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Abstract. Mechanistic investigations of atmospherig$0, ions (Lee et al., 2003; Lovejoy et al., 2004). Nucleation
particle formation have been performed in a laboratory studyevents in the lower troposphere were found to be closely
taking either HSO, from a liquid reservoir or using the gas- connected to the appearance f3@, for concentrations of
phase reaction of OH radicals with $QApplying both ap- ~ ~10" molecule cn® and below measured at clean and pol-
proaches for SOy generation simultaneously it was found luted sites (Weber et al., 1996; McMurry et al., 2005; Riip-
that LSO, evaporated from the liquid reservoir acts con- inen et al., 2006).

siderably less effective for the process of particle formation In a previous investigation of our laboratory under near-
and growth than the products originating from the reactionatmospheric conditions, experimental evidence for the for-
of OH radicals with S@. Furthermore, for NQ concen-  mation of new particles in the systemy&0Oy/H,O was
trations>5x 101 molecule cnv® the formation of new par-  found for bSOy concentrations of-10” molecule cm® if
ticles from the reaction of OH radicals with S@ inhib- “H2SOy” was produced in-situ via the reaction of OH radi-
ited. This suggests that substances other the84 (poten-  cals with SQ (“H2SOy” here stands for all products of con-
tially products from sulphur-containing peroxy radicals) trig- verted SQ). As the OH radical source served UV-photolysis
ger lower tropospheric new particle formation and growth. of O3 or ozonolysis of alkenes in a dark reaction. The ex-
The currently accepted mechanism for Sgas-phase oxi- periments have been performed in the presence and absence
dation does not consider the formation of such substancesf organics. No clear difference concerning new particle for-
The analysis of new particle formation for different reaction mation was observed using the different experimental con-
conditions in our experiment suggests that a contribution ofditions (presence or absence of UV light, presence and ab-
impurities to the nucleation process is unlikely. sence of organics) pointing clearly at the S®idation prod-
ucts (“HpSOy") being the exclusive precursors for the newly
formed particles observed (Berndt et al., 2004, 2005, 2006).
A significant increase of the nucleation rate for increasing
r.h. was measurable (Berndt et al., 2005, 2006). Simi-

For more than a decade the formation of new aerosol parti!ar observations are reported from another flow-tube exper-

cles in the atmosphere has been the subject of intense styfnent (Friend et al,, 1980) as well as from investigations na
ies in the field and in the laboratory. The formation mech- chamber (Burkholder et al., 2007). Recently, for nucleation

anisms and the participating substances, however, have ngf(periments starting from OH+SQ0threshold HSG (or

) . ; 3
been resolved yet (Kulmala, 2003). Large discrepancies be- 125k ) concentrations of 18-10" molecule cm? have

. . 1
tween model-predicted nucleation rates for the favoured bi—bBeen measurledzg%rSa?ucleatlonlra;goo; U'l'\t)f/ (Iénz ) iled
nary system HSOy/H,O and much higher atmospheric nu- (Benson et al., » Young et al., )- A future detaile

cleation data were explained by various supportive additiona?lr;al‘}ﬁ'ssw'l,l, show wt:etther these 5|gn|f(|jci1ntly hlgherl't[hresh-
participants such as ammonia (Kulmala et al., 2000), or-2 2SQy” concentrations (compared to our results) are

ganic molecules (Yu et al., 1999: Hoffmann et al., 1998) Orsimply due to the experimental conditions chosen by these

researchers or an indication for a different nucleation process
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going on.
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In contrast, taking bKISO, from a liquid reservoir concen- time (middle and end section) of 378, 126, 63, or 425, re-
trations of 18—10°molecule cnm3 are needed for new par- spectively. Itis to be noted that the given bulk residence time
ticle formation (Ball et al., 1999, Zhang et al., 2004). This stands for the upper limit of the nucleation time in the flow
observation is roughly in line with the prediction from the tube. All gas flows were set by means of calibrated gas flow
binary nucleation theory $$04/H>0 (Kulmala et al., 1998).  controllers (MKS 1259/1179) and the pressure in the tube

In this study mechanistic investigations on$04/H,0 was measured using a capacitive manometer (Baratron).
particle formation are reported explaining the different
threshold HSO, concentrations needed for nucleation, 2-1 Determination of SO, taken from a liquid reservoir
i.e., ~10"moleculecnt® (“H,SOy” produced via gas-
phase reaction of OH radicals with $0vs. 10—
10'%molecule cnm® (H,SOy via evaporation from a liquid
reservoir).

For experiments using 50, vapour from a liquid reservoir,

H>SO4 concentrations were measured at the outlet of the sat-

urator by means of a denuder system (Amanda, ECN). The

working fluid was a 10* M NaOH solution of de-ionised

water and sampling times were in the range of 2-10h. The

2 Experimental subsequent analysis of SOions has been done by means of
ion chromatography (761 compact IC, Metrohm).

The experiments have been performed in the atmospheric — . .,

pressure flow-tub&fT-LFT (i.d. 8 cm; length 505¢cm) at -2 Detérmination of "HSQ,” (products of converted

293+0.5K. The first tube section (56 cm) includes an in- SG) and OH concentrations

gézsygsemN]gr (?rai Z?ggg%%ézug?liggf 3;! (F))Lerr?rlgfnd ;N'th Starting from the reaction of OH radicals with S ,SO,”
e y P concentrations were calculated using a model according to

liquid reservoir premixed in dry air). The middle section . : . .
) i . the following reaction scheme used in the case of photolysis
(344 cm) is equipped with 8 UV lamps (Hg-lamps made of experiments (Berndt et al., 2005, 2006):

guartz-glass PN235 with a cut-off wavelength of 210 nm)

for a homogeneous irradiation of the tube if needed. Anon-o,— . 20H (1)
irradiated end section (105 cm), which also holds the sam-
pling outlet, is attached. OH+furarn/CO— products (2)

Gas-phase analysis was carried out using a GC-FID (HP. . )

5890) with a cryo-enrichment unit for hydrocarbons, a hu- OH+5CG—...—"H2S0, ®)
midity sensor (Vaisala), analyzers forsOSQ,, and NG “H,S0y" —wall (4)
(Thermo Environmental Instruments: 49C, 43C, and 42S),

a butanol-based UCPC (TSI 3025) as well as#Hbased The effective photolysis rate coefficient; kwas de-
UCPC (TSI 3786) for integral particle measurements, and aermined in each experiment measuring the @ecay.
differential mobility particle sizer (Vienna-type DMA with  Rate coefficients Xran=4.0x10-11cm® molecule 1 s71,
UCPC, TSI 3025) for monitoring of size distributions. ko.co=2.4x10" ¥ cmP moleculet s, and k=1.2x10"1?

