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Abstract. Nucleation experiments starting from the reaction fect was found to be more pronounced for relatively dry
of OH radicals with S@ have been performed in tHér - conditions, i.e. a rise of the particle number by 1-2 orders
LFT flow tube under atmospheric conditions at 2985 K of magnitude at RH=13% and only by a factor of 2-5 at
for a relative humidity of 13—61%. The presence of differ- RH=47% (NH; addition: 1.2102molecule cni®). Us-

ent additives (H, CO, 1,3,5-trimethylbenzene) for adjusting ing the amine tert-butylamine instead of BlHhe enhanc-

the OH radical concentration and resulting OH levels in theing impact of the base for nucleation and particle growth
range (4-300% 10° molecule cnm® did not influence the nu-  appears to be stronger. Tert-butylamine addition of about
cleation process itself. The number of detected particles agd0'®molecule cnm® at RH=13% enhances particle forma-
well as the threshold $80, concentration needed for nu- tion by about two orders of magnitude, while for jHnly a
cleation was found to be strongly dependent on the countsmall or negligible effect on nucleation in this range of con-
ing efficiency of the used counting devices. High-sensitivity centration appeared. This suggests that amines can strongly
particle counters allowed the measurement of freshly nucleinfluence atmospheric 2$04-H20 nucleation and are prob-
ated particles with diameters down to about 1.5nm. A pa-ably promising candidates for explaining existing discrepan-
rameterization of the experimental data was developed useies between theory and observations.

ing power law equations for ¥604 and HO vapour. The
exponent for HSOy from different measurement series was
in the range of 1.7-2.1 being in good agreement with those

arising from analysis of nucleation events in the atmospherel Introduction

For increasing relative humidity, an increase of the parti-

cle number was observed. The exponent feOHvapour  Simultaneous measurements of newly formed ultra-fine par-
was found to be 3.1 representing an upper limit. Addition ticles and HSOy in the lower troposphere reveal that new
of 1.2x 10 molecule cnt3 or 1.2x102moleculecm® of ~ particle formation is strongly connected to the occurrence of
NH3 (range of atmospheric NHpeak concentrations) re- H2SOs with concentrations of about $610” molecule cni®
vealed that NH has a measureable, promoting effect on the (Weber et al., 1996, Sihto et al., 2006, Riipinen et al., 2007).
nucleation rate under these conditions. The promoting efAs a result of these studies kinetic analysis shows that the
production rate of new particles can be described by a power
law equation for HISOy with an exponent in the range of

Correspondence tor. Berndt 1-2. From a mechanistic point of view, an exponent of 1 for
BY

(berndt@tropos.de) H,SOx can be explained by activation of pre-existing clusters
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by HoSO4, and an exponent of 2 by a simple bimolecular ment supporting the potential role of H§@Friend et al.,
step for BSO, being rate limiting in the course of nucle- 1980; Berndt et al., 2008; Laaksonen et al., 2008). Very re-
ation (McMurry and Friedlander, 1979, Kulmala et al., 2006, cently, Sipik et al. (2010) showed experimentally that with
Sihto et al., 2006, Riipinen et al., 2007). For the bimolecu-the help of high efficiency particle counters (Sépit al.,
lar step, this finding suggests that the critical cluster consist2009; Vanhanen, 2009) new particle formation can be ob-
of 2 HoSO4 molecules. The range of 4304 concentration  served in the laboratory for #4304 concentrations down to
observed for nucleation events in both laboratory and field as~10° molecule cnt3.  As a result of this study, there ex-
well as the deduced4$0, cluster composition are in contra- ists no clear discrepancy in the results of nucleation exper-
diction to the predictions of classical binary nucleation the-iments using either 504 from a liquid reservoir or pro-
ory for HoSOy/H20 (Kulmala et al., 1998). ducing bSOy in situ via the reaction of OH radicals with
Recently, the re-analysis of existing data sets from differ-SO,. From the viewpoint of process engineering the critical
ent measurement sites by Kuang et al. (2008) yielded an exissues in comparing the different experiments are the differ-
ponent of 2 within a very small range of uncertainty. This ent bSO profiles in the flow tubes (point source 0b8I0,
finding favours a bimolecular reaction obHO, producing  or continuous HSOy production) in connection with signif-
the critical cluster. The deduced rate coefficient for this stepicant wall losses, and the efficiency of the activation and
shows variation by three orders of magnitude. For expla-growth process inside the particle counters used, cf. &ipil
nation, Kuang et al. (2008) propose the existence of a furet al. (2010). These findings relativise the possible role of
ther gas-phase species that co-nucleates wisdj and sta- HSGs; products in the nucleation process. However, it re-
bilises the critical cluster. mains unclear what the reason for the observed NO effect on
From laboratory measurements a relatively wide range fomucleation rate is (Berndt et al., 2008).
the number of HSOy molecules in the critical cluster (slope: ~ The primary aim of this work is to investigate the pos-
Alog(J)/Alog([H2SOy])) as well as for the threshold4$0, sible role of HO vapour and NH for new particle forma-
concentration needed for nucleation is reported. For experition using high efficiency particle counters (detection limit
ments using HSO, from a liquid source, nucleation for dif- of ~1.5nm mobility diameter) as well as DMPS measure-
ferent relative humidities was detectable for concentrationaments for investigations at relatively highp80O; concen-
above 18-10°molecule cnt® (Wyslouzil et al., 1991; Vi-  trations (relatively high particle numbers with large diame-
isanen et al., 1997; Ball et al., 1999; Zhang et al., 2004).ter). NHz is believed to represent a third body in the at-
It was concluded from particle number measurements as anospheric nucleation process and theoretical studies pro-
function of bSOy concentration that 4-30 molecules of posed that atmospheric mixing ratios of Bt pptv-level
H>SOy are present in the critical cluster. can stabilize the critical cluster (Coffman and Hegg, 1995,
Experiments starting from the reaction of OH radicals with Korhonen et al., 1999). This idea has been supported by
SO, for in-situ H,SOy formation by Young et al. (2008) Ball et al. (1999) showing experimentally that tens of pptv
yielded threshold LSO, concentrations needed for nucle- of NH3 enhances considerably the nucleation rate at a rel-
ation of 16-1® moleculecn3. From measured slopes ative humidity of ~5 or 15% and for HSQs concentra-
Alog(J)/Alog([H2SQy4)) the researchers concluded that the tions in the nucleation zone of5x 10 molecule cnt3.
critical cluster contains 3-8 %04 molecules. More recently, a re-evaluation at theoretical level shows that
From our laboratory, however, using also the reactioneven a mixing ratio of 1-10ppbv NHis not able to trig-
of OH radicals with S@ for H,SOy formation (Berndt ger nucleation at 295K unless the %D, concentration ac-
et al., 2005), experimental evidence for the formation counts for at least Famolecule cnm® (Anttila et al., 2005;
of new particles was found for 30, concentrations of Merikanto et al., 2007). Benson et al. (2009) published ex-
~10" moleculecnt3.  The analysis of integral number perimental data for a temperature of 288 K showing an up to
measurements by means of commercially available UCPCs¢housand-fold increase of the nucleation rate in the case of
(UCPC: Ultrafine Condensation Particle Counter) revealedadded NH at levels of 10-50 ppbv under conditions 0f0
that measured slopes of |lag) vs. log([HoSO4]) were af- 10° molecule cnm3 of H>SOy in the system. The nucleation-
fected by the decreasing size-dependent counting efficiencgnhancing effect by Nilincreased with decreasingpBO,
of the UCPCs used fafp<3nm leading to an overestima- concentrations and decreasing relative humidity. Hanson and
tion of the slope logl) vs. log([H:SOQy]). Therefore, any  Eisele (2002) describe measurements of clusters consisting
discussions regarding the composition of the critical clusterof HoSO; and NH;. At 285K and for BSOy and NH;
have been omitted so far (Berndt et al., 2005). concentrations of 1.:910° and 3.5¢10° molecule cn13, re-
Recently, in two papers (Berndt et al., 2008, Laakso-spectively, several Pocluster cnm® were detected. Gener-
nen et al., 2008) the old idea dating from the eighties wasally, NH3 containing clusters were found being more stable
discussed that HS{as an intermediate from OH initiated than HSO4 clusters in absence of Ni A critical cluster
SO, oxidation could trigger new particle formation (Friend composition of 2 FHISOy molecules and 1 Ngimolecule is
et al.,, 1980). The experimental finding that high NO con- favoured.
centrations can suppress nucleation was taken as an argu-
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Kurten et al. (2008) performed a comparative study re-(Merck, >99.9%) and tert-butylamine (Fluk&;99.5%) di-
garding the role of NH and a series of amines in the atmo- luted with a carrier gas were supplied by a gas metering unit.
spheric nucleation process by means of quantum chemicdl, (99.999%, Messer) was directly added to the carrier gas
methods. It was concluded that amines can more efficientlyfflow. On-line GC-FID connected with a cryo-enrichment de-
support the nucleation than NHas the estimated 2-3 or- vice (detection limit for organics: a few 2Gnolecule cnr?
der of magnitude lower amine concentrations in atmospherelepending on the chemical structure) was applied for mea-
are overcompensated by the amingSi, complexes being  suring the consumption of 1,3,5-trimethylbenzene. Initial re-
much stronger bonded. actant concentrations were (unit: moleculeéy Oz: (3.6—

