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Abstract. Soot particles can significantly influence the the changes in the NEXAFS fingerprints were in qualitative
Earth’s climate by absorbing and scattering solar radiation agagreement with data from an aerosol mass spectrometer. Fur-
well as by acting as cloud condensation nuclei. However, dethermore, by taking full advantage of our in situ microreactor
spite their environmental (as well as economic and political)concept, we show that the soot particles from all three com-
importance, the way these properties are affected by atmobustion sources changed their ability to take up water under
spheric processing of the combustion exhaust gases is still humid conditions upon photochemical aging of the exhaust.
subject of discussion. In this work, individual soot particles Due to the selectivity and sensitivity of the NEXAFS tech-
emitted from two different vehicles, a EURO 2 transporter, anique for the water mass, also small amounts of water taken
EURO 3 passenger car, and a wood stove were investigatedp into the internal voids of agglomerated particles could be
on a single-particle basis. The emitted exhaust, includingdetected. Because such small amounts of water uptake do
the particulate and the gas phase, was processed in a smogt lead to measurable changes in particle diameter, it may
chamber with artificial solar radiation. Single particle speci- remain beyond the limits of volume growth measurements,
mens of both unprocessed and aged soot were characterizedpecially for larger agglomerated particles.

using near edge X-ray absorption fine structure spectroscopy
(NEXAFS) and scanning electron microscopy. Comparison
of NEXAFS spectra from the unprocessed particles and those

resulting from exhaust photooxidation in the chamber re-1 Introduction

vealed changes in the carbon functional group content. For

the wood stove emissions, these changes were minor, relatethe Earth’s radiation balance is strongly affected by atmo-
to the relatively mild oxidation conditions. For the EURO spheric aerosol particles, which absorb and scatter radiation
2 transporter emissions, the most apparent change was thédirect effect) or act as cloud condensation nuclei (indirect ef-
of carboxylic carbon from oxidized organic compounds con-fect). In contrast to most aerosols, which cool the atmosphere
densing on the primary soot particles. For the EURO 3by scattering radiation, soot particles, containing black car-
car emissions oxidation of primary soot particles upon pho-bon, warm the atmosphere by absorbing sunlight. After car-
tochemical aging has likely contributed as well. Overall, bon dioxide BC is estimated to be the second strongest con-
tributor to global warmingJacobsoy2001), which effect de-
pends heavily on the source of the soot particles and their at-

