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Abstract. Reactive halogen species (RHS), such as X 1 Introduction
X2 and HOX containing %= chlorine and/or bromine, are

released by various sources like photo-activated sea-saiesjdes their importance for stratospheric ozone depletion,
aerosol or from salt pans, and salt lakes. Despite many studeactive halogen species (RHS) also play an important role
ies of RHS reactions, the potential of RHS reacting with sec-qyring tropospheric ozone destruction (e.g. Jobson et al.,
ondary organic aerosol (SOA) and organic aerosol derivedigg4: Barrie and Platt, 1997; Foster et al., 2001). These ef-
from biomass-burning (BBOA) has been neglected. Suclects were indicated by smog-chamber experiments of halo-
reactions can constitute sources of gaseous organohalogfan release from NaCl (e.g. Zetzsch et al., 1988; Behnke and
compounds or halogenated organic matter in the tropospherigetzsch, 1990). Various atmospheric halogen species were
boundary layer and can influence physicochemical propertiegnonitored within the tropospheric boundary layer (e.g. Platt,
of atmospheric aerosols. 2000), using Differential Optical Absorption Spectroscopy
Model SOA froma-pinene, catechol, and guaiacol was (DOAS: Platt and Stutz, 2008). Apart from anthropogenic
used to study heterogeneous interactions with RHS. Partiprganohalogen sources, several natural sources for halogens
cles were exposed to molecular chlorine and bromine in alyng organohalogen in the troposphere and the boundary-
aerosol smog-chamber in the presence of UV/VIS irradia-jayer were investigated. Wagner et al. (2007) measured en-
tion and to RHS, released from simulated natural halogemanced tropospheric BrO in situ over the coast of Antarc-
sources like salt pans. Subsequently, the aerosol was charagea using multi-axis DOAS. Enami et al. (2007) report an
terized in detail using a variety of physicochemical and specigdine catalysed oxidation of bromide and chloride to molec-
troscopic methods. Fundamental features were correlatef]jar halogen species in the troposphere. Important sources
with heterogeneous halogenation, which results in new funcfor those RHS are the halogen-release from sea-salt aerosol
tional groups (FTIR spectroscopy), changes UV/VIS absorp+e g. Finlayson-Pitts, 2003) and the heterogeneous reactions
tion, chemical composition (ultrahigh resolution mass spec-on those aerosol surfaces (Rossi, 2003). Frinak and Ab-
troscopy (ICR-FT/MS)), or aerosol size distribution. How- patt (2006) report Br production from heterogeneous re-
ever, the halogen release mechanisms were also found to Rgstion of gas-phase OH with aqueous salt solutions. The
affected by the presence of organic aerosol. Those interactiofyymation of Ch by oxidation of Ct in the presence of
processes, changing chemical and physical properties of thgyorganic aerosols and a strong contribution to the overall
aerosol are likely to influence e.g. the ability of the aerosol tochjorine tropospheric budget has been suggested by Zetzsch
act as cloud condensation nuclei, its potential to adsorb othegng Behnke (1993). The tropospheric reaction mechanisms
gases with low-volatility, or its contribution to radiative forc- of halogens significantly differ from the stratospheric ones
ing and ultimately the Earth’s radiation balance. (Platt and Honninger, 2003). The heterogeneous release of
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RHS from sea-salt aerosol or salt pans is based on the skiquid layer above the sea ice/snow pack. Kopetzky and
called “bromine explosion” effect (Platt and Janssen, 1996).Palm (2006) reported the formation of halogenated methanes
Von Glasow and Crutzen (2004) summarized the complex reand acetones by halogenation of humic acids in highly saline
action mechanisms of halogen release from various sourcesplutions. Bromoform, bromoacetones, and THM are re-
supported by model calculations. Modelling of measure-ported after ozonization of saline solutions containing sig-
ments of tropospheric halogen chemistry above the Dead Seaificant amounts of humic acids §&yel, 2007).
(Tas et al., 2006) allowed a detailed view on complex reac- The formation of even simpler molecules like phosgene,
tion mechanisms. Interestingly, these halogen-release meclthloroacetone and 1,1-dichloroacetone after interaction of
anisms seem to play a major role also in polar boundary-layehydrocarbons with halogens released from NaCl aerosol
ozone depletion events (Simpson et al., 2007). Recent smogas found by Zetzsch and Behnke (1992) in aerosol smog-
chamber studies exhibit halogen release from simulated salthamber experiments. A detailed review on these formation
pans with a wet NaCl/NaBr surface (Buxmann et al., 2012).pathways is given by Behnke and Zetzsch (2005). The impor-
Those release mechanisms seem to be very similar to thi&ance of hydrophobic organics with phenolic acidity in pro-
well-investigated ones of sea-salt aerosol. ducing high amounts of brominated organics was reported by
While sources of reactive halogen species in the tropo-Huang et al. (2004).
sphere are relatively well studied, sinks are hardly known. Smoydzin and von Glasow (2007) discussed the influence
A possible sink is the reaction with organic matter, which of organic surface films on halogen release from sea salt
is well known from water disinfection (e.g. Gallard and von aerosols. Rudich (2003) expects a simultaneous occurrence
Gunten, 2002; Uyguner et al., 2004). Voudrias et al. (1985)of high concentrations of bromine and chlorine, released
report the reaction of phenolic compounds like phenol, catefrom marine aerosols, with organic aerosols in marine envi-
chol, and guaiacol with free chlorine by drinking water treat- ronments. Moise and Rudich (2001) used a low-pressure flow
ment processes and the formation of chlorinated aromaticeactor to study the reactive uptake of Cl and Br by organic
compounds. monolayers of alkanes and alkenes. FTIR spectroscopy al-
Norwood et al. (1980) studied the chlorination of se- lowed them monitoring an almost complete disappearance of
lected aromatic model substances of aquatic humic materialiphatic C-H bonds. Hydrogen abstraction and an enhance-
and found the formation of chloroacetic acid. The forma- ment of the hydrophilic character of the surfaces were re-
tion of organochlorine compounds in the condensed phaseorted (Rudich, 2003).
from soil's humic acids, atmospheric humic-like substances While the atmospheric chemistry community takes in-
(HULIS), and phenolic moieties were studied by Fahimi et creasing interest in heterogeneous processing reactions of
al. (2003) and by Wentworth et al. (2011), suggesting aatmospheric aerosols, (e.g. George and Abbatt, 2010), only
Fenton-type reaction mechanism. The natural abiotic formaa few studies are focused on halogenated particulate matter
tion of trihalomethanes (THM) in soil was characterized in or organic aerosols like secondary organic aerosol (SOA) or
detail by Huber et al. (2009). More than 40 reaction products,biomass burning organic aerosol (BBOA). Rahn et al. (1979)
such as chlorinated ketones, carboxylic acids, ketoacidsmeasured halogen-containing particles as anthropogenic pol-
lactones, and furanones, were identified from the chlori-lutants in New York finding Br as the most important
nation of orcinol (3,5-dihydroxy-toluene) by Tretyakova et halogen. Halogenated aerosols were reported by Mosher
al. (1994). Ishikawa et al. (1986) studied the reaction ofet al. (1993) in Greenland and related to the photochemi-
chlorine and bromine with humic substances and found acal aerosol production from biogenic organo-halogens. ClI-
post-bromination of chlorinated compounds. Caregnato etdominated particulate matter from anthropogenic sources,
al. (2007) used flash-photolysis experiments to study the relike pesticides, was measured by Xu et al. (2005) at a down-
actions of chlorine radicals with humic acids and reportedtown site in Beijing. Holzinger et al. (2010) found halo-
rate constants up B+ 2) x 101°M~1s~1. They suggested genated compounds in organic aerosols at the Sonnblick ob-
that these high values could result from the interaction ofservatory (Austria), but did not identify them. Basic work
Cl;~ with carboxylic acid functional groups of humic acids. on SOA formation induced by chlorine atoms was done by
THM formation from the reaction of molecular chlo- Caiand Griffin (2006) and Cai et al. (2008), when they stud-
rine with humic substances was measured by Uyguner eied the processing and SOA formation yieldsoepinene,
al. (2004) in water-treatment processes. @ehand Thie-  g-pinene, limonene, and toluene. Karlsson et al. (2001) used
mann (2005) report the natural formation of THM in the a flash photolysis system and a continuous flow reactor to
marine and terrestrial environment. Halogenated methanestudy the homogeneous nucleation of toluene by chlorine
formed by haloform-type reactions were observed by Car-atoms in detail.
penter et al. (2005). Boyce and Hornig (1983) report the The present study investigates physicochemical changes
reaction pathways of THM formation by halogenation of of SOA and related precursors caused by RHS. Figure 1
dihydroxy-aromatic compounds, acting as models for humicindicates these interactions of RHS released from sea-salt
acids. The authors proposed an abiotic formation pathwayerosol or salt lakes with SOA, BBOA, or atmospheric
via reaction of HOX with organic material on the quasi- HULIS and the formation of halogenated SOA/BBOA
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Fig. 1. Possible interactions of RHS released from sea-salt aerosol or salt lakes with SOA, BBOA and related gaseous precursors (SOA-
pc, BBOA-pc), forming halogenated SOA/BBOA (halo-SOA/halo-BBOA) via heterogeneous reaction or halogen-induced organic aerosol
(XOA) via homogeneous reaction.

(halo-SOA/halo-BBOA), halogen-induced SOA formation 2 Experimental setup and methods

(XOA), or volatile organic or inorganic halogen species. All

studies were based on aerosol smog-chamber experiment§hree different types of experimental setups were used to
The biogeniax-pinene, catechol, and guaiacol were chosenstudy the processing of SOA by RHS:

for producing secondary organic aerosol in the smog cham-
ber. The terpenoid-pinene is a well-known precursor for
aliphatic SOA, investigated in several studies (e.g. Jonsson
et al., 2007; Saathoff et al., 2009). Aerosol chamber stud-
ies have been performed on particle formation and process-

ing from «-pinene (e.g. linuma et al., 2004). The transfor- > The model halogenations were compared to SOA halo-

mation pathways of this model substance are summarized  genation processes by halogens released from a simu-
by Yu et al. (2008). The formation of secondary organic lated salt pan.

aerosol from catechol and guaiacol by ozone was investi-

gated by Coeur-Tourneur et al. (2009), Ofner et al. (2010) 3. Studying the interaction of SOA with RHS released
and (2011). The use of these aerosols as a model for the from sea-salt aerosol, using the physicochemical meth-
aromatic fraction of atmospheric HULIS has been discussed  ods described below, is hampered by a huge matrix
based on physicochemical studies. The halogen interaction of ~ contribution of the sea-salt aerosol. Hence, no data is
these model aerosols was studied by photolysis of molecular ~ presented for this part of the study. Details on those
chlorine and bromine and with halogens released from sea- matrix effects and few results have been reported by
salt aerosol or from a simulated salt pan. The term aerosol  Ofner (2011).

must in this case be used according to its exact definition;

particles and their surrounding gas phase, which contains, iff@c€miax-pinene with a purity of 98 % (Aldrich, 14 752-4)

addition to the common atmospheric gas-phase species, al§2s used for SOA formation from a terpene-type precursor.

volatile oxidation products of the aerosol formation process.” ysicochemical characterization of SOA frefpinene has
This is especially important for aerosol smog-chamber stugP€en reported by Ofner (2011). SOA formation from cate-
ies, where particles and gas phase can be separated from 10l and guaiacol is described in detail by Ofner et al. (2010,
teorological effects. 2011).

