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Abstract. We discuss the major mass spectral features ofwas < 0.8. This ratio may therefore serve as a proxy to dis-
different types of refractory carbonaceous particles, ionizedinguish between the two types of spectra in atmospheric SP-
after laser vaporization with an Aerodyne high-resolution AMS measurements.
soot-particle aerosol mass spectrometer (SP-AMS). The SP- Significant refractory oxygenated ions such as*Caéhd
AMS was operated with a switchable 1064 nm laser andCO; were also observed for all samples. We discuss these
a 600°C thermal vaporizer, yielding respective measure-signals in detail for Regal Black, and describe their forma-
ments of the refractory and non-refractory particle compo-tion via decomposition of oxygenated moieties incorporated
nents. Six samples were investigated, all of which were comiinto the refractory carbon structure. These species may be of
posed primarily of refractory material: fuel-rich and fuel-lean importance in atmospheric processes such as water uptake
propane/air diffusion-flame combustion particles; graphite-and heterogeneous chemistry.
spark-generated particles; a commercial fullerene-enriched If atmospherically stable, these oxidized species may
soot; Regal Black, a commercial carbon black; and nascenbe useful for distinguishing between different combustion
aircraft-turbine combustion particles. sources. If unstable, they may provide a means to estimate
All samples exhibited a spectrum of carbon-cluster ionsthe atmospheric age of an rBC sample. Future studies should
C'* in their refractory mass spectrum. Smaller clusters attempt to establish which of these scenarios is more realis-
6) were found to dominate the'C distribution. For fullerene tic.
soot, fuel-rich-flame particles and spark-generated particles
significant G clusters atc > 6 were present, with signif-
icant contributions from multiply charged ions £ 1). In 1
all six cases, the ions Cand G} contributed over 60 % to

the total G_, _, 4 intensity. Furthermore, the ratio of these Combustion-generated particles represent the most efficient
major ions G /C; could be used to predict whether signifi- light-absorbing particles in the atmosphere. In addition to

cant Gt signals withx > 5 were present. When such signals affecting the radiative balance of the earth, such particles
were present, {:/Cg was close to 1. When abseanlcgr may also enhance glacial melting (Flanner et al., 2007), alter
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2592 J. C. Corbin et al.: rBC carbon-cluster and oxygenated ions

convection and precipitation (Ramanathan and Carmichaeldetect the refractory, light-absorbing carbon of combustion
2008), react with atmospheric trace gases (Monge et al.particles. On the other hand, LDl mass spectrometers may
2010), and serve as cloud condensation (Hitzenberger et aldetect both refractory and non-refractory components. These
2003; Tritscher et al., 2011; Engelhart et al., 2012; Martinmass spectrometers are often capable of detecting individ-
et al., 2012) and possibly ice nuclei (DeMott et al., 1999; ual particles, which might thereafter be attributed to spe-
Koehler et al., 2009; Corbin et al., 2012). Consideration ofcific sources, such as different vehicle types (Toner et al.,
the short atmospheric lifetime (days to weeks, Cape et al.2008). Multiple studies have correlated single-particle LDI
2012), human health effects, and damage to crops associateifnals with collocated mass measurements in order to esti-
with combustion-generated particles has led to their beingmate chemically resolved mass loadings (Pratt and Prather,
highlighted as ideal candidates for near-term climate mitiga-2012; Healy et al., 2013). However, the sensitivity of LDI
tion (Shindell et al., 2012; Bond et al., 2013). to matrix-influenced charge-transfer reactions (Reilly et al.,
While the light-absorbing component of combustion par- 2000) and to the particle-to-particle variability of reactions
ticles is a major anthropogenic climate-warming agent, itswithin the ablation plume (Reinard and Johnston, 2008) hin-
warming effect can be counteracted by light-scattering fromders a robust quantification of atmospheric aerosols.
internally mixed, non-absorbing material (IPCC, 2007; Ra- Although not able to directly measure refractory carbon
manathan and Carmichael, 2008; Bond et al., 2013). Dependspecies, the Aerodyne aerosol mass spectrometer (AMS)
ing on the combustion, significant amounts of such mate{Jayne et al., 2000; Canagaratna et al., 2007) has in recent
rial may be emitted at the source (Bond et al., 2013). Co-years been pivotal in quantifying source contributions to or-
emitted reactive gases may be oxidized in the atmosphere tganic aerosol loadings (Zhang et al., 2011). The AMS quan-
form less volatile compounds, which condense onto absorbtifies non-refractory particulate matter (NR-PM) by thermal-
ing particles and significantly increase their non-absorbingdesorption vaporization at 60C, followed by a separate
fraction over time (Cappa et al., 2013). This so-called sec-electron-impact ionization step. This two-step vaporization—
ondary material is frequently hygroscopic, affecting particle ionization process yields especially reproducible mass spec-
cloud droplet activation and thus lifetime, in addition to ra- tra, facilitating mass quantification (Jimenez et al., 2003). Yet
diative properties (Bond et al., 2013). Yet secondary materialthe AMS does not vaporize refractory particulate matter (R-
in particular particulate secondary organic matter (SOM), isPM) such as that in dust, sea salt, or refractory black carbon
not well represented by most climate models (Bond et al. particles (rBC).
2013). Thus, quantification of the composition and evolution A modified AMS, the soot-particle AMS (SP-AMS), ad-
of the light-absorbing and the non-absorbing componentgiresses this limitation with the addition of a 1064 nm laser
of combustion particles is a current topic of major interestvaporizer (Onasch et al., 2012). Whereas the AMS vapor-
(Cappa et al., 2012, 2013; Jacobson, 2013). izes only NR-PM, the SP-AMS vaporizes 1064 nm light-
The need for an improved representation of the mixing ofabsorbing refractory particulate matter (LR-PM) via radia-
light-absorbing particles with secondary material motivatestive heating. LR-PM includes rBC as a subset. During ra-
the atmospheric source apportionment of aged, combustiondiative heating of LR-PM, any less-refractory PM internally
generated particles. Techniques to measure and apportiamixed with LR-PM may be vaporized by conduction. This
combustion emissions to their sources include radiocarborrommonly includes such species as sulfates, nitrates, and
measurements (e.g., Zencak et al., 2007); X-ray, Ramamrganic matter. These conductively vaporized species dis-
or electron spectroscopy (Robertson, 2002); the combinatinguish the SP-AMS from incandescence-based techniques
tion of elemental carbon measurements with other tracersuch as the single-particle soot photometer (SP2), which
(e.g., Jeong et al., 2013); measurements of light-absorptioguantify rBC mass based only on the refractory particulate
Angstrém exponents (e.g., Sandradewi et al., 2008); anadomponent that is heated to rBC vaporization temperature.
single-particle mass spectrometry (e.g., Toner et al., 2008)The relationship between these PM subsets is further illus-
The first three of these methods require offline filter anal-trated in the Supplement (Sect. S1).
ysis and do not provide high-time-resolution information. This paper presents a discussion of the SP-AMS mass
High-time-resolution measurements of light-absorbing car-spectra of six types of rBC patrticles. The six samples com-
bonaceous particles are made by a number of mass- or lighprise five laboratory aerosols as well as emissions from
absorption-based instruments (e.g., Petzold and Schonlinnean aircraft engine within a test cell at the Zurich Airport
2004; Laborde et al., 2012), but mass spectrometry standg Switzerland. The discussion emphasizes refractory mass
out for its ability to characterize chemical differences be- spectral features relevant to the interpretation of ambient SP-
tween combustion particles. Such chemical characterizatioMMS measurements. First, signals from carbon-cluster ions
may provide information on particle source, mixing state were considered. Two ratios between the most common such
(Liu et al., 2013), and chemical evolution. ions were identified, and were directly related to the overall
Commercial aerosol mass spectrometers typically em-carbon-cluster ion distribution. For an atmospheric aerosol
ploy either thermal-desorption or laser desorption/ionizationcontaining a variety of rBC types, this result may be useful
(LDI) vaporizers. Thermal-desorption vaporization does notin apportioning the SP-AMS carbon-cluster signals between
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sources. Second, oxygenated-carbon ions originating from

