic diameter range 70-500 nm and substamal: CO"=100%, HO" =22.5%, OH =5.625% (25%
tial transmission for particles in the range of 30~70 nm andof H,O"), Ot =0.90% (4 % of HO™). The contributions
500 nm-1.5um. The largest mass concentration mode obef these ions are added to the CHO family. A particle col-
served in the AMS pTOF mode was400 nm which is well  lection efficiency (CE) of 1 was used to estimate the non-
within the transmission window of the AMS. The expan- refractory aerosol mass concentration. This CE was based
sion at the exit of the aerodynamic lens into the first vacuumon the comparison of the sum of the AMS species and BC
chamber accelerates the particles towards a heated tungsterith a tapered element oscillating microbalance (TEOM, Se-
element. The particles are vaporized on impact and ionizedies 1400a, Thermo Scientific) during a separate measure-
by electron ionization (El) at 70 eV. The produced ions arement campaign where primary emissions from a complete
extracted from the ionization region into the TOF (H-TOF burning cycle of a log wood burner were sampled..

series, Tofwerk, Thun, Switzerland) followed by the orthog-
onal pulsed mass analysis. 2.2.2 Black carbon instrumentation

The high mass resolution and accuracy of the HR-TOF- . .
AMS made it possible to determine the elemental composi—BC was measured using an aethalometer (AE31, Magee Sci-

tion of the ions up to approximateky/z 100 (DeCarlo et entific Company, Berkeley CA) at 880 nm using a specific

al., 2006). Integration of the organic ions with the elementalatte.nuatIon Cross sectu_)n of 16.6/ a’.‘d an empirical cor-
- + o . . rection for the shadowing effect (Weingartner et al., 2003)
composition QHyOZNp gives information on the elemental

ratios of O:C, H:C, N:C as well as the OM:OC ratio (Aiken 2;”2%;2;?;? I\xasexrgggg:ﬁg:js vf/-il;?]bf nﬂjllti I;cr)]r ltgeat?g;?r_
et al., 2007; Aiken et al., 2008). Based on their elemental P g P

o : . .. tion photometer (MAAP) (Model 5012, Thermo Fisher Sci-
composition, ions were grouped into four different families:

entific). BC concentrations were calculated at a one-minute
g(’fi’ (;(Eol :;nf ;%32;>%)Hy%és(;x; );T’::ﬁezr:/i/jillc;l()zyr(;;(’a\lrlr’e g4 time resolution using a mass specific absorption cross section

to as CH, CHO, CHN and CHON from hereon. of 6.6 n?/g at the wavelength 630 nm.

Data analysis was performed using Igor Pro 6 (Wave-2.2.3 Gas phase instrumentation
metrics, Lake Oswego, OR) with the Squirrel TOF analy-
sis toolkit v1.48 or later and the TOF HR analysis toolkit The evolution of several gas phase species was measured dur-
v1.07 or later. During every experiment, after filling and ing the experiments. Carbon dioxide (€Qvas measured
before lights on, HEPA filtered air was sampled from the using a differential, non-dispersive, infrared (NDIR) gas ana-
smog chamber to measure the gas phase contributions tgzer (LI-7000, Li-Cor Biosciences) operated with a time res-
the mass spectra. The AMS fragmentation table (Allanolution of one second. Carbon monoxide (CO) was measured

Atmos. Chem. Phys., 11, 59450857, 2011 www.atmos-chem-phys.net/11/5945/2011/
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with an ultra fast fluorescence analyzer (AL5002, Aero- 60
laser GmbH). A chemiluminescence N@nalyzer (Monitor

Labs model ML9841A) was used to measure NO and,NO 50
(NO +NOp) and ozone (@) was measured with an ozone
analyzer (Monitor Labs Inc. Model 8810). 40+