In a case study, using tert-butylamine as an example, alsé.4)x10'; SO: (0.21 - 104)%10'%; CO: 2.1x10'; 1,3,5-
first experimental results regarding the role of amines for nu-trimethylbenzene: 8:410'%; Hy: (1.77-240%10%. The
cleation are presented here. conversion of @ covered the range of 3.1-42%.

The total gas flow inside théT-LFT was set at 3.33, 10,

11, 20, 30, 40, or 50 mint STP resulting in a bulk resi-
2 Experimental dence time in the irradiated middle sections of 290, 97, 88,

48, 32, 24, or 19.3 s, respectively. The corresponding bulk
The nucleation experiments have been carried out in the atresidence times for middle and end section are 378, 126, 115,
mospheric pressure flow-tud€T-LFT (i.d. 8cm; length 62 42, 34, or 25.2's, respectively. All gas flows were set by
505cm) at 293:0.5K (Berndt et al., 2005). The flow tube means of calibrated gas flow controllers (MKS 1259/1179)
consists of a first section (56 cm) that includes the inlet sys-and the pressure in the tube was measured using a capacitive
tem for gas input (humidified air premixed with 8@om  manometer (Baratron). If the gas flow required for the an-
a calibration gas mixture, £from an ozone generator out- alyzers was higher than the carrier flow, the analyzers were
side of the flow tube and the OH scavengers BO or  connected to the flow tube individually. No dilution tech-
1,3,5-trimethy|benzene). The second section with a Iength Ohiques were app“ed CI-MS measurements were possib|e
344 cm (middle section) is equipped with 8 UV lamps (Hg- only for a total flow of 11 Imin'? or higher.
lamps made of quartz-glass PN235 with a cut-off wavelength - ror integral particle measurements a butanol-based UCPC
of 210 nm) for a homogeneous irradiation of the tube. At the(T5| 3025) as well as a ¥#0-based UCPC (TSI 3786) have
end of a third, non-irradiated section (105 cm) the samplingheen applied. Measuring particle size distributions, a differ-
outlets are attached. ential mobility particle sizer (DMPS) consisting of a Vienna-

Relative humidity was measured by means of a humid-type DMA and a butanol-based UCPC (TSI 3025) were used.
ity sensor (Vaisala), ©@and SQ by means of gas mon- For retrieving the size information from the measured mobil-
itors (Thermo Environmental Instruments: 49C and 43C)ity distributions, an inversion algorithm according to Strat-
or by long-path UV absorption spectroscopy (Perkin-Elmer:mann and Wiedensohler (1996) was applied. Besides the
Lambda 800) using a gas cell with a White-mirror optics ad- pipolar equilibrium charge distribution, in the inversion al-
justed at a path-length of 512 cm. gorithm, experimentally determined DMA transfer functions

As the carrier gas served high-purity synthetic air and CPC counting efficiencies, and particle losses in the sam-
(99.9999999%, Linde and further purification with pling lines are accounted for.

GateKeeper CE-500KF-O-4R, AERONEX). Stated
output gas impurity from GateKeeper is<500ppt 2.1 High sensitivity particle measurements
(~1.2x10"%moleculecm®) for NMHCs, HO and
CO, in sum. The NH concentration in the carrier gas A pulse height analysing ultrafine condensation particle
was found to be below the stated detection limit of counter, PHA-UCPC, (Weber et al., 1995) as well as a
2.5x10° molecule cnt® measured by means of a trace gas mixing-type CPC, M-CPC (Vanhanen, 2009), came into op-
monitor TGA 310 (OMNISENS). The performance of TGA eration allowing the detection of particles with a diameter
310 was checked using a NIST Nidtandard (type 40F3). down to about 1.5 nm. The PHA-UCPC comprises a butanol-
Simultaneously, NH concentrations were measured by based UCPC (TSI 3025A) with modified white light optics
long-path UV absorption confirming the certification of the and a multi-channel analyser (Dick et al., 2000). Pulse height
standard. There were no indications that TGA 310 was notanalysis technigue allows distinguishing between homoge-
functioning properly. neously nucleated droplets and droplets formed by heteroge-
O3 was produced outside of the flow tube by passing aneous nucleation on particles with sizes below 2 nm in mobil-
small fraction of the carrier gas through an ozone generaity diameter (Sipih et al., 2008, 2009). Therefore, very high
tor (UVP OG-2). SQ was taken from a 1 ppmv or 10 ppmv butanol super-saturations can be used to maximize the detec-
calibration mixture in N (Messer). The water needed for tion efficiency at sub-3 nm size range. The saturator temper-
the gas humidifier was obtained from an ultrapure water sysature of the UCPC was increased from nominadlGp to
tem (Barnstead, resistivity: 17.4®%cm). CO (99.997%, 43°C. Condensertemperature was kept &.(5olving heat
Air Liquide), 1,3,5-trimethylbenzene (99%, Fluka), BIH and mass transfer equations yielded the maximum saturation
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ratio of S~4.0 (in nominal operation settings~3.1). The plied by the instrument and setup dependent calibration fac-
detection efficiency — MCA channel relation of the PHA- tor.
UCPC was calibrated using ammonium sulphate particles The calibration factor is determined by photolyzing ambi-
classified in a high resolution DMA. Since the pulse heightent water vapor with a mercury lamp to generate a known
response is sensitive to particle chemical composition, theamount of OH radicals in front of the inlet (e.g. Mauldin
particle diameter — MCA channel relation was corrected us-et al., 2001). The produced OH radicals subsequently con-
ing sulphuric acid particles produced ifT-LFT and clas-  vert isotopically labeled*SO, into labeled sulfuric acid in
sified with a very short (11 mm) Vienna-type DMA (Sipil a well defined reaction time yielding finally after ionization
et al., 2010). A detailed description of the modified PHA- (H34SO;). A nominal detection limit of the CI-MS instru-
UCPC and its calibration as well as data inversion proceduresnent is 5< 10* molecule cnt® for a 5 min integration period.
are given in Sip#é et al. (2009).