The carrier gas consisted of synthetic air (99.9999999 %cm? molecule 1 s~1, were taken from literature (Finlayson-
Linde and further purification with GateKeeper CE-500KF- Pitts and Pitts, 2000). For description of the as-
0-4R, AERONEX). Functioning of GateKeeper is based onsumed, diffusion controlled wall loss of 4$Os",
surface reactions removing contaminants from the gas phas&,=0.017s, the same data as for 8Oy were
Stated output gas impurity 8500 ppt for NMHCs, HO and  taken (Hanson and Eisele, 2000).  The concentra-
CO.. tion of furan (or CO) was chosen in such a way that

A small part of the total gas flow was flushed through anks fyranx [furan]>20 7% (k2 furanx [furan}~kz,cox[CO])
ozone generator (UVP OG-2) fors@eneration outside the was fulfilled. Modelling studies showed that under these
flow tube. SQ was taken from a 1ppmv or 10ppmv cali- conditions the reactions of OH radicals witlh,HO, or any
bration mixture in N (Messer) and NO from 0.5 vol% mix- impurities (impurity concentration<10'° molecule cn3,
ture in No (Messer). In the case of experiments withd®;  Konimpuriy=10"%cm® molecule*s™) as well as the
vapour from a liquid reservoir a part of the total gas stream ofwall loss of OH radicals were negligible allowing also the
dry air was flushed through a saturator (maintained at 288 Kdetermination of OH radicals from the measured amount
filled with concentrated sulphuric acid (95-98%, Aldrich). of reacted furan. The ratio “reacteds@reacted furan”
The outlet tube of the saturator served directly as the inletvas experimentally found to be G28.2 as expected from
for the bSOy vapour containing gas stream. In the first tube the simple reaction scheme given above. This finding
section this HSO4 gas stream was brought together with hu- confirms that OH radical concentration, and consequently
midified air. the “HpSOy" concentrations, are well described by the

The total gas flow inside théT-LFT was set at 3.33, 10, model applied. For normally used initial reaction conditions
20, or 30 standard litre mirt resulting in a bulk residence (Os: ~1.5x10M with a conversion<25%, furan: 6. 10
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with a conversion<6% or CO: 1.6<10'* with a conversion
<1% and S@: (6.7-350% 10 with a conversion<2.5%:
concentration unit: molecule crd) and measured effective
photolysis rate coefficient 1kin the order of 103s1
the modelling of the reaction system yielded OH radical
concentrations of about i@noleculecn® being close
to atmospheric levels. Given “%4$04” concentrations
represent averaged values for the irradiated middle section.
A comparison of results arising from different modelling
approaches is given in Appendix A.

In the case of added NQn the carrier gas, NO and NO 0.0+
can undergo reactions withsGnd OH radicals. An addi- 0 50 100 150 200
tional pathway for OH radical generation represents the re- time / min.
action of NO with HQ forming OH and NQ. Therefore,
OH radical concentrations were determined experimentallyFig. 1. Temporal behaviour of Sconcentration and particle
using the titration procedure with furan. The OH profile in number for an experiment with 480" formation from the reac-
the tube was calculated from the measured furan decay agion of OH radicals with S@ using CO for OH radical titration,
suming an exponential function for the overall decay af O r.h._:22%, gas ﬂow:3 3.33 sl mirt. 1Initial concengrations were
and for the decay of furan. With the knowledge of the axial (Unit: molecule cm*); Og: 3.8x10%; CO: 5.310'°. SO, con-

; : “ ” . : centration in the absence of OH radicals (UV off): 6%80.24
OH radical profile the "SQy” concentration according to ' o, jjecuie e (full line) and in the presence of OH radicals

pathways (3) and (4) were calculated. Giverp3®,” con- (UV on): 6.63+ 0.24 x 109 molecule cnt3 (dashed line) results
centrations represent also averaged values for the irradiateg] 5 SO consumption of 1.5¢10° molecule cnt3 (uncertainty by

middle section. a factor of~2.3).

F8x10"
1.5x10° -

F6x10"

1.0x10° -
F4x10%

5.0x10" y
F2x10

particle number / cm®
wo anasjow /°0s

€

2.2.1 The possible role of the reaction b330, for addi-

tional HSO production of Kro,+50,=8.7x10"18cm® molecule * s~ (Payne et al.,
1973) results in an 26% enhancement. Consequently, addi-
tional SGQ oxidation from the assumed,B-catalysed reac-
tion HOz(H20)+SG is of minor importance even when con-
sidering the rate coefficient reported by Payne et al. (1973).