3 Results and discussion
20

3.1 Primary emissions

The starting phase and flaming phase emissions from the

old log wood burner were dominated by BC with an aver- 0-
age OM/BC ratio of 0.24£0.06. The OM/BC ratio for the

modern log wood burner changed significantly between the
starting phase and the flaming phase, with values a£@.2  Fig. 2. Temporal evolution of the AMS species and BC (aethalome-
and 0.12-0.04, respectively. The emissions from the pel- ter) for the starting phase emissions of the modern log wood burner
let burner showed an average ratio of 2(®9 for the start- (experiment No. 5). BC data was fitted for the time period prior
ing phase and during stable burning conditions. OM/BC ra-to lights on. Wall loss corrected (WLC) time series are calculated
tios were found to be lower than published values for off- according to Eq. (2).

line methods (Szidat et al., 2006 and the references therein)

and on the lower end of previously published smog chambety;, o ang that particles deposited at the walls are in equilib-
data (Grieshop et al., 2009b). Two possible explanations CaFum with the suspended material, the wall loss rate of BC

be givig. Our experiments wer?ngat lower concentrations (14, he ysed to correct the concentrations of other particulate
30 ug/ny as compared te40 pg/nt), which affects the par- g cies (Grieshop et al., 2009b). The wall loss corrected con-

titioning of organics between the gas and particle phase (Lip'centration of OM (OMyLc) can be derived using the equa-
sky and Robinson, 2006), and the modified combustion effi-;

tion:
ciency (MCE, defined as [C/([CO;] + [CO])) was higher BC(10)
(Table 1) which has been shown to lead to lower OM/BC OMy c(f) = OMmead?) X [ 0 } 1)

Time after lights on (h)

ratios (Grieshop et al., 2009b). BC(1)
where OMpeadt) refers to the concentration of OM mea-
3.2 Secondary organic aerosol production sured at timg. BC(o) and BC¢) are the concentrations of
BC when lights were switched on and at timeespectively.
Figure 2 shows the evolution of OM, NOSCy and BC for During some experiments, as shown in Fig. 2, an apparent

a typical experiment (No. 5 Table 1) with log wood burner increase in the BC concentration was seen after lights were
emissions. After the injection, 15 min mixing time and the switched on and OM increased substantially. This observa-
characterization of the primary emissions, the smog chambetion due to increased light absorption by BC with thicker
lights were switched on. During the dark phase the concencoatings is in agreement with findings in the literature. Anin-
trations of BC and OM decrease due to wall loss. The totalcrease in light absorption efficiency due to an organic coating
PM mass as measured by the AMS was dominated by OMup to a factor of~2 has previously been reported (Schnaiter
for all experiments. On average, the highest OM fractionset al., 2005; Shiraiwa et al., 2010). In similar experiments
were measured for the starting phase of the log wood burneuasing diesel exhaust in the PSI smog chamber this increase
(93 %), followed by the starting phase of the pellet burnerof black carbon concentration was not observed, likely due to
(86 %), the flaming phase of the log wood burners (76 %) anda thinner coating (Chirico et al., 2010). This increase in ab-
the stable burning phase of the pellet burner (53 %). After thesorption leads to an underestimation of the wall loss rate and
lights were switched on, the production rate of OM is greaterconsequent underestimation of the SOA production if the BC
than the wall loss rate, resulting in a rapid OM concentrationconcentration calculated from the absorption measurement is
increase from SOA formation in the first hour. In the secondused. To get a representative wall loss rate the BC data was
hour of lights on, the OM production rate slows down and fit for the time period prior to lights on using an exponential
OM reaches its maximum concentration once the SOA pro4it to zero. Equation (1) can be modified to:
duction rate equals the wall loss rate. After two hours, the BCit (7o)
wall loss rate dominates, resulting in a slow decrease in th@®My c (1) = OMmead?) X [ﬁ]
measured OM concentration. BCiit (1)
The wall loss rate was determined using BC as an inertwhere BGi; (f0) and BG;;(¢) are the concentrations of BC de-
tracer. Based on the assumption that the aerosol is internallyived from the exponential fit when lights were switched on