The M-CPC comprises a particle size magnifier, PSM2.3 Determination of H,SO,4 concentration
(Vanhanen et al., 2009), and an external CPC (TSI-3010).
PSM is used to activate and grow sub 2 nm patrticles to size®esides CIMS, SO, concentrations were also determined
detectable with a simple CPC. Design of the PSM bases o#sing model calculations according to the following reaction
the work of Sgro and Feamdez de la Mora (2004). As the Scheme (Berndt et al., 2005):
working fluid, diethylene glygol is used. Choice of the work-
ing fluid bases on the findings by lida et al. (2009) who con-©3— - = 20H (R1)
cluded that due to its high surface tension and low saturatiorb
vapour pressure a high saturation ratio is acquired without
homogeneous nucleation. Thus, the activation of existingo
seed aerosol down to sizes well below 2 nm becomes possi-

ble in absence of background from homogeneous nucleatiorbHJr 1,3,5— trimethylbenzenes organic products (R2c)
Calibration results (Vanhanen et al., 2009) have shown that o

H+ H,— products (R2a)

H-+CO— products (R2b)

PSM detects charged particles with unity approaching effi-oH+ S0,— ... — H,SOy (R3)
ciency (practically diffusion loss limited) down te1.5 nm.
Below that still>50% of the smallest calibration ion, tetra- H,SO;— wall (R4)

methyl-ammoniume-ion, with mobility equivalent diameter of

1.05nm, was activated in the PSM in comparison to refer- For each experiment the effective photolysis rate co-
ence electrometer. Since the patrticle sizes in our experimentsfficient k1 was determined separately measuring the O
ranged up from~1.3 nm, we assume the unity detection effi- decay. A very stable photolysis rate was found dur-

ciency for the M-CPC in this study. ing the whole measurement period confirming stable op-
eration conditions of the UV lamps. In order to ad-
2.2 CI-MS measurements just the needed OH radical level in the flow tube, ei-

ther H, CO or 1,3,5-trimethylbenzene were added con-
Sulfuric acid in thelfT-LFT was measured with a Chemi- suming the major fraction of generated OH radicals. Rate
cal lonization Mass spectrometer, CI-MS (Eisele and Tan-coefficients (unit: crimolecule! s kr2a=6.7x10715,
ner, 1993; Mauldin et al., 1998; R et al., 2009). In short,  kg,,=2.4x1013 (DeMore et al., 1997)kroc=5.7x10"11
the measurement proceeds as follows. The sulfuric acid ifKramp and Paulson, 1998) ariks=1.2x10"12 (Zell-
the sample flow is chemically ionized by (N®ions. The  ner, 1978) were taken from literature. From results given
reagent ions are generated by nitric acid arfd’Am alpha by Stockwell and Calvert (1983) it can be concluded that
source and mixed in a controlled manner in a drift tube uti- more than 80% of the reacted 5@ converted to KHSOy.
lizing concentric sheath and sample flows together with elecTherefore, the assumption of a formation yield of unity for
trostatic lenses. H,SOs from the overall process of SOoxidation (path-

Prior to entering the vacuum system, the chemically ion-way R3) should be applicable. For the wall loss of

ized sulfuric acid molecules pass through a layer of dry nitro-H2SOy, a diffusion controlled process is assumed apply-
gen flow in order to dehydrate the sulfuric acid. In the vac-ing krs4=3.65D(H2SOs)/r? with the diffusion coefficient
uum system the sulfuric acid clusters are dissociated to th®(H2SOy) given by Hanson and Eisele (2000). The stated
core ions by collisions with the nitrogen gas seeping throughH>S0O, concentrations represent average values for the irra-
the pinhole in the collision-dissociation chamber (Eisele anddiated middle section.
Tanner, 1993). The sample beam is collimated with a set of In Fig. 1 examples of bSO, profiles in the irra-
conical octopoles, mass filtered with a quadrupole and dediated middle section and the end section of ffie-
tected with a channeltron. The sulfuric acid concentration isLFT are given for S@ concentrations of 6:310° and
determined by the ratio between the signals at mass 97 amb.3x 10 molecule cn® (total flow: 111mim?! STP; Q:
(HSQ;) and the reagent ion at mass 62amu N@nulti-  3.5x 10 molecule cn®; CO: 2.1x10%molecule cnt).
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Fig. 1. HySOy profiles in the irradiated middle section and

the end section offT-LFT for SO, concentrations of 6:310°
and 5.3<1019moleculecm?® (total flow: 11Iminl STP; G
3.5x 10 molecule cm3; CO: 2.1x10molecule cnt3). The
dashed lines represent the averag&g, concentrations in the ir-
radiated middle section of 3:x4.0° and 2.8<10’ molecule cn73.

The dashed lines show the averageSHy concentra-
tions in the irradiated middle section, i.e., 340° and

2.8x 10" molecule cnt3 for the considered S concen-

trations of 6.%10° and 5.3<10°molecule cn3, respec-
tively. Corresponding maximum #$0, concentrations at
the end of the irradiated middle section are>518° and

4.4x 10" molecule cn3.

3 Results and discussion
3.1 Model evaluation

Experimentally it is difficult to measure 430, concentra-

7105

=
o
™
il

=
o
2
1

CIMS [H,80,] (molecule cm®)

T relative humidity
, A 10%
10°7 o 22%
J * 44%

10’
[H,50,] (molecule cm™)

Fig. 2. Comparison of measured §#30,4] with modelling results
for [HoSOy] for 3 different relative humitities. The dashed line
shows the 1:1 line. The total flow ifiT-LFT was set at 11 | mint
(residence time in irradiated middle section of 88s). Initial reac-
tant concentrations are (unit: moleculet?r); Os: 3.4x10M; SOy:
(0.32-23)x 10'%; CO: 2.1x 10,

count (length: 97 cm, 50Oy loss: 41%). Error bars rep-
resent the total uncertainty of280, measurements being
approximately a factor of 2. Generally, the modelling results
for [HoSOy] are in good agreement with the CI-MS8I0,
measurements. For relatively highp$0, concentrations
([H2S0y4] >(3-5)x 10" molecule cn3) increasing deviation

of measured concentrations from the expected 1:1 line is vis-
ible. This behaviour is more pronounced for high RH in the
system. Increasing the total gas flow from 11 to 20 Indin
STP (i.e. lowering the residence time in the middle and end
section from 115 to 62 s) results in less curvature of CI-MS
[H2SOy] vs. modelled [HSO4] in the region of high HSOy
concentrations, cf. Sifl et al. (2010). From the kinetic

tion directly in the nucleation zone. Loss processes occurpoint of view, this behaviour can be explained by additional

ring during the transfer of 550, from the nucleation zone to

H,SO4 consuming steps (not accounted for in the model)

the detector make corrections necessary which represent dseing more important in the case of high$0, concen-

additional source of uncertainties. In this study3@, con-
centrations are calculated using the measurements o6

trations and long residence times. Initially (for{8I04] >
(3-5)x 10" molecule cnm3), the curvature can be described

version in the irradiated middle section in combination with by an additional 2nd order process. With further increas-
a kinetic scheme with well-established rate coefficients andng H,SQO, concentration, the $804-consuming processes

well-known concentrations for OH radical consumers,(H
CO, 1,3,5-trimethylbenzene) and 80

In order to show the reliability of the modelling for80,
determination thdfT-LFT outlet was directly attached to
a CI-MS for bSO, measurements.
comparison of measured,B0O, concentrations with mod-

gain importance with the overall order being higher than 2.
In the same way as the additional loss af3@, out of the

gas phase was observed, particle formation became more im-
portant with increasing residence timep$0,; concentra-

Figure 2 shows the tions and RH, see explanations later. Size distribution mea-

surements revealed that the detected particles (assuming that

elling results for HSOy concentrations at the outlet of the they consist of HSOy exclusively) account only partly for

IfT-LFT for a total gas flow of 11Imin! STP and a rela-

the missing HSQy fraction. E.g., at a relative humidity of

tive humidity of 10, 22 or 44%. In the given data the dif- 44% (simulated [HSQy] = 1.5x 10° molecule cn® and ClI-

fusion controlled wall loss in the tubing betwed#f -LFT

MS: [HoSOy] = 3.1x 10" molecule cn®, cf. Fig. 2) particu-

outlet and the inlet of the CI-MS has been taken into ac-late HSO; amounts to 2.6 10" molecule cn3. Although

www.atmos-chem-phys.net/10/7101/2010/
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Fig. 3. Total particle numbers for different additives for ad-
justing OH levels in the flow tube; total gas flow: 3.33 litre
min~1; RH=22%; HO-based UCPC (TSI 3786), growth
tube: 78C, saturator: 2C. Initial reactant concentrations
are (unit: moleculecmd); Os: (1.4-3.7x10'1; SO,: (0.33-
806)x 1010, CO: 2.1x10'%; 1,3,5-trimethylbenzene: 8410,
Ho: 1.77x10 or 2.4x107. The amount of reacted 1,3,5-
trimethylbenzene was (5.6 - 6:410'9 molecule cn13.

uncertainties of the measurements and the model output d
not allow a precise mass balance, this indicates that be

side the detected particles alse30, containing clusters

are present accounting for a significant fraction of missing

H2SOy.