1. Molecular halogen photochemical experiments were
performed to study the transformation of SOA by pho-
tolyzed gaseous halogens under well-defined simulated
conditions.

2.1 Molecular halogen photochemical experiments

Molecular halogen photochemical experiments were per-
formed in a 700L aerosol smog-chamber (Nolting et al.,
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1988; Ofner, 2011; Ofner et al., 2011). A medium-pressure Particle formation was studied using the same CNC-
metal vapour lamp (Osram HMI, 4000 W) was used as aDMPS system as described above. ATR-FTIR spectroscopy,
solar simulator. Its spectrum is cut off by a water cooled diffuse-reflectance UV/VIS spectroscopy, and ICR-FT/MS
glass plate at 292 nm to avoid photolysis by the UV-C com-were used to characterize physicochemical changes of the
ponent of the lamp spectrum and to generate a spectrurprocessed SOA.

similar to the solar spectrum. Bromine and chlorine atoms The salt-pan experiments were carried out at 60 % rela-
were generated by photolysis (solar simulator) of molecu-tive humidity. SOA from catechol was formed in the dark for
lar bromine (Fluka, 196050, puriss=99.0 %) and molecu- 30 min without activating the halogen-release mechanism.
lar chlorine (Aldrich, 295132-454G»99.5%). All organic  SOA from guaiacol could only be formed in the presence of
aerosols were formed by gas-to-particle conversion in-situ insimulated sunlight. 300 ppb of the SOA precursors were used
the aerosol smog-chamber at two different conditions, withto generate the SOA particles. 1 ppm of ozone was added to
simulated sunlight and ozone at 0% relative humidity andthe smog chamber to start the SOA formation process (about
at 25 % relative humidity. The relative humidity was mon- 600 ppb were consumed by the SOA formation process) and
itored as described by Ofner et al. (2011). Ozone prepato initiate the release of RHS from the salt pan.

ration and monitoring are also described in this previous

publication. After one hour of aerosol formation, a stoi-

chiometric amount (1 molecule of2Xto 1 molecule pre- 3 Results of molecular reaction experiments

cursor) of molecular bromine or chlorine was added into

the aerosol smog-chamber. A condensation-nucleus-count@ased on former smog chamber experiments regarding SOA
(CNC) and a differential-mobility-particle-sizer (DMPS) formation, we have carried out a molecular reaction exper-
were used for analysing the evolution of the aerosol sizeiment to determine the influence of well-defined halogen
distribution. The experiments were performed with 300 ppbspecies on the different types of organic aerosol. The com-
aerosol precursor, 1 ppm ozone and 300 ppb of moleculaplex reaction schemes of halogen activation and release from
halogens. Various methods were used to investigate speteterogeneous surfaces have not been reinvestigated in the
troscopic features of the particles, the chemical transforpresent study. We focus on the heterogeneous reaction of
mation of functional groups and gaseous species as wellvell-defined model aerosols with molecular halogens pho-
as to determine halogenated substances within the partiolyzed by the UV/VIS irradiation of the solar simulator,
cles: Long-path FTIR spectroscopy (LP-FTIR), attenuated-which gives access to the understanding of specific pathways
total-reflection FTIR (ATR-FTIR), UV/VIS spectroscopy us- of transformation with respect to the physicochemical prop-
ing an integrating Ulbricht sphere, ultrahigh resolution masserties.

spectroscopy (ion cyclotron — Fourier transform/mass spec-

troscopy (ICR-FT/MS)). All methods are described in detail 3.1 Change of aerosol size-distribution

by Ofner et al. (2011). To achieve an adequate amount of par-

ticulate matter for the methods mentioned above, 5 ppm ofThe aerosol size distributions of the organic model aerosols
the aerosol precursor, 20 ppm of ozone and, after one hour adre strongly influenced by the interaction with halogens
aerosol formation, 5 ppm of molecular halogens were added(Fig. 2). The addition of halogens causes an increase of
the mean particle diameter, observed with nearly all studied
aerosols. The observed increase is stronger during the pho-
tochemical transformation in the presence of chlorine than
of bromine. While this behaviour holds for SOA from cate-
The interaction of organic aerosols with halogens releaseahol, SOA from guaiacol and-pinene exhibits some special
from a simulated salt pan was studied using a 3500 L Teflonfeatures.

smog-chamber with a salt pan mounted in the chamber on a The photochemical reaction of chlorine with SOA from
suspended Teflon sheet (Buxmann et al., 2012). The changuaiacol forms a second mode of the aerosol size distribu-
ber was flushed with purified air (Ofner et al., 2011). Sevention. Due to the fact that the methyl-ether-group is the only
1200 W HMI lamps, with a water-cooled glass plate as de-difference between the catechol and the guaiacol precursor,
scribed above, are used to simulate the solar spectrum. Ahe formation of this second particle mode might be related
multi-reflection cell (White-cell) coupled with DOAS was to this structural difference. The formation of this mode ap-
used to observe BrO levels directly. The concentrations ofpears to be caused by a strong supersaturation of the re-
OH and CI radicals were quantified indirectly by monitor- maining gas-phase species of the oxidized organic precursor.
ing the decay of several hydrocarbons using the radical cloclOnly low aerosol formation yields are observed during SOA
method (Zetzsch and Behnke, 1992). For details on the exformation from guaiacol with ozone (Ofner et al., 2011).
perimental setup, the analytical methods used and result$herefore, a significant amount of oxidized but still volatile
about RHS release from the salt pan in the absence of SOAgaseous organic species must be present. These species seem
see Buxmann et al. (2012). to be activated by the reaction with RHS (either by hydrogen

2.2 Photochemical activation salt-pan experiments
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Fig. 2. Change of the mean particle diameter of organic aerosols by the reaction with gaseous halogen species for aerosol smog chambe
experiments with photolyzed €bnd B, respectively (L: SOA formed with simulated sunlight at 0 % relative humidity; LW: SOA formed

with simulated sunlight at 25 % relative humidity). The injection of the molecular halogen species is marked by the vertical lines at about
60 min after starting the irradiation and SOA formation.

abstraction from the methyl-ether group or by splitting of the ganic aerosols strongly influence the evolution of the mean
ether bond), forming low-volatile compounds and leading to particle diameter.

a strong supersaturation. This supersaturation seems to be

strong enough to not only lead to growth of existing parti- 3-2 Optical properties in the UV/VIS range

cles but also causes formation of new particles. This second h ical . f inth |
mode is not observed during the photochemical reaction withT & optical properties of SOA in t € U\_// VIS spectra range
bromine. are strongly altered by the reaction with halogens (Fig. 3).

Although the mean particle diameter increases by the re:I'he diffuse-reflectance UV/VIS spectra of organic aerosols

action of the organic aerosol from catechol and guaiacol with];:)rorgfthe arorTat;cogrlecursr?Ls. catechol r::\nd gual?Cﬁl, rebported
halogens, another effect appears during the reactiosm- of y Ofner etal. ( ), exhibit strong changes of the absorp-

pinene SOA with the halogen species. The mean diameterint-i_On peak_s and band shapes_. After th_e react_ion with chlo-
creases immediately after adding the halogens, but it remaingN€ SPECIES, the reported main absorption regions at 222 and
constant (at 0% relative humidity) or decreases slightly (at275 nm shift down to 210 and 250 nm, and the broad absorp-

25 % relative humidity) afterwards. The decrease of the meariO" €xtending up to 600nm is reduced and limited up to
400-450 nm. The effect of bromine on the diffuse-reflectance

particle diameter is stronger during the photochemical reac- . : . .
tion with bromine than with chlorine. UV/VIS_spectrum is completely different. While the_ main
Hence, the evolution of the aerosol size distribution of dif- qbsorptlo_n Of_ unprocessed SOA and SOA reacte_d with Chlo'
rine species is at 220 or 210 nm, SOA reacted with bromine
species exhibits the maximum absorption between 300 and

350 nm, and the absorption of the visible spectrum is signifi-

ferent organic aerosol reacting photochemically with halo-
gens is not only dependent on the reacting halogen (chlo
rine or bromine) and the relative humidity, but also on the
chemical composition of the organic aerosol. The chemicalCantly enhanced up to the red end. o

structure of the organic precursor and therefore the struc- SOA from a-pinene does not exhibit these strong ef-

tural and functional features of the resulting secondary or-feCtS' Only small changes of the diffuse-reflectance UV/VIS

spectrum are caused by the reaction with halogens. The
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Fig. 3. Single absorption spectéa(R) (a) and change of the differential absorbance (@#)in the UV/VIS spectra region due to the reaction
of SOA with RHS formed from photolysis of molecular chlorine or bromine.

absorption up to higher wavelengths is slightly enhanced afUV/VIS spectrum. The more aliphatic SOA frompinene
ter reaction with bromine. For all halogen reactions, the max-does not exhibit this behavior. Some absorbing compounds
imum of absorption is located at 275 nm, while the maximum are formed by the photochemical reaction with chlorine up
of the unprocessed SOA froatpinene is at 225 nm. to 350 nm. The photochemical reaction with bromine shifts
A full quantification of the diffuse-reflectance UV/VIS the absorption of all three aerosols to the red end of the spec-
spectra F(R) was not possible, according to limitations trum. This behavior is strongest for the aromatic SOA from
(Kortiim and Oelkrug, 1966): the required thickness of thecatechol and weakest for the aliphatic SOA franpinene.
aerosol sample on the filters could not be achieved, limitedThe shift to the red end of the spectrum is also visible on the
by the particle density and weight, as well as by the aerosofilter samples. SOA processed with bromine exhibit a red-
smog-chamber volume. Therefore, calculation of a differen-brown golden color.
tial absorbance (dA) was employed in the UV/VIS range UV/VIS absorption of aerosols from aromatic precursors
to demonstrate the optical changes caused by the differeris more strongly influenced by halogens than the absorption
halogen species. The single absorption spectra were normabf aliphatic aerosol frone-pinene. However, the interaction
ized at 200 nm to an absorbance of 1, using the normalizaef SOA with RHS significantly changes the absorption prop-
tion coefficientsk, which changed the original absorption at erties and the interaction with solar radiation.
200 nm by about 5 %. dA was calculated according to Eq. (1),
whereA*. F(R)* is the normalized absorption spectrum of 3.3 Changes of vibrational features of gaseous species
the aerosol after the reaction with RHS andr (R) is the and particulate matter

normalized absorption spectrum of the aerosol before the re- . .
action. During the reaction of RHS with the SOA, several changes

I* I ! of gaseous species occur, which were identified by long-
dA=)*. F(R)*—A- F(R)=—Ilg — +1lg—=Ig— (1) path absorption FTIR spectroscopy (Fig. 4). After injecting