)
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Fig. 3. Wall loss corrected OM enhancement ratios for the different F19- 4. Average concentrations of BC, POA and SOA after Sh of
burners and burning conditions. aging normalized by the increase in gConcentration. The right
axis shows the estimated emission factor in g/kg wood burnt.

and at timer respectively. The pure SOA experiments were

not used to quantify the SOA formation and therefore wereCO, were found to be useful scalars for dilution effects and
not corrected for wall losses. emission factors. The average concentrations of BC, POA

The relative increase of OM in relation to the concen- @nd SOA, normalized by the increase in the Gfoncen-

tration of POA is expressed as the OM enhancement ratigration, for the different burners and burning conditions are
(OMgr). Taking the wall loss correction as shown in Eq. (2) Shown in Fig. 4.

into account, the Ol at timer can be calculated by: Since there was no information on the mass of wood
burned during injection, an estimate of the emission factors

OMmead?) BGCiit (f0) 3) were calculated based on the increase i €@nhcentration.
OMmead o) BGiit (1) The mass of wood burned was calculated using the following

The temporal evolutions of the OM enhancement ratios forformula

all smog chamber experiments are shown in Fig. 3. _PxV 1
All log wood burner experiments show a substantial in-""W8 = Rx71 * ACOz x MwC x fe )
crease in OM for both starting and flaming phase emissions. , i
The average Ol for these experiments after 5 h of photo- WNerémwe is the mass of wood burneg)( ACO; the in-
oxidation was found to be 4411.4. During injection for ex-  ¢'€ase in concentration (ppm) M the molecular mass of

periment No. 1, the fire stopped flaming and started smolderc@rPon. andfc the carbon fraction of wood?, v, R and
ing which may be the reason for the lower @iof 1.6. In T are the pressure (Pa), volume3juniversal gas constant,

contrast, the high emission smoldering event (No. 6) showe(fmd temperature (K) respectively. Using a carbon.fraction qf
an OM loss of 54 % (after wall loss correction) within the 20 % for beech (Joosten et al., 2004), a 1-ppm increase in
first hour and a slow increase during the following hours, €2 Per cubic meter air in the smog chamber corresponds
The mass loss during this experiment is discussed in detaf® 1 M9 burned wood. These estimated emissions factors, in

in Sect. 3.5. The pellet burner produced an average-@M /K9 wood burnt, are shown on a second axis in Fig. 4.
of 3.3+0.6 during the starting phase whereas no SOA forma- All of the burners tested _showed higher emission factors
tion was observed for the flaming phase, which is explaineofOr BC, POA and SOA during the startup phase compared

by the very stable and controlled burning conditions for the© the flaming or stable phases. The old log wood burner
pellet burner in contrast to the log wood ovens produced the highest total emissions during the starting phase

and flaming phase followed by the new log wood burner and
3.3 Emission factors then the pellet burner. All values from Fig. 4 as well as their
standard deviations are presented in Table 2.
To perform smog chamber experiments at atmospherically The old log wood burner showed a similar BC production
relevant OM concentrations it was necessary to adjust the fillduring the starting and flaming phase. Total OM (POA +
ing time and dilution factor to the type of burner and burning SOA) showed a slightly smaller emission factor during the
condition to stay below 40 ugfprimary OM concentration.  flaming phase. The similarity between starting and flaming
Therefore the concentrations of the measured aerosol specighases may be explained by the small combustion cham-
need scaling before they can be compared or averaged. Twoer, which leads to relatively inefficient combustion even
abundant gas phase products from wood burning; &l under flaming conditions. The modern log wood burner

OMEgR(?) = |:

Atmos. Chem. Phys., 11, 59450857, 2011 www.atmos-chem-phys.net/11/5945/2011/



M. F. Heringa et al.: Primary and secondary aerosol from wood combustion 5951

Table 2. Emission factors of BC, POA and SOA normalized to the amount of wood burnt (g/kg) and their relative contribution to the total
PM emissions (OM + BC) after 5h of aging.