3.2 Adjustment of OH concentrations by H, CO or
1,3,5-trimethylbenzene and the purity of the carrier
gas

The predominant fraction of generated OH radicals (via path
way R1) is consumed by HCO or 1,3,5-trimethylbenzene
in order to lower the OH radical concentration in the

flow tube close to atmospheric levels. In each case, the(NMHCs H,O and CQ in sum).

ry study on new particle formation from the reaction S

residence time
O 290 sec
97 sec

32 sec
19.3 sec

"apparent” nucleation rate (cm®s™)

[ ]
A
P

[H,50,] (molecule cm™)

Fig. 4. Apparent nucleation rate as a function of$0, concentra-
tion for different residence times in the irradiated middle section of
thelfT-LFT; RH =22%; butanol-based UCPC (TSI 3025).

nected with a cryo-enrichment technique. The obtained
ratio of reacted 1,3,5-trimethylbenzene and, @\[1,3,5-
trimethylbenzenelk[O3] =2+0.4, supports the validity of
the reaction scheme, cf. Sect. 2.3. It is to be noted, that a
change of the OH concentration fronx40° molecule cn3
f 3x10” molecule cm® does not influence the number
of particles detected. That indicates that also oxidation
products arising from any gas impurities (with nearly stable
background concentrations) do not significantly contribute
to the particle formation observed, as an increase of the OH
concentration by about 2 orders of magnitude causes also
an up to 2 orders of magnitude higher formation rate of the
oxidation products from these impurities. (Note: In each
case the detected particle number was a function &®.
If the OH radical concentration was reduced,,S@d to be
increased accordingly.)

The carrier gas used after purification had a stated
residual amount of impurities of1.2x 1019 molecule cn®
By means of on-line

concentrations of the additives are high enough that conc_gip technique including cryo-enrichment (calibrations

sumption of OH radicals by diffusion controlled wall loss

using 1,3,5-trimethylbenzene and furan yielded a detection

can be neglected in the modelling scheme, i.e. for examplej it of a few 1P molecule cnt® for organics) no signals

krodH2] >>kwai.on- In Fig. 3 measured particle numbers are
depicted from experiments at RH =22% with a total gas flow
of 3.33Imim! STP using the 3 different additives. Max-
imum OH concentrations arexA0’ ([CO]=2.1x10'),
8x10°  ([1,3,5-trimethylbenzene] =8:410'1),  4x10°
([H2]=2.4x10') and 3x10" ([H2]=1.77x10%), all con-
centrations in moleculecni. The particle measurements

for organic impurities were observed. PTR-MS measure-
ments (Hansel et al., 1998) in the range of 50-250 Dalton
have been performed using the pure carrier gas as well as in
the presence of $O and the trace gases. Also as the result
of this analysis, there was no indication for the occurrence
of any impurities pointing at impurity concentrations below
10° molecule cnT2 (see Sipia et al., 2010). However, it is

do not show any dependence on the chemical nature anflo; hossible to rule out any impurities being out of range of

the concentration of the additive used. This indicates thaljetectable substances for the analytical techniques applied
the additives themselves or reaction products of those arggq o

not significantly involved in the nucleation process. In
the case of 1,3,5-trimethylbenzene, the disappearance of
this organic was followed by means of a GC-FID con-
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3.3 Importance of residence time in nucleation
experiments 10°4

)

The experimentally observed curves for particle number vs. <
[H2SO4] measured by means of a butanol-based UCPC (TSI*
3025) showed a strong dependence on the residence time o
the reaction gas in the flow tube. Scaling by time, i.e. di-
viding measured particle numbers by the residence time in g

the irradiated middle section, reveals that also the curves for § 10+

rate Ttm™s

esidence time

(5]
nucleation rate vs. [(5Qy] are clearly dependent on the res- 3 . gg e E‘;AH_QF'}(;?PC)
idence time, see measurements at RH=22% in Fig. 4. (The 10047 ' A 32sec (PHA-UCPC)
nucleation rate in Fig. 4 is stated as “apparent”, for expla- * 24sec (PHA-UCPC)
nation see below.) The measured particle numbers represent . | * 24sec (M-CPC)
the overall result of i) the nucleation process itself, ii) the e

growth of stable nuclei towards the size detectable with the [H,S0,] (molecule cm®)

particle counter used, and iii) the counting efficiency depend-

ing on the final particle size. From the data given in Fig. 4 it Fig. 5. Nucleation rate as a function of430, concentration for

is obvious that the growth process (coupled with the size-different residence times in the irradiated middle section offfie
dependent counting efficiency of the counter) governs theLFT; RH=22%. Measurements have been performed by means of
particle number measured. The deduced values for J increadgdHA-UCPC and M-CPC. Full line represents the overall best fit
with increasing residence time in the flow tube, e.g. for according to Eqg. (1), dashed line stands for the fitting result con-
[H2S04] = 6x 10" molecule cn3 J rises from 0.1cm3s~1  straining the exponent fory80, at 2.

(19.3s) to 100cm® s~1 (290s). Consequently, the result-
ing nucleation rates represent only “apparent” values/for

being clearly influenced by the growth process and the ab'I'STP), 13% (301 min® STP), or 10% (40 | min* STP). For

ity of the used counter to detect small particles. Measure]arger particles the losses are of less importance. Corrections

rr;ezngtg of thde psamcle siz€ td|st_tr|but|ofl111:;)8r a Ire5|(|jeng$3t|mef0r particle loss have not been included. Linear regression
0 § and H50, concentrations o molecule analysis has been performed according to:

showed mean particle diameterse8 nm. That is the stated
cut-off size of the used butanol-based UCPC (TSI 3025). In
this range of HHSO4 concentration the total particle numbers |og(J/cm—3 shH= (1)
arising from integrating over the size d|str|but|ons were in log(k/cm~2 s71) + alog([H2SOu]/molecule cr®)
reasonable agreement with the numbers of integral measure-
ments. This fact suggests that for these experimental condi- (J =nucleation rate). The application of a power equation
tions (long residence time and relatively high concentrationsaccording to Eq. (1) (here in logarithmic form) is in line with
of HoSOy for effective growth) the majority of newly formed the nucleation theorem (Kashchiev, 1982). In this context,
particles are measurable by means of the UCPC (TSI 3025}he parametes stands for the number of 4304 molecules
used, and consequently, the resulting nucleation ratase in the critical cluster. The analysis yielded=1.80+0.06
less affected by particle growth and decreasing counting efand k=1.3x10"12cm=3s~1 (full line in Fig. 5). Set-
ficiency. ting « =2 as a fixed valugk =4.2x10 ¥ cm=3s1 follows