Correspondence tdvl. Ammann mospheric processing (i.e. their mixing state with transparent
BY (markus.ammann@psi.ch) and hygroscopic aerosol components). Such processing can
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change the light scattering and absorption properties (sucbf emissions from the same diesel passenger cars as used
as the single scattering albedo) of the soot partiddm¢hi in this study. It was found that the formed SOA mass is
et al, 2010 as well as their lifetime in the atmosphere. significant: after five hours of aging about 80 % of the to-
During atmospheric processing, the physical and chemicatal organic aerosol was on average secondary. These mea-
properties of soot particles are continuously altered througtsurements were complemented Byitscher et al.(2011h
condensation and evaporation of various organic and inorwho investigated the water uptake at sub-saturation and cloud
ganic compoundsSaathoff et al.2003, coagulation with,  condensation nuclei (CCN) activity of the fresh and photo-
e.g., sulfate particlesNorringen et al.2008, oxidation Pet-  chemically aged soot from the same diesel passenger cars.
ters et al. 2006, and restructuringAbel et al, 2003. Such  Fresh diesel soot particles were found to be non-hygroscopic,
processing introduces large uncertainties in the quantitativé.e. they showed little or no interaction with water. No evi-
evaluation of the radiative forcing of atmospheric soot par-dence was found that diesel soot is hydrophobic. Photochem-
ticles Moffet and Prather2009. Therefore, because the ical aging processes have various effects affecting the par-
properties of atmospheric soot particles are highly variableticles hygroscopic properties (e.g. condensation of oxidized
and also strongly impact the Earth’s radiation balance, expererganic compounds induces morphology changes by restruc-
iments that further our understanding of these particles areéuring during water uptake). The primary emissions and sec-
essential to our understanding of, and ability to accuratelyondary aerosol formation from two different log wood burn-
model, the Earth’s climate. ers and a residential pellet burner under different burning
Coating experiments have been performed previously un€ondition are described Byeringa et al(2011). SOA forma-
der defined laboratory conditions using, for example, car-tion was found to be highly dependent on the type of stove
boxylic acids Kue et al, 2009 or sulfuric acid Zhang et al. and burning conditions. After five hours of aging, the av-
2008, in which changes in morphology were observ¥de erage increase in OA concentration by SOA formation was
et al.(2009 reported that coating soot particles with glutaric found to be a factor of 4.1 for both log wood burners whereas
and succinic acid increased both light scattering (up to 3.8h0 SOA formation was observed for the pellet burner during
fold) and light absorption (less than 1.2 fold). While such stable burning conditions.
laboratory experiments are useful in providing detailed in- In this study we focus on a few selected samples taken
formation on the physical properties of processed particlesfrom the extended series of experiments just described. We
they do not represent the breadth of atmospheric procesgocus on the analysis with scanning transmission X-ray mi-
ing that environmentally relevant soot particles are subjecicroscopy (STXM), which allows retrieving morphological
to, which is certainly much more compleRgbinson et aJ.  along with spectroscopic information from individual parti-
2007 Hamilton et al, 2004 Saathoff et al.2003 Weingart-  cles. In STXM, near edge X-ray absorption fine structure
ner et al, 1997 1995. (NEXAFS) spectroscopy at the carbon edge allows obtain-
Atmospheric aging of soot has been assessed via aircrafhg spatially resolved carbon functional group composition
(Schwarz et a).2008 and balloon measurementBgnard  of atmospheric particlesussell et al.2002. The novel as-
et al, 2005 and indicate a fast mixing of soot particles with, pect here is that this technique is applied to smog chamber
for example, sulfate specie3ohnson et gl2005 and coat-  samples enclosed within a microreactor to allow investigat-
ing with secondary organic productsigffet and Prathgr  ing water uptake to the particles at the oxygen edge in situ in
2009. This fast mixing impedes a direct comparison of fresh parallel Zelenay et al.2011a Huthwelker et al.2010).
particles with their corresponding aged particles.
Filling the gap between laboratory and field studies, smog
chamber experiments are ideally suited to following the evo-2  Experimental section
lution of soot particles as they are subject to direct oxidative
processing and condensation of secondary organic materiédd.1 Sample preparation
generated from the photo-oxidation of volatile organic com-
pounds (VOC's) co-emitted with soot in combustion exhaust.All soot samples were sampled from the smog chamber
Recently, such experiments were performed with exhausf{Paulsen et g1.2005 located at the Paul Scherrer Institute
from a diesel power generatd8dge et a).2008 Weitkamp  (PSI), Switzerland. A detailed description of the experiments
etal, 2007 as well as from biomass burninG(ieshop etal.  is given byChirico et al.(2010 andHeringa et al.(2011)
2009. This photochemical processing of exhaust is assumednd will be only briefly described here. The smog chamber,
to be the dominant soot aging mechanism, which is also dia Teflon bag with a volume of 27¥is temperature con-
rectly related to the radiative properties of sadioffet and  trolled within the range of 20-2%C. Sunlight irradiation is
Prather2009. simulated with four xenon arc lamps with a cutoff at 280 nm.
This study deals with samples from a series of recent exA photolysis rate of/yo, =0.11 min~1 is obtained. Differ-
periments at the Paul Scherrer Institute (PSI) smog chambeent online particle analysis instruments were operated during
Chirico et al.(2010 investigated directly emitted, primary the experiments, such as a scanning mobility particle sizer
organic aerosol (POA) and SOA formed by photooxidation (SMPS), a volatility and hygroscopic tandem differential
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mobility analyzer (V/H-TDMA) (Tritscher et al. 20113, tration of 250—-350 ppb for the transporter experiments, 300—
and an Aerodyne high resolution time-of-flight aerosol mass400 ppb for the passenger car experiments, and about 20 ppb
spectrometer (AMS)eCarlo et al.2006), to provide com-  for the wood stove experiments. This was accompanied with
plementary data to compare with the single-particle mea-the formation of SOA which leveled off after about 4-5h
surements. Note that the AMS only measures compoundg§Chirico et al, 2010. Note that the STXM-NEXAFS mea-
that evaporate at 60C and hence, the refractory part of surements of the aged and fresh diesel combustion particles
soot is not included in the AMS measurements. A Mon- stem from processes conducted on different days but with
itor Labs model ML9841A chemiluminescence N@n- identical processing and sampling conditions. For example,
alyzer was used to measure NO and NONO, NO,), AMS measurements show a comparable increase in organic
ozone was measured with an ozone analyzer Model 881@bading. Also note that the high resolution AMS data from
(Monitor Labs Inc.), CQ@ was measured with a differen- the EURO 3 passenger car, i.e. O:C ratios, were taken from a
tial, non-dispersive, infrared (NDIR) gas analyzer (LI-7000, separate, but identical, experiment run due to a software er-
LI-COR Biosciences) and, the gas-phase total hydrocarbomor during the experiments from which the STXM-NEXAFS
(THC) concentration was measured with a FID Model VE 7 samples were prepared.
(J.U.M. Engineering). Particles were sampled before and after aging of the diesel
Emissions were sampled from two different vehicles, aand wood combustion particles in the smog chamber. The
EURO 2 Wolkswagen Transporter TDI Syncro from Decem- unprocessed soot particles were sampled immediately after
ber 2000 (with a mileage of 109 000 km, not equipped with injection of the exhaust into the smog chamber, for diesel
emission abatement devices) and a EURO 3 Opel Astra 2.@xhaust before addition of ozone. After 2 h of light induced
DTI passenger car from February 2002 (with a mileage ofaging, the first changes in hygroscopic properties of the soot
45 000 km, equipped with a diesel oxidation catalyst (DOC)), particles were observed in the HTDMA, and the sampling of
as well as a log wood stove (Attika Avant). The vehicles the aged soot particles was started.
were operated with low sulfur fuels (10 ppm). Both cars For sampling of the primary soot particles, the soot parti-
were started with cold motors and were run idle during in- cles were pumped out of the smog chamber, with a gas-flow
jection. In the wood stove experiments, the exhaust wasf about 1.2 Imint, charged via a corona charger and de-
injected into the chamber during the flaming phase. Theposited electrostatically (0.8 kV) onto a silicon nitride mem-
wood used was beech that was stored in a dry place. Therane (Silson Ltd., Northampton, UK) during one hour. The
unfiltered exhaust gas of the two vehicles was diluted withmembrane was glued (crystal bond, SPI suppliers, West
particle-free, preheated (15Q) air by a factor of seven im-  Chester, USA) onto a small sample holder of the microre-
mediately after emission. The exhaust was led through actor (see below). For the aged particles, the sampling was
heated (150C) injection system into the indoor smog cham- run during around four hours between two and six hours after
ber with a final dilution ratio of around 1:12Chirico etal,  the arc lamps were turned on in order to obtain a reasonable
2010. The transfer and dilution system for the exhaust from coverage of the membrane substrate.
the wood stove was heated to BD. The particle number Samples were stored a20°C until analysis.
concentration in the smog chamber ranged between 10 000—
20000 particles cm? and the primary particle mass concen- 2.2 Microreactor
tration was between a few up to 50 ug#n After about one
hour in the dark to allow for sampling of primary particles Exposure of the sample to various relative humidity and tem-
(see below), in case of the diesel exhaust experiments (nqterature environments during X-ray measurements in the
with the log wood burner), ozone was introduced into the PolLux microscope was enabled by a custom microreactor
smog chamber to oxidize NO to NOWe presume that the (seeHuthwelker et al.(2010 for a detailed description).
primary fate of ozone was to titrate NO to MOwhich re-  Briefly, the microreactor consists of two parts: the sample
acts much faster with ozone than alkenes and is in large exsubstrate membrane, where the submicron particles are de-
cess. This has been confirmed by AMS measurements whichosited and the body of the microreactor, which includes a
did not show an increase in O:C ratios during this titration capping membrane and a gas flow inlet and outlet. Fixing
(Chirico et al, 2010. The levels of N@ were 400-500ppb  the two halves of the microreactor results in sandwiching
for the transporter experiments and 600—-900 ppb for the pasthe sample particles between two 50 nm thick silicon nitride
senger car experiments before switching on the lights. Fomembranes (with about 300 pm separation) and thus within
the wood stove experiments, initial N@evels were around the enclosed volume of the microreactor. The membranes
75 ppb. One hour after injection, the arc lamps in the smogallow transmission of X-rays for STXM and NEXAFS mea-
chamber were turned on to begin irradiation. Once the lampsurements, while the microreactor gas inlet and outlet allows
were switched on, propene (which is not a SOA precursoraccess to the enclosed volume for control of the sample en-
Cocker et al.200]) was added to increase the VOC/Nf@- vironment.
tio and to raise the OHevels. Ozone was quickly produced = The temperature of the microreactor is controlled by the
and after about two hours, it reached a maximum conceneombination of a heater and cooling via a copper braid
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attached to a liquid nitrogen dewar. The temperature dur2.4 Scanning electron microscope
ing the X-ray measurements was set t6¢ 20A flow of 20—
50 mI min~! of helium (at 150 mbar) was passed through the The morphology of the particles was also analyzed using an
reactor during all measurements. The microscope chambePEM (Scanning Electron Microscope) (Zeiss Supra VP55)
was evacuated to 18 mbar in order to reduce attenuation of With a resolution of 1 nm operated at a voltage of 5kV. The
the X-ray beam. A variable portion of the gas flow through analysis was performed with the soot particles collected on
the reactor can be, if required, humidified by passing the gaghe same sample holder, i.e. the same day and time, as for
over a temperature controlled water bath. The relative huthe microspectroscopy analysis. Size distributions were ex-
midity (RH) is measured using capacative sensors, operatefacted from SEM images using the equivalent projected area
at room temperature, at the exit line of the microscope chamdiameter Merkus 2009. This distribution was obtained by
ber. A thermocouple mounted at the microreactor itself iscalculating the projected surface area of the particles using
used to enable corrections of the RH for the precise temperthreshold images. Qualitative observations and trends of par-
ature in the microreactor. The RH can be adjusted from 0 tdicle sizes are discussed rather than quantitative values, al-
95 % RH. though it was shown that for small agglomerated4 Q0 nm)
Mounting the samples into the microreactor resulted firstthis method gives reliable valueKy and Maynard2009.
in about 30 min exposure to ambient air and about 1 h to théNote that the sampling of the soot particles took about four
vacuum of the microscope, before the experimental pressurBours so that no evolution of the particles sizes can be ob-