Experimen‘iLb BC (g/kg) BC (%) POA (g/lkg) POA (%) SOA(g/lkg) SOA (%)

Old start 1.53%#0.11 39 0.36:0.13 10 2.6¢1.0 51
Old flaming 1.3:1.2 53 0.25:0.19 10 0.88:0.59 37
Modern start 0.520.02 16 0.730.19 22 2.10.9 62
Modern flaming  0.340.05 71 0.03-0.01 7 0.1@-0.11 22
Pellet start 0.140.03 10 0.25:0.03 27 0.5%0.23 63
Pellet stable 0.014 33 0.027 67 0 0

@0ld = old log wood burner.
b Modern=modern log wood burner

showed similar BC emission factors during the starting phase

and flaming phase, but was roughly a factor of 3—4 lower |

than the old wood stove. The emission factor of OM for |

the modern log wood burner was significantly lower during |

the flaming phase. This indicates that the new design withE , | ‘ ‘ | ‘ \
|I|.1| || I |||II

I CH 1 CHO 1 CHN 1 CHON|

1.3%
3.2%

4

I | 51.9%
a large combustion chamber and sophisticated airflows de-2 |l | ‘” ‘ I I'l | | Y |
icci £ ok 1[I PRI A RILTA LI A TN A AT A

creases the emission factors for OM once the burner reaches °- ' ' ‘ f f L
operating temperatures. The improved design of the new% 10_ 31.1%
log wood burner thus influences both the primary emissions® g |
and secondary formation of organic aerosol. The emission &
factors of the pellet burner were dominated by OM and 4
were considerably lower during stable burning compared to 27

. . . od .
the starting pflase. A wide range of P'OA/CO ratios (3.9— - a0 5 o 70 e 00
48 pg/n? pp1) were observed for the different burners and miz
burning conditions (Table 1). This range is in agreement with ) _
the average OM/CO ratio of 38 that was found for the wood Fig. 5. Mass spectra of the starting phase log wood burner experi-
burning dominated site in Roveredo, Switzerland (Gaeggeletmhgrgr(gﬁicla‘r’g'rozgf;f‘zgrpsar':a zh;)nws Itgr?si?s ?QS t:gilr?t"c‘)’%g%nn‘:'_
et al., 2008) and with values found for other smog chamber. 9 ging. group

. : . ilies CH, CHO, CHN and CHON based on their elemental compo-
studies (Grieshop et al., 2009a; Grieshop et al., 2009b). sition. The pie charts show the relative contributions of the families.