Io Io I the halogens, a strong increase of 06 monitored (2349
The differential absorbance spectra clearly indicate changeand 668 cmt). At the same time, ozone, which was not to-
of the optical properties of the organic aerosols according taally consumed by the aerosol formation process, decreases
the electronic spectrum caused by the heterogeneous reaft044 cntl). Furthermore, the H-X species are formed.
tion of SOA with RHS (Fig. 3). The aerosols from the aro- Gaseous HCI, represented by th@l-Cl) at 2887 cnt, is
matic precursors exhibit a negative dA at about 300 nm forformed at higher yields than HBr (2559 c). While CO,
the photochemical reaction with chlorine, which can be re-and HX are formed, the aromatic or aliphati¢C-H) func-
lated to a bleaching of the aerosol. The highest maximum otionalities degrade. This is observed with all three model
absorption is shifted to the blue end of the diffuse-reflectanceaerosols: SOA from catechol only exhibits the aromatic

Atmos. Chem. Phys., 12, 5785806 2012 www.atmos-chem-phys.net/12/5787/2012/
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midity. Additionally, an absorption at 850 cth increases.

fsré)n':\ fi g g g 8 . ? g This absorption is structured as typical of gaseous species
catechol 58 £ & g €3 b 8 showing P- and R-branches and can be allocated as phos-
I I ! gene (OCG) (Siebert, 1966). The associatedC=0) at
L+ 1827 cnt! could not be identified because of the weakly
structured carbonyl-stretching region. At 1106 ¢mabsorp-
L+Bry tion of a gas-phase species with PQR-structured branches
LW+ Cly is visible in all long-path absorption spectra. The allocation
LW+ Bry of this vibration to a specific molecule is not clear. Formic
acid could be a possible candidate with a very stro(@-
SOA — — — 0) at 1105 cmt. The strongr vibration at 638 cm? could
from f§ § % § gj’ s g be covered by C@ and all other vibrations are weak or
guaiacol cg 8§ 3 S g8 within the carbonyl-stretching region (Shimanouchi, 1972).
CUNE ' | All other gases were assigned by their reported group fre-
= L+a, guencies (Siebert, 1966). A detailed assignment of measured
& bands to functional groups is given in Table 1.
LB To investigate the transformation of functional groups,
LW+CI2W ATR-FTIR spectroscopy (Ofner et al., 2009) of the partic-
LW +Bry) F/H“‘ ulate phase of the aerosol was performed on KRS5 crystals
(Fig. 5). The infrared spectra of the condensed phase of the
SOA ———— — — model aerosols were reported foipinene (Sax et al., 2005)
from - § § % % ) g‘j’ g and for catechol and guaiacol (Ofner et al., 2011). After re-
a-pinene °8 & 3 3 g3 8 acting with RHS, significant changes occur in the infrared
b I ' spectra of the aerosols. While thé€C=0) absorption is the
L+oh most prominent of the untreated aerosols, the vibration due to
. T this functional group becomes less important. Especially the
SOA from catechol processed with RHS exhibits two bands
H G M at 1372 and 1303cnt as the strongest ones. These two
LW+ Bry bands can also be found in the treated SOAs from guaiacol
M{"m ande-pinene. According to the literature (Shevchenko, 1963;

3500 3000 2500 2000 1000 750 Baes and Bloom, 1989 and Ofner et aI.,_ZOll) these absorp-
wavenumber[cm'1] t|0_ns can be allocated t(_) car_boxyllc acids, _the Ca_rboxylate

anion, and othep(C-O) vibrations of aromatic or aliphatic
Fig. 4. Long-path absorption FTIR spectra of the heterogeneous reC-OH, R-COO-R, or R-O-R. The missing dominance of the
action of SOA with RHS: L: SOA formed with simulated sunlight carbonyl stretch vibration, as observed in the present study,
at 0% relative hUmIdIty, LW: SOA formed with simulated sun- was reported by Rontu and Vaida (2008)7 Studying perﬂuoro_
light at 25 % relativ_e h_umidity. Due to t_h_e fact, that_the representedmrboxwiC acids. In their study the most prominent absorp-
spectra .al’e trans.mlssmr.l spectra., posmve at.)sorp.tlor)s COI"I'eSpOH(.j H.bn between 1000 and 1400 m%waSU(C-F), but also;(C-
decrt_aasmg species, while negative absorptions indicate mcreasm%) bands are more intense than tH€=0) band. Hence,
species. RHS seem to significantly influence carboxylic acids of SOA

by degradation or changing their vibrational propertiea-as

or B-substituent.
v(C-H) at 3050cm?!, SOA from guaiacol the aromatic Absorptions between 700 and 800chwere reported for
v(C-H) at 3050 cm! and the aliphatic methyl-ethe(C-H) SOA from catechol and guaiacol (Ofner et al., 2011), when
between 2800 and 3000 cth The aliphaticv(C-H) of the  the SOA is formed under simulated sunlight at 25 % rela-
-CHs groups of SOA fromx-pinene also degrades by the tive humidity. Fora-pinene, the lowest observed absorption
influence of halogens. The prominef{C-H)outof-plane @b~ is located at 854 cmt (Sax et al., 2008). The ATR spectra
sorption at 740 cm! of SOA from guaiacol (Ofner et al., of treated SOA from catechol exhibit a strong absorption be-
2011) also decreases but remains unchanged for SOA frortween 800 and 700 cmt also for the SOA formation and
guaiacol processed with bromine at 25% relative humid-reaction at 0% relative humidity. This absorption can be al-
ity (LW +Br). Furthermore, CO at 2143 cm is formed located to alcohols or carboxylic acids, but in case of the pho-
during the reaction of all organic aerosols with RHS un- tochemical treatment with chlorine also to th-Cl) vibra-
der various conditions. In case of the interaction of SOAtion (Socrates, 1980). Similar absorptions are observed for
derived from catechol, with RHS, CO is consumed by fur- SOA from guaiacol and-pinene, but weaker. From the pho-
ther reaction with chlorine at 0% and 25% relative hu- tochemical reaction with bromine, an additional absorption,
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Table 1. Assignment of measured absorptions to functional groups from SOA reacting with RHS using long-path absorption FTIR spec-
troscopy (L: simulated sunlight at 0 % relative humidity; LW: simulated sunlight at 25 % relative humidity; w: weak; s: $trdegtruction;
4: formation).

SOA catechol SOA guaiacol SQO#A-pinene
mode [enTd) assignment L LW L LW L LW
Reaction with RHS from chlorine
v(C-H) 3050 aromatic W w),
v(C-H) 3000-2880 aliphatic Is sl s| sl
v(H-ClI) 2887 gaseous HCI 1s w1 wt w1 w1 w1t
v(C=0) 2349 Co st st st st st st
v(C=0) 2143 Cco w wy w1 w1 w1 w1
v(C-0) 1106 formic acid? s sl sl sl w1 w1
vag(C-Cl) 851 phosgene? W owp
5(0=C=0) 668 CO st st st st st st
Reaction with RHS from bromine
v(C-H) 3050 aromatic 5 s|
v(C-H) 3000-2880 aliphatic W wy sl w
v(H-Br) 2559 gaseous HBr w  wt st w1 w1 w1
v(C=0) 2349 CO st st st st st st
v(C=0) 2143 CcO $ w1t st st st st
v(C-0) 1106 formic acid? w wy w1 st w1
5(0=C=0) 668 CO st st st st st st
SOA catechol SOA guaiacol SOA a-pinene
TN T YOOI TOf T T ToF
n /
I / \\ //\\
[ N 77T [ — / o\ JASNP
I___,/I\‘ Ty ) T _ ] AN r— \\\ __/‘r\lw\“x Vot~ ]
= / \\ /f \\/\ A - T / |
; [N S~ I 1N /A AN
% ol wo/ ~—r Nl *_ﬂ// \\M\\// \'\\\\\\J/ﬂ _____ a,,,// \\A‘// \\~\_~/\ _____
o
g _/\/
3 L+ Cl, /MV\\./‘\_/—«
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<
LW +Cl,
) Brz ‘/A\/\W
LW + Br,
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wavenumber [cm'1]
Fig. 5. ATR-FTIR spectra of unprocessed SOA{LW) (Ofner, 2011) and SOA processed with RHSKICIl», LW + Cly, L + Bry and

LW + Brp); L: SOA formed with simulated sunlight at 0% relative humidity; LW: SOA formed with simulated sunlight at 25 % relative
humidity; L(W) + halogen: preformed SOA at L(W) condition, processed with RHS formed from the photolyzed molecular halogen species.
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Table 2. Relative amount of halogenated compounds (compared to the not halogenated bulk) and basic aerosol parameters like O/C and H/C
ratios as well as the averaged carbon oxidation $8e (wherenc is the related number of carbon atoms) observed in samples from the
molecular photochemical reaction experiments (derived by ICR-FT/MS).

Sample and reaction CHOCI CHOBr O/C H/C o ne

SOA from catechol

Chlorinated 3% 0.31-0.67 0.81-1.08 0.3-2 10-27
Brominated 30% 0.55-1.2 0.9-1.67 0.3-2 5-35

SOA from guaiacol

Chlorinated 15% 0.31-0.67 0.6-1.08 0.3-2 8-22
Brominated 53% 0.6-1.2 0.9-1.67 0.1-1.8 5-35

SOA froma-pinene

Chlorinated 33% 0.33-0.54 1.31-1.67 0.5-1.5 7-30
Brominated 66 % 0.42-0.83 1.18-2 0.5-1.3 6-35

Table 3. Relative amount of halogenated compounds (compared toSchmitt-Kopplin et al., 2010). These ratios do not signifi-

the not halogenated bulk) observed by ICR-FT/MS in samples ofcantly differ from reported values of the unprocessed organic
SOA interacting with RHS released from the simulated salt-pan. gergsols with very similar van Krevelen-diagram character-
istics as previously described (Ofner et al., 2011), and the

SOA sample CHOCI  CHOBr Br-compounds always covered the same large CHO area in
SOA from catechol 46 % 230 the van Krevelen diagrams while the Cl-compounds showed
SOA from guaiacol 52 % 23% lower compound amounts in specific positions (Fig. 7 — van
SOA froma-pinene  32% 40% Krevelen diagrams of processed SOA franpinene). This

confirms a high reactivity of Br towards most CHO com-
pounds without high specific reactivity of particular chemical

: . L, substructures in the mixture such as observed with Cl. The
which can be1a55|gned to theC-Br) vibration, is observed at - gy ajues of halogenated aerosols exhibit an increase of the
6,0,9_602 cm (for all thre_e types of SOA). Hence, MOStSIg- oyidation state up to 2, while the entire organic aerosols do
nificant change; of the vibrational spectra of orgamc_aeros.olﬁot reach oxidation states higher than 1 (Fig. 8). For the pho-
by trgatmgnt W'th, RHS are Opser‘,’ed for the rgactlon Wlthtochemical halogenation reaction with chlorine, halogenated
bromine, influencing carboxylic acids and forming absorp- .o naunds exhibit rather low numbers of carbon atoms.
tions in thev(C-Br) region. Brominated compounds are found over the whole range of
carbon atoms, based on the non-halogenated aerosol. ICR-
FT/MS confirms the formation of a large number of halo-
genated compounds towards high molecular weights in the