It might be speculated that in our experiment, be-

sides the OH radicals, also HCould significantly con-

tribute to SQ oxidation. Payne et al. (1973) re-

ported for the reaction HESO, a rate coefficient of

8.7x10 ¥ cm® molecule *s1 determined in an indirect

way. This data differs from the results of other re-

searchers.  Burrows et al. (1979) deduced from di-3 Results and discussion

rect measurements an upper limit forydyso, of

2x10- Y cm® molecule s, The latest recommendation 3.1 Measurement of consumed SO

for atmospheric chemistry (Atkinson et al., 2004) states

kHo,+50, <1018 cm?® molecule' s71. Assuming that there It was attempted to measure the amount of consumed

is a catalytic effect of HO, HO(H20)+SQ (Payne et al., SO, to evaluate the reliability of calculated 480, con-

measured in the presence of 20tors® the other studies centrations via pathways (1)-(4). In Fig. 1 the tem-

have been performed under dry conditions), the impact ofporal behaviour of S® concentration and particle num-

this pathway producing OH radicals and $®@as investi-  ber for an experiment with CO for OH radical titra-

gated. S@ produces HSQOy in a fast consecutive hydrolysis tion is given. SQ measurement using Thermo Envi-

step (Jayne et al., 1997). ronmental Instruments 43C in the absence of OH rad-
In the extended ideal plug model (given in Appendix A), icals (UV off) yielded: 6.78:0.24x 10 molecule cnt3

for the rate coefficient ko, +so, the values 10%8, 2x10-17 (full line) and in the presence of OH radicals (UV on):

and 8.%10°1® (unit: cn® molecule*s1) have been ap- 6.63+0.24x 109 molecule cmi® (dashed line) resulting in a

plied successively in an otherwise identical exemplarySQO, consumption of 1.%10° molecule cnv® with an uncer-

model setup (residence time: 97s; initial concentrationstainty by a factor of~2.3. Modelling of this example (in-

in moleculecnt3: Oz: 1.6x10'; CO: 1.0x10% SOy: cluding wall loss for “BSQy”) shows an average ‘480"

3.5 x10). With respect to the recommended value concentration in the tube of 2.48.0° molecule cn® and a

of 10 ¥ cm®moleculels! as the reference, the use of SO, consumption of 1.4810° molecule cnt3. Simulated

2x10~Y cm® molecule*s~1 (Burrows et al., 1979) yields and measured SQonsumption are in good agreement. The

an increase of less than 1% for the concentration of allparticle number exceeded the counting range of TSI 3025

SO, oxidation products (HSO4 and “HpSO4”). Assumption  (particle number-10° cm~3). Integration of simultaneously

www.atmos-chem-phys.net/8/6365/2008/ Atmos. Chem. Phys., 8, 63882008
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Fig. 2. Temporal behaviour of @and SGQ concentration and par- dp /nm

ticle number for an experiment using 8O, from the liquid reser-

voir as well as in-situ formation of “bISCy” (SO, products) with Fig. 3. Measured size distributions in the range d=2—4 nm from the
CO for OH radical titration, r.h.=22%, gas flow: 10 sl mih bulk experiment depicted in Fig.2. The distribution with$0, from the
residence time (middle and end section): 126 sec. Initial concentrasaturator was recorded between 275 and 325 min and that without

tions were (unit: molecule cﬁ?’); H,SOy (saturator): (1—2>)109; H,SOy from the saturator between 410 and 460 min, cf. Fig. 2.

O3: 1.6 x 101 CO: 1.0x10'%; SO,: 3.5x 10, After a 3 day flushing of the flow tube with pure air the distribution
with black symbols in absence ofo80, from the saturator was
measured.

performed size distribution measurement yielded a particle
number of 3.&10°cm3.

The determination of reacted $&tands for a complemen- @ constant particle number o&k80* cm~2 was observed for
tary measure of “BSOy” and the good agreement between in-situ “HzSQ;” concentration of 2.810° molecule cm®.
measured and calculated $@onversion shows explicitly mmediately after switching off UV (time=330 min), parti-
that the “true” concentration of “(8Qy” in the experiment cle number went down to the level being attributed to binary

cannot exceed the modelling data considerably. H2S04/H20 nucleation. At 360 min the supply of2S0,
from the liquid reservoir was stopped resulting in a decrease

3.2 New partide formation in the presence of in-situ pro- of partiCIe number down to baCkgrOUnd noise level. Switch-

duced "HS0O,” and H,SO; from a liquid reservoir ing on UV, i.e., restarting the in-situ “4$0;” production
without background bSOy, led to a particle number of
In a first set of experiments in-situ formation of 80,”  5x10*cm~3 again. This behaviour is a strong indication

via OH+SQ was coupled with evaporation of280, from that bSOy from the liquid reservoir (now absent) did not
the liquid reservoir as background in order to investigate theparticipate in the nucleation process. To illustrate the influ-
role of HoSOy for the new particle formation and growth ence of background 60, on particle growth, Fig. 3 shows
process. Initial HSOy concentration from the liquid reser- measured size distributions in the diameter range d=2—4 nm
voir was (1-2)x10° molecule cn?, i.e., close to the thresh- recorded in the time period 275 to 325 min (presence of back-
old concentration needed for binarp$0,/H,0 nucleation ~ ground HSO4) and between 410 and 460 min (absence of
in our experiment. The bulk residence time in the reactionbackground HSO;). To make sure that the measurements
zone (irradiated middle section) was 97 s and the epicy ~ were not affected by memory effects, after a 3 day flush-
concentration (from liquid reservoir) was estimated to be (2—ing of the flow tube with clean air, the experiment without
4)x 108 molecule cnt2 considering diffusion controlled wall  background HSQOy from the liquid reservoir was repeated.
loss only (Hanson and Eisele, 2000). In Fig. 2 results fromFigure 3 shows that the three measured size distributions are
a typical measurement are depicted. After turning on thenearly identical. This indicates that,BO, from the liquid

flow through the HSO4-saturator, a small increase of par- reservoir, its concentration being at least in the same order
ticle number above the noise level was visible with a sub-or one order of magnitude higher compared to that of in-situ
sequent slight rise up to 2—-3 particlescirafter more than ~ produced “HBSQy” (cf. Fig. 4), does not significantly con-