and temperature were adjusted. served as with the SMPS and therefore averaged SMPS size
distributions are shown.
2.3 STXM-NEXAFS analysis Fractal dimensions were determined from the SEM images

(Ku and Maynard2005 using the box counting method of

The STXM and NEXAFS analyses were performed at theimageJ, a public domain image analysis program developed
PolLux beamline Raabe et al.2008 of the Swiss Light gt the National Institutes of Health.

Source (SLS) located at the Paul Scherrer Institute. Photons
in the range of 200-1200 eV are provided by this beamline2.5 HTDMA
with an energy resolutionH/A E) of about 3000. The end
station is equipped with a STXM operated with a spatial res-In this study, data from the H-part (hygroscopicity) of the
olution of about 40 nm for the present experiments. The cali-V/H-TDMA are presented. Dry, monodispersed aerosols are
bration of the Spectra was performed by measuring the We||selected in the first DMA. After exposure to hlgh relative hu-
defined transitions of polystyrene spheres at the carbon edg®idity (RH) the aerosol particles are scanned with a second
(Dhez et al, 2003. All soot samples were measured in the DMA coupled to a CPC (Condensation Particle Counter).
microreactor Zelenay et al.2011a Huthwelker et al.2010). All instrument parts are accommodated in a temperature con-
To normalize the spectra and images, the Lambert-Beefolled housing. The hygroscopic growth factor (GF) is de-
law (OD= —In(1/Iop) = d;.) was used, with OD being the fined as the wet particle diameter (here R195 %) normal-
optical density, the mass absorption coefficien, the  ized with the dry particle diameter (R10 %).
thickness of the sample] the transmitted light intensity ~ The V/H-TDMA is equipped with a pre-humidification
through the particle, anfh the incident light intensity (mea- System in front of the first DMA. Particles are exposed to
sured as the transmitted light intensity in a particle-free re-very high RH close to 100 % before they are dried and size
gion nearby an individual particle). selected. Turning the pre-humidifier on allows restructur-
All spectra were measured in the image stack mode, i.eing of the fractal soot. The occurrence of restructuring can
a series of images at closely spaced energy stémsob- be identified when periods with and without pre-humidifier
sen et al.2000. These image stacks were taken in energyshow a different GF.
steps of 0.15eV in the range of 284-292.5eV and in 0.3eV The absolute GF uncertainty including the accuracy of the
steps in the range of 280—284 and 292.5-320 eV, respectivelifH measurement is in the range of 0.05 (depending on the
at the carbon K-edge (C K-edge)_ At the oxygen K-edgeGF and RH) In this StUdy the focus is on the temporal evo-
(O K-edge), step sizes of 0.2 eV were used for 532-550 e\ution at one constant high RH. For this the precision of the
and 0.5eV for 525-532 and 550-560 eV, respectively. Ab-measurement is more important than the accuracy. Based on
sorption maps were converted from transmission images byry measurements, (so called D zero measurements to cali-
applying the Lambert-Beer law. The chemical maps werebrate the sizing), the variation of the GF is smaller than 1 %.
generated from the absorption maps by subtracting the preAt the very low GF values (for soot) with little growth the

edge absorption. The spectra were extracted using aXis200@verall uncertainty is about0.01. Other effects like restruc-
(Hitchcock 2008). turing or swelling of the soot have a larger influence on the
measurement.
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3 Results and discussion
3.1 Particle morphology and size distribution