. ) ... particle phase of processed SOA.
ICR-FT/MS was used in negative electrospray ionization

mode to ionize most of these polar acidic compounds. The

degree of halogenation as well as the main O/C and H/C raz  Results from combined SOA — salt-pan experiments

tios (Schmitt-Kopplin et al., 2010) and the averaged carbon

oxidation state@<c) values (Kroll et al., 2011) were calcu- Results from the molecular halogen photochemical experi-
lated. For the molecular halogen photochemical experimentsments were used to determine changes of the physicochem-

the amount of halogenated compounds related to the unprqcal properties of SOA, caused by RHS released from the
cessed aerosol mass were deduced (Table 2). These calcsimulated salt pan.

lations exhibit an increase of halogenated compounds with

a decrease of aromaticity. While SOA from catechol only 4.1 Change of aerosol size-distribution

exhibits 30 % of all brominated compounds, SOA from

pinene exhibits 66 %. Further O/C and H/C values are re-RHS released from the simulated salt-pan experiments influ-
ported in this table, based on 0.1 ppm mass accuracy calkence the aerosol size-distribution of SOA similar to those in

culated CHOS elementary compositions (see Fig. 6 for thehe molecular halogen photochemical experiments (Fig. 9).
nominal mass 319 from unprocessed and halogenated SOAn increase of the mean particle diameters was observed for
from catechol), as described for aerosol samples elsewherall three types of model SOA, reacting with RHS from the

3.4 Determination of the degree of halogenation of the
particulate phase
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Fig. 8. Averaged carbon oxidation sta®$%c) as a function of the number of carbon atomsunprocessed SOA (blue), halogenated species
in the particle phase (green). The SOA was formed and processed in the presence of simulated sunlight at 0 % relative humidity. The bubble

size expresses the signal intensity from the experimental data.

salt pan. Although the relative humidity in the smog cham- ent model aerosols in the spectral range around 250 nm. A
ber in combined experiments is about 60 % (maximum fordecrease in dA is observed above 380 nm for all three sam-
molecular halogen photochemical experiments was 25 %)ples, which is strongest for the processed SOA from cate-
this effect can be related to the influence of RHS on SOA. chol. Hence, a bleaching is observed for all samples, which

is strongest for the aromatic SOA from catechol. This bleach-
4.2 Optical properties in the UV/VIS range ing is a strong hint at a removal of conjugated double bonds

and the dominance of chlorinated organic matter in the pro-

SOA processed by RHS released from the simulated salfessed SOA.

pan exhibits similar diffuse-reflectance UV/VIS spectra com-

pared with the spectra derived from SOA processed by4.3 Changes of vibrational features of particulate
molecular halogen species. To achieve detailed changes in ~ matter

the diffuse-reflectance UV/VIS absorption spectra, the dif-

ferential absorbance was calculated according to Eq. (1). Th€aused by the low precursor concentrations, which had to be
coefficients for normalization at 200 nm are about 15 % ofused to avoid disturbance of the DOAS system installed in
the original values. All three SOA samples exhibit both fea-the smog chamber, only small samples of particles could be
tures observed for the molecular halogen photochemical exeollected using the method of direct electrostatic precipita-
periments with chlorine and bromine (Fig. 10). An increasetion onto the ATR crystal (Ofner et al., 2009). The resulting
of the differential absorbance is observed for all three differ-ATR-FTIR spectra are shown in Fig. 11.
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Fig. 10. Single absorption specti#@(R) (a) and change of the dif-
ferential absorbance (dAb) in the UV/VIS region due to the reac-

tion of the organic aerosols with RHS released from the simulated”, . ) o .
salt pan, indicating a chlorination of the SOA (by comparison with tion process involving only one specific halogen species re-

Fig. 3).
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Fig. 11. ATR-FTIR spectra of the unprocessed SOA models (solid
line) and processed with RHS (dashed line) released from the sim-
ulated salt pan, respectively.

For the salt pan RHS exposure experiments, a strong domi-
nance of two absorptions at about 1380 and 1305%dswis-
ible in the vibrational spectra. The absorption of the carbonyl
v(C=0)-vibration decreases for SOA from catechol and gua-
iacol. Only SOA fromx-pinene exhibits a strong(C=0) at
about 1705 cm?. This persistence of the carbonyl stretch re-
gion in processed SOA from-pinene was also observed in
the molecular halogen photochemical experiments.

All three SOA samples exhibit a rather medium to strong,
broad band at about 720 cth and above. This absorption
might be assigned to the(C-Cl) vibration and indicates a
possible halogenation of the organic aerosol. The shape of
this band and the fact that it has exactly the same position for

Gall three organic aerosols can be explained by a halogena-

acting with the same structural or functional feature present
in all three different SOAs (e.g. carboxylic acids). A contri-
bution of other structural features of the organic aerosols to

www.atmos-chem-phys.net/12/5787/2012/
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O3 normalized 4.4 Determination of the degree of halogenation of the

] T only SOA__ particulate phase

\ salt pan + catechol

The acquisition of ultrahigh-resolution mass spectra of SOA
\S/a“ pan > processed with halogens released from the salt pan was im-

salt pan + guaiacol peded by matrix effects and the low organic aerosol con-
i tent of the samples. Thus, only the calculated percentage of
CHOCI- and CHOBr-containing species relative to the CHO-
containing species is presented in Table 3. Due to the fact
that not the total mass range was evaluated, the presented
e amounts of halogenated compounds in Table 3 give only
hints at the halogenation processes which have taken place.
10000 4 BrO Nevertheless, organic aerosols interacting with gaseous halo-
gen species released from the salt pan contain high amounts
e of halogenated organic compounds. In contrast to the molec-
ular halogen photochemical experiments and, as expected
by the evolution of the aerosol size distribution, the dif-
ferential UV/VIS-absorption, and ATR-FTIR-spectra, chlo-
rination seems to be more important than bromination. Up
to 52% of chlorinated compounds in relation to 100 % of
non-halogenated compounds could be measured in organic
aerosol from guaiacol.

[O,)/I04],

0.1

1000

salt pan + guaiacol salt pan + catechol

100

BrO[ppt]

mean detection limitf

4.5 Influence of the presence of SOA on the halogen

T
20 40 60 80 100 120 .
release from the simulated salt-pan

N
=]
o

time [minutes]

Fig. 12.Time series of 0zone (top) and BrO (bottom) show the influ- While the mechanism of halogen release from the salt pan
ence of SOA from catechol and guaiacol on the release of RHS frontauses a rapid ozone depletion within 20 min and corre-
the simulated salt pan. Ozone values are normalized to $hai sponding BrO formation of up to 6 ppb BrO (Buxmann et
ing ratios atr = 0. The experiments were carried out at 60 % RH. al., 2012), the organic aerosol appears to inhibit this process
During an experiment, where only the salt pan without SOA pre- (Fig. 12). Ozone depletion is slowed down, and only less
cursor was exposed to simulated sunlight (blue lines, from Bux-than 10 % of BrO of the expected values are observed dur-
mann et al., 2012), ozone was destroyed within less than 20 min anijng experiments with SOA formation from catechol and gua-
more than 6000 ppt BrO were formed. Measurements 9in@re i, o) 'byring experiments without SOA precursors the BrO
performed only for limited periods of time (indicated by horizontal formation started immediatelv after the solar simulator was
bars), to reduce dilution. During experiments with SOA precursors . . s y
witched on, with an initial rate of up to d[BrO]/gia =

(indicated in red, green and black) ozone decay was much slower® 1 HHal
BrO exceeds the mean detection limit of 57 ppt with a time delay40 PPts = (Buxmann etal., 2012). The BrO formation in the
(after the solar simulator was switched orvat 0) of 18 min for ~ presence of SOA was delayed: BrO exceeds the mean de-
catechol and 87 min for guaiacol. Maximum BrO mixing ratios of tection limit of 56 ppt after 18 min and 87 min with catechol
less than 200 ppt were observed, one order of magnitude lower thaand guaiacol as precursors, respectively. The mean particle
without SOA. diameter reached 80 nm for both precursor substances at that
time (catechol SOA formation is faster, as particle forma-

. L . . tion already occurs during the dark phase). This is a hint

this absorption is also likely and therefore, this band cannot -+ interaction of BrO precursors (e.g. Br) with the organic

beCexacltI)(/j_allo;:ateo:r:o hzlogen?ted Species. h | substances already occurs with small particles or in the gas
oncluding from the observations concerning theé molecu- hase, but the involved reactions were not identified so far.

Ia_r processing experimen_ts, a reaction of carpoxylic 9roubs e to Mie-scattering (caused by SOA formation fram

V,V'th subsequent _formatlon of carpon-chlorlne bond§ ISpinene,where the mean particle diameter was about 250 nm),

likely but npt confirmed. The formanqn of carbon-bromine he detection limit of the DOAS instrument was poor. No

bonds, vlvhlch would result in absorptions between 600 an rO was observed during experiments witipinene above

650 cnT™, was not observed. a detection limit of 200 ppt. During all salt pan experiments
presented in this study, no chlorine atoms could be found in
the presence as well as in the absence of organic aerosols
above a mean detection limit ofs610* molecules cm? or
0.002 ppt of the radical clock measurements. In general,
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primary Bp, release is favored as compared to BrCl ang Cl be the case for the reaction of chlorine with aliphatic com-
release from sodium halide substrates (e.g. Behnke et alpounds, but also bromine species show this behavior. There-
1999; Sjostedt and Abbatt, 2008), but formation of chlo- fore, the observations might be explained by the reaction of
rinated compounds is possible (e.g. Behnke and ZetzschBrO or HOBr with C-H bonds.
1990). However, chlorination was dominating in the particu- The spectra of the particulate matter of the organic
late phase over bromination during our studies, as mentionederosol itself also exhibit strong changes. While the carbonyl
above. It is well known that Br atoms mainly react with un- v(C=0) band is the most dominant vibration of the unpro-
saturated hydrocarbons or partly oxidized species (e.g. aldecessed aerosols, this vibration is less important after the re-
hydes), whereas Cl atoms react with saturated hydrocarboraction with halogens. This decrease can also be observed for
as well (e.g. Atkinson et al., 2006). the v(C=C) of the aromatic aerosols. Th€C-CI) and the

v(C-Br) stretching vibrations indicate the presence of halo-

genated compounds, even though the assignment of the vi-
5 Discussion brations to specific compounds was not possible. Algd-

Cl) (Evans et al., 1965) and spectral features of structural
In general, halogens influence several properties of organi€lements (Socrates, 1980) can be found in this spectral re-
aerosols, but different types of SOA exhibit different trans- gion. Most dominant are bands observed at about 1370 and
formations. The reactions depend not only on the SOA pre-1300 cntt. The assignment of those absorptions is difficult.
cursor (and thus on the chemical composition of the organid3ased on the observation that these bands are observed for
aerosol) but also on the halogen species and the experimefalogenation processes with chlorine as well as with bromine
tal conditions, which can even change the predominant haloat the same position, the influence of a functional group or a

genated species. structural element is more likely than the formation of a halo-
genated compound. Therefore, a link of these absorptions
5.1 Molecular halogen photochemical experiments with carboxylic acids, carboxylic acid halides, or derivates

is likely but not confirmed.