. = ) Particl
the rBC were identified and attributed to refractory oxy- pmzru'cctﬁ,n
genated moieties within the rBC. The potential atmospheric & dilution
impacts of these ions are discussed. v
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2 Experimental

2.1 Laboratory setup \ v
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A series of laboratory experiments were performed in Jan- \_DMA2 |

uary 2012 as part of an intensive laboratory campaign, “BC-  _____ L

Act”. This campaign was undertaken at ETH Zurich to inves- .
tigate the physical, chemical and optical properties of various '
rBC particle types using a range of techniques. Fig. 1. Laboratory setup used for all samples except turbine par-
The laboratory setup is shown in Fig. 1. rBC particles ticles. Aerosols were diluted before passing through & resi-
were generated by various methods (SB@), diluted when  dence chamber with residence time30 min. Particles then flowed
necessary, and introduced into a chamber with a residenctarough two bipolar chargers at 4 L mif before being split equally
time of approximately 30 min. Oil-free stainless-steel tub- between two DMAs.
ing was used prior to the SP-AMS. All gases used were of
high purity (grade 5.6 synthetic air, grade 6.0 nitrogen, grade
6.0 argon). Dilution was achieved using either an ejector di-downstream of the DMA. This setting gives a broad-enough
luter (VKL10, PALAS GmbH, Germany) with synthetic air transfer function that a minor overlap would have occurred
or a filter system. The filter system split samples betweerbetween different size-selected experiments (Table 1). A con-
two short parallel sections of tubing, one of which containeddensation particle counter (CPC, model 3010, TSI Inc. USA)
both a filter and a valve; the valve was used to control themonitored particle number concentrations during each exper-
degree of sample filtration. From the residence chamber, paiment.
ticles were passed through two bipolar chargers, split into
two equal sample flows, and size-selected by a differential.2 Soot-Particle Aerosol Mass Spectrometer
mobility analyzer (DMA) in each line before characteriza-
tion by a suite of instruments. This suite included a single-The Aerodyne soot-particle aerosol mass spectrometer (SP-
particle soot photometer (SP2) and aerosol particle mass arAMS) is an evolution of the Aerodyne high-resolution
alyzer (APM), which measure incandescent rBC mass andime-of-flight aerosol mass spectrometer (AMS), to include
shape-independent single-particle mass, respectively. These continuous-wave 1064 nm laser vaporizer. In this section
SP2 and APM data were used as a reference for the nonwve describe the operation principles of the standard AMS,
refractory mass contained in the different rBC particle typesfollowed by a description of the SP-AMS and its sampling
(Sect. S7). A previous publication has discussed selectedonfiguration.
single-particle soot photometer (SP2) results from this study The AMS (Aerodyne Research Inc., Massachusetts, USA)
(Gysel et al., 2012); the present work focusses on results obhas been described in detail by Jayne et al. (2000) and Cana
tained with the SP-AMS. garatna et al. (2007). Briefly, aerosols are sampled through
The two DMAs (DMA 1: custom-built (Winklmayr et al., an aerodynamic lens to focus particles before they enter
1991; Wiedensohler et al., 2012); DMA 2: TSI model a vacuum chamber. Upon entering the chamber, particles
3071, TSI Inc., Minnesota, USA) were each calibrated us-are accelerated to their size-dependent terminal velocity and
ing polystyrene latex spheres of the diameters used in théraverse a sizing region before reaching the vaporizer. The
experiments. The calibration particles were 125nm (DukeAMS vaporizer is a porous-tungsten inverted cone held at
Scientific Corp., Palo Alto, USA), 200 nm (Duke Corp.) and 600°C, which flash-vaporizes non-refractory aerosol compo-
305 nm (BS-Partikel GmbH, Wiesbaden, Germany) in diam-nents before 70 eV electron-impact ionization (EI) and high-
eter. Some experiments were also performed with 500 nm¥esolution time-of-flight mass analysis. Interference by gases
selected patrticles and polydisperse aerosols. The sample floand internal background signals is accounted for by regu-
rate through each DMA was consistent at 2 Lminwith larly blocking incoming particles with a mechanical disc, as
a 5Lmin ! sheath flow. The DMA resolution — the ratio of well as periodically filtering the sampled aerosol. In an al-
the maximum to the full-width-half-maximum of the pre- ternate mode of operation, the mechanical disc is continu-
dicted DMA transfer function — was therefore 2.5. This is ously rotated, and positioned such that particles are pulsed
lower than the manufacturer-recommended resolution of 10through a mechanical slit on its edge. This so-called particle
and was chosen to maximize the particulate mass loadingime-of-flight (PToF) mode allows measurements to be taken
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Table 1. Summary of samples, sizes measured, and experimental programme.