Number size distributions of wood combustion particles are
shown in Fig.1. The blue bars represent the size distribution
extracted from SEM images of fresh particles. For compari-
son, the SMPS size distribution is added to the plot as a black
line. All size distributions are normalized by the total num-
ber of particles. The size distribution of the projected area
diameter for aged particles is shown with red bars. Again,
the SMPS size distribution plot is added, colored in grey.
The SMPS data show that the mode of the electrical mobil- ' 100 1000
ity diameter distribution of the fresh particles is 190 nm. The Diameter [nm]
evaluation of the size distribution using SEM images shows
that most particles have a size between 60 and 250 nm witlrig. 1. Size distributions extracted from the SEM images using the
a tail reaching up to about 700 nm. The size distribution ofequivalent projected area diameter (bars) and the electrical mobility
the aged particles is broadly similar to that of the primary diameter measured with the SMPS (lines) of the fresh (blue and
particles, but shows a tail reaching towards larger diameter$lack) and aged (red and grey) wood stove combustion particles,
(1 um). This is also reflected in the SMPS data, which showespectively. The insets are SEM images of a fresh (left) and aged
a shift of the mode diameter to around 240 nm. Obviously, (right) soqt particle having projected area _sizes of: 205 nm for the
the relative amount of small particles is somewhat overestj-SMall particle and 480 nm for the large particle on the left, and 1 um
mated with the SEM images. This may be related to the factfor the aged wood particle on the right,
that the soot particles were sampled by electrostatic deposi-
tion, which prefers to some extent the smaller particle sizes.
In general, the SEM sizes may be slightly underestimatedsizes are found between 40 nm and 200 nm, also here a small
due to evaporative losses during analysis. Also note that twdailing to around 250nm is observed. The aged particles
different kinds of calculations were used to obtain the sizeshow a size distribution up to 600 nm. The SMPS measure-
data. We used 2-D microscopic images to obtain a diametefents show an increase in the mode diameter from 85 nm for
(as explained in the experimental section), while the SMPSresh particles to 125 nm upon aging in the smog chamber.
measures the electrical mobility diameter, see &lscand  Again, SEM images of single particles are depicted in Eig.
Maynard(2005. Consistent with other authorédachi et al, 2007 van Pop-
Figure1l illustrates SEM images of single wood combus- Pel et al, 2005 Kis et al, 2009, primary particles are found
tion particles. The left SEM image illustrates two fresh wood With a size of about 30—40 nm aggregated in chains. Inspec-
combustion particles, the right one an aged particle. A typ-tion by eye does not reveal changes in aggregation of the
ical wood combustion particle consists of primary spherical Particles, which is supported by the evaluation of the fractal
particles in the range of 40 to 50 nm, which agglomerate todimension revealing 1.84H0.03) for fresh and 1.8540.05)
large structures\ernooij et al, 2009 Kocbach et a].2005.  for processed particles, respectively.
Because the exhaust of the wood burning was sampled dur- Figure3 shows the particle size distributions of the EURO
ing the flaming phase, it makes sense that no tar balls werg@ passenger car exhaust. The symbols and colors are ex-
observed herevernooij et al, 2009. plained in conjunction with Figl. While the fresh particles
The aged wood combustion particles show very often ahave sizes between 50 and 200 nm, comparable to the par-
partly collapsed chain-like structure, especially in large par-ticles emitted from the EURO 2 transporter, the aged parti-
ticles (=800 nm) as shown in Fid,, but the calculated fractal cles show sizes around 100 nm with a second mode at around
dimensions remains unchanged within error. A fractal di-400nm. In the SMPS such a second mode is not apparent
mension of 1.81+£0.08) was measured for fresh particles likely because the SMPS only measured up to an electrical
and 1.84 £0.06) for aged particles. It should be noted, mobility diameter of 680nm. The SMPS reveals a mode
however, that this result may be biased by the fact thatdiameter of 80 nm for fresh and 145 nm for aged particles,
semivolatile secondary organic aerosol may have evaporategkspectively. Whether the second mode at large diameters as
in the high vacuum of the SEM, such that the actual fractalseen by SEM is formed on the substrate or other processes re-
dimension of the aged particles may be higher. mains open. SEM images of a single particle each are added
Figure?2 illustrates the different particle number size dis- in the figure. Again, the primary particles of fresh and aged
tributions from the EURO 2 transporter exhaust. The colorsoot show the typical size of about 30—40 nm as observed for
code is the same as described for Rig.The evaluation of  the transporter. Also in this case, no changes of the aggrega-
the SEM images from fresh particles shows that most particldion of the soot chains upon soot aging were observed, which

P

(dN/N,)dlogD
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Fig. 2. Size distribution of the particles emitted from the EURO 2 Fig. 3. Size distributions measured using SEM images and the
transporter, the red and blue bars represent size distributions fro/MPS shown in bars and lines. Blue and red bars, black and grey
fresh and aged soot particles, respectively. The black and grey linebnes illustrate the fresh and aged particles. The projected area diam-
represent the SMPS size distribution from fresh and aged particlesgter of the illustrated soot particles are 220 nm for the fresh particle
respectively. The diameters of the particles in the SEM images are(left) and 390 nm for the aged soot particle (right).

250 nm for the fresh particle (left) and 300 nm for the aged particle

(right).

is supported by the fractal dimensions being 18@.03) for
fresh soot particles and 1.8%0.03) for aged particles. The
morphology of soot particles stemming from the cars do not
seem to be influenced significantly by aging.

In summary, the equivalent projected area diameter shows?
in general, a comparable particle size distribution as mea-_. .
sured by the SMPS, and the size increases were also repra L 27 B eI EoRE Tl AL BTt e e
duced. The systematic differences between the two method

. - _projected area diameter of around 500 r{b), the EURO 2 trans-
may be related to the preference of the electrostatic sampling o, having a diameter of 260 nm af the EURO 3 passenger

method for the smaller particle sizes and to coagulation o4y with a diameter of about 170 nm. The OD values scale up to 0.5.
the substrate. These results confirm that the 150-200 nm di-

ameter particles that were chosen for STXM analysis were
representative of the total particle populations. Investigating

size dependent chemical composition was not the scope of NEXAFS spectra from the single particles are shown in

the analysis presented below. Fig. 5. Each spectrum represents the average of several in-
dividual particles, using the image-stacks described in the
3.2 STXM-NEXAFS characterization experimental section. Specific chemical species were quan-

tified from the spectra by fitting with Gaussian functions
Figure4 illustrates STXM absorption maps of soot particles representing characteristic near-edge resonardatkd and
from the wood stove (left panel), from the EURO 2 trans- Stohr, 1988, using resonance positions adopted frbliop-
porter (middle panel) and from the EURO 3 passenger cakins et al.(2007). The peak energies were fixed at the Gs1s
(right panel), measured at 320 eV. Absorption at this energyr* transition of aromatic carbon in benzoquinone (quinone-
is dominated by carbon, independent of its chemical form.C, 284.2 eV), of unsaturated carbon (aromatic-C, 285.2 eV),
These images also demonstrate the agglomerate structure agphenolic or ketone carbon (phenol-C, 286.7 eV), of car-
evident from the SEM analysis presented above, but withboxylic carbon (carboxyl-C, 288.3 eV), of carbonyl carbon
poorer spatial resolution. Absorption images of individual (carbonyl-C, 290.5eV) and at the C-2sc* transitions of
particles at different energies were used to extract absorptioaliphatic carbon (aliphatic-C, 287.4 eV), which overlaps with
spectra and O:C ratios as presented below. We did not athe C 1s»> n* transition of aromatic carbonyl groups, of O-
tempt to look at chemical inhomogeneity within individual alkylic carbon (289.5eV), and of aliphatic/aromatic carbon
particles. Error bars in average spectral data presented belogaliphatic/aromatic-C, 292 eV). An example of such a fit is
are dominated by particle to particle variation. illustrated in Fig.6 and shows the NEXAFS spectrum of an
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processed soot stemming from the EURO 3 passenger caff)(5),
aged soot from the passenger car (9), values in brackets define thi §
number of spectra used for averaging.
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at 305eV indicates a high-bond conjugationiaz et al,