Chlorine species cause a strong increase of the mean par- The transformations of the particulate matter also affect
ticle diameters, and in the case of ether groups, the formathe optical properties of the aerosols in the UV/VIS spectral
tion of a second mode was observed. Therefore, the increasange. While the reaction with chlorine causes a bleaching of
in particle diameter can be explained by the formation ofthe particles, the reaction with bromine causes a higher ab-
low-volatile species in the surrounding gas phase, condenssorbance towards higher wavelengths — the particulate phase
ing onto the already present particles. Due to this effect,appears “golden”.
atmospheric halogen species might also exhibit an aerosol- High amounts of brominated and chlorinated compounds
formation potential as soon as the oxidation capacity, basedould be identified in the particulate matter of the or-
on ozone and OH radicals, of the atmosphere is insufficienganic aerosols using ICR-FT/MS. Halogenated SOA exhibits
to produce further low-volatile compounds. The effect of higher average carbon oxidation states than the unprocessed
bromine species on the aerosol size distributions is weakeaerosols. Thus, the reaction of RHS with SOA causes a fur-
than observed for chlorine. In fact, bromine is able to re-ther oxidation of the organic matter of the aerosols, even
duce the mean particle diameter, as observed for SOA fronwhen the surrounding atmosphere containing ozone and hy-
a-pinene. This effect can be explained by halogen species nairoxyl radicals is unable to do so.
only forming new low-volatile compounds, thus contributing
to existing particles or forming new patrticles, but also chang-5.2 Related mechanisms of halogen chemistry
ing the chemical structure and functional groups and thus re-
lated volatility and hydrophilic properties of the particulate A large variety of organic reactions involving different halo-
matter itself. Due to the fact that the mean particle diame-gen species is known within the basic organic chemistry
ter increases during the reaction of SOA with halogens, diterature (e.g. March, 1992). Those reactions can be di-
decrease of the saturation vapor pressure, caused by the reided into two groups: carbon skeleton affecting and func-
action of RHS with SOA, is assumed. tionality modifying reactions. The halogen species discussed

The latter statement is underlined by the observation ofhere are the species which are supposed to be present dur-
the formation of various gaseous species due to the interadng the molecular halogen photochemical experiments: X
tion of halogens with organic aerosols. Long-path absorp-HOX and HX, where X is chlorine or bromine. XO radicals
tion spectra indicate the formation of additional amounts offormed by the rapid reactions of halogen atoms with ozone
CO;,, CO, and HCI or HBr. At the same time, a decrease inare considered to be unreactive against the organic precur-
V(C-H)aromatic and v(C-H)aiiphatic Of the particle phase was sors and to be converted to HOX via reaction with £1O
observed. Atomic chlorine induced hydrogen abstraction carthus keeping the levels low (Mellouki et al., 1994; Bedjanian
explain the simultaneous formation of HCI and the decreaseet al., 2001). The chosen precursors for the SOA represent
of v(C-H). Thus, C-H bonds are destroyed. This is known todifferent structural elements like an aliphatic structure with
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ring strain, comprising primary, secondary and tertiary C-H chlorine to double bonds (Reaction R2) and a quenching of
bonds and an olefinic double bongpinene) and substituted the bond by oxygen (Reaction R1c). A series of unsaturated
aromatic/phenolic structures (catechol and its methyl-ethehydrocarbons were used by Orlando et al. (2003), identifying
modification guaiacol), where ring opening upon oxidation the same reaction path-way. As indicated by these authors,
and possibly aldol condensation lead to further olefinic andthis reaction is expected to be the most important reaction for
conjugated structures. Those different organic precursors reformation of brominated compounds from SOA of the cho-
sult in a different chemical structure of the related SOA. Thesen precursors. The relative decrease of the aromatic stretch
SOA is considered to be still highly reactive and thus will vibration in Fig. 5 of SOA from the aromatic precursors and
offer a different chemical environment for RHS chemistry. the atomic composition of brominated species in Fig. 6 sup-
The change of carbon-hydrogen bonds, observed by longport this expectation.
path FTIR spectroscopy upon halogenation (Fig. 4), can bg _ cy—_ cH— R+Br — R—CBrH—CH. -R (R2)
related to the abstraction reaction of H atoms by chlorine ) ]
atoms from C-H bonds of the methyl groups of the carbonBierbach et al. (1996) compared the reaction of chlorine and

structure (Reaction R1a). bromine atoms with the (in our case) competing reaction of
OH radicals. While the reaction with chlorine atoms (hydro-
R—CHz + Cl- - R—CHz - +HCI (R1a)  gen abstraction) is expected to be faster than the reaction with

Molecular chlorine might then react with the aliphatic radi- ©H radicals, the reaction with bromine appears to be in the
cal in the well-known chain propagation of photochlorination S2Me temporal regime compared to the reaction with OH es-
according to Reaction (R1b) in the initial phase of chlorine pecially for terpenes and dienes. These authors state that the

injection. reaction of bromine atoms with especially alkenes and dienes
might be an effective tropospheric sink for bromine atoms.
R—CH, - +Cl; - R—CHxCI 4 Cl- (R1b)  The high reactivity of terpenes towards halogenation is in-

Furthermore, addition of a chlorine atom to the aliphatic radi-dicated by the amount of halogenated compounds related to

cal might form saturated carbon-chlorine bonds, as suggesteft® organic bulk of SOA frona-pinene (Tables 2 and 3 for

in Fig. 5 if not enough unsaturated/aromatic double bond®romine). The amount of halogenated species caused by re-
for addition are available (see below). On the other hand2ction of RHS with SOA from the aromatic precursors is sig-
the FTIR and UV/VIS spectra indicate the sufficient pres- Nificantly lower.

ence of such sites for addition, and such radical-radical re- Atomic bromine is also known to abstract hydrogen atoms
actions are suppressed due to the high concentratiory of 02t tertiary C-H bonds (Reaction 3).

that quickly leads to the formation of RQadicals (Reac- H3C—CH(CH3)—-CHz+Br-—

tion R1c) (Wallington et al., 1989; Carr et al., 2003). H3C—C- (CHz) —CHz + HBr (R3)

R—CH;-+02+M — R—CH0; - +M (R1c)  While this reaction is known to produce tertiary halogenated

The abstraction reaction can concern our model aerosol&/iPhatic compounds by abstracting a second bromine atom
formed froma-pinene and guaiacol (indicated by the long- from molecular bromine, q_uenchlng of this reaction center by
path FTIR spectra), where methyl groups occur (even moréXY9en molecules (Reaction R1c) seems to be more likely.
so with the methyl group of guaiacol that has a minor ben-Electron-rich tertiary reaction centers likepinene-induced
zylic character because of the lone-pair electrons of the etheft'Uctures are likely to undergo this abstraction. SOA from
oxygen). Abstraction of hydrogen from the two €8roups catechol or guaiacol are not s.upposed to' exhibit those cen-
and even more so the tertiary C-H bondsxepinene (if all ters, although aldehydes, derived from ring opening, have
of them persist in the SOA) is expected as well and indi-Weak C-H bonds as well (see also below).

cated by the loss of absorption in Fig. 4 (2975-2950tm Apart from the reaction of atomic halogens with saturated
hydrogen abstraction from -G#2940-2915 cm: hydro- or unsaturated structural elements, HOX or HX are able to

gen abstraction from -Ci; 2890-2880 cm!: hydrogen ab- undergo a heterolysis and an addition to unsaturated bonds,

straction from -CH(-)- (Socrates, 1980), corresponding to thewhere th_e more electrophilic p_art is added tq the_ stabilized
weaker bond energies of secondary and tertiary C-H bondsjfarbocation. Hypochlorous acid (HOCI), which is formed
Hydrogen abstraction from methyl groups located close todurlng the homogeneous gas-phase reactions and by reaction
oxygen or halogen containing functional groups was dis-Of molecular chlorine with liquid or surface-adsorbed water,
cussed in detail by Carr et al. (2003). is known to add to unsaturated bonds, forming an alcohol

Halogen addition to unsaturated bonds is the preferredd’OUP ina-position (Reaction R4). HBr causes the forma-

pathway for bromine atoms (Reaction R2) since their ab_t!on ofabrominf'ited carbon i or terminal_ positiqn (Reac-
straction reactions are much slower than those of chlorind!ON RS) according to the rule of Markovnikov (without per-
atoms. Wallington et al. (1989) studied the addition of atomic ©Xides) or anti-Markovnikov (in the presence of peroxides,
bromine to several alkenes. Nordmeyer et al. (1997) stugReaction R1c) (March, 1992).