In a second set of experiments at RH =22%, particle mea{dashed line in Fig. 5). For the individual data series in
surements have been performed by means of a PHA-UCPEig. 5, « is in the range of 1.7-2.1. Constrainingto an
and a M-CPC (both counters with a cut-off size down to integer value, i.ee =1 or 2, a number of one or two3i30,
1.5nm in mobility diameter) instead of the butanol-basedmolecules in the critical cluster follows assuming that the nu-
UCPC (TSI 3025) as used before, cf. Fig. 5. Using thesecleation step is rate limiting. The presence of one or two
high sensitivity counters no clear dependence of derived nuH,SO;s molecules in the critical cluster is in clear contra-
cleation rates on the residence time in the flow tube was obdliction to the reported values from former laboratory stud-
served. Obviously, in this case, particle growth is not theies, i.e. 4-30 (Wyslouzil et al., 1991), 21 or 10 (Viisanen
limiting step and the counting efficiency is high enough thatet al., 1997), 7-13 (Ball et al., 1999), 3-8 (Young et al.,
the majority of formed particles can be detected. A compara2008), 9-10 (Benson et al., 2009) but in line with Sipil
tive study using PHA-UCPC, M-CPC and the butanol-basedet al. (2010) using also particle measurements by means of
UCPC (TSI 3025) is given by Silet al. (2010). Aroughes- PHA-UCPC and M-CPC. The agreementeafvalues from
timate regarding the particle loss in tH&-LFT was carried  this study with those reported from observations in the at-
out assuming a loss process starting in the middle of the irramosphere (Weber et al., 1996; Kulmala et al., 2006; Sihto
diated section to the point of detection. For the 3 flow rateset al., 2006; Riipinen et al., 2007; Kuang et al., 2008) is

used, the loss of 1.5 nm particles amounts to 31% (11 tin
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10° ity was set to 15%. Young et al. (2008) used a residence time
of 19 s. In our experiment the residence time in the irradiated
10° middle section was 19.3 s and 25.2 s in total for the middle

and end section together. The same kind of particle counter
(TSI 3786) was used in both experiments.

When comparing the results by the TSI 3786
counter for a particular concentration of J8Q4] (e.g.
2x10® molecule cn®) a difference in the integral particle

particle number (cm®)

A TSI 3786 (raw), Young et al. numbers of 2—3 orders of magnitude between our measure-

10° £ 133780 o), Young etal. v ments and the results of Young et al. (2008) is observed, cf.
® PHA-UCPC Fig. 6. This relatively large difference is mainly caused by

10"4 % M-CPC the fact that the particle concentration is a steep function of
R [H2SO4]. Trying to explain the differences in terms of the
[H,S0,] (molecule cm®) H>S0O, concentrations, a difference of about a factor of 2

follows. Our SO, concentration represents an average
Fig. 6. Measured particle numbers as a function of end$By] at value for the irradiated middle section of tHi€-LFT. On the
288K (cf. Figs. 9 and 10 in Young et al., 2008) and as a functionother hand, data given by Young et al. (2008) represent the
of average-[FHSQy] at 293 K from this studyI{T-LFT); RH = 15%. end HSO, concentrations at the system outlet (the initial
Measurements have been done by means)@-Hased UCPC (TSI value is 2.4 times the end value). Furthermore, the axial
3786), PHA-UCPC and M-CPC. UCPC (TSI 3786) used inlfie 1,50, profiles in both tubes are not identical due to the
LFT experiments operated at the default temperature settings, tim§ifferent approaches applied for,B04 production (point

for number averaging: 60-300s. The residence time was 19s in thg : :
. ) ource for HSOy in the experiment by Young et al. (2008)
Young et al. (2008) experiments. TH& -LFT was operated with a and continuous kSO, formation in the IFT-LFT). The

residence time of 19.3 s in the irradiated middle section (25.2s for . . .
different temperatures used in the two experiments, 288K

middle + end section). For explanation of the corrections done by ) -

Young et al. (2008) see the original work. or 293K, can also influence the results. Generally, higher
particle numbers are expected for lower temperatures. In
conclusion, when considering the different definitions of

very good. Kuang et al. (2008) reported pre-exponential K-H2S04 concentrations, the different concentration profiles in

values according td = K [Ho,SOy]? from different measure-  the flow reactors, and the differences in temperature, it can

ment sites being in the range of (1-168a0 “4cm?s 1. be stated that results from the two experiments agree within

The value from this study,=4.2x104cm3s 1 fora =2 their uncertainties applying the same kind of a particle

according to Eq. (1), is at the lower end of the range derivedcounter (TSI 3786).

from atmospheric measurements. (Note, the different units But, comparing the results of integral particle mea-

for K and k arise from the logarithmic notation in Eq. (1), surements done by the ;B-based TSI 3786 counter

the numerical values are comparable.) Differences in the prewith the PHA-UCPC and the M-CPC a clear disagree-

exponential factors can be probably explained by differentment is observed regarding both, the thresholgS&

H,0 concentrations and temperatures during the nucleatiogoncentrations needed for nucleation, and the slopes,

events as well as by the occurrence of elevated concentrationslog(NV)/Alog([H2SQy]) =7.9 (TSI 3786); 2.0 (PHA-

of bases (NH or amines) at the different sites, see later. UCPC); 1.8 (M-CPC), cf. also Sigil et al. (2010). For
the short residence time used here as well as for the rela-

3.4 Comparison of IfT -LFT results with nucleation tively dry conditions only a small fraction of nucleated par-

data by Young et al. (2008) ticles is able to grow into the detection window of the TSI

3786 counter. This leads to a clear overestimation of the

As a case study, results from nucleation experiments bythreshold HSQO, concentrations as well as too steep slopes

Young et al. (2008) are compared with our findings from Alog(N)/Alog([H2SOy)).

the IfT-LFT at nearly comparable, experimental conditions.

Young et al. (2008) conducted nucleation experiments start3.5 Influence of HO vapour

ing also from OH + S@ in a flow reactor using Chemi-

cal lonisation Mass Spectrometry (CI-MS) measurements for3.5.1 Nucleation rate

the determination of F5O4 concentrations. OH radicals are

formed by UV-photolysis of HO directly at the beginning In the next set of experiments, particle measurements by

of the nucleation zone. Figure 6 shows measured particleneans of the PHA-UCPC and the M-CPC were repeated for

numbers as a function of end §BO4] at 288K by Young et  RH higher than the standard value of 22%, trying to explore

al. (2008) and the comparable data friffi-LFT as a func-  the importance of KO vapour concentration in the process of

tion of [HoSOy] at 293 K. In both studies the relative humid- new particle formation. As a result of a former study using
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Fig. 7. Nucleation rate as a function ofJd30, concentration for
different RH; total gas flow 111min! STP. Measurements have
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ances, because the numerical values of derived nucleation
rates/ span several orders of magnitude.
Z(Jimodel/Jimeasuretj_ 1)2=min (3)

This approach ensures that relatively small values in the
least-square sum are not undervalued.

According to Eq. (2a) the parameter fitting yielded
o =1.86£0.03,8 = 3.08£0.09 andk = (2.33+1.87)x10~Y/
cm~3s1. For Eq. (2b) = 1.86+0.03,8 = 3.08+0.09 and(’
= (1.05+0.98)x 107 1% cm3 s~ follows. The dashed lines
in Fig. 7 show the modelling results using Eq. (2a). Note,
a values of 1.6-2.0 were obtained for the individual mea-
surement series by means of linear regression analysis ac-
cording to Eq. (1). There was no hint that with increas-
ing RH theo values were systematically lowered. Conse-
guently, activation of impurities (potentially arising from e.g.
éhe water saturator) by 460, should be of minor impor-
ance as such a mechanism should be 1st ordern$Cxl
Furthermore, it is obvious that the data measured by the
PHA-UCPC at RH=61% are not adequately described us-
ing Eq. (2a) or (2b). On the other hand, excluding this data

our experimental approach (Berndt et al., 2005), a distincts?t in the fitting procedure does not change the fitting results

increase of the particle number with increasing RH was o
served. In the present paper, focus was on data for K6

being the most relevant humidities for atmospheric condi- ) =
for the data set at RH=22% given here and by &imt

tions. Figure 7 shows experimental results of the nucleatio
rate as a function of }50, concentrations for a total flow
of 11Imin~1 and 3 different relative humidities. Nucleation

p-Significantly (Eq. 2b: «=1.88+0.03, #=3.00+0.08 and

k' =(1.03:£0.84)x10"1° cm3s71). The exponent =1.86
for H,SOy is nearly the same as found according to Eqg. (1)

al. (2010). The exponent for2® vapour,s =3.08, points
at a strong promoting effect of4® vapour for nucleation.

rates were obtained by dividing measured particle numbers !t 1S 0 be noted here that the analysis of the mea-
by the residence time in the irradiated middle section of 88 sSured growth rate points to the possible presence of growth-
By means of both counters a clear increase of nucleation ratghhancing substances arising e.g. from the water saturator
with increasing RH is visible. The results from the PHA- (S€€ section below). -Consequently, it cannot be ruled out
UCPC suggesting stronger RH dependence compared to tHbat also the nucleation was influenced by these impurities,
M-CPC data. Currently, no explanation for this different be- @nd the exponenf =3.08 found for the water dependence
haviour can be given. must be considered as an upper limit.