5 h on stream. These particles are due to binary nucleatiotribute to particle growth. Obviously, condensational growth
of HySOy/H,0 (Kulmala et al., 1998). The particle number by H2SO4 evaporated from the liquid reservoir is of less im-
was not affected by the presence of @nd the photolysis portance under the chosen conditions and cannot be resolved.
products (OH radicals, H&) and HO;) after switching on It cannot be ruled out that probably heterogeneous pro-
UV irradiation. With addition of S@ (time=235min), in-  cesses significantly contribute to particle growth. In acidic
situ particle precursor formation in the gas phase started andolutions SQ is rapidly oxidized by HO, (Martin and

Atmos. Chem. Phys., 8, 6366374 2008 www.atmos-chem-phys.net/8/6365/2008/
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Fig. 4. CFD-Modelling: Calculated concentration profiles of
H,SO, from the liquid reservoir and from in- situ produced
“H,SCOy” via the reaction of OH radicals with SOr.h.=22%, gas
flow: 10 sl minm L. Initial concentrations in the case of in situ
“H,S0y" formation were (unit: molecule ci?); Og: 1.6x10ML;

CO: 1.0x10; SOp: 3.5x 101,

Fig. 5. Experimentally observed particle number as a function of
in-situ produced “HSO,” (SO, products) concentration for dif-
ferent NO additions in the carrier gas using furan for OH radical
titration, OH radical formation via @ photolysis, r.h.=22%, gas
flow: 30 sImirr, bulk residence time (middle and end section): 42
sec. Initial concentrations were (unit: molecule_c'fm O3: (1.5-
1.6)x 10 furan: 6.2x10; furan conversion: 2.1 — 5.3 %; SO
Damschen, 1981). Applying this behaviour to the newly (1.2~ 16)<10M.

formed particles, in a process of reactive uptake, 3@d

H>O, molecules can react in or at the surface of the

the particle phase. Gas-phase concentrations of 8@  gas-phase oxidation initiated by OH radicals is as follows
H,0; in our experiment are normally in the order 0f°20 (Finlayson-Pitts and Pitts, 2000):
10" molecule cn® resulting in roughly 0.1-10 collisions

s~1 with SO, and HO, molecules per particle. OH+SO,—HOSO» (5)
It is to be noted that integration of the size distribu-

tions (d=2 nm) given in Fig. 3 yielded a particle number of HOSG+02—>S03+HO, (6)

~5x10°cm3, i.e., 1/10 of the total number found in the in-

tegral measurement using the UCPC. Therefore, the majorit)$o~’>+2H20_’H2SO4+H2o @)

of produced patrticles in this example were obviously smaller
than 2 nm in diameter.

To get an rough estimate concerning theSidy/“H 2 SOy”
mass balance it is assumed i) that34y is the exclusive
product from the reaction of OH radicals with $@nd ii)
that the particles consist of430, (density of 1.85 g cm?3)
only, i.e., contributions of water to particle mass are ne-
glected. For the example described above (assumin
5x10° particle with d=2 nm and 4.610" particle cn3 with

Here, HOSQ radicals produced from the primary reaction
of OH radicals with SQvia pathway (5) react in the very fast
consecutive step (6) with£forming SG. SGs reacts with
two water molecules or a water dimer producing3@y. Ac-
cording to this scheme, each attacked,Sfblecule from
pathway (5) is transformed to B0, molecule.

As a result of their pioneering work in the eighties, Stock-
Yvell and Calvert (1983) found that pathway (6) has to be
- . N important for the atmospheric fate of HOS@s via this re-
d=1.5nm) it follows that about 0.5% of gas phase3dy action more than 80% of HOS®egenerates HO However,

(or HZSQ“) can attnputed t_o the newly formed particles. __an earlier way of thinking was based on a different pathway
Experiments, during which OH radicals were produced V|a(6a) which considered the addition o @ HOSG:
ozonolysis otransbutene (dark reaction) yielded similar re- '

sults. HOSOy+02+M—HOS00,+M (6a)
These findings pose the question, why8®, from the lig-

uid reservoir exhibits a totally different behaviour (no clear From the pressure-dependence of the kinetics of the re-

contribution to particle formation and growth) compared to action HOSQ+O,, it was concluded that pathway (6a) ac-

in-situ produced “HISO"? A possible reason could be that counts for<10% of the HOSQ removal (Gleason et al.,

H>SOy is not the particle precursor produced from the reac-1987). Simultaneous measurements of Hahd HOSQ

tion of OH radicals with S@. concentrations yielded a lower limit of 70% for pathway (6)

www.atmos-chem-phys.net/8/6365/2008/ Atmos. Chem. Phys., 8, 6388-2008
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2.5x10™ - Vs 3.3 New particle formation in the presence of NO/NO
20x10° £ 10° 3.3.1 New particle formation in the presence of NOINO
”g . 5 1 L B using in-situ produced “b50y”
o 15x10 E g
3 E F10° 5 To test the hypothesis that HOSQ, is a possible precur-
g 10a0™ = F100 3 sor for nucleating species and that in the presence of NO
o o 10 = and/or NQ new particle formation is reduced or inhibited,
5010 \ 3, experiments were carried out, with NONO+NQ,) being
00l & F10° present in the carrier gas. In this context it should be noted
L= . : 10° that generally NO and N©can undergo reactions withsQ
0 100 200 OH radicals, HQ@ and other R@radicals influencing the OH
time / min. radical level significantly. Therefore, to determine the in-situ

roduced “HSO,” concentration, OH radical titration with
Fig. 6. Temporal behaviour of © concentration and the parti- b HSO,