ied the chlorination of isoprene and suggested an addition oR — CH = CH, + HOCI - R — CHOH— CHCI (R4)
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R— CH=CHj+HBr— R— CHBr— CHs the gas phase or particle phase, reactions which depend on in-
or R— CHy — CHoBr (R5)  organic catalysts like the Hunsdiecker reaction (e.g. March,
1992) are not discussed.
While no terminal unsaturated bonds are available in the cho- HOX species are also expected to form gaseous halogen
sen precursors, these reactions can also occur with other urcontaining methanes (like e.g. trihalomethanes) by haloform-
saturated bonds of the reactive SOA or at aromatic systemgype reactions (Carpenter et al., 2005; Mok et al., 2005).
a-pinene induced SOA is expected to be rather poor on unsatin these reactions, a methyl group daposition of a car-
urated bonds. SOA from catechol and guaiacol still exhibits abonyl containing functional group is substituted by a halogen
large number of unsaturated or aromatic structural elementsatom (with HOX as reacting agent) and separated by form-
Furthermore, these reactions take also place in the quasing gaseous CEX4_,-species. The carbonyl group is simul-
liquid phase of the aerosol. The slight increases ofQiSe taneously oxidized to a carboxylic acid. Although the
values in Fig. 8 and of the H/C ratios in Fig. 7 of halogenatedpinene and guaiacol (and their related aerosols) exhibit reac-
species of the processed SOA support the presence of Reatien centers for haloform-type reactions, no related gaseous
tions (4) and (5). On the other hand, a significant contribu-halogen-species (rotational coupling ofC-X) vibrations)
tion of the relative humidity to newly formed species in pro- were detected by long-path FTIR spectroscopy between 750
cessed SOA could not be determined. Chlorination of substiand 600 cm® (e.g. Siebert, 1966).
tuted alkanes with HOCI in Cglis reported by Tanner and Alcohols are affected by halogen atoms either by hydrogen
Nychka (1967). Carpenter et al. (2005) related brominatedabstraction irx-position (Wu et al., 2003) or by oxidation to
humic material, sampled in the Hudson Bay, to the reactionaldehydes (Hurley et al., 2004).
with HOBr. Halogenation by HOCI and HOBr of aromatic ~ The reaction of aldehydes with halogens (Wallington et al.,
compounds was studied by Voudrias and Reinhard (1988)1989; Ramacher et al., 2000) is dominated by the abstraction
where the acid catalyzed bromination with HOBr exhibits of the relatively weakly bonded hydrogen of the aldehyde. A
significant reaction rates. Vione et al. (2005 and 2008) in-subsequent addition of oxygen (according to Reaction R1c)
vestigated the halogenation of phenols at simulated atmowill cause a one-carbon shorter aldehyde and the release of
spheric aerosol conditions in the presence g®k X~ and CO, (Ramacher et al., 2000). The remaining carbonyl can
H* where HOX is reported as the main halogenating reagentbe separated from the organic molecule (CO release) or be
Aromatic compounds (formed from catechol or guaiacol asoxidized to a carboxylic acid. A corresponding release of CO
precursors), are also expected to undergo electrophilic aroand CQ was measured for all three types of SOA using long-
matic substitutions and hence an increase of the degree gfath absorption FTIR spectroscopy (Fig. 4).
substitution. The substituents OH- and $tH on benzenes HOBr (and maybe HOCI) is also expected to cause decar-
activate the aromatic for the addition of further functional boxylation by formation of an acyl hypohalite. Organic acyl
groups according to the Hammett-equation (Zetzsch, 1982)hypohalites are discussed e.g. by Anbar and Ginsburg (1954).
Hence, any substituted aromatic structure on SOA from catePink and Steward (1971) report oxidative decarboxylation
chol or guaiacol is available for further substitution reactionscaused by bromine water. Formation of acyl hypohalites is
by RHS to form aromatic or olefinic C-X bonds, representedalso discussed by Shell and May (1983). These reactions ex-
by absorptions at lower wavenumbers in the specific specplain a possible decarboxylation of the organic aerosols. This
tral region (700-400 cmt) in Fig. 5. Aliphatic chlorinated is indicated by the decrease of the dominance ob{l@z=0)
compounds exhibit absorptions between 780 and 55Gtcm  vibration in Fig. 5 and a strong formation of GQas visible
while aromatic chlorinated species absorb at 500t=nd in Fig. 4). Further, a change of the carbonyl vibration is also
below. However, the limitations of the mid-infrared spectral indicated by long-path absorption FTIR spectroscopy but not
region (4000-400cmb) do not allow to measure absorp- shown in Fig. 4 because of a strong interference with gaseous
tions of brominated aromatic species(C-Br)aromatic €X- water in the related spectral region.
pected between 400 and 260cthSocrates, 1980). The formation of gaseous phosgene during the reaction
While Reactions (1) to (5) modify the carbon structure of of RHS with SOA can be explained by several basic reac-
the macromolecules of the preformed SOA, other reactiongion pathways. Chlorine is able to react with released carbon
are expected to influence functional groups and hence relateshonoxide (e.g. from the oxidation of aldehydes) similar to
aerosol properties like the average carbon oxidation state oReactions (R2) and (R1b). The decomposition of chloroalka-
vibrational features related to carbonyls or other oxygen conties and chloroalkenes is reported as the main phosgene
taining functional groups. The NGfree formed SOA in this  source in the troposphere by Helas and Wilson (1992). The
study is expected not to contain any different chemical el-temporal resolution of the applied methods of the present
ement than carbon, hydrogen and oxygen. Furthermore, istudy is too low to determine the significant source of phos-
the oxidizing environment of the smog-chamber atmospheregene, measured using FTIR spectroscopy in the aerosol
no chemical reduction will occur. The following part dis- smog-chamber. A further processing of haloform-type reac-
cusses reactions which influence oxygen containing function products to phosgene cannot be excluded.
tional groups. However, since there are no metals present in
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The reactions mentioned above can explain severallhe formation of secondary particles (halogen-induced SOA:
changes observed while processing the preformed organigOA) from the reacted SOA could be measured. Further-
aerosols fromw-pinene, catechol and guaiacol with reactive more, the main identified gaseous species released from the
halogen species. However, there is still a lack of literature onaerosol are specified.
heterogeneous gas-phase reactions of halogen species withThe reaction of organic aerosols with halogens from nat-
organic compounds (in the aerosol phase) and how basic oural sources is confirmed by the influence of organic par-
ganic reaction mechanisms can be applied to atmospheriticles on the halogen release-mechanisms themselves. SOA

conditions in the boundary layer. strongly influences the RHS release-mechanism, hampering
the bromine explosion and causing a decrease of the ozone
5.3 Interaction with RHS from the simulated salt-pan depletion.

In order to obtain more detailed information on possible g Conclusions

natural halogenation processes involving organic aerosols,

the model aerosols were exposed to natural systems whichlalogens take part in the aging process of organic aerosols.
are known to release gaseous halogen species. The compl®ased on the results of our study, interactions occur in the gas
data obtained from these systems exhibit strong matrix efphase as well as in the particle phase. The gas-phase pho-
fects, which hamper the detailed interpretation of the datatochemical halogenation generates additional low-volatile
sets. Thus, the results of the molecular halogen photochemieompounds, which condense onto the existing particles. Fur-
cal processing studies were used to identify physicochemicathermore, the halogenation process releases simple gaseous
changes related to the organic aerosols. molecules. The expected decrease in vapor pressure can also

Results from the interaction of organic aerosols with halo-lead to new particle formation, caused by the halogenation
gens released from the simulated salt pan are similar to thosef the SOA precursor or the oxidized SOA precursor. There-
from experiments with X photolysis. A similar increase of fore, halogens can interact in ways with organic molecules
the particle diameters is observed. ATR infrared spectra ex{possible SOA precursors) similar to those suggested in the
hibit the same spectral features. The optical properties in theurrent literature on nucleation and aging (Kroll et al., 2011).
diffuse-reflectance UV/VIS spectral range are comparable to The entire organic aerosol is processed by the main
the observed spectra from the molecular experiments andaseous halogen species like,XHOX, and HX. These
red-shifts as well as blue-shifts are both observed. Althoughspecies are able to change the chemical structure of the or-
the mass spectra exhibit a poor signal-to-noise ratio, the forganic backbone by hydrogen abstraction or saturation of
mation of halogenated compounds (especially chlorinatedlnsaturated carbon-carbon bonds. Furthermore, functional
seems to be confirmed for the particulate matter. groups are affected by the halogens. Abstraction of hydro-

gen atoms from alcohols or aldehydes and decarboxylation
5.4 General effects of RHS on SOA and SOA on RHS are possible reaction pathways during the degradation of the
release-mechanisms organic matter of the aerosol. Gas-phase as well as liquid-
phase halogen chemistry involving atomic and heterolyti-
In general, the investigation of the transformation of physico-cally split species seems to take place during the reaction of
chemical features of the organic aerosols led to the first stepRHS with SOA. However, other methods like time-resolved
of an understanding of the complex processes involved. A deaerosol flow-reactor spectroscopy are needed to figure out
tailed understanding was not achieved at the present time, asingle and important degradation pathways in more detail
it would require more molecular-based techniques to analyzend clarify the major processes during the complex aerosol
the processes. halogen interaction.

A strong influence of atmospheric halogen species on or- Those widespread changes of physicochemical properties
ganic aerosols is indicated by the performed aerosol smogef SOA, processed by RHS from natural sources, might
chamber experiments. Several parameters used to charachange the behavior of SOA in the atmosphere. Other impor-
terize the model aerosols are changed by the halogenatiotant properties of SOA like the ability to act as CCN or IN,
process. These changes depend on the particular aerosol tie potential to absorb atmospheric organic vapors and wa-
well as on the halogen source. The chemical composition oter, or the contribution to radiative forcing should be strongly
the organic aerosols determines the details of the changeifluenced. Therefore, the aerosol-halogen interaction might
Hence, no general “road map” for atmospheric halogenatiorstrongly contribute to the influence of organic aerosols on the
processes could be identified. climate system.
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quite different changes in the aerosol size distribution canacknowledgementsThe authors thank the German Science Foun-
be observed. The chemical transformation and the relatedation (DFG) for support within the research unit HALOPROC
change in optical properties are indicated by the change imand the European Union for support within the infrastructure
the color of the halogenated organic aerosols (haloSOA)EUROCHAMP 2. Also they wish to thank Heinz-Ulrich éger

www.atmos-chem-phys.net/12/5787/2012/ Atmos. Chem. Phys., 12, 5A8B0§ 2012



5804 J. Ofner et al.: Halogenation processes of secondary organic aerosol

(deceased 2012) for continuous technical support of the chambe€arpenter, L. J., Hopkins, J. R., Jones, C. E., Lewis, A. C,,

experiments and Jenny Westphal for the measurement and pre- Parthipan, R., Wevill, D. J., Poissant, L., Pilote, M., and Con-

processing of the ICR-FT/MS analysis. Publication costs were stant, P.: Abiotic source of reactive organic halogens in the
supplied by the German Research Foundation (DFG) and the sub-arctic atmosphere?, Environ. Sci. Technol., 39, 8812-8816,
University of Bayreuth in the funding programme Open Access 2005.

Publishing. Carr, S., Shallcross, D. E., Canosa-Mas, C. E., Wenger, J. C., Side-
bottom, H. W., Treacy, J. J., and Wayne, R. P.: A kinetic and
Edited by: B. Ervens mechanistic study of the gas-phase reactions of OH radicals and

Cl atoms with some halogenated acetones and their atmospheric
implications, Phys. Chem. Chem. Phys., 5, 3874-3883, 2003.
References Coeur-Tourneur, C., Tomas, A., Guilloteau, A., Henry, F., Ledoux,
F., Visez, N., Riffault, V., Wenger, J. C., and Bedjanian, Y.:
Anbar, M. and Ginsburg, D.: Organic hypohalites, Chem. Rev., 54, Aerosol formation yields from the reaction of catechol with
925-958, 1954. ozone, Atmos. Environ., 43, 2360-2365, 2009.
Atkinson, R., Baulch, D. L., Cox, R. A., Crowley, J. N., Hamp- Enami, S., Vecitis, C. D., Cheng, J., Hoffmann, M. R., and Colussi,
son, R. F.,, Hynes, R. G., Jenkin, M. E., Rossi, M. J., Troe, J., A. J.: Global inorganic source of atmospheric bromine, J. Phys.
and IUPAC Subcommittee: Evaluated kinetic and photochemi- Chem. A, 111, 8749-8752, 2007.

cal data for atmospheric chemistry: Volume Il — gas phase re-Evans, J. C., Lo, G. Y. S., and Chang, Y. L.: The vibrational spectra
actions of organic species, Atmos. Chem. Phys., 6, 3625-4055, of acetyl hypochlorite, Spectrochim. Acta, 21, 973-979, 1965.
doi:10.5194/acp-6-3625-2008006. Fahimi, I. J., Keppler, F., and Sgler, H. F.: Formation of

Baes, A. U. and Bloom, P. R.: Diffuse Reflectance and Transmission chloroacetic acids from soil, humic acid and phenolic moieties,
Fourier Transform Infrared (DRIFT) spectroscopy of humic and  Chemosphere, 52, 513-420, 2003.

fulvic acids, Soil Sci. Soc. Am. J., 53, 695700, 1989. Finlayson-Pitts, B. J.: The tropospheric chemistry of sea salt: A
Barrie, L. and Platt, U.: Arctic tropospheric chemistry: An  molecular-level view of the chemistry of NaCl and NaBr, Chem.
overview, Tellus, 49B, 449-454, 1997. Rev., 103, 4801-4822, 2003.