2007). Due to the inhomogeneous composition of soot small

shifts in the maxima of the transition energies of the single Energy [eV]

particles are expected. Only the maxima of the peak inten-

sities at 285.3, 288.3 and 292 eV could be unambiguouslyFig. 7. Representation of the averaged single contributions of the fit-

distinguished for the fit of the spectrum. The maximum of ted gauss integrals with their standard deviations. All spectra were

the unsaturated carbon peak shifted from 285.1 to 285.3 e\ormalized by the integral of the carbon edge spectrum from 280~

while the transition of the carboxyl carbon was assigned be-320 eV'hThilb'aCk circles L””Sérsts(;hze soot particles from the |W°°d .

tween 288.3-288.4 eV. The aliphatic/aromatic-C peak shifte0V® the blue squares the transporter soot particles an

from 292 to 292.2 eV. Note that these energy shifts are clos the red triangles the EURO 3 passenger car soot particles. The solid
’ " . . Gnd open symbols represent the unprocessed and aged soot parti-

to the energy resolution of the beamline. All other maxima :

) ) g % cles, respectively.
were fixed at the aforementioned values during the fitting
procedure. The peak fitting results are presented in#ig.

Significant Uncertainty especially for the fits at 292 eV is in- of the broad Variety of carbon Species present in @Qtl(a

troduced by the assumption used to represent the ionizatiognd Stohy1988. The spectra were normalized to the area of
edge. The slope and height of the arctangent function northe whole spectrum.

mally used are unknown for the single particles. It is reason-
able to assume a distribution of ionization energies in view

284 286 288 290 292
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Spectrum a) in Figb shows the averaged NEXAFS spec- patrticles. Note that only compounds that evaporate at 600
trum of fresh wood combustion particles. A distinct absorp- are measured with the AMS. In summary for the wood com-
tion at 285eV and at 292 eV suggests a high aromatic conbustion particles, the SOA material that has mostly resulted
tent in the combustion particles. Further, an absorption infrom oxidation in the gas phase and condensation to the par-
the carboxyl-C region (288.5eV) can be observed, whichticles has slightly more carboxylic groups and less aromatic
suggests also a high content in carboxyl-C. The Gaussiaearbon than organic material associated with the primary par-
fit analysis shown in Fig7 demonstrates that the absorp- ticles. While the OH budget cannot be assessed in detail for
tion from quinone-C (284.2 eV) is absent. Furthermore, thethese experiments, the mild photochemical conditions, repre-
analysis shows that fresh wood combustion particles exhibisented by light intensity corresponding to middle European
small absorption at the phenolic-C energy but high transitionwinter afternoon, have caused the relatively small changes to
intensity from carbonyl-C. However, also alkyl- and O-alkyl- carbon oxidation state in spite of the substantial particulate
C are involved in the absorption spectrum. Potassium saltsnass changes.
are expected to be associated with wood combustion parti- Spectrum c) in Fig5 shows an averaged spectrum of the
cles, but remain at or below the percent level of total carbonfresh soot particles emitted from the EURO 2 transporter. A
(McDonald et al. 200Q Fine et al, 2001). The characteris- high absorption intensity at 285.2 eV can be observed. The
tic potassium double peak near 300 eV remained thus undesteep increase at 292 eV and the absorption at 305 eV show
tected in the C-edge spectra. the high degree of conjugation from large PAHs, graphene