For simultaneous determination of the exponent for Analysis of atmospheric nucleation, however, shows an

H,SO4 () and for RH or BO vapour g) in Eq. (2a) and inhibiting overall effect of HO vapour on the nucleation
(2b) all measured data were used. process (Laaksonen et al., 2008), probably caused by any

other, indirect effects governing the overall influence e€H
vapour . From all other laboratory experiments, also an en-
hancing effect of HO vapour is reported. The deduced num-
ber of HO in the critical cluster (corresponding £ span

wide range of values, i.e-9 (Wyslouzil et al., 1991), 46
Ball et al., 1999), 6-15 (Benson et al., 2009).

Regardless of the fact thatrepresents an upper limit, sim-
ulated nucleation rates according to Eq. (2a) for RH=22%
and RH =61% have been compared with atmospheric nucle-
ation rates as observed in Heidelberg (February—April 2004)
and Hyytala (April-May 2005) (Riipinen et al., 2007), cf.
Fig. 8. The agreement between simulation and atmospheric

For carrying out maximum Likelihood estimatesaf 8, observations is good. For comparison, Figure 8 shows also
andk (k') a damped Gauss-Newton technique was appliedesults of parameterizations derived from atmospheric mea-
(Nowak and Deuflhard, 1985). In this least-squares methodurements in Tecamac (March 2006) and Hifti(March
relative variances were minimised instead of absolute vari2003) as given by Kuang et al. (2008) which are well in line

J =k([H2SOs]/molecule cn)® (RH/%)”? (2a)

In order to convert the values for RH at 293 K to absolute
H20 vapour concentrations a saturation vapour pressure o
23.41 mbar was applied (Goff, 1946).

J= (2b)
k ([H2SOs]/molecule cnm3)® ([H,0]/10° molecule crit3)?
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104 ., Tecamac 03/2006
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Fig. 8. Comparison of simulated nucleation rates according toFig. 9. Detected mean particle diameters from DMPS and PHA-
Eg. (2a) for RH=22% and RH=61% with atmospheric data ob- UCPC measurements as a function af3@, concentration; RH
tained in Heidelberg and Hyytia (Riipinen et al., 2007) as well  22% or 61%; total gas flow 11 mirt STP.

as results of derived parameterizations from atmospheric measure-

ments in Tecamac and Hyitéa as given by Kuang et al. (2008).

Period of measurements is given behind the sites, month/year. 352 particle growth

. ... _As aresult of PHA-UCPC analysis an increase of the mean
=619 . . L. . . . .
with Eq. (2a) at least for RH=61%. The parameterization article diameter with increasing RH was visible, i.e. beside

given here 1S based on experimental data obtained at 293 he nucleation rate also the growth process is significantly en-
Atmospheric measurements, however, have been performeﬁianced by HO vapour. In Fig.9 the PHA-UCPC data along
in the range of lower temperatures with no definite speci- ; :

ficati L .  th hould ~ with results from DMPS measurements for elevate$@,
ication. f tﬁwer;fng tp t et tempzrggte SEOU 5 calg,e t?n N“concentrations are depicted. Qualitatively, mean particle di-
c;(heasio q etel ec 'V? rate cote Ict thn g. (2a). On the ameters derived by both techniques show a similar trend. It
otherhand, at lower temperatures _gO_—l_vapour CONCEN" s to be noted that diameters o2 nm derived from DMPS
tration in the atmosphere_ can drop significantly leading to & easurements can be influenced by the inaccuracy of the
decrease of t_he 10 term. in Eqgs. (2a) anq (2D). Thereforg, CPC counting efficiency applied in the inversion algorithm.

a more detailed analysis of atmospheric data considering The observed particle growth at RH=22% is in good

the influence of RH (RO vapour concerjtratmn), tempera- agreement with theoretical predictions. The strong enhance-
ture and background aerosol concentrations and temperature:

dependent measurements from the laboratory are needed. ment of growth with increasing humidity, however, surpasses

. - . the prediction from theoretical considerations (Nieminen et
The experimental findings given are clearly contrary to

the predictions of the binary homogeneous nucleation the?I" 2010). According to this theoretical work, the experimen-

ory, HpSO4-H,0 (Vehkaniki et al., 2002; Yu, 2007). On the tally ob_served_e_nhar_lcgment of growth is more than ex_pected
assuming collision limited growth by 450, together with
other hand, the laboratory data (except for the water vapour .
o : . a few co-condensing water molecules peiSi; molecule.
dependence) are well in line with atmospheric measurement

of new particle formation events, cf. Fig. 8. It is still un- E)bwously, water alone is not enough to explain the growth

: : . behavior found. The explanation for this strong enhancement
clear what the nucleation mechanism behind our laboratory e .
S unclear and we cannot exclude the possibility that addi-

. ) . S
observatlons_ as well as behind the nucleation process m.thﬁonal condensing vapors were introduced into the flow tube
atmosphere is. We cannot rule out the presence of any 'mfogetherwith the humidified gas
purities in the flow tube with concentrations below a few '
10° molecule cn® and, consequently, the participation of a 36 Addition of bases

third component (e.g. an amine, see later) in the nucleation”

process. Obviously, if these impurities are important, they3 61 NHs

must be present in both the atmosphere andfiheFT car- e

rier gas in comparable amounts. In experiments with Nladdition the measurements of WH

concentrations have been performed at the inlet and the out-
let of IfT-LFT by means of an OMNISENS TGA310 system
(stated detection limit: 2:510° molecule cnT3). All mea-
surements shown here were conducted with a total gas flow
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Fig. 10a. Particle numbers as a function 08O, concentrationin  Fig. 10b. Particle numbers as a function 0pHO, concentration in
absence and presence of pEddition; total gas flow: 301 mint absence and presence of lEddition; total gas flow: 301 mint
STP. Relative humidity: 13%. STP. Relative humidity: 47%.