Aerosol Abbreviation  Mobility Diameter [nm] Date
CAST Black CBK 125, 200, 305 Jan 26
CAST Brown CBW 125, 200, 305 Jan 27
Spark-generated particles GFG 125, 200, 305, 500 Jan 30
Regal Black RB 125, 200, 305, 500 Jan 31
Fullerene-Enriched Soot FS 125, 200, 305, 500 Feb 1
Thermodenuded CBW CBWTD 125, 200, 305 Feb 2
Aircraft gas-turbine particles TU Polydisperse (mode 25)  Apr 30

as a function of particle vacuum aerodynamic diameter at thecial samples. A sixth sample was measured directly behind
cost of signal-to-noise; the chopper has a duty cycle of onlyan aircraft turbine at a commercial turbine servicing facil-
1 %. We refer to “MS mode” to distinguish normal measure- ity (SR Technics, Zurich Airport, Switzerland). Table 1 gives
ments from PToF measurements. a summary of the measurement schedule.

The SP-AMS (Onasch et al., 2012) is identical to the
AMS but for the addition of a switchable, active-cavity, 2.3.1 CAST Black (CBK) and CAST Brown (CBW)
continuous-wave 1064 nm Nd:YAG laser (Droplet Measure-
ment Technologies, CO, USA). The laser is similar to thatA combustion aerosol standard burner (CAST, model 00-
used by the SP2 (Schwarz et al., 2006; Laborde et al., 20124, Jing Ltd., Zollikofen, Switzerland) produced particles via
but has higher fluence. The laser is installed orthogonally tca propane diffusion flame. Manufacturer characterization has
both the particle beam and ion extraction path, intersectingoeen published online http://www.sootgenerator.com/publ.
the El ionization chamber. Whereas the AMS detects onlyhtm. The CAST burner was used to produce two types
NR-PM, the SP-AMS vaporizes LR-PM by radiative heat- of particles. The first type, referred to as CAST “Black”
ing (notably rBC and metals) as well as PM associated with(CBK), was produced at a fuel-equivalence ragie= 0.85
LR-PM by conductive heating, as described in the introduc-(carbon-to-oxygen ratio O = 0.25), and contained little or-
tion. After vaporization, El ionization and mass analysis pro- ganic matter. The second type, referred to as CAST “Brown”
ceed in a similar fashion to the AMS. The different modes of (CBW) after its visual appearance on a filter, was produced
vaporization in the AMS and SP-AMS may result in differ- by a fuel-rich flame ¢ = 1.36; C/O = 0.41) and contained
ences between the internal energies of the resulting vaporsijgnificant amounts of OM (Fig. S2). Additional experiments
which may influence consequent El fragmentation patternsvere performed with CBW after thermodenuding at 260
(Alfarra, 2004; Onasch et al., 2012). Denuding reduced the organic mass to near-detection-limit

In this study, the AMS and SP-AMS vaporizers were em- for the AMS.
ployed simultaneously, such that particles transited through
the laser beam on their way to the AMS vaporizer. Laser-2.3.2 GFG spark-generated particles (GFG)
absorbing particles such as rBC particles are therefore ex-
pected to vaporize within the laser beam, without reachingA PALAS GFG 1000 spark generator (Helsper et al., 1993)
the AMS vaporizer (Onasch et al., 2012). The SP-AMS lasemroduced carbonaceous particles by repeated electrical dis-
was switched on and off during sampling, to obtain both charge across graphite electrodes. The PALAS GFG gener-
“regular” AMS mass spectra (laser off) and SP-AMS massator was sparked at 75Hz in an argon atmosphere (grade
spectra (laser on). The AMS vaporizer was always on. The6.0), with no additional dilution. GFG particles are mor-
ion time-of-flight chamber was operated in the shorter of twophologically similar to diesel particles (Weingartner et al.,
flight modes (V-mode), utilizing a single pass through the 1995; Burtscher, 2005; Schneider et al., 2006), although
reflectron. PToF mode was employed 25 % of the time fortheir microstructure and chemistry are significantly different
all laboratory samples and measurements were averaged ovésaathoff et al., 2003; Schmid et al., 2011).
90 s. Data were analyzed using the community AMS analy-
sis software SQUIRREL (version 1.51H) and PIKA (version 2.3.3 Regal Black (RB)
1.10H) as well as custom code written in Igor Pro (version 6,

WaveMetrics Inc., USA). Regal Black (Cabot REGAL R400 pigment black), a carbon
black distributed by Cabot Corp., USA, is the recommended
2.3 Particle sources calibration standard for the SP-AMS (Onasch et al., 2012).