. : - furan was applied during this set of experiments. Figure 5,
cle number for an experiment using 80, from the liquid reser-
voir, r.h.=22%, gas flow: 30sImint, bulk residence time (mid- a5 an example, shows the results of measurements performed

dle and end section): 42 sec. Initial concentrations were (unit;for different initial NO concentrations. In the course of the
molecule cn3); H,S0y (saturator)~5x 10%; Og: 1.5x10tL; co:  overallreaction, NO was significantly converted toN@.g.,
1.0x10'% NO: 4.1 x 102, for the lowest initial NO concentration, 32% of NO reacted to
NO.. Itis clearly seen that with increasing amounts of NO
being present in the reaction gas, new particle formationis in-
(Howard, 1985). Taking all experimental findings into hibited. Similar observations were made for relative humid-
consideration, up to 30% of HOSQran be converted to ity in the range 10-60% or using N@hstead of NO. As a net
HOSG0;. inhibition of new particle formation is observed, the products
It should be noted that a reduction 0b®0O, formation  from the NG reactions, if important at all, have to be less
from SQ, oxidation due to pathway (6a) is within the mea- effective particle precursors than the products from the reac-
surement uncertainty of the CIMS instruments (chemicaltion with HO, and/or other peroxy radicals or with $®ia
ionization mass spectrometry) applied in laboratory and fieldpathways (8), (9) or (10), respectively. In this context it is to
measurements (Lovejoy et al., 1996). be noted, that in the presence of N@Qnder all experimental
HOSQGO0:; is a peroxy-type radical and, analogous to or- conditions new particle formation was not a fully suppressed.
ganic peroxy radicals, it can react with HQother peroxy  With increasing NQ@ concentrations the measured curves
radicals or with NO and N@ (Finlayson-Pitts and Pitts, Nvs.[*H,SQy"] are shifted towards the values expected for
2000). Also the reaction of HOSO or its hydrated species  binary H,SOs/H,0 nucleation (new particle formation for
HOSG02(H20)n with SO; is imaginable (Wayne, 1991). If  H,SQ4 concentrations above 1folecule cnt®). Even for
the reaction of HOSED, with HO, the highest NO concentration of 310 molecule cnt3,
c.f. Fig. 5, the “binary HSO4/H>0 nucleation” limit was

HOSQ,0,+HO,—~>HOSQ0.H+0, ®) 1ot reached. A comparison of new particle formation data
and/or with other peroxy radicals (R from this study with literature data is given in the accompa-

nying paper (Laaksonen et al., 2008) fof$0, from liquid
HOSG,0,+R0,—products (9)  reservoir.

NOy cannot effect HSO, formation as described by path-
ways (5)—(7) because the HOS(fe-time regarding the @
HOSG,0,+S0O,—->HOSO,0S; (10) reaction, pathway (6), as well as the Si@e-time regarding

hydrolysis, pathway (7), are much shorter than those result-
is responsible for the formation of particle precursors, addi-ing from the corresponding NQreactions (A more detailed
tion of NO and/or NQ should reduce or inhibit new particle explanation is given in Appendix B).
formation as a part of the available HOZD) will be con- The experimental data depicted in Fig. 5 in the absence
sumed by NO and/or N© (In pathways (8)-(10) also the of NO, (gas flow: 30sImin?, bulk residence time in ir-
hydrated species of HOSO, can react. For simplification radiated middle section: 32s) show that new particle for-
the hydrated form is neglected here.) mation was observed for 4$0," concentrations above
7x10” molecule cn2. This is about a one order of magni-
tude higher threshold “4504" concentration than observed
for low flow conditions (gas flow: 3.33 sImit, bulk resi-
dence time in irradiated middle section: 290s), cf. data in
Berndt et al. (2005, 2006). Generally, the number of newly

and/or with SQ
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formed particles for the same 430, concentration was ing on SQ at 235 min, and starting SQoxidation, UV was
found to be strongly dependent on residence time and relaswitched on producing OH radicals, HOH,O2, and CQ
tive humidity. Furthermore, for freshly nucleated particles from CO oxidation. Under these conditions, gas impurities
with dp<3 nm it is obvious that the decreasing counting effi- relevant as particle precursors, would be oxidized, produc-
ciency of the commercially available UCPCs (depending oning probably e.g. acids. But, with and without OH radical
particle size) does not permit to draw quantitative conclu-formation (in absence of S and consequently with and
sions such as reliable slopes log(N) vs. log¢$0,"]) and, without oxidized impurities, there was no change in the mea-
consequently, the number of molecules in the critical clustersured total particle number. Furthermore, as given in Fig. 6
c.f. Berndt et al. (2005). in the presence of NQ there was also no change in the par-
ticle number visible when photochemistry was active. With
3.3.2 New particle formation in the presence of NOMNO respect to our experiments, this fact makes the occurrence

using SO, from the liquid reservoir of enhancing effects of oxidized impurities on$04/H,0
nucleation very unlikely.
Furthermore, the influence of NGNO+NQy) for the pro- Assuming that non-(in situ)oxidized, but rather perma-

cess of new particle formation was studied usingSBEy nently present, impurities could influence the nucleation pro-
from the liquid reservoir. Fig. 6 shows the temporal be- cess, similar effects for both cases, i.e;3@y taken from
haviour of @ concentration and the particle number for the liquid reservoir and “USOy” produced via OH+SQ (if

an experiment using an initial #4304 concentration (from  H»SOy as a part of “HSOy” would be responsible for nucle-
the liquid reservoir) of~5x10° molecule cn3. After turn- ation) should be observed. With this scenario, the different
ing on the flow through the $}80, — saturator a slightly threshold concentrations needed for nucleation cannot be ex-
increasing particle number was observed for the wholeplained.

time on stream. At 55min NO with a concentration of

4.1x 10 molecule cnm® was added and after turning on _

the external @ generation (@ 1.5x10moleculecnr®) 4 Summary and conclusions

NO was partly converted to NQOwith an end concentration
of ~1.1x 10 molecule cn3, O3+NO—NO»+0,. Switch-
ing on UV lamps at 175min OH radical formation started
and beside OH radicals, HCand HO, also HONO and
HNO3 were produced. After turning off the NO flow (time:

205min) only the @ photolysis products (OH radicals, HO shown that for N@ concentrations-5x 10t molecule cn3

and H0O) remained. Under all conditions investigated, es- . . .
pecially for NG, addition, there was no impact of added trace itsslgo\:vrir:r?“ggoifsniivr\]’ik?i?égc'e'ls'r:ir:rgetgzv:gﬁftilgnngz (i?]|—|":]aed-
gases on the number of newly formed patrticles visible. The '

absence of a Npdependence on the number of new parti- with the currently accepted reaction mechanism describing

cles is a clear disagreement regarding the findings using in2" equal-molar formation of $5Q from SC;. Therefore, it

situ produced “HSOy". Consequently, these results repre- tcar?tibﬁ hyp?tEeilzegttr;ﬁitr:n therc?(urfe d?ﬁs]ﬁ}:i\((erﬂ%]ﬁ%&
sent a further indication that reaction products of,SR- entially sulphur-containing peroxy radicals ke

idation other than WSO, (potentially products of sulphur- can be formed in substantial fractions leading to products

- . . being different from HSOy. It might be further speculated,
containing peroxy-type radicals like HOSO,) represent . . .
possible particle precursors. that under lower tropospheric conditions, HOS® (or its

hydrated species) could react with pl@nd other peroxy
radicals (including the self-reaction). These reactions could
result in low vapour pressure particle precursors. If, e.g.,
HOSGO0, reacts with HQ (the most abundant ROradi-
cal in atmosphere), peroxo sulphuric acid is formed. Per-
oxo sulphuric acid is a hydrophilic solid, which in the lig-

id phase (in water) is converted to sulphuric acid an®H
Kolditz, 1983) Another idea for particle formation starting
rom HOSQO; is given by Wayne (1991) describing the re-
action of hydrated HOS&D, (HOSG,O2(H20),) with SO,
producing HOS@O(H,0),S0Os. For large “n” these hy-
drated radicals are regarded as aerosol particles (or at least
as precursors). These scenarios, however, are highly specu-
lative at the moment.

It was pointed out that, under our experimental conditions be-
ing applicable to the lower troposphere; $0, evaporated
from a liquid reservoir did not significantly participate in
the formation and growth of particles formed from the gas
phase reaction of OH radicals with $Q-urthermore, it was

3.4 Contribution of gas impurities to the process of new
particle formation

Zhang et al. (2004) observed an enhancemenp&®/H,0
nucleation (HSO, from liquid reservoir) adding aromatic
acids to the reaction gas. It could be speculated that als
in the course of our experiments organic acids are formed i
a parallel step to the SQOoxidation. These acids could in-
crease HSO4/H>0 nucleation in the same way as described
by Zhang et al. (2004) causing probably a lowering of the
H>SOy threshold concentration.

The experimental findings in the presence eS8y from
liquid reservoir (absence of SO however, do not support
this scenario, c.f. Fig. 2 and Fig. 6. In Fig. 2, before turn-
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The analysis of new patrticle formation for different reac- could be more reliable if HOS£D: is produced in substan-
tion conditions suggests that contributions of impurities totial fraction, see text for explanation. For the rate coeffi-
the nucleation process are unlikely in our experiment. cients describing the wall loss of OH radicals and41&khg

In conclusion, this study shows, that it is not necessarilyand k12, the diffusion limit was assumed agd4=3.65 D/P.
sulphuric acid triggering atmospheric new particle formation Corresponding diffusion coefficients were taken from Reid
and growth and that other compounds (like peroxo sulphuricet al. (1987). The other rate coefficients were taken from
acid or HOSQO(H,0),S0; radicals) formed during the gas literature (Finlayson-Pitts and Pitts, 2000; Atkinson et al.,
phase reaction of OH radicals with $@ay play an impor-  2004). It is to be noted that for pathway (A11) also the rec-
tant role. ommended value A¢1=10"8cm® molecule 1s~1 was ap-

In a second part a comparison of ambient and laboratorylied. The impact of k11=8.7x10"16cm® molecule ' s*
measurements are given and the atmospheric implications arf@ayne et al., 1973) for the resulting &0, concentration is
discussed (Laaksonen et al., 2008). discussed in a separate paragraph.

For an example (r.h.=22%; gas flow: 10 sl min bulk
residence time in the middle section: 97 s; initial concentra-

Appendix A tions in molecule cm?; O3: 1.6x10; CO: 1.0x 1014 SOp:
_ _ 3.5x10M) resulting “HSQ,” concentrations were calcu-
Comparison of modelling results lated for the end of the middle section using the three differ-

_ _ ent models. The good agreement, 38 molecule cni?3
Usually, calculations of “HISOy” concentrations have been (simple ideal plug modgl 2.63x 108 molecule o3 (ex-

performed using pathways (1)—(4), calling in the following tended ideal plug modgland 2.58 108 molecule cr for
assimple ideal plug modeConsidering also axial and radial o centre line and 2.6010° molecule cii3 in the middle
diffusion processes in the tube, CFD modelling runs havey . ,veen centre line and walCED mode), shows clearly

been carried out using pathways (1)—(4) for description of thethat an application of theimple ideal plug modes reason-
chemical processes, call&€FD model For a more detailed

analysis of the importance of other, individual chemical steps
occurring during S@oxidation arextended ideal plug model
was applied, see in the following the individual pathways:  Appendix B

O3—...—>20H (A1) Atmospheric life-times of HOSO, and SOz

OH+CO—...—CO+HO2 (A2)  Assuming a concentration of ¥molecule ct® for NO
and NG in each case, a HOS(ife-time regarding NO reac-