of 30Imin~1 STP resulting in a relatively short residence an increase of the particle number becomes visible for both
time in the flow tube, 32 sec in the irradiated middle section.counters. The rise of particle number is more pronounced
Under this flow condition, after a waiting time of about 1 h in the case of dry conditions, i.e. 1-2 orders of magnitude
(to equilibrate gas and walls) the measuredsMidncentra- ~ at RH=13% (Fig.10a) and only a factor of 2-5 at RH=47%
tions at the inlet and the outlet were nearly identical. Distinct (Fig. 10b). Qualitatively these findings are in line with exper-
differences between inlet- and outlet-concentrations were obimental results by Benson et al. (2009) stating that in the case
served in the case of flow rates of 101 miSTP and below.  of NH3 addition (5< 10! molecule cnm3) the nucleation en-
Before starting an experiment (without NHdditions) no  hancing effect is distinctly higher for relatively dry condi-
NH3 background signal was measureable. For maintenanclons, i.e. enhancement by a factor of 1000 at RH=4% and
(avoidance of NH memory effects), beside the standard pro- by a factor of~2 at RH=33%. Benson et al. (2009) also
cedure between the experiments and at night-time (flushingoncluded that the deduced number o880 in the critical
with a small stream of dry carrier gas) the flow tube was alsocluster is lowered in the presence of Bldicating a stabi-
flushed under low pressure (10-20 mbar) from time to timelizing effect of the critical cluster. Our measurements did not
and the jacket-temperature was set atG0 show a clear change of the slopéog(N)/ Alog([H2SOu]) as
Figure 10a and b show measurements of the particle num@ result of Nk addition with exception of PHA-UCPC mea-
ber as a function of K5O, concentrations in absence and Surements at RH =13% suggesting a small rise of the slope.
presence of a Nladdition of 1.2 10*2 molecule cni3 for a Benson et al. (2009) used in their study a butanol-based TSI
relative humidity of 13% and 47%, respectively. A lebn- 3776 counter. It can be speculated that insufficient count-
centration of 1.2« 10*2 molecule cr? is representative for a ing efficiency of the commercial counter (TSI 3776) affected
maximum value in agricultural areas (Robarge et al., 2002)2dain the derived slopeslog(N)/Alog([H2SQu)) as given
In the case of the highly populated area of New York, a meary Benson et al. (2009).

NH3 mixing ratio of 5 ppbv (1.2 10 molecule cnt3) is re- The latest development of ternan,&0,-NHs-H>0 nu-
ported (Bari et al., 2003). Both Ntiata represent peak con- cléation theory considering the effect of MHSO, forma-
centrations in the atmosphere. tion (Anttila et al.,, 2005, Merikanto et al., 2007) shows

A comparison of the measured particle numbers in Fig.10412t even for NH n;ixing ratios of 1-10ppbv (2.4 -
and Fig. 10b without NK addition shows that in the case 24_'X101 molecule cnm) NH3 is not able to influence nucle-
of dry conditions (Fig. 10a, RH = 13%; relatively small par- ation at 295K unless thge %0, concentration amounts to
ticles) TSI 3025 is able to detect only a small fraction of &t least 18molecule cn®. That means that state-of-the-art
the particles counted by PHA-UCPC. For relatively wet con- t€rnary nucleation is not able to describe our fmdmgs_. Ba-
ditions (Fig. 10b, RH=47%:; relatively large particles) the sically, the theory does not allow any ter.nary nucleation in
measurement series from both counters are closer togeth@Ur Systém. On the other hand, the classical terna§Gy-
and start to merge for high2$0, concentrations. Also here NHs-H20 nucleation theory (Napari et al., 2002) clearly
it is clearly seen that the counting efficiency of the chosen®verestimates the measured new particle formation under our
counter strongly influences the results, cf. explanations ir€XPerimental conditions.
the sections before. Adding x40 molecule cnm3 NH3
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Fig. 11a.Particle size distributions obtained in absence or presencd-ig. 11b. Particle size distributions obtained in absence or

(1.2x10M or 1.2x102molecule cnT3) of NH3 additions or tert-  presence (1.210' or 1.2x102molecule cn3) of NH3 addi-

butylamine (1. 10 molecule cnt3); total gas flow: 30Imiml  tions or tert-butylamine (1610 or 7.5x 10 molecule cnt3);

STP. Relative humidity: 13%; [$B50y] =8x 108 molecule cnt3. total gas flow: 30Iminl STP. Relative humidity: 47%;
[H2SOy] = 2x 108 molecule cnv3.

In Fig. 11a and b size distribution measurements in
absence and presence of NHdditions (1.%10% or experimental work is needed. Especially from cluster mea-
1.2x10%moleculecn®) at RH=13% or 47%, respec- surements, more insight in the elementary steps determining
tively, are given (measurements in the presence of tertthe process of nucleation is necessary.
butylamine will be discussed later). It is obvious that
NH3 addition leads to a signal increase for all sizes shift-3.6.2 Tert-butylamine
ing the whole size distribution to higher mean diameters.

As expected from the integral measurement (cf. Fig. 10aTert-butylamine represents an example of an arbitrary, pri-
and b) the NH effect appears to be much stronger in mary amine. Amines are mainly released into the atmosphere
the case of low RH. Total particle numbers arising from by microbial conversion of organic material as well as by in-
integration over the size distributions increase in the se-dustrial chemistry (Schade and Crutzen, 1995), they are not
ries 1.1x10%, 2.7x10°, 2.1x10°cm3 (RH=13%) and produced in the course of atmospheric gas-phase oxidation
4.4x10% 7.6x10%, 2.9x10°Pcm3 (RH=47%) for Nig ad-  of any organic precursors. There are only a limited number
ditions of 0, 1.210* and 1.2<10*2 molecule cn13, respec-  of atmospheric amine measurements available in literature.
tively. The data with NH additions given in Fig. 11a and Sellegri et al. (2003) reported trimethylamine concentrations
b point at small values foalog(N)/Alog([NHs]) being be-  in the order of 1®molecule cnm® measured at the boreal
low or close to 1. This finding suggests that the critical forest site in Hyytala. Atmospheric concentrations in the
clusters stabilized by Nflcan consist of 1 molecule of range (0.1-1.8)10° molecule cn® have been measured at
NH3 and 2 molecules of $80; (for constant NH addition: different sites in Sweden for methylamine, dimethylamine,
Alog(N)/Alog([H2SOy]) ~2). Hanson and Eisele (2002) trimethylamine and diethylamine in total at what the lower
favoured a critical cluster consisting of 1 molecule of NH levels arise from samplings during precipitation §Gberg

and 2 molecules of 550, as a result of their cluster mea- etal., 1992). From a measurement site close to a dairy farm,
surements in presence of Nldt 285 K. Benson et al. (2009) very high concentrations in the order of¥énolecule cn3
concluded that less than 2 Nhholecules are present in the have been obtained for a couple of amines as butylamine, di-
critical cluster. ethylamine and pyridine (Rabaud et al., 2003).

NH3, the most abundant base in atmosphere shows a Beside the NH data, in Fig.11a and Fig.11b the nucle-
nucleation enhancing effect for relatively high concentra-ation enhancing effect by tert-butylamine is demonstrated
tions close to atmospheric peak concentrations. From chentfor relatively high amine concentrations in the order of
istry point view, acid-base interactions should cause this be10 molecule cn2 being representative for areas with in-
haviour. It is not clear why the Nfleffect is much more tensive stock farming. It is to be noted that the given
pronounced in the case of dry conditions. Probably, thereamine concentrations in the experiments are the theoretical
is a competition of FHO vapour (or any HO clusters) and (maximum) values after dilution of a gas mixture of tert-
NHs in the process of critical cluster stabilization. But this butylamine with carrier gas at tHET-LFT entrance assum-
scenario is highly speculative at the moment and much moréng no wall losses. The addition of tert-butylamine has a
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tert-butylamine It is to be noted here again that our gas-phase anal-
. NH ysis does not allow an ensured detection of carrier gas
090 ’ impurities (including amines) with concentrations below
10°4 o 10° moleculecm®, cf. Sect. 3.2. The strong effect on

nucleation observed for tert-butylamine addition of about
10'%molecule cnt® reveals that the measurements without
defined amine addition could be influenced by amine back-
10° A ground traces below 2@nolecule cnt3 being below the de-
tection limit of the gas-phase measurements. If, in our ex-
periment, these background amines are involved in the nu-
cleation process they could also play an important role in
ot 10° atmospheric HSO4-H2O nucleation, because measurements
show that atmospheric amine concentrations can reath 10