‘ 63.3%
!.!|;|] ‘ “ ' ||!“ |7.'.!'g'!I!I!|!.7I;I!|!|=|:I,.!|’|ilfl:l;x;|.
2 40

3.4 High resolution analysis of primary and aged

organic aerosols
CHON stayed constant at 1.3 %. The POA spectrum shows a

The high resolution organic mass spectra were fitted with &5'ong signal for the ion seriesayz 27, 41, 55, 69, 83 and
fitting procedure resulting in a peak separation by fragment”/z 29, 43, 57, 71 which are often assigned to cycloalka-
ions (DeCarlo et al., 2006). These ions were grouped intd'€S or alkenes (f43,_1) and normal or branched alkanes
CH, CHO, CHN and CHON families. In general, the CHN (C.H3,. ;) respectively (Alfarra et al., 2004; Canagaratna et
and CHON families have only a small contributioa0 %)  al., 2004; Weimer et al., 2008). However, the high resolu-
to the total organic spectrum from the tested wood burnerstion data shows that, except fer/z 27 and 41, the signals
The two dominant classes for all conditions were the CH andare dominated by oxygen containing ions and cannot be as-
CHO families. signed to either of these hydrocarbon series alone.
Emissions from wood burning are highly variable in quan-  Levoglucosan, a product from wood burning and biomass
tity and properties as shown above. An example of the fam-burning, has been used as molecular marker in ambient or-
ily spectra of the POA and of the aged organic aerosol isganic aerosol (Fraser and Lakshmanan, 2000; Simoneit et al.,
shown in Fig. 5. Experiment No. 15 was chosen as it is1999). The ion atz/z 60, a dominant fragment in the mass
in the middle of the observed range in SOA production andspectrum of levoglucosan, has been used as a wood burning
O:C ratio. POA is dominated by CHO (51.9 %) followed by marker for AMS measurements in order to estimate the wood
CH (43.6 %), CHN (3.2 %) and CHON (1.3%). After 5h of burning contribution to the ambient organic aerosol (Alfarra
aging, CHO showed an increase to 63.3 % whereas CH deetal., 2007; DeCarlo et al., 2008). An ideal molecular marker
creased to 31.1%. CHN increased from 3.2% to 4.4 % ands specific and inert, however, recent studies showed that
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5952 M. F. Heringa et al.: Primary and secondary aerosol from wood combustion

5 —— Starting phase /"
—— Flaming phase

—— Flaming + smoldering phase
—— Smoldering phase

— Log wood burner
4 --- Pellet bumer 0.8

i<l
®
€ N 16
[0} R
06
5 2 ‘
8 =
5 2 5
£ Q
5} o 3
"5 04+ - 2
~
T
w
O
— Flaming phase
0.2 —— Starting phase
—— Flaming + smoldering phase
—— Smoldering
—— Pure SOA experiments
— Log wood burner
-~ Pellet burner
0.0 T T T T 1
: i 0 2 4 6 8
Time after lights on (h) Time after lights on (h)

Fig. 6. Wall loss corrected enhancement ratios of théig0Z ion  Fig. 7. Evolution of the O:C ratio for the different burners and burn-
atm/z 60.0211 for the different burners and burning conditions. ing conditions.