Bedjanian, Y., Riffault, V., and Poulet, G.: Kinetic study of the reac- Foster, K. L., Plastridge, R. A., Bottenheim, J. W., Shepson, P. B.,
tions of Br with HO, and DG, J. Phys. Chem. A, 105, 573-578, Finlayson-Pitts, B. J., and Spicer, C. W.: The role op Bind
2001. BrCl in surface ozone destruction at polar sunrise, Science, 291,

Behnke, W. and Zetzsch, C.: Heterogeneous photochemical forma- 471-474, 2001.
tion of Cl atoms from NaCl aerosol, NCand ozone, J. Aerosol  Frinak, E. K. and Abbatt, J. P. D.: Bproduction from the hetero-
Sci., 21, 229-232, 1990. geneous reaction of gas-phase OH with aqueous salt solutions:

Behnke, W. and Zetzsch, C.: Formation of organohalogens from Impacts of acidity, halide concentration, and organic surfactants,
heterogeneous atmospheric chemistry simulated in an aerosol J. Phys. Chem. A, 110, 10456—10464, 2006.
smog chamber, GDCh Monograph, 34, 110-121, 2005. Gallard, H. and von Gunten, U.: Chlorination of natural organic

Behnke, W., Elend, M., Kiger, H.-U., and Zetzsch, C.: The Influ- matter: kinetics of chlorination and of THM formation, Water
ence of NaBr/NaCl ratio on the bromide-catalysed production of Res., 36, 65—74, 2002.
halogenated radicals, J. Atmos. Chem., 34, 87—99, 1999. George, I. J. and Abbatt, J. P. D.: Heterogeneous oxidation of at-

Bierbach, A., Barnes, |., and Becker, K. H.: Rate coefficients for the mospheric aerosol particles by gas-phase radicals, Nature Chem-
gas-phase reactions of bromine radicals with a series of alkenes, istry, 2, 713-722, 2010.
dienes, and aromatic hydrocarbons at 298K, Int. J. Chem.  Helas, G. and Wilson, S. R.: On sources and sinks of phosgene in
Kinet., 28, 565-577, 1996. the troposphere, Amos. Environ., 26A, 2975-2982, 1992.

Boyce, S. D. and Hornig, J. F.: Reaction pathways of trihalomethaneHolzinger, R., Kasper-Giebl, A., Staudinger, M., Schauer, G., and
formation from the halogenation of dihydroxyaromatic model  Rockmann, T.: Analysis of the chemical composition of or-
compounds for humic acid, Environ. Sci. Technol., 17, 202-211, ganic aerosol at the Mt. Sonnblick observatory using a novel
1983. high mass resolution thermal-desorption proton-transfer-reaction

Buxmann, J., Balzer, N., Bleicher, S., Platt, U., and Zetzsch, C.: mass-spectrometer (hr-TD-PTR-MS), Atmos. Chem. Phys., 10,
Observations of bromine explosions in smog chamber experi- 10111-10128¢0i:10.5194/acp-10-10111-2012010.
ments above a model salt pan, Int. J. Chem. Kinet., 44, 312-326Huang, W.-J., Chen, L.-Y., and Peng, H.-S.: Effect of NOM char-
doi:10.1002/kin.207142012. acteristics on brominated organics formation by ozonation, Env-

Cai, X. and Griffin, R. J.: Secondary aerosol formation from the ox- iron. Int., 29, 1049—1055, 2004.
idation of biogenic hydrocarbons by chlorine atoms, J. Geophys.Huber, S. G., Kotte, K., Sdéhler, H. F., and Williams, J.: Natural
Res., 111, D1420@}0i:10.1029/2005JD006852006. abiotic formation of trihalomethanes (THM) in soil: Results from

Cai, X., Ziemba, L.D., and Griffin, R. J.: Secondary aerosol for-  laboratory studies and field samples, Environ. Sci. Technol., 43,
mation from the oxidation of toluene by chlorine atoms, Atmos.  4934-4939, 2009.

Environ., 42, 7348-7359, 2008. Hurley, M. D., Wallington, T. J., Sulbaek Andersen, M. P., Ellis,
Caregnato, P., Gara, P. D., Bosio, G. N., Martire, D. O., and Gonza- D. A., Martin, J. W., and Mabury, S. A.: Atmospheric chemistry
lez, M. C.: Reactions of CICl,- — radicals with the nanoparticle of fluorinated alcohols: Reaction with Cl atoms and OH radicals

silica surface and with humic acids: model reactions for the aque- and atmospheric lifetimes, J. Phys. Chem. A, 108, 1973-1979,
ous phase chemistry of the atmosphere, Photochem. Photobiol., 2004.
83, 944-951, 2007.

Atmos. Chem. Phys., 12, 5785806 2012 www.atmos-chem-phys.net/12/5787/2012/


http://dx.doi.org/10.5194/acp-6-3625-2006
http://dx.doi.org/10.1002/kin.20714
http://dx.doi.org/10.1029/2005JD006857
http://dx.doi.org/10.5194/acp-10-10111-2010

J. Ofner et al.: Halogenation processes of secondary organic aerosol 5805

linuma, Y., Bdge, O., Gnauk, T., and Herrmann, H.: Aerosol- Ofner, J., Kilger, H.-U., Zetzsch, C., and Grothe, H.: Direct deposi-

chamber study of the-pinene/Q reaction: influence of parti- tion of aerosol particles on an ATR crystal for FTIR spectroscopy
cle acidity on aerosol yields and products, Atmos. Environ., 38, using an electrostatic precipitator, Aerosol Sci. Technol., 43, 1-5,
761-773, 2004. 2009.

Ishikawa, T., Sato, T., Ose, Y., and Nagase, H.: Reaction of chlorineéDfner, J., Kiiger, H.-U., and Zetzsch, C.: Time resolved infrared
and bromine with humic substance, Sci. Total Environ., 54, 185— spectroscopy of formation and processing of secondary organic
194, 1986. aerosols, Z. Phys. Chem., 224, 1171-1183, 2010.

Jobson, B. T., Niki, H., Yokouchi, Y., Bottenheim, J., Hopper, F., Ofner, J., Kiiger, H.-U., Grothe, H., Schmitt-Kopplin, P., Whit-
and Leaitch, R.: Measurements of C2-C6 hydrocarbons during more, K., and Zetzsch, C.: Physico-chemical characterization of
the Polar Sunrise 1992 Experiment: Evidence for Cl atom and Br SOA derived from catechol and guaiacol — a model substance
atom chemistry, J. Geophys. Res., 99, 25355-25368, 1994. for the aromatic fraction of atmospheric HULIS, Atmos. Chem.

Jonsson, A. M., Hallquist, M., and Saathoff, H.: Volatility of sec- Phys., 11, 1-15J0i:10.5194/acp-11-1-2012011.
ondary organic aerosols from the ozone initiated oxidatiom-of ~ Orlando, J. J., Tyndall, G. S., Apel, E. C., Riemer, D. D., and Paul-
pinene and limonene, J. Aerosol Sci., 38, 843—-852, 2007. son, S. E.: Rate coefficients and mechansims of the reaction of

Karlsson, R. S., Szente, J. J., Ball, C., and Maricq, M. M.: Homoge- Cl-atoms with a series of unsaturated hydrocarbons under atmo-
neous aerosol formation by the chlorine atom initiated oxidation  spheric conditions, Int. J. Chem. Kinet., 35, 334-353, 2003.

of toluene, J. Phys. Chem. A, 105, 82-96, 2001. Pink, J. M. and Stewart, R.: Mechanism of oxidative decarboxyla-
Kopetzky, R. and Palm, W.-U.: Formation of halogenated com- tion of «-hydroxy acids by bromine water. Part |. Oxidation in

pounds from humic acids in saline solutions, Instititr f neutral and alkaline medium, Can. J. Chemistry, 49, 649-653,

Okologie und Umweltchemie — UniverattLiineburg, liineburg, 1971.

2006. Platt, U.: Reactive halogen species in the mid-latitude troposphere
Kortim, G. and Oelkrug, D.: Reflexionsspektren fester Stoffe, - recent discoveries, Water Air Soil Poll., 123, 229-244, 2000.

Naturwissenschaften, 53, 600-609, 1966. Platt, U. and nninger, G.: The role of halogen species in the tro-

Kroll, J. H., Donahue, N. M., Jimenez, J. L., Kessler, S. H., Cana- posphere, Chemosphere, 52, 325-338, 2003.
garatna, M. R., Wilson, K. R., Altieri, K. E., Mazzoleni, L. R., Platt, U. and Janssen, C.: Observation and role of the free radicals
Wozniak, A. S., Bluhm, H., Mysak, E. R., Smith, J. D., Kolb, NQOg3, CIO, BrO and IO in the troposphere, Faraday Discuss., 100,
C. E., and Worsnop, D. R.: Carbon oxidation state as a metric for 175-198, 1996.
describing the chemistry of atmospheric organic aerosols, Naturé®latt, U. and Stutz, J.: Differential Optical Absorption Spec-

Chemistry, 3, 133-139, 2011. troscopy, Springer Verlag, Heidelberg, 2008.
March, J.: Advanced organic chemistry, John Wiley & Sons, New Rahn, K. A, Borys, R. D., Butler, E. L., and Duce, R. A.: Gaseous
York, 1992. and particulate halogens in the New York City atmosphere, Ann.

Mellouki, A., Talukdar, R. K., and Howard, C. J.: Kinetics NY Acad. Sci., 322, 143-151, 1979.
of the reactions of HBr with @ and HG: The yield of Ramacher, B., Orlando, J. J., and Tyndall, G. S.: Temperature-
HBr from HO, + BrO, J. Geophys. Res., 99, 22949-22954, dependent rate coefficient measurements for the reaction of
doi:10.1029/94JD02144994. bromine atoms with a series of aldehydes, Int. J. Chem. Kinet.,

Moise, T. and Rudich, Y.: Uptake of Cl and Br by organic surfaces 32, 460—465, 2000.

— A perspective on organic aerosols processing by tropospheri&kontu, N. and Vaida, V.: Vibrational spectroscopy of perfluorocar-
oxidants, Geophys. Res. Lett., 28, 4083-4086, 2001. boxylic acids from the infrared to the visible regions, J. Phys.