10° molecule cn® (Gronberg et al., 1992; Sellegri et al.,
Fig. 12. Total particle numbers by integration of size distribu- 2003) and def'”'te'Y h'ghe'j values Clos_e _to local _Sources.
tions as a function of base additions (lter tert-butylamine); Therefore, we consider amines as promising candidates for
total gas flow: 30Iminl STP; Relative humidity: 13%; €Xplaining the existing discrepancies between binary nucle-
[H2S04] = 8x 108 molecule cnv3. ation theory and observations in laboratory and field.

particle number (cm®)
>

w/o base addition

base addition (molecule cm'a)

much stronger effect on nucleation and growth than that4 Summary
of NH3. This behaviour is qualitatively in line with the
predictions of quantum chemical methods given by KurtenNucleation experiments starting from the reaction of OH rad-
et al. (2008). The enhancing effects of bases {Nihd icals with SGhave been performed in th& -LFT flow tube
tert-butylamine) in the nucleation process are compared irunder atmospheric conditions at 293.5 K for a relative hu-
Fig. 12 showing particle numbers as derived from sizemidity of 13-61%. The agreement between measured and
distribution measurements as function of base addition amodelled BSQO, concentrations at th&T-LFT outlet for
RH =13%. While in the case of Nf linear behaviour can commonly used conditions was found to be good suggest-
be seenAlog(N)/Alog([NHz]) =0.93, for tert-butylamine a  ing that modelling is able to describe the$0s concentra-
curved shape (suggesting a saturation behaviour for higheiions in the reaction zone. The addition o,HCO or 1,3,5-
amine addition) was found withlog(N)/Alog([amine]) be-  trimethylbenzene for adjusting the OH radical concentration
ing clearly smaller compared to that of NH On the inthe flow tube did not influence the nucleation process. Re-
absolute scale, however, tert-butylamine addition of aboutsulting OH radical concentrations were in the range of (4-
10*° molecule cnv3 results in an enhancement of produced 300)x 10° molecule cn3.
particle number by about two orders of magnitude. Extrap- The detected number of newly formed particles was found
olation of the NH data down to about #@molecule crr® to be strongly dependent on the growth time and the detec-
suggests a small or negligible effect of Nidn nucleation tion efficiency of the particle counter used. High efficiency
in this concentration range. The compared tog\ittonger  counters allowed detection of particles with diameters down
effect observed for tert-butylamine (or maybe amines in gento about 1.5nm. The parameterization of measured particle
eral) can be attributed to the enhanced gas-phase basicityumbers and derived nucleation rates was carried out using
(proton affinity) of amines amplifying the acid-base interac- power law equations for 804 and for HO vapour. For
tions. measurements at RH =22% and different residence times the
These data represent a first experimental observation frorexponent for HSO4 was in the range of 1.7-2.1. The over-
laboratory regarding the possible role of amines for atmo-all best fit results in a 5Oy exponenty =1.80+0.06. RH-
spheric nucleation and point to a significant nucleation-dependent measurements in the range of 22—-61% showed a
enhancing effect of amines at least at sites being close tpromoting effect of HO vapour for both the nucleation rate
local sources. Kkeh et al. (2001) observed in the boreal and particle growth. The derived exponent fa:® g = 3.08,
forest that nucleation events were strongly connected to thés regarded as an upper limit.
occurrence of dimethylammonium ions in the particle phase. A comparison of modelling results with ambient measure-
That indicates that dimethylamine was taking part in the nu-ments in Heidelberg and Hy¥ia (Riipinen et al., 2007) and
cleation process and/or the subsequent growth. Recently, thearameterizations derived from atmospheric measurements
importance of amines for particle growth was emphasizedn Tecamac and Hyyia as given by Kuang et al. (2008)
by Smith et al. (2010). These atmospheric observations supshows that the given parameterisation is able to describe
port the possible role of amines for nucleation and particlenew particle formation as observed in the atmosphere. The
growth. impact of atmospherically relevant bases, NAnhd the
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sample amine tert-butylamine, was investigated using atmoBenson, D. R., Erupe, M. E., and Lee, S.-H.: Laboratory-
spheric peak concentrations for these substances. Addition measured HSOy-H,O-NHz ternary homogeneous nucleation
of 1.2x 10" or 1.2x 102 molecule cnv3 of NH3 (NH3 back- rates: Initial observations, Geophys. Res. Lett., 36, L15818,
ground <2.5x 10° molecule cnm3) revealed that N&l has a doi:10.1029/2009GL038728, 2009.

promoting effect on both the nucleation rate and particleBerrT:‘a‘fllta'1 T\/I 'B)gaeli(?f:’orsr:::irgr?r:)r;’S'Effut'iilr,zzﬁjngzrr%’clig :tngleg:l-
growth. The enhancmg eﬁeCt. yvas found to be more pro- Atmo,spheric gonditions, Science, 307, 698-700, 2005.
nounced for relatively dry conditions, i.e. 1-2 orders of mag- 5

. . . erndt, T., Stratmann, F., Bsel, S., Heintzenberg, J., Laaksonen,
nitude in nucleation rate at RH=13% and a factor of 2-5 ]

o N 3 ; A., and Kulmala, M. : S@ oxidation products other thami30y
at RH=47% ([NH]=1.2x 10" molecule cni®). Explain- as a trigger of new particle formation. Part 1: Laboratory inves-

ing this behaviour, it can be speculated that probably there tigations, Atmos. Chem. Phys., 8, 6365-6374, doi:10.5194/acp-

is a competition of HHO vapour (or any HO clusters) and 8-6365-2008, 2008.

NHs in the process of critical cluster stabilization. Adding Coffman, D. J. and Hegg, D. A.: A preliminary study of the ef-

tert-butylamine (as an arbitrary sample amine) instead of fect of ammonia on particle nucleation in the boundary layer, J.

NHgz, the enhancing effect for nucleation and particle growth ~ Geophys. Res., 100, 7147-7160, 1995.

was found to be much stronger. Measurements at RH = 130peMore, W. B., Sander, S. P, Golden, D. M., Hampson, R. F., et

with a tert-butylamine addition of about I%molecule cnr3 al.: Chemical kinetics and photochemical data for use in strato-

show an enhancement of produced particles by about two or- spheric modelling. Evaluation number 12, JPL Publication 97-4,
. . 1-266, 1997.

ders of magnitude, whereas extrapolation of thesNidta

down to concentrations of about ¥nolecule cn® sug- Dick, W. D., McMurry, . H., Weber, R. J., and Quant, R.: White-
g light Detection for Nanoparticle sizing with the TSI ultrafine

gests only a small or negligible effect of NHThis strong ef- condensation particle counter, J. Nanoparticle Res., 2, 85-90,
fect indicates that the measurements without a definite amine 2gqg.

addition could be influenced by any amine background tI’aCGEisele, F. L. and Tanner, D.: Measurement of the gas phase con-
below 10 molecule cnt® being below the detection limit of centration of BSQO, and methane sulfonic acid and estimates of
our gas-phase measurements. If these possible backgroundH2S0O4 production and loss in the atmosphere, J. Geophys. Res.,
amines are significantly involved in the nucleation process 98, 9001-9010, 1993.

they can also play an important role in atmosphen&ey- Friend, J. P., Barnes, R. A, and Vasta, R. M.: Nucleation by Free
H,O nucleation because atmospheric measurements show Radicals from the Photooxidation of Sulfur Dioxide in Air, J.
amine concentrations in the range®20( molecule cn3 Phys. Chem., 84, 24232438, 1980. .
(Gronberg et al., 1992; Sellegri et al., 2003) and definitelyGoff, J. A.: Saturation pressure of water on the new Kelvin temper-

hiah | | local Theref . ature scale, Transactions of the American Society of Heating and
Igher values close to local sources. Therefore, amines are Ventilating Engineers. Technical report, presented at the semi-

probably promising candidates explaining existing discrep-  annual meeting of the American Society of Heating and Ventilat-
ancies between binary nucleation theory and observations.  ing Engineers, Murray Bay, Quebec Canada, 347—354, 1957.
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