A sample of Regal Black from lot no. GP-3901 was received
Five types of rBC particles were produced in the laboratoryfrom Aerodyne Research Inc. to ensure consistency. The RB
by combustion, spark-generation or nebulization of commer-sample was suspended in Milli-Q water and nebulized with
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grade 5.6 synthetic air in a homebuilt Collison-type nebu- T sx10°
lizer, before drying within a silica gel diffusion dryer. . 4
g .g 2*M

2.3.4 Fullerene-enriched particles (FS) 5 § o]

g 7007 200 nm —» 305 nm—>p A’\:S SP':MSC+
Fullerene-enriched carbonaceous particles were obtained “ 600+ . 4 ci
from Sigma-Aldrich (“fullerene soot as produced”, lot no. .~ 500+ @ o o coj
MKBB8240V). These particles are produced by resistive & 40042 2 2 2
heating of graphite such that carbonaceous nanoparticles nu- 5 300 x L % A . @ :
cleate above the graphite surface (Kratschmer et al., 1990). & 500, = A s 8 % X
When performed under 10 kPa helium, this process results roo % oo
in nanoparticles containing- 7 wt% fullerenes { 6 wt% ol .2 9 .9 2. g 4 9. .88

T T T T T

~ 0 i - i ica-
Cs0, ~ 1Wt% C;g) (Sigma-Aldrich, personal communica 11130 12:00 12:30 13:00 1330

tion, 2012). FS is commonly used to calibrate single-particle
soot photometers (SP2) instruments, as its incandescence-tpig. 2. Lower ordinate: time series ofiC(x), cgr (A), and cq
rBC-mass response is similar to that of rBC in ambient and(o) for Regal Black during two size-selected experiments for AMS

diesel exhaust particles (Moteki and Kondo, 2010; Laborde(green symbols) and SP-AMS (red symbols) measurements. Upper
etal., 2012). ordinate: CPC particle number concentration time series.

2.3.5 Aircraft gas-turbine engine emissions (TU) ) ) .
ber concentrations were stable throughout the period. While

In a separate experiment to the laboratory campaign, emisclear G and C; signals were observed by the SP-AMS (red
sions from a civil aviation gas turbine were sampled directly symbols), the AMS data (green) were at or below detection
behind the engine. The turbine, a CFM56-5B4-2P engine, idimit. These refractory € signals are discussed in detail in
commonly used by modern, short-haul civilian aircraft. Tur- Sect. 3.1.

bine exhaust was sampled through an 8 mm inner diameter, In addition to G*, significant SP-AMS signals were de-
stainless steel, single-point sampling probe. The probe octected from refractory particulate CQand CQ. Figure 2
cupied a single, fixed position directly within the engine ex- additionally shows the time series of g@n circle symbols
haust stream. The measurements reported here were takem the lower ordinate. The signal clearly increases during SP-
from an undiluted “ICAO Annex 16” industry-standard sam- AMS measurement (red). Relative t¢ Ca significant Cq
pling line (Crayford, 2012) and represent fuel-rich combus-signal remains in AMS periods. This is discussed in S221.
tion. Additional details on the sampling configuration and

data analysis for TU are given in the Supplement (Sect. $7.3)3.1  Carbon-cluster fragmentation patterns

The following subsections present a general description of
3 Results and discussion each of the C" fragmentation patterns (Sect. 3.1.1) followed
by an intercomparison of thejQpatterns for the six samples

The dual vaporizer configuration of the SP-AMS (S&c®) (Sect. 3.1.2).
allowed the laser vaporizer to be switched periodically on or
off while the thermal vaporizer remained continuously on. In3.1.1 G ions
laser-on mode, rBC particles are expected to vaporize within ) o
the laser, along with any internally mixed non-absorbing ma-For all six §amples, carbon clusters containing 1 tp 3 atoms
terial volatile below 4000 K. In laser-off mode, only NR-PM (Cir—3_) dominated the SP-AMS mass spectrum, as illustrated
is observed, which in this study was largely organic mattertY Fig. 3. The figure shows the percentage contribution
(OM). To distinguish between these two modes, we will re- ©f C{_3 to the total G* signal forn =1 and 1< x <16
ferto “SP-AMS” (laser on) and “AMS” (laser off) data, along (Ci_1¢)- I total, G5 made up 60-85% of the iC,g; sig-
with the terms rBC and OM. nal depending on the sample. The two ions&hd C, each

The results presented here will focus on those masseontributed at least 30 % of,C s for all samples. For §, the
spectral signals present only with the SP-AMS laser on,contributions ranged from 3-18 %. This is consistent with
i.e., the refractory component of the particles. All SP-AMS the expected higher stability of odd-numbered, positively
mass spectra contained carbon-ion clustérs & the ma-  charged carbon clusters (Raghavachari and Binkley, 1987).
jor signals. In general, these signals were negligible in AMS  Carbon-cluster ions with > 16 andrn > 1 were observed
mass spectra, as shown by Fig. 2. The figure compares thir three samples: GFG, CBW, and, especially, FS. Since in
AMS and SP-AMS signals atiCand q on the lower ordi-  general these signals were highest for FS, we believe that
nate. Two sequential monodisperse experiments are showthey originated from pre-existing fullerene molecules within
at 200 and 305 nm. The upper ordinate shows that CPC nunthe rBC particles. However, our data do not rule out the
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mcC =mcC @cC mC,summed tope ion130112C§Jr atm/z 18.050. This ion indicated that
] C3" was present at only 5% of thejCintensity. This is
consistent with the much higher energy required to form
smaller, doubly charged’C ions (Diaz-Tendero et al., 2002;
Zimmerman et al., 1991). The relative intensity of multiply
charged ions is therefore low for smallef @ns, but high
for fullerenes. Because of the potential for misinterpreting
Hﬁ ﬂ . 1 these multiply charged fullerene ions, and potential differ-
CBW GFG ~ FS ~ TU  RB  CBK ences in their production between instruments, their abun-
dance should be checked in future SP-AMS studies.
Fig. 3. Percentage contribution of;C; ions to the sum of € sig- In order to present carbon-cluster mass spectra for higher
o e o, WS TSIl the prsart anayss o nomialy singly
: - NN o charged ¢ ions with 1< x < 16 (n/z 12—200) and their
(TU), Regal Black (RB), and CAST "Black” (CBK), in order of correspor%lind3C1Cj_1 daughters. This may include inter-

increasing G intensity. Error bars for € to Cf are propagated ; . a
from Poisson ion counting statistics. The data represent an averagfgrences from multiply Chargedf'cdi with m /z = 12n, along

over all selected sizes. with 13C,12c*", isotope ions. The € mass spectra for all
samples are given in Figs. S4-S9. Constraining the present
discussion to C}_lﬁ allows a representation of the highest-

possibility that fullerenes, or simply larger carbon clusters, intensity ions while avoiding ambiguity for CBW, where sig-

may form within the instrument during particle vaporization. nificant PAH signals at highn/z (> 200) were difficult to