Spectrum b) in Fig5 shows the averaged spectrum of the and graphite type moieties. A weak absorption is found at
corresponding aged particles. Again, high absorption intenaround 288.3 eV that which indicates a low degree of oxida-
sities are found in the aromatic region (285 and 292 eV),tion of the soot particles. The fitting analysis (Fi§.shows
and in the carboxyl-C region (288.5 eV). These observationsstrong particle to particle variability in the absorption inten-
are confirmed by the Gaussian fitting results. While phenolsities of the aromatic carbon, both at 285.2 eV and 292 eV.
and O-alkyl content slightly increased upon processing, a deAgain, the fitting analysis shows no evidence for phenol- or
crease in carbonyl- and aliphatic-C can be observed. The alguinone-C absorption.
sorption intensity at 292 eV shows a slightincrease. Theratio The spectrum of the aged particles from the EURO 2 trans-
of the peak heights of the averaged spectra @jigt 285 di-  porter depicted in trace d of Fig. 5 show a slightly higher
vided by the peak height at 292 eV is used to quantify thearomatic content. The ratio of the peak height at 285 di-
degree of graphitization in carbonaceous materg@ilStasio  vided by the peak height at 292 eV increases upon aging,
and Braun2006. This ratio shows a decreasing trend from from 0.63 to 0.72, indicating a decrease in alkyl-C, which
0.84 to 0.80 upon aging indicating an increase in alkyl-C andis consistent with the AMS measuremen@hirico et al,
decrease in aromatic-C, which includes also unsaturated caR010, and increase in unsaturated carbon, respectively. The
bon. Note that the sensitivity of the intensity at 292 eV to carboxylic-C at 288.3 eV from the aged EURO 2 transporter
the representation of the ionization edge (see also error bangarticles shows the highest absorption intensity of all inves-
in fit results at this energy) makes this analysis quite uncertigated particles. The fitting analysis confirms these obser-
tain, even though the changes at 285 eV are significant. AMSations. The AMS data support the analysis and show an
measurements performed blgringa et al(2011) showed a  increase of the mass fraction/z44 (Chirico et al, 2010.
slight increase ain/z 44, which is attributed to carboxylic The fresh soot particles showed a carboxylic carbon content
groups (CQL) in mono- and diacidsC§uplissy et al. 2011, of about 2.5 % of the total mass while in the aged particles a
Alfarra et al, 2007, from 10.1 to 10.3%. The fit over 5 fraction of 5.4 % was reported. The organic mass was shown
hours results in a 0.12{(0.30) increase (95 % confidence in- to increase by a factor of around 4 in this experiment due to
terval), consistent with the trend of the relative increase offormation of SOA. Therefore, the increase in carboxylic-C in
carboxylic groups as apparent from the NEXAFS spectrathe NEXAFS spectra is most likely due to secondary organic
The AMS data also show that photo-oxidation increases theompounds condensed from the gas phase. The O:C ratios as
total organic carbon by a factor of 3 compared to primary derived from the C edge pre- and postedge absorptions were
particles. O:C ratios can be calculated by comparing the pre0.16 @0.39) for fresh and 0.32+0.27) for the aged EURO
edge (280eV) and the post-edge absorption (320 eV) with2 particles. This is consistent with the addition of carboxyl-C
the attenuation coefficients taken from Chanti€héntler and phenol-C in the particles as observed in the resonant fea-
1995 and assuming only carbon and oxygen being presentures at the absorption edge itself. From the AMS data, O:C
in the soot particles. A ratio (and corresponding standardratios of 0.140.03) for fresh and 0.34{0.11) for aged par-
deviation) of 0.30 £0.22) for fresh and 0.3540.30) for ticles were reportedGhirico et al, 2010. As demonstrated
aged wood combustion particles is found indicating only lit- by both the NEXAFS and AMS proxies for carboxylic acids,
tle enrichment of oxygen relative to carbon in the processedhe primary EURO 2 transporter emissions have lower car-
particles. Comparable values are revealed from AMS databoxylic acid fractions than those from the wood stove. There-
which showed a ratio of 0.3540.11) for fresh wood com- fore, condensation of more oxidized material in both cases
bustion particles and a ratio of 0.48:0.12) for processed leads to larger relative changes for the EURO 2 diesel exhaust
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particles in terms of carboxylic acids. Besides the highly compounds condensed from the gas phase as there is no other
oxidized carbon compounds that condense on the EURO 2ource available that could reasonably explain this increase.
soot particles, the aged particles show a high content of un- In summary for the diesel exhaust particles, the apparent
saturated and phenolic carbon which might also stem fromchange in the NEXAFS fingerprints upon aging is the in-
oligomerization and aldol type condensation reactions. Al-crease in carboxylic acid content. For the EURO 2 trans-
dol condensation requires acidic conditions, but also ammoporter emissions the aged particles are dominated by sec-
nium salts were shown to be efficient catalysts for similarondary organic material, and thus the carboxylic acid con-
aggregation reactions in atmospheric aeroddtzziere etal,  tent is mostly representative for that secondary material. For
2010. As described in the experimental part, a measurablethe EURO 3 passenger car exhaust the increase in carboxylic
but small increase in sulfate, but unchanged and very lowacid may also be associated with oxidation of primary or-
ammonium content leaves room for excess acidity, which,ganic material, since the mass of secondary organic com-
along with a relative humidity of 50 %, could provide a sub- pounds remained smalChirico et al, 2010. A remaining
strate for such particle phase reactions. Another process magaveat in this analysis may be that some semivolatile ma-
also be that the light absorbing portions of soot may initiateterial may have evaporated before and during analysis by
condensed phase reactiodglgnay et al.2011. Thus, par-  STXM, even though the reasonable consistency of O:C ra-
ticulate phase aging processes may be the result of both thigos between AMS and X-ray absorption data indicate that
condensation of gas phase species and chemical processs would at least not have affected the assessment of oxi-
initiated within the condensed phase. However, we emphasized functional groups.
size that the results available do not provide the means to
differentiate the relative importance of the two. 3.3 Water uptake in soot particles