OH+S0—...—>"H2S0"+HO; (A3)  tion of > 2's (Martin et al., 1986) and regarding Meaction
w . of > 10 milliseconds (assuming an upper limit for the rate co-
H2S0y"—wall (A4)  efficient of 1019 cm® molecule * s~1) follows. A compari-
son with the life-time regarding overall;®eaction via path-
OH+03—02+HO, (AS) way (6) of ~0.5 microseconds (Gleason et al., 1987) shows
OH+HOp— Op+H,0 (AB) clearly that NO and N@cannot influence the conversion of
HOSQG via pathways (6) and (6a). Assuming for the reac-
OH-+H»0,— H,0+HO, (A7) tion of SG; with NO and NQ the rate coefficient measured
for the NG, reaction (Penzhorn and Canosa, 1983), thg SO
OH—wall (A8) life-times regarding the NO and N®eaction are in the order
of 80 days. That means that also the hydrolysis of 8@
HO2+HO2—H20,+-02 (A9) pathway (7) (with a life-time 0f~20 microseconds assuming
a HO concentration of 10" molecule cn? (Jayne et al.,
HO24+03—0H+20; (A10)  1997)) cannot be affected by NO and NOConsequently,
NO and NG for the concentrations considered here, cannot
HO2+-SQ—. . .—H2SOs+-OH (A1) affect SOy formation via pathways (5)—(7).
HO,— wall (A12)  Acknowledgementsie thank E. Biggemann and A. Thomas for

) SOfl_ measurements, K. Pielok, T. Conrath and H. Macholeth for
In the same way as described for pathway (1) the used eftechnical assistance.

fective photolysis rate coefficieni k was determined in each

experiment measuring thes@ecay. In pathway (A3) forma- Edited by: J. Curtius
tion of HO, was considered assuming a yield of unity. This

represents probably an overestimation and a yield of 0.7-0.9

Atmos. Chem. Phys., 8, 6366374 2008 www.atmos-chem-phys.net/8/6365/2008/



T. Berndt et al.; Particle formation from OH+S0O

References

6373

H5>0O and the heterogeneous reaction ofzS@th HyO/H>SOy
surfaces, J. Phys. Chem. 101, 10000-10011, 1997.

Atkinson, R., Bauch, D. L., Cox, R. A, Crowley, J. N., Hampson, Kolditz, L.: Anorganische Chemie, Deutscher Verlag der Wis-

R. F., Hynes, R. G., Jenkins, M. E., Rossi, M. J., and Troe, J.:

senschaften, Berlin, 461-482, 1983.

Evaluated kinetic and photochemical data for atmospheric chemKulmala, M., Laaksonen, A., and Pirjola, L.: Parameterization

istry: Volume | — gas phase reactions of HO,, NO, and SQ
species, Atmos. Chem. Phys., 4, 1461-1738, 2004,
http://www.atmos-chem-phys.net/4/1461/2004/

Ball, S. M., Hanson, D. R., Eisele, F. L., and McMurry, P. H.: Lab-
oratory studies of particle nucleation: Initial results foyS$Dy,

for sulphuric acid/water nucleation rates, J. Geophys. Res., 103,
8301-8307, 1998.

Kulmala, M., Pirjola, L., and Makela, J. M.: Stable sulphate cluster

as a source of new atmospheric particles, Nature, 404, 66—69,
2000.

H20, and NH; vapors, J. Geophys. Res., 104, 23 709-23 718,Kulmala, M.: How particles nucleate and grow, Science, 302, 1000—

doi:10.1029/1999JD900411, 1999.

1001, 2003.

Benson, D. R., Young, L.-H., Kameel, F. R., and Lee, S.-H.: Martin, L. R. and Damschen, D. E.: Aqueous Oxidation of Sulfur

Laboratory-measured nucleation rates of sulfuric acid and wa-

ter binary homogeneous nucleation from the;$OH reaction,

Dioxide by Hydrogen Peroxide at Low pH, Atmos. Environ., 15,
1615-1621, 1981.

Geophys. Res. Lett., 35, L11801, doi:10.1029/2008GL033387 Laaksonen, A., Kulmala, M., Berndt, T., Stratmann, F., Mikkonen,

2008.

Berndt, T., Bige, O., and Stratmann, F.: Atmospheric particle for-
mation from the ozonolysis of alkenes in the presence of,SO
Atmos. Environ., 38, 2145-2153, 2004.

Berndt, T., Bige, O., Stratmann, F., Heintzenberg, J., and Kul-
mala, M.: Rapid Formation of Sulfuric Acid Particles at Near-
Atmospheric Conditions, Science, 307, 698700, 2005.

Berndt, T., Bige, O., and Stratmann, F.: Formation of at-
mospheric HSOy/H,O particles in the absence of organ-

S., Ruuskanen, A., Lehtinen, K. E. J., Dal Maso, M., Aalto,
P., Pefja, T., Riipinen, 1., Sihto, S.-L., Janson, R., Arnold, F.,
Hanke, M.,Ucker, J., Umann, B., Sellegri, K., ODowd, C. D.,
and Viisanen, Y., Atmos. Chem. Phys. Discuss., 8, 9673—9695,
2008,

http://www.atmos-chem-phys-discuss.net/8/9673/2008/

Lee, S.-H., Reeves, J. M., Wilson, J. C., Hunton, D. E., Viggiano,

A. A., Miller, T. M., Ballenthin, J. O., and Lait, L. R.: Science,
301, 1886-1889, 2003.

ics: A laboratory study, Geophys. Res. Lett., 33, L15817, Lovejoy, E. R., Hanson, D. R., and Huey, L. G.: Kinetics and prod-

doi:10.1029/2006GL026660, 2006.

Burkholder, J. B., Baynard, T., Ravishankara, A. R., and Lovejoy,
E. R.: Particle nucleation following theg@and OH initiated oxi-
dation ofa-pinene angB-pinene between 278 and 320K, J. Geo-
phys. Res., 112, D10216, 2007.

Burrows, J. P., Cliff, D. |., Harris, G. W., Thrush, B. A., and Wilkin-
son, J. P. T.: Atmospheric reactions of the $H@dical studied

ucts of the gas-phase reaction of §@ith water, J. Phys. Chem.,
100, 19911-19916, 1996.