Previous work by Onasch et al. (2012) also identified sig-distinguish from G* signals in our mass spectra. We will

nificant signals at ¢, originating from a sample of de- below refer to the set of considered ions gs C

nuded flame soot. They attributed signals abaye 384 to + o

fullerenes, and smaller ions to linear or ring structures. 3.1.2 G/C3 to distinguish rBC types

For all samples presented here, peaks;@tlgwere gen-

erally less intense than peaks aleg. For example, for FS

the most intense peak above the mass-to-charge ratiq“eof C

(m/z 192) was atn/z 216, and was only 2.6 % as intense as

100

80r

6 -

(=)

Intensity [%]

+
X

4 -

(=]

2 -

o

Relative C

[ 1

o

Given that G and C; represented the majority of thefC
signal from all six samples, and thaf Gepresented the ma-
jority of SP-AMS signals, this section explores the possibil-

: . ity of using these two ions as markers to distinguish between
the peak atn/z 36. Moreover, thisn/z 216 peak included different sources of rBC based on their carbon-cluster frag-

signals from not only ¢, but also from & and G} The ments
presence of these multiply charged ions was evidenced by the The.ratio of signal intensities at’Cand C; are plotted
: 3, 122+ 13~ 123+ 1
isotope peaks®Cy'?Cyg (m/z 216.50),°C1'%Cy (216.33) i Fig. 4 for all samples and mobility diameters listed in Ta-
and 13C212C§§ (216.66). No other multiply charged peaks ble 1. The figure shows the 25th to 75th percentile as a box,
were present aiz/z 216.00, as confirmed by the absence of with whiskers extending to the 10th and 90th percentile. The
signiﬁCaml3(3112(;‘7“1r signal atm/z 216.25. The peak areas horizontal line across each box represents the median. The
of 13C12C§%L and 13C112CSI could therefore be combined data include a large range of signal intensities: ion rates for
GFG were a factor of 20 lower than for CBW, while CBK

ion rates were a factor of 3 higher. The samples fall broadly
into two categories, with FS, GFG, CBW and CBWTD all
having G /CJ close to 1, while TU, RB and CBK each have
, - C/C! < 0.8. The range of values for TU is especially nar-
thsi remamder, the majority was due th8q3_3'1i 9'6%)' rolw dfje to the fact that one stable engine condition is pre-
Cs, contributed only 4.3 0.6 %. Extrapolating this result  sented, as described in Sect. S7.3 of the Supplement. In order
to all C_ ;¢ peaks suggests that fullerene ions dominated verify that the G /C ratio is reproducible, we compared
the highm/z range, although ring structures were present, - rg Cf/C§ ratio to that measured using a different in-
in non-negligible amounts. This is in contrast to Onasch ety ment at Aerodyne Research Inc. but the same RB sample
al. (2012), who did not report multiply charged ions. (Onasch et al., 2012). Onasch et al. observed Q3 ratio

A high intensity of multiply charged £ ions is ex- o g3 © in Fig. 4). The present data have a meafyCJ

pected for fullerenes — which exist for.Cgo (von Helden .o 0 6 oo & in Fig. 4), indicating that the £/CJ ratio
et al., 1993) — due to their unique electronic and geomet—ma be a reproducible characteristic of this sample
ric structure (Scheier et al., 1994; Matt et al., 1996). How- Y P pie.

ever, ring- or linear-shaped carbon clusters at4g may
also acquire multiple charges. In the FS mass spectrum dis-
cussed above, we observed multiply chargegdii@ the iso-

with the isotopic abundance fC; to estimate the con-
tributions of G, C3¢, and G} to m/z 216.00 (Fig. S3).
We found that @g contributed the majority of the signal
at m/z 216.00, representing @2+ 0.8 % of the total. Of
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Fig. 4. SP-AMS G /C; ratios for CAST “Brown” particles : s s ——

(CBW), thermodenuded CBW (CBWTD), spark-generated parti- 1073 102 10"
cles (GFG), fullerene-enriched soot (FS), aircraft-turbine particles
(TU), Regal Black (RB), and CAST “Black” particles (CBK). All
samples were monodisperse particles at multiple sizes, except TU.

Each box spans the 25th to 75th percentile. Vertical lines extend td19- 5 Scatterplot of mass spectral intensities at eaghu to
the 10th and 90th percentiles. The horizontal line within each box* = 18- All spectra are normalized to unity and plotted against the

shows the median. The meal}L@Cér ratio for RB is shown for the  FS Ct spectrum. The white numbers labeling RB (red squares) in-

present study %) and for independent measurements by Onaschdicate the number of carbon atomsn each C)f for both RB and
etal. o). FS. For clarity, some labels have been omitted, namgiyvith

x =6 (next to 8), 12 (next to 14), and 10 (next to 15). Error bars
indicate ion counting uncertainties, and are not shown when they
are smaller than the data symbols.