The averaged spectrum (Fige) of the unprocessed soot
of the EURO 3 passenger car shows also a high absorption ofhe water uptake behavior of the different soot particles was
the aromatic carbon at 285.2, as well as at 292 and 305 e\investigated via NEXAFS spectra measured at the oxygen
Again, this points to a high graphitic content in these parti- edge and images measured at the oxygen edge and carbon
cles Diaz et al, 2007). Similar to the EURO 2 transporter pre-edge. The carbon NEXAFS analysis revealed a relatively
emissions, the absorption intensity of the carboxyl-C is lowlow O:C ratio in most of the single soot particles. A NEX-
and no phenol-C nor quinone-C absorption is observed. ThiAFS analysis at the oxygen edge was impeded by the low
is confirmed by the fitting analysis (Fig). The correspond- oxygen content in the dry particles which lead to low ab-
ing spectrum of the aged particles is shown in E@. An sorption and insufficient statistics for clear spectra. The O
increase in the absorption intensity of the carboxyl-C regionK-edge spectra reported below were measured for the aged
is observed, which is also supported by the AMS measurewood stove sample at 0% and 90 % RH and the fresh wood
ments revealing an increase in the carboxyl content fromcombustion particles at 90 % RH as well as for the aged soot
1.6 % in fresh soot particles to a content of 3.2 % in aged parfrom the EURO 2 transporter at 90 % RH. The spectra at the
ticles (Chirico et al, 2010. This increase was accompanied oxygen edge were only obtained from 2—3 particles, selected
by a comparably small increase in the aromatic-C at 285.Zor having sufficient absorption at the oxygen edge and there-
and 292 eV in the NEXAFS spectra. The Gaussian fittingfore may not be entirely representative.
analysis, displayed in FigZ, confirms the aforementioned Spectrum a) in Fig8 shows the oxygen spectrum of un-
changes. Note that the Gaussian fitting possibly exaggerprocessed wood stove soot measured at 90 % RH. The main
ates the absorption intensity at 292 eV, due to the uncertaintabsorption is found at 538.2 eV, which is attributed to the
of placing the ionization edge properly, as mentioned abovetransition of ketone-, carboxyl- or alcohol-O. A second ab-
The ratio of the peak height at 285 divided by the peak heightsorption is found at around 532 eV. This absorption inten-
at 292 eV shows a decrease from 0.76 to 0.72 upon aging, insity is assigned to the O 4sx* transition of carboxyl- and
dicating an increase in alkyl-carbon groups. Additionally, it ketone-O Hopkins et al. 2007. Spectrum b) is from the
shows that no phenol-C evolved during the processing in theaged soot sample from the wood stove at 0% RH. It also dis-
smog chamber, in difference to the EURO 2 transporter caseplays strong absorption peaks centered at 532 eV and 539 eV,
The O:C ratios derived here are 0.12Q:13) for the fresh  which are attributed to the transitions of the aforementioned
and 0.25 £0.18) for aged particles, which are again con- oxygenic functional groups. Spectrum c) is also from an
sistent with the AMS data reported b@lgirico et al, 2010 aged wood combustion particle as b) but measured at 90 %
(0.1 for fresh and 0.22 for processed particles). In this caseRH. This spectrum strongly resembles that of liquid water
the AMS observed only a slight increase in organic mass by(Tzvetkov et al. 2008 Cavalleri et al. 2002 Wernet et al.
around 25 % from the starting concentration. Therefore, the2004), displayed as spectrum (e) in the Figure. Since wa-
increase in carboxylic-C might also stem from primary par-ter does not absorb at 532 eV, this peak is strongly dimin-
ticle oxidation and not necessarily only from the oxidized ished and indicates the dilution of the organic compounds
organic compounds that condensed on the soot particle. Thiby water, which apparently dominates the absorption at the
increase of the alkyl-C must have originated from organicoxygen edge under humid conditions. Fig@ceshows the
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effect of this approach is that the particles are detected us-
ing the X-ray absorption at the carbon edge and hence there
is no pre-selection bias towards oxygen content of the dry
particles. Nevertheless, note that the contribution of oxygen
to the absorption at the carbon pre-edge remains small and
therefore also the differences in absorption intensity at vari-
ous RH. Therefore, criteria for detecting water uptake were
defined, which include (1) a consistent change of the absorp-
tion intensity of the single particles with varying RH; this
means that the absorption increased simultaneously with RH
c) ——— and vice versa, and (2) larger than 10 % difference in the ab-
sorption intensities of the single particle upon water uptake.
Whether absorption changes are observed at the C or O edge
has no influence on the discussion above that this method is
sensitive to the relative increase in oxygen. No changes in
. | ' . . the soot morphology were observed upon water uptake. The
’ ! ! ! ’ expected small changes upon restructuring are beyond the
520 530 540 550 560 570 580 spatial resolving power of STXM as operated in the present
Energy [eV] experiments. The time steps in between the different RH set-
tings were chosen to be at least 30 min before the measure-
Fig. 8. O K-edge NEXAFS spectra @) fresh soot particles from Ments were continued in order to allow the water uptake to
the wood stove measured at 90 % RH) aged soot from wood ~reach equilibrium.
stove at 0% RH(c) same particles as ifb) at 90 % RH,(d) aged Figure 9 shows the chemical map of one soot structure
soot from the EURO 2 transporter at 90 % Redliquid water taken ~ from out of aged wood combustion particles at the oxygen
from Tzvetkov et al(2008. The spectra are normalized to the high- edge at 0%, 70 %, 93 % and returning to 0% RH again. At
est absorption intensity. 70 % RH a first small change can be observed, which is man-
ifested more clearly at 93 % RH. A very high uptake can be
observed in some parts of the soot structure, which are col-
spectrum of the EURO 2 transporter exhaust particles, meapred in green and red. Here, an averaged water column of
sured at 90 % RH. The main absorption is found at 539 eVahout 40 nm per image pixel is observed (assuming a density
with a smaller transition at 532 eV. The pOSition of the main of 1 g Crn_s)_ In the other regions of the partide, an aver-
edge and the absence of a shoulder at 535 eV indicate Only age water column of around 10 nm is observed. Returning
small contribution from water. The main edge is similar to again to 0% RH, the absorption decreases to the initial val-
the dry spectrum of particles from wood combustion. ues. From 16 investigated particles/structures, 11 were found
Detection of water by NEXAFS is related to changes in to take up water. The unprocessed wood particles were also
absorption at the oxygen edge (or also carbon edge, as disavestigated, but the absorption intensity changes were in-
cussed below). Because we always consider normalizedonsistent during changes of RH and further evaluation of
spectra, detection of water uptake to the particles remainghese data has been omitted, as obviously water uptake was
linked to the total amount of oxygen in the particles. For below the detection limits as defined above. The HTDMA
humidified aged wood combustion particles, the amount ofmeasurements, shown in Fit0, indicate a restructuring of
water-oxygen is larger than the amount of oxygen associate¢he soot particles after exposure to 95% RH. A GF of 0.95
with the dry particles. In contrast, for the EURO 2 trans- was measured after six hours. Although a strong restructur-
porter diesel exhaust particles, the amount of water taken ujng was observed indicating a compaction of the aged soot
remained small in comparison to the amount of oxygen in dryparticles under high RH, after pre-humidification a GF of
soot, indicating incomplete solvation of oxygenated materialonly 1.03 was measured (Fit0), indicating only little water
or functional groups. This way of interpretation of water up- uptake. Note that the HTDMA measures the change in elec-
take from the NEXAFS data should be kept in mind, when trical mobility diameter (equivalent diameter calculated from
images are discussed below and compared to other data. the mobility of the charged particles in the carrier gas). For
Images of individual soot particles were recorded at differ- compact particles, the growth can be directly converted into
ent RH in order to quantify the water uptake. As describeda change in volume due to water uptake. For agglomerate
above, the oxygen content was too low in certain soot parparticles (even in absence of restructuration), quantification
ticles, so that measurements at the oxygen edge were naif the volume of water taken up is difficult. In contrast, the
possible in many cases. Therefore, the changes in the prex-ray absorption measurements quantify the water uptake in
edge region at the carbon edge were used to map the waerms of mass, which is a better indicator of water uptake in
ter uptake in particles with low oxygen content. The side these particles. As noted already above, due to the relatively
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Fig. 9. Series of chemical maps showing the water uptake in aged wood soot particles, the images were measured at 543 eV. The image:s
were recorded at the same position at different RH. The color bar represents the scale of the OD in the images.

14 : : . , . , ; ness of around 55 nm assuming a density of  gnt for the

R 1 dry carbon backbone. From the 10 investigated particles, 3
particles were found to take up water within the constraints
defined above.