Mok, K. M., Wong, H., and Fan, X. J.: Modeling bromide effects on Chem. B, 112, 276-282, 2008.
the speciation of trihalomethanes formation in chlorinated drink- Rossi, M. J.: Heterogeneous reactions on salts, Chem. Rev., 103,
ing water, Global Nest J., 7, 1-16, 2005. 4823-4882, 2003.

Mosher, B. W., Winkler, P., and Jaffrezo, J. L.: Seasonal aerosoRudich, Y.: Laboratory perspectives on the chemical transforma-
chemistry at Dye 3, Greenland, Atmos. Environ., 27A, 2761— tions of organic matter in atmospheric particles, Chem. Rev., 103,
2772,1993. 5097-5124, 2003.

Nolting, W., Behnke, W., and Zetzsch, C.: A smog chamber for Saathoff, H., Naumann, K.-H., &hler, O., Jonsson&. M., Hal-
studies of reactions of terpenes and alkanes with ozone and OH, lquist, M., Kiendler-Scharr, A., Mentel, Th. F., Tillmann, R., and
J. Atmos. Chem., 6, 47-59, 1988. Schurath, U.: Temperature dependence of yields of secondary or-

Nordmeyer, T., Wang, W., Ragains, M. L., Finlayson-Pitts, B. J., ganic aerosols from the ozonolysis @fpinene and limonene,
Spicer, C. W,, and Plastridge, R. A.: Unique products of the reac- Atmos. Chem. Phys., 9, 1551-157d0i:10.5194/acp-9-1551-
tion of isoprene with atomic chlorine: Potential markers of chlo- 2009 2009.
rine atom chemistry, Geophys. Res. Lett., 24, 1615-1618, 1997 Sax, M., Zenobi, R., Baltensperger, U., and Kalberer, M.: Time

Norwood, D. L., Johnson, J. D., Christman, R. F., Hass, J. R., and resolved infrared spectroscopic analysis of aerosol formed
Bobenrieth, M. J.: Reactions of chlorine with selected aromatic by photo-oxidation of 1,3,5-trimethylbenzene andpinene,
models of aquatic humic material, Environ. Sci. Technol., 14, Aerosol Sci. Technol., 39, 822-830, 2005.

187-190, 1980. Schmitt-Kopplin, Ph., Gelenés, A., Dabek-Zlotorzynska, E., Kiss,
Ofner, J.: Secondary organic aerosol & atmospheric halo- G., Hertkorn, N., Harir, M., Hong Y., and Geligfi, |.: Anal-

gen species, iBlwestdeutscher Verladif Hochschulschriften, ysis of the unresolved organic fraction in atmospheric aerosols

Saarbiicken, 2011. with ultrahigh resolution mass spectrometry and nuclear mag-

netic resonance spectroscopy: Organosulfates as photochemical

www.atmos-chem-phys.net/12/5787/2012/ Atmos. Chem. Phys., 12, 5A8B0§ 2012


http://dx.doi.org/10.1029/94JD02144
http://dx.doi.org/10.5194/acp-11-1-2011
http://dx.doi.org/10.5194/acp-9-1551-2009
http://dx.doi.org/10.5194/acp-9-1551-2009

5806 J. Ofner et al.: Halogenation processes of secondary organic aerosol

smog constituents, Anal Chem., 82, 8017-8026, 2010. Vione, D., Maurino, V., Man, S. C., Khanra, S., Arsene, C., Olariu,
Schdler, H.-F. and Thiemann, W.: Natural formation of tri- R.-l., and Minero, C.: Formation of organobrominated com-

halomethanes in the marine and terrestrial environment, GDCh pounds in the presence of bromide under simulated atmospheric

Monograph, 34, 122-131, 2005. aerosol conditions, Chemsuschem, 1, 197-204, 2008.

Shell, P. S. and May, D. D.: Ground- and excited-state carboxylatevon Glasow, R. and Crutzen, P. J.: Tropospheric halogen chemistry,
radical chain carriers. Radical chain substitution reactions with Treatise Geochem., 4, 21-64, 2004.
acyl hypohalites, J. Am. Chem. Soc., 105, 3999-4008, 1983.  \oudrias, E. A. and Reinhard, M.: Reactivities of hypochlorous and
Shevchenko, L. L.: Infrared spectra of salts and complexes of car- hypobromous acid, chlorine monoxide, hypobromous acidium
boxylic acids and some of their derivatives, Russ. Chem. Rev., ion, chlorine, bromine, and bromine chloride in electrophilic aro-
32, 201-207, 1963. matic substitution reactions with p-xylene in water, Environ. Sci.
Shimanouchi, T.: Tables of molecular vibrational frequencies: Con- Technol., 22, 1049-1056, 1988.
solidated Volume |, Nat. Stand. Ref. Data Ser., Nat. Bur. Stand.\Voudrias, E. A., Larson, R. A., and Snoeyink, V. L.: Effects of acti-
(US), 39, 164 pp., 1972. vated carbon on the reactions of free chlorine with phenols, Env-
Siebert, H.: Anwendungen der Schwingungsspektroskopie in der iron. Sci. Technol., 19, 441-449, 1985.
anorganischen Chemie, Springer Verlag Berlin-Heidelberg-NewWagner, T., Ibrahim, O., Sinreich, R., Friel3, U., von Glasow, R.,
York, 1966. and Platt, U.: Enhanced tropospheric BrO over Antarctic sea
Simpson, W. R., von Glasow, R., Riedel, K., Anderson, P., Ariya, ice in mid winter observed by MAX-DOAS on board the re-
P., Bottenheim, J., Burrows, J., Carpenter, L. J., Frie3, U., Good- search vessel Polarstern, Atmos. Chem. Phys., 7, 3129-3142,
site, M. E., Heard, D., Hutterli, M., Jacobi, H.-W., Kaleschke, doi:10.5194/acp-7-3129-2002007.
L., Neff, B., Plane, J., Platt, U., Richter, A., Roscoe, H., Sander, Wallington, T. J., Skewes, L. M., Siegl, W. O., and Japar, S. M.: A
R., Shepson, P., Sodeau, J., Steffen, A., Wagner, T., and Wolff, relative rate study of the reaction of bromine atoms with a variety
E.: Halogens and their role in polar boundary-layer ozone de- of organic compounds at 295K, Int. J. Chem. Kinet., 21, 1069—
pletion, Atmos. Chem. Phys., 7, 4375-44d8i:10.5194/acp-7- 1076, 1989.
4375-20072007. Wentworth, G. R. and Al-Abadleh, H. A.: DRIFTS studies on the
Sjostedt, S. J. and Abbatt, J. P. D.: Release of gas-phase halo- photosensitized transformation of gallic acid by iron(lll) chlo-
gens from sodium halide substrates: heterogeneous oxidation of ride as a model for HULIS in atmospheric aerosols, Phys. Chem.
frozen solutions and desiccated salts by hydroxyl radicals, Env- Chem. Phys., 13, 6507-6516, 2011.
iron. Res. Lett., 3, 0450070i:10.1088/1748-9326/3/4/045007 Wu, H., Mu, Y., Zhang, X., and Jiang, G.: Relative rate constants
2008. for the reactions of hydroxyl radicals and chlorine atoms with a
Smoydzin, L. and von Glasow, R.: Do organic surface films on series of aliphatic alcohols, Int. J. Chem. Kinet., 35, 81-87, 2003.
sea salt aerosols influence atmospheric chemistry? — a modeXu, D., Dan, M., Song, Y., Chai, Z., and Zhuang, G.: Concentration

study, Atmos. Chem. Phys., 7, 5555-55616j:10.5194/acp-7- characteristics of extractable organohalogens in Bthd PM
5555-20072007. in Beijing, China, Atmos. Environ., 39, 4119-4128, 2005.
Socrates, G.: Infrared characteristic group frequencies, John Wileyu, Y., Ezell, M. J., Zelenyuk, A., Imre, D., Alexander, L., Ortega,
& Sons, Chichester-New York-Brisbane-Toronto, 1980. J., D’Anna, B., Harmon, C. W., Johnson, S. N., and Finlayson-
Sorgel, M.: Experimentelle Untersuchung zur Bildung halogenor-  Pitts, B. J.: Photooxidation ef-pinene at high relative humidity
ganischer Verbindungen aus Hunisen in Abkangigkeit in the presence of increasing concentrations ofN@mos. En-

vom pH-Wert, edited by: Palm, W.-U., Fachbereich Natur- viron., 42, 5044-5060, 2008.
wissenschaftliche Technik, Hochschuligr fAngewandte Wis-  Zetzsch, C.: Predicting the rate of OH-addition to aromatics using
senschaften, Hamburg, 2007. o T-electrophilic substituent constants for mono- and polysub-

Tanner, D. D. and Nychka, N.: Radical chain halogenation reactions stituted benzene, XVth Informal Conference on Photochemistry,
of chlorine monoxide, J. Am. Chem. Soc., 89, 121-125, 1967. Stanford, USA, 27 June—1 July 1982.

Tas, E., Peleg, M., Pedersen, D. U., Matveeyv, V., Pour Biazar, A.Zetzsch, C. and Behnke, W.: Heterogeneous photochemical sources
and Luria, M.: Measurement-based modeling of bromine chem- of atomic Cl in the troposphere, Ber. Bunsenges. Phys. Chem.,
istry in the boundary layer: 1. Bromine chemistry at the Dead 96, 488-493, 1992.

Sea, Atmos. Chem. Phys., 6, 5589-5604j:10.5194/acp-6- Zetzsch, C. and Behnke, W.: Heterogeneous reactions of chlorine
5589-20062006. compounds, NATO ASI Series, 17, 291-306, 1993.

Tretyakova, N. Y., Lebedev, A. T., and Petrosyan, V. S.: Degrada-Zetzsch, C., Pfahler, G., and Behnke, W.: Heterogeneous formation
tive pathways for aqueous chlorination of orcinol, Environ. Sci.  of chlorine atoms from NaCl in a photosmog system, J. Aerosol
Technol., 28, 606-613, 1994. Sci., 19, 1203-1206, 1988.

Uyguner, C. S., Hellriegel, C., Otto, W., and Larive, C. K.: Charac-
terization of humic substances: Implications for trihalomethane
formation, Anal. Bioanal. Chem., 378, 1579-1586, 2004.

Vione, D., Maurino, V., Minero, C., Calza, P., and Pelizzetti, E.:

Phenol chlorination and photochlorination in the presence of
chloride ions in homogeneous aqueous solutions, Environ. Sci.
Technol., 39, 5066-5075, 2005.

Atmos. Chem. Phys., 12, 5785806 2012 www.atmos-chem-phys.net/12/5787/2012/


http://dx.doi.org/10.5194/acp-7-4375-2007
http://dx.doi.org/10.5194/acp-7-4375-2007
http://dx.doi.org/10.1088/1748-9326/3/4/045007
http://dx.doi.org/10.5194/acp-7-5555-2007
http://dx.doi.org/10.5194/acp-7-5555-2007
http://dx.doi.org/10.5194/acp-6-5589-2006
http://dx.doi.org/10.5194/acp-6-5589-2006
http://dx.doi.org/10.5194/acp-7-3129-2007