FS C; [norm. intensity]

We next hypothesized that thef @CJ ratio may depend
on the chemical structure of the rBC, and compared the C
mass spectra of each sample relative to FS. FS was chosen
as a reference since it is commercially available, commer3:1.3 Atmospheric suitability of C /C}
cially traceable, and gave high-intensity signals at a large
m/z range. Figure 5 shows the'Gpectral intensity for each  Minor quantities of G and G can be produced by organic
sample plotted against FS on a log-log scale. Each spectrurolecules in the AMS and SP-AMS. These signals are typ-
is normalized to unity and excludes isotope ions for clarity. ically negligible when compared to the overall AMS mass
Since all spectra were dominated by ¢(Sect. 3.1.1), these  spectrum (e.g., Alfarra, 2004), but may be sufficient to inter-
ions are found near the top-right corner, as labeled in whitefere with i signals from rBC during atmospheric sampling
for RB. The white labels also apply to all data points verti- when organic mass fractions are high.
cally above or below the RB data points. lon§ Clie near Since an organic molecule is more likely to fornj @ns
to each other. None of the signals fof Qwere greater than  than C ions, OM interference would be expected to artifi-
0.19% (10°3) of the G signal for RB, TU, or CBK. cially enhance the £/C ratio, thus potentially limiting the

Figure 5 shows that the six mass spectra are grouped intgsefulness of the 1/CJ ratio to distinguish between rBC
the same two categories as thg AC3 ratios in Fig. 4. The ~ sources. A simplistic solution to this problem for the dual-
mass spectra of GFG and CBW fall near thellline and  vaporizer setup used here would be subtraction of the AMS
are therefore similar to FS. In contrast, TU, RB, and CBK C; signal from the SP-AMS € signal. However, this may
are generally shifted downwards, due to the lower relativenot be appropriate; Onasch et al. (2012) have observed a dif-
intensities of heavier ions. The!Gspectra of FS, GFG, and ferent fragmentation pattern when dioctyl sebacate was va-
CBW all contain significant signals up to and beyonfy,C  porized by AMS, compared to vaporization by SP-AMS after
while TU, RB, and CBK were dominated by the smallgr¢  c0ating on glassy-carbon rBC spheres. _
clusters. For TU, RB and CBK, the contribution of Gons We tested the possibility of organic interference in our
with x > 6 was always less than 0.1 % of the totgl.(This ~ analysis by removing OM from CBW with a thermodenuder
absence was not due to a lack of sufficient signal: the CBKat 250°C prior to size selection. After thermodenuding, the

mass spectrum was obtained at signal intensities a factor ohMS organic signal for 305 nm CBW particles was reduced
60 higher than for GFG. to near-detection limit (Fig. S2), whereas th¢ ACJ ratio

did not change appreciably (Fig. 4).
CBW had the highest OM content (based on the relative
signal of AMS organics to €ions) of the laboratory samples
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discussed herein. Nevertheless‘f, €ignals were a factor of

T 0.5 ;

250 lower in the AMS than in the SP-AMS for 305nm 5 oo I e
non-thermodenuded CBW particles, and fell below detec- g 883. e s - ",_,.._' .,
tion limit for thermodenuded 305nm CBW particles. A fac- £ 005k~ 7 "t T T o0
tor of 250 is large but not insignificant: the corresponding 08F e - E;ngtf:d
spherical-equivalent diameters required for :@lAMS:SP-
AMS signal ratio at § are approximately 50 nm for a CBW 0.6f 101
“core” and 440 nm for CBW organic matter, assuming re- 3
spective material densities of 1.8 gci(Park et al., 2004) = 0.4l C AMS m/z 28 4010 g
and 1.3gcm? (Slowik et al., 2007). The CBW OM was N : 35ANS m/s 28 T
dominated by PAHs (Fig. S2), which may have ’§1 Gield £ \ x Toos -
different to that of typical ambient OM. However, this esti- 021 % L PN SPAMS m/z36 |
mation indicates that OM mixed with rBC in ambient studies i R S
may significantly interfere with the determination of GC3 0.0 AR 0.00
from ambient rBC. T 4

To avoid such interference, either organic material may be Particle Time-of-Flight [ms]

thermodenuded prior to sampling, or a different marker us-
ing higher-mass € may be useful. All samples in the present

. - o .
StUdy_ylel_ded carbon CIUSterSl—G" ConSIdJrel_'lng all possible symbols show the raw SP-AMS or AMS data, which have been
combinations of ¢ ¢, we found that ¢ /CJ is probably the  gmogthed by a Savitsky—Golay filter for clarity when the signal-
best alternative ratio when organic interferences are signifip-noise was low (curves). The first peak (0.6 ms) corresponds to
icant (Fig. S10). Like Q/ng this ratio also distinguishes gas-phase N the second (3ms) to COoriginating from the RB
between particle sources according to theiri@ass spectra. particles. The upper panel (dash-dotted line) shows the difference
The disadvantage of this ratio is its relatively lower limit of of the SP-AMS and AMS curves.

quantification: since fewer;pions than q ions are pro-

duced per unit mass of rBC vaporized, a higher rBC mass ) )
would be required to determing/¢CJ rather than ¢/C3. curves represent_smoothed data (using a 4th-order, 25-point
Additional studies using a variety of organic coatings shouldSavitsky—Golay filter to preserve peak shape). Both the red
be performed to investigate whether such coatings influenc®P-AMS and green AM%:/z 28 curves show a strong peak

Fig. 6. Signal atm/z 28 (N3 or CO") andm/z 36 (C}) as a func-
tion of particle time-of-flight for polydisperse RB particles. Data

these ratios. from gas-phase } at approximately 0.6 ms. However, only
the SP-AMS shows a second peak at 3ms. This peak is

3.2 Refractory CO} signals (rCOy) clearly within the particle phase, and corresponds to a mode
vacuum-aerodynamic diameter of 388 nm. This second