levoglucosan is not stable under atmospheric conditions with
an atmospheric lifetime of 0.7—2.2 days at an OH exposure 08.5 Elemental ratios
1x10° molecules cm?® (Hennigan et al., 2010; Hoffmann et
al., 2010). This reactivity can lead to an underestimation ofFrom the high resolution AMS spectra the average elemen-
the wood burning contribution to ambient OM. Conversely, tal composition and different atomic ratios can be derived
m/z 60 is not a unique fragment of levoglucosan and was(Aiken et al., 2007). The bulk organic aerosol properties can
found to contribute~0.3 % to ambient OA during non-fire change by condensation of SOA and/or heterogeneous chem-
periods (Aiken et al., 2009; DeCarlo et al., 2008; Docherty etistry. During oxidation OA becomes more oxygenated, less
al., 2008). In additionyz /z 60 was also found in OOA spec- volatile, and more hygroscopic such that the O:C ratio can be
tra retrieved by PMF which are generally assumed to be domused as an approximation for the degree of oxidation of the
inated by SOA. Cubison et al. (2011) reported that only a mi-organic aerosol (Jimenez et al., 2009).
nor fraction of the fragment at/z 60 is from levoglucosan, Figure 7 shows the evolution of the O:C ratio for all smog
mannosan or galactosan and hypothesizedithat60 may  chamber experiments. The O:C ratios of the freshly emitted
also result from similar molecules, and may include dimersorganic aerosol were highly variable and spanned the range
and trimers. of 0.19-0.58 for the different starting and flaming phase ex-
AMS reference spectra of levoglucosan 98 %, Fluka)  periments. There was no separation in O:C ratio possible
showed that the signal at/z 60 corresponds to the ion petween the starting and flaming phases, nor between the dif-
CzH4O3 fit at m/z 60.0211. The wall loss corrected evo- ferent burners. The smoldering experiment (No. 6) showed
lution of this ion for all smog chamber experiments is shown g significantly higher O:C ratio, of 0.87, compared to the
in Fig. 6. A decrease in £,05 was observed for the pel-  starting and flaming phases. All experiments on the primary
let burner experiments and the smoldering experiments. On@mjssions showed an increase in the O:C ratio after lights on,
log wood burner experiment showed a decrease, whereas thgith the exception of the smoldering phase experiment. Dif-
remaining 11 experiments showed an increasedH403.  ferent rates for the increase in the O:C ratio were found for
This increase in the signal must result from SOA productsthe first two hours after lights on compared to the last period
that contribute to the same8,40; fragment as levoglu- (3 - 5h). For the log wood burners the O:C ratio increased
cosan. These SOA products depend on the burning condimitially by 0.055+0.020 and 0.0360.012 per hour for the
tions and were not observed during the aging experimentstarting phase and flaming phase respectively. This is 3-5
performed with the pellet burner. The contribution of SOA times faster than for the latter part of the experiments where it
to the GH,4O3 ion atm/z 60 can overcompensate for the increased by 0.0150.004 and 0.00Z0.010 per hour for the
degradation of |eVOg|UC05an, thus Ieading to an Overestimastarting phase and f|am|ng phase respective|y. The O:C ra-
tion of the contribution of either wood burning or biomass tjo of the start-up emissions from the pellet burner increased
burning to the total OM if this ion is used as a tracer for py 0.086:0.010 during the first two hours and 0.G67.010
primary wood burning or biomass burning aerosol in am- during the last two hours of the experiment. The pure SOA
bient measurements. Concurrent measurements of |EVOg|léxperimentS did not show an increase during the first two
cosan and aerosol mass spectra were recently performed fburs (-0.03+0.03) and no significant increase during the
our chamber and will be analyzed and published in the neafast two hours (0.0080.005), indicating that the O:C ratio
future. of the OM stayed constant during the first five hours of the
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experiment, which is the period where the OM concentration
increase was most prominent. This increase in OM drivesFig. 9. Fraction plot of(a) massfa4 vs. f43 and(b) high resolution
more volatile compounds with a lower O:C ratio into the OM fit f pCO; vs. f CoH30™. The triangular space found by Ng et
which could compensate the expected increase of the O:C ral. (2010) to accommodate the OOA component of ambient organic
tio by SOA addition. During a long pure SOA experiment, an aerosol is shown as well.
increasing O:C ratio was observed after 6.5 h when the effect
due to aging became more important than the one related to
the addition of new mass. The fact that some experimentsery similar with values of 0.033 and 0.030 respectively. The
showed POA with a higher O:C ratio than the SOA producedintercept found for the starting phase experiments is higher
during the pure SOA experiments could be the result of thethan the intercept for the flaming phase experiments and is
influence of the burning conditions to the O:C ratio of the therefore more sensitive to the number of experiments fit for
VOC's similar to the OM. each condition. The fitting shown in Fig. 8 is based on the
During the smoldering experiment No. 6, an increase inaverage slope and intercept from the separate fittings of the
the O:C ratio was observed during the first 1.5 h, which wasstarting and flaming phase experiments. It shows a slightly
then followed by a gradual decrease, while the OM had exlower slope and higher intercept than reported for the ambi-
actly the opposite trend. This peculiar behavior could poten-£€nt data.
tially be explained by the fact that the POA seems to have Recently a new mass spectral diagnostic tool was devel-
a fraction of highly oxygenated OM and a smaller fraction oped to follow the aging of the OOA component in the atmo-
of less oxygenated compounds. The loss of mass in the firs§phere (Ng et al., 2010). The fractions of two major masses,
hour of the experiment (Fig. 6) suggest that these less oxym /; 44 (C@) andm/z 43 (mostly GH30T) were used to
genated species fragment upon oxidation and thus less likelgreate a triangular spag&t4 vs. £43 in which OOA moves
partition into the OA (Jimenez et al., 2009). In the later phasetowards the apex during the aging process. Thermal de-
semi-volatile species with a lower O:C ratio than the existing composition of acids at the heater of the AMS is known to
OM condense on the aerosol resulting in a decrease in thee an important origin of the Cpfragment whereas Ng et
O:C ratio (Fig. 7). al. (2010) hypothesized that theldz30* fragment is dom-
The fraction ofin /z 44 at unit mass resolution can be used inated by non-acid oxygenates. In Fig. 9a the POA at lights
to estimate the O:C ratio when their relationship is known.on (t=0h) and the bulk aerosol after five hours of aging is
This relationship has been published for an analysis of amplotted in this two-dimensional space. Most data points are
bient datasets (Aiken et al., 2008), but not for primary andwithin this triangle close to the left margin whereby aging
secondary aerosols from domestic wood burning. Figure 8noves the data to highgi44 for most experiments, whereas
shows the data for all starting and flaming phase experimentsnly a small increase or decrease was observed irf 48
as well as from the pure SOA experiments. The slope of theHowever, in contrast to OOA, the POA of wood burning
separately fit starting and flaming phase experiments werdas a significant contribution from the non-oxygenated ion
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Cg,H;r atm/z 43, increasing the:/z 43/44 ratio. Using the pends on the burning conditions, and is not observed during
HR data, it is possible to plot the fractions of the particle the pellet burner experiments. The contribution of SOA to
COJ (pCOJ) and GH3O™ ions (Fig. 9b) which represent the GH4Oj ion atm/z 60 can overcompensate the degra-
the OA functionalities better than the UMR data. The fig- dation of levoglucosan, thus leading to an overestimation of
ure shows that the POA from all wood burning experimentsthe contribution of either wood burning or biomass burning
have a characteristic lowEl30* signal for a givenucozr to the total OM if this ion is used as a tracer for primary
fraction compared to ambient OOA. During the SOA forma- wood burning or biomass burning aerosol in ambient mea-
tion, the pCO‘{ and GH3O™ fraction of the bulk aerosol surements
increases, resulting in a shift in this space up and to the right. The fractions of GH3O" andpCQOZ , when projected onto
After 5h, about one third of the experiments were found atthe two-dimensional space described by Ng et al. (2010),
the lower edge of th¢ C,H3O™ vs. f pCOj triangle found  was found to initially be outside of the triangle found for
for ambient OOA, while the others were still outside the tri- ambient OOA, but on aging moved up and to the right, to-
angle. wards the triangle. After five hours of aging, the OA has a