EURO 3
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T 1 The aged soot particles from the EURO 2 transporter were
investigated at the pre-edge of the carbon edge and at the
] oxygen edge. Among 19 investigated particles, water uptake
0.9 ; | . ; ; | . ; ; was observed in 12 particles. The aging in the smog chamber
1 1 thus resulted in a larger fraction of particles with measurable
] water uptake capability. In the case of the EURO 2 trans-
e~ " Ogg o B ] porter emissions, an increase in particle hygroscopicity was
also discernible with the HTDMA, see Fi@j0. As discussed
in detail byTritscher et al(2011h, the measured growth fac-
Time after lights on [h] tor depended on the particle size selected for the measure-
ment. We show here only the case of 200 nm patrticles to rep-
Fig. 10. GF of wood combustion particles and soot particles from resent the size range investigated here. In general, the smaller
the EURO 2 transporter and EURO 3 passenger car measured witharticles 100 nm) did not show restructuring but only sig-
an HTDMA. Filled symbols illustrate the GF of 200 nm sized soot pificant hygroscopic growth. In the larger particles, this hy-
particles with a h_um_idity pre-treatment, which should eliminate fur- groscopic growth was buried under the restructuring effect.
ther restructuration in the actual growth measurement. The restructuring, a collapsing of the fractal soot agglomer-
ate structure under the influence of high humidity, decreases
the particle diameter. The fact that humidity driven restruc-
low oxygen content in the particles, the change in opticalturing occurs indicates the presence of at least hydrophilic
depth upon increasing humidity is measured against a lonmaterial in the agglomerate structure. A GF of 1.02 was mea-
background. Therefore, this method allows observing eversured before processing of the 200 nm soot particles and a GF
a small water uptake and independent of whether the partiof 1.04 was observed after 5 h of processing (the observed GF
cle is compact or agglomerate. In addition, for the case ofincreased further to 1.06 with pre-humidification). Again, in
the aged wood combustion particles, the O edge spectra dis¢-ray absorption images as those shown, the small amounts
cussed above indicate the presence of a liquid aqueous phags#. water taken up are detected against a low oxygen back-
Figure 11 shows the water uptake in a fresh particle of 9round, while the same amount of water leads to only rela-
the EURO 2 transporter. These images were measured at tively small changes in the mobility diameter for particles of
carbon pre-edge at 0%, 80%, 90% and again at 0% RHthe same size.
The increase in absorption intensity can be already observed Figurel2 shows an example of an unprocessed soot parti-
at 80 % with some additional increase in absorption at 90 %cle from the EURO 3 passenger car. This combustion particle
RH. After returning the RH to 0%, the absorption intensity was measured at 0%, 85 % and returning to 0% RH again.
was observed in this case to not fully decrease to the initialNo significant change in X-ray absorbance was observed at
level. This residual additional absorption could stem from ei-any of the three RH levels. In other words, no water uptake
ther X-ray radiation damage or residual water trapped in thewvas observed in any of the unprocessed EURO 3 passenger
soot particle due to irreversible transformation of the sootcar exhaust particles investigated. In half of the aged parti-
particle during “swelling” Popovicheva et §l2008. We cles emitted from the passenger car, water associated within
find an average water column of 15 nm in this soot particle atthe particle was observed at 90 % RH. As discussed in de-
90 % RH. The particle is calculated to have an average thicktail by Tritscher et al(2011h for the EURO 3 passenger car
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0% agai

Fig. 11. Absorption maps of an individual unprocessed EURO 2 transporter combustion particle measured at 280 eV, at 0, 80, 90 and then

returning again to 0 % RH.

(Mikhailov et al, 2006. A detailed analysis of the mor-

Sigar . phology of such complex particles and its impact on optical

E properties is clearly beyond the scope of this work. A more
0 ‘ . representative number of samples should be investigated and
. should also be backed up with authentic atmospheric samples
I as the smog chamber experiments only simulate atmospheric

150 nm . . . .
— aging with significant limitations. However the present study
demonstrates the potential of the STXM technique for this

Fig. 12. Absorption maps of a fresh EURO 3 passenger car sootpurpose. Further improving spatial resolution without loos-

particle measured before the carbon absorption edge at 280eV dhg the chemical information may be an important step for-
different RH. ward.

0%l 85% _  '0%again

emissions, the size effect and the degree of restructuring wag Conclusions
even more pronounced than for the corresponding EURO 2

transporter case. While for the 200 nm particles selected fOSing|e particle analysis was performed on fresh and aged
display here hardly any increase in GF was discernible eveRyood combustion and diesel exhaust particles using scan-
after humidity pretreatment, the GF for 100 nm particles Wasning transmission X-ray spectro-microscopy at the carbon
reached 1.10. Therefore, also for this case X-ray absorptiomnd oxygen K-edges, and SEM analysis. The use of a custom
images via their selectivity for oxygen allow retrieving infor- reactor cell allowed in-situ exposure to varying relative hu-
mation on low amounts of water uptake in larger agglomeratemidity environments and hence the analysis of water uptake
particles that would not lead to a diameter change detectablgehavior in single particles. Two different cars, a EURO 2
by other methods. transporter and a EURO 3 passenger car, as well as a wood
It is essential to understand the physical and chemicaktove were chosen as combustion sources. Aging of the par-
properties of soot particles in order to model their influenceticles was performed in a smog chamber. Analysis of the
on the climate. The important physical properties includeparticle morphology reveals that all particles increased in
size, morphology and hygroscopic properties of the soot parsize upon photochemical aging, without changes in fractal
ticles. With respect to size, an increase of the mean particlelimension. Using NEXAFS spectroscopy, we found that in
size from 85 nmto 125 nm such as observed in the processinggood combustion particles the carbon functional groups of
of wood combustion particles, could increase the single scatfresh particles and oxidized compounds that condensed on
tering albedo by about 50 9%/pffet and Prather2009. The the soot particles during photochemical aging are very simi-
calculated fractal dimensions of the soot particles indicatéar, with only slightly increased carboxyl, -alkyl or O-alkyl,-
that their morphology did not change significantly. One rea-and less carbonyl-C content. The mass of the aged particles
son might be that a larger amount of hygroscopic compoundsvas dominated by secondary organic material. The minor
would be needed to be condensed on the particles to inducehange in oxidation state may be related to the relatively mild
more substantial collapsing already at the low relative hu-oxidation conditions. Aging of the particles from the EURO
midity of 50 % in the smog chambe¥ifkhailov et al, 2006 2 transporter led to a substantial increase in carboxyl carbon
However, the influence of the water taken up by the soot parand smaller increases in unsaturated carbon and phenols. In
ticles on the scattering and absorption behavior is substanthis case the mass was dominated by secondary organic ma-
tial, too. For example, the absorption coefficient of the woodterial and the changes in oxidation state were largely due to
combustion particle shown in Fi§.having 40 nm water up- condensation of more oxidized secondary material. Particle
take would approximately increase by almost a factor of 1.3phase processes may also have played a role. The EURO
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