3.2.1 Identification of rCO, peak is coincident with the arrival of the RB particles, as

demonstrated by the coincident peakidt; 36. We infer that

In addition to q+, SP-AMS Signa|s included oxygen- the secondn/z 28 peak at 3 ms most Ilkely originated from
containing ions such as qOCOJr' H,Ot, OH*, and O, CO* formed when the rBC was vaporized.
which we refer to as rCQ Because similar ions may also ~ The peak atm/z 36 is broad and possibly bimodal,
form from OM (both refractory and non-refractory), the iden- Whereas the peak at/z 28 appears to decrease faster than
tification and understanding of these signals is important fordtm/z 36. This suggests that the refractory C@ontent of
the interpretation of SP-AMS measurements from unknownRB is a function of particle size. A size dependence is also
samples. In this section, we discuss rC€gnals from RB.  indicated by a decreasing ratio of G@ C; with increasing
The focus is on Cg) and CO, since these ions could not Mobility diameter for size-selected experiments. In these ex-
have resulted from the ionization of residual water on thePeriments, the CD/Cj ratio decreased from 1.6 (125 nm) to
particles. We focus on RB as a model sample because it6.8 (500 nm). The PToF signalat/z 44 (CG}) also peaked
C!* mass spectrum was dominated by the singly chargedgimultaneously withn/z 36 (Q) (Fig. S11), demonstrat-
ions C ¢, simplifying its interpretation (Sect. 3.1.1). Addi- ing its particulate origin as previously observed by Onasch
tionally, RB is the recommended calibration standard for theet al. (2012).
SP-AMS (Onasch et al., 2012). The relative significance of rCOwas estimated by com-

The refractory nature of rCQis illustrated by Fig. 6. paring the areas of log-normal curves fitted to the polydis-
The figure plots the PToF spectrum at/z 28 (NJ or perse PToF spectra. Bimodal fits were used for particulate
CO™) for both AMS (green) and SP-AMS (red) operat- m/z 36 (CJ) andm/z 44 (CQY). The estimated CO/CJ
ing modes while sampling polydisperse RB particles. Theratio was 1.0, consistent with the ratio found from the size-
SP-AMS PToF spectrum ofi/z 36 (q, black symbols) selected measurements. The corresponding’r@ ra-
is shown for reference. Symbols represent raw data, whildio was estimated as 20, but may be positively biased by
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interference from ISj Furthermore, this ratio cannot be in- tains only 0.5—-1 wt% of material volatile at 1223 K. This car-
terpreted as a direct mass ratio before accounting for the ionbon black is then treated with an unspecified, HNiRe acid
ization efficiencies of both € and rCQ'. When account-  (Cabot Corp., personal communication, 2013), likely at el-
ing for Ct and not rCQ, the ionization efficiency of RB is evated temperatures (Otake and Jenkins, 1993), in order to
0.1 (Onasch et al., 2012), suggesting that a mass-weightethcrease surface functionalization. This increased functional-
CO““/C}r ratio may be lower. For a mass-weighted ratio, the ization is indicated by an increase in the percentage of mass
ionization efficiencies of both €and rCQ must be known.  volatile at 1223 K, from 0.5-1 wt% to 3.5 wt%.
Nevertheless, such a high ratio indicates clearly that,yCO The acid treatment of rBC yields oxygenated moieties in-
species are an important component of RB. cluding hydroxyl, carbonyl, carboxyl, lactone, and acid an-
Significantly higher PToF signals in the SP-AMS than the hydride groups, depending on the reaction time (Sellitti et al.,
AMS were also observed at otheyz such as 18 (HO™), 17 1990; Vinke et al., 1994; Figueiredo et al., 1999, 2007).
(OH™) and 16 (T for RB. Furthermore, significant rCO  These groups thermally decompose into CO orn@@den
signals were also observed for every sample discussed abovieeated slowly £ 5Kmin~1) under inert atmospheres, typi-
The potential origin and significance of these signals are dis€ally at 500-1200 K depending on the functional group and

cussed in the next section. heating rate (Zielke et al., 1996; Figueiredo et al., 1999,
2007). The thermal decomposition of such rBC surface
3.2.2 Origin of ICO} groups should therefore be expected in the SP-AMS. The
decomposition temperature of oxygenated moieties also re-
The observation of increased r¢@uithin the SP-AMS rel-  |ates to possibility (3) above: if such moieties decompose