rather low GH3zO™ signal for a given CQ fraction, possi-

bly indicating a higher ratio of acid to non-acid oxygenated
4 Conclusions compounds in wood burning OA compared to other OOA.

In this study, we present the results from photo-oxidation Supplement related to this article is available online at:
smog chamber experiments on two different log wood burn-http://www.atmos-chem-phys.net/11/5945/2011/
ers and a residential pellet burner under different burningacp-11-5945-2011-supplement.pdf
conditions. OM increased by SOA formation on average by
a factor of 4.1£1.4 for the starting and flaming phases of the
two log wood burners. The startup phase of the pellet burneAcknowledgementsThis work was supported by the IMBAL-
showed an increase by a factor of 886, whereas no mea- ANCE project of the Competence Center Environment and
sureable SOA formation was observed for the stable burningsustainability of the ETH Domain (CCES), the Bundesaiit f
phase. This implies that the gas phase emissions from lo§mwelt (BAFU), the Bundesamtif Energie (BFE), as well as
wood burners play an import role in the total contribution e Swiss National Science Foundation. PFD is grateful for _the
of OM from residential wood burning appliances to ambient Pstdoctoral support from the US-NSF (IRFP# 0701013). Attika
OM and should be considered to be included in future Iegis_Feuer AG is kindly acknowledged for the provided wood stove.
lations. Edited by: J. B. Burkholder
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