Lovejoy, E. R., Curtius, J., and Froyd, K. D.: Atmospheric ion-

induced nucleation of sulphuric acid and water, J. Geophys. Res.,
109, D08204, doi:10.1029/2003JD004460, 2004.

Martin, D., Jourdain, J. L., and LeBras, G.: Discharge flow mea-

surements of the rate constants for the reactions OH+85@

by laser magnetic resonance spectroscopy, Proc. R. Soc. Lond. and HOSQ+0O5 in relation with the atmospheric oxidation of

A, 368, 463-481, 1979.

SOy, J. Phys. Chem., 90, 4143-4147, 1986.

Finlayson-Pitts, B. J. and Pitts Jr., J. N., and references thereinMcMurry, P. H., Fink, M., Sakurai, H., Stolzenburg, M. R.,

Chemistry of the Upper and Lower Atmosphere, Academic
Press, San Diego, CA, USA, 2000.

Friend, J. P,, Barnes, R. A. and Vasta, R. M.: Nucleation by free-
radicals from the photo-oxidation of sulfur-dioxide in air, J. Phys.
Chem., 84, 2423-2436, 1980.

Mauldin Ill, R. L., Smith, J., Eisele, F., Moore, K., Sjost-
edt, S., Tanner, D., Huey, L. G., Nowak, J. B., Edgerton, E.,
and \oisin, D.: A criterion for new particle formation in the
sulfur-rich Atlanta atmosphere, J. Geophys. Res., 110, D22S02,
doi:10.1029/2005JD005901, 2005.

Gleason, J. F.,, Sinha, A., and Howard, C. J.: Kinetics of the gasPayne, W. A., Stief, L. J., and Davis, D. D.: A Kinetics Study of

phase reaction HOS@0,— HO,>+SQ3, J. Phys. Chem., 91,
719-724, 1987.

Hanson, D. R. and Eisele, F.: Diffusion 0f,BO, in humidified
nitrogen: Hydrated HSQy, J. Phys. Chem. A, 104, 1715-1719,
2000.

Hoffmann T., Bandur, R., Marggraf, U., and Linscheid, M.: Molec-
ular composition of organic aerosols formed in th@inene/Q
reaction: Implications for new particle formation processes, J.
Geophys. Res., 103, 25569-25578, 1998.

icals, Granby, 1985; see ref. (11) in: Discharge flow measure-
ments of the rate constants for the reactions OH+8@ and
HOSG+0s in relation with the atmospheric oxidation of $O
edited by: Martin, D., Jourdain, J. L., and LeBras, G., J. Phys.
Chem., 90, 4143-4147, 1986.

Jayne, J. T., &chl, U., Chen, Y. M., Dai, D., Molina, L. T,
Worsnop, D. R., Kolb, C. E., and Molina, M. J.: Pressure and
temperature dependence of the gas-phase reaction piv80D

www.atmos-chem-phys.net/8/6365/2008/

the Reaction of HQ with SO, and NO, J. Am. Chem. Soc., 95,
7614-7619, 1973.

Penzhorn, R. D. and Canosa, C. E.: 2nd Derivative UV Spec-

troscopy Study of the Thermal and Photochemical Reaction of
NO, with SO, and SQ, Ber. Bunsen Phys. Chem., 87, 648-654,
1983.

Reid, R. C., Prausnitz, J. M., and Poling, B. E.: The Properties of

Gases and Liquids, McGraw-Hill, New York, 11, 1-20, 1987.

Riipinen, 1., Sihto, S.-L., Kulmala, M., Arnold, F., Dal Maso,
Howard, C., Communication at the 17th Symposium on Free Rad-

M., Birmili, W., Teinila, K., Kerminen, V.-M., Laaksonen, A.,
and Lehtinen, K. F. J.: Connections between atmospheric sul-
phuric acid and new particle formation during QUEST IlI-IV
campaigns in Heidelberg and Hygk, Atmos. Chem. Phys., 7,
1899-1914, 2007,
http://www.atmos-chem-phys.net/7/1899/2007/

Stockwell, W. R. and Calvert, J. G.: The mechanism of the HQ-SO

reaction, Atmos. Environ., 17, 2231-2235, 1983.

Atmos. Chem. Phys., 8, 63882008


http://www.atmos-chem-phys.net/4/1461/2004/
http://www.atmos-chem-phys-discuss.net/8/9673/2008/
http://www.atmos-chem-phys.net/7/1899/2007/

6374 T. Berndt et al.: Particle formation from OH+80

Wayne, R.: Chemistry of Atmospheres, Clarendon Press, OxfordYu, F., Turco, R. P., and &rcher, B.: The possible role of organics

242-245, 1991. in the formation and evolution of ultrafine aircraft particles, J.
Weber, R. J., Marti, J. J., McMurry, P. H., Eisele, F. L., Tanner, D.  Geophys. Res., 104, 4079-4087, 1999.

J., and Jefferson, A.: Measured atmospheric new particle formazZhang, R., Suh, I., Zhao, J., Zhang, D., Fortner, E. C., Tie, X.,

tion rates: Implications for nucleation mechanisms, Chem. Eng. Molina, L. T., and Molina, M. J.: Atmospheric New Particle For-

Comm., 151, 53-64, 1996. mation Enhanced by Organic Acids, Science, 304, 1487-1489,
Young, L.-H., Benson, D. R., Kameel, F. R., Pierce, J. R., Jun- 2004.

ninen, H., Kulmala, M., and Lee, S.-H.: Laboratory studies of

H2SO4/H20 binary homogeneous nucleation from the;$OH

reaction: evaluation of the experimental setup and preliminary

results, Atmos. Chem. Phys., 8, 4997-5016, 2008,

http://www.atmos-chem-phys.net/8/4997/2008/

Atmos. Chem. Phys., 8, 6366374 2008 www.atmos-chem-phys.net/8/6365/2008/


http://www.atmos-chem-phys.net/8/4997/2008/