ative to the AMS mass spectrum could be due to (1) oxy-at 500-1200K, then no distinction between refractory, ad-
genated functional groups incorporated into the refractorysorbed C3(g) and chemically bonded moieties can be made.
structure of the rBC, (2) fragmentation of refractory OM, (3)
CO or CQ adsorbed to the particle surface, (4) gaseous CO3.2.3  Atmospheric relevance of rcq
or CO, trapped within internal voids, or (5) reaction of car-
bon vapor with gas-phase;OThis section will argue thatthe |0 an atmospheric context, oxygenated surface groups may
first possibility is the most likely, and discuss the implica- feasibly form via reaction with oxidants such as (@take
tions. and Jenkins, 1993; Figueiredo et al., 1999), ozone (e.g., Mc-
The second possibility is unlikely, since the SP-AMS massCabe and Abbatt, 2008) as well as other atmospheric ox-
spectrum of RB did not contain significant signals from jdants (Saathoff et al., 2001). Oxidation is likely to occur
hydrocarbon ions (@H7, C,H,O", etc.) even though the within the combustion region where rBC is produced (Fren-
signal intensity of rCQ was close to that of g: in the klach, 2002). In the present study, the presence ofrid@he
RB mass spectrum. Thus, any refractory organic moleculepropane-flame samples, CBK and CBW, indicates the poten-
would have to include a negligible contribution of carbon- tial real-world significance of these SP-AMS species, even
hydrogen bonds, while simultaneously being large enough tan the absence of further aging. Other real-world sources of
be non-volatile at 600C. Moreover, for RB, these molecules rCOy, such as metal-oxide fuel additives (Bladt et al., 2012),
would have had to form during its industrial production from may also be significant to SP-AMS measurements.
hydrocarbon oils at 1500C. This combination of properties The atmospheric significance of the oxidized surface
is physically unreasonable. species which likely lead to rCOsignals must be consid-
The third and fourth possibilities are not likely to be the ered in context of the overall aerosol. In general, combustion
major source of rCQin RB. Desorption of adsorbed G@s sources emit organic material in addition to rBC. This or-
expected to occur within minutes (Sevilla and Fuertes, 2011)ganic matter is emitted in both the particulate (OM) and the
The 30 min residence chamber used in the current experigas phase, and represents a major contribution to the overall
ments should have provided sufficient time for desorption af-composition of the particle. For example, Bond et al. (2013)
ter nebulizing in CQ-free gas (Sect. 2.1). Voids within RB have recently estimated OM-to-BC ratios between 1 and 10
particles containing Cglg), would contain very little C@  for primary emissions. After emission, this ratio is likely to
mass per particle, since the density of £§) is a factor of  increase significantly due to condensation of atmospherically
1000 smaller than that of rBC, yet the observed}CZOQr oxidized gas-phase organic compounds. For example, diesel-
ratio was 0.8-1.6. Finally, the fifth possibility would yield engine OM may increase two-fold after a few hours of mod-
C,O* and not Cq as the major product (von Helden et al., erate atmospheric aging (Robinson et al., 2007), and less ef-
1993). Such ions were not observed. Therefore, only the firsficient processes such as wood combustion may increase OM
possibility can be the major source of the observed yCO by seven-fold under similar conditions (e.g., Heringa et al.,
Oxygenated moieties incorporated into the refractory car-2011). These oxidation timescales (hours) are considerably
bon structure of RB are expected based on its productiorshorter than the atmospheric lifetime of rBC (days) and pro-
method. RB is produced by atomizing a proprietary oil within duce highly oxidized OM (e.g., Jimenez et al., 2009). Fur-
a furnace at 1800 K, resulting in a “carbon black” that con- ther, coagulation with pre-existing particles also occurs on
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a short timescale (tens of hours) relative to the rBC atmo- Two ion ratios were identified for source apportionment,
spheric lifetime. Overall, for a global average, neither thewhen an air mass contains a mixture of rBC from the two
bulk nor the surface properties of rBC are expected to beC'* categories. The first ratio,{JC1, maximizes the rBC
dominated by rCQ. detection limit by using the two most intenséCpeaks in

On the regional scale, fresh rBC particles can represent $he mass spectrum. In this case, thermodenuding of the rBC
significant portion of the aerosol near sources, for examplesample prior to measurement is recommended due to possi-
within cities (e.g., Seinfeld and Pandis, 2012). These parti-ble interference by the trace amounts q‘f froduced during
cles may contain a significant fraction of OM, possibly re- the fragmentation of OM ions. The second ratiqg/c*,
ducing the significance of rCOto their overall chemistry. aims to avoid this interference by using higher-mags C
In the absence of OM, freshly-emitted rBC particles haveions. The sensitivity of £/C3 to an OM coating was tested
been measured as cloud-condensation-nucleus inactive (e.gising a PAH-rich propane-flame sample (CBW). Further
Kuwata et al., 2009), so rCGspecies are apparently not able tests with thicker coatings and different chemicals should be
to initiate droplet activation on such particles. performed.

Conversely, freshly emitted combustion particles are ex- In addition to C* ions, the SP-AMS mass spectrum of
pected to play a significant role in heterogeneous chemistryall six samples included oxygenated ions. These ions most
for example, reducing ozone or nitrogen dioxide @Y(Mc- likely originated from the thermal decomposition of oxy-
Cabe and Abbatt, 2008; Han et al., 2013). Han et al. (2013enated moieties within the refractory carbon structure. Their
found that preheating-hexane soot to 573K significantly quantification was hindered by high signals from gas-phase
decreased the uptake of MQOindicating that volatile OM  molecules such as
was the primary reactant. Furthermore, the yield of gas-phase It is not clear whether or not these refractory oxygenated
products simultaneously changed upon heating, indicatingnoieties play a role in the heterogeneous chemistry of at-
that the OM shielded the rBC surface from oxidation. From mospheric combustion particles. If so, their quantification by
these results, one may propose that when a freshly produce§P-AMS could provide a useful measurement of rBC age. If
rBC particle is coated by OM the rBC reactivity may be- not, they may be inert enough to allow their SP-AMS signals
come slow enough that rCQcould be used as a chemical to be used in source apportionment, since different sources
tracer. For example, the ratio G@CJ of an OM-denuded  will produce different amounts of oxygenated moieties fol-
rBC particle may be useful in source apportionment studieslowing differences in the combustion process.

However, this extrapolation must be verified by future lab-  Future work should aim to quantify these ions for a num-
oratory studies using different primary and secondary OMber of samples, also as a function of atmospheric age, to pro-
samples. If this hypothesis is proven false, and y@0es in  vide a basis for the interpretation of ambient SP-AMS spec-
fact increase with atmospheric oxidation, then this SP-AMStra in which gas-phase interferences by bre unavoidable.
signal may be useful in tracking the atmospheric age of rBC.Further studies might also investigate whether the SP-AMS

Finally, rCO, may be significant for SP-AMS calibration. is capable of providing enough information to distinguish
Neglecting rCQ during calibration would not only give an between different refractory functional groups, as has been
inaccurate sensitivity factor, but would lead to the misquan-done using well-established offline techniques.
tification of rBC with different degrees of oxidation. Al-
though the elemental analysis of acid-treated rBC by Figu-
ieredo et al. (1999) suggests an error on the order of 10 %Supplementary material related to this article is
the estimated signal from COin Sect.3.2.1, suggests that available online athttp://www.atmos-chem-phys.net/14/
the SP-AMS error may be much higher. 2591/2014/acp-14-2591-2014-supplement.pdf
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