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Abstract. Binary homogeneous nucleation (BHN) of sul- ticle number concentrations are often linearly dependent on
phuric acid and water $80O4/H20) is one of the most im- [H2SOy]. These results, together with a higheraf0y]
portant atmospheric nucleation processes, but laboratory olthreshold (18-10° cm—3) needed to produce the uditmea-
servations of this nucleation process are very limited andsured from the laboratory studies compared to the atmo-
there are also large discrepancies between different laborapheric conditions (0-10/ cm~3), imply that FbSOy/H,0

tory studies. The difficulties associated with these experi-BHN alone is insufficient to explain atmospheric aerosol for-
ments include wall loss of $50, and uncertainties in esti- mation and growth. Particle growth rates estimated from the
mation of bSOy concentration ([HSQy]) involved in nu- measured aerosol size distributions, residence timgsafd
cleation. We have developed a new laboratory nucleatiorfH2>S0O4] were 100-500 nmtt, much higher than those seen
setup to study HSO4/H2O BHN kinetics and provide rela- from atmospheric field observations, because of the higher
tively constrained [HHSOy] needed for nucleation. ¥50; is [H2SOy] used in our study.

produced from the S&-OH—HSQO; reaction and OH rad-
icals are produced from water vapor UV absorption. The
residual [HSO4] were measured at the end of the nucle-
ation reactor with a chemical ionization mass spectrometell
(CIMS). Wall loss factors (WLFs) of b5Oy were estimated ) ) ] »
by assuming that wall loss is diffusion limited and these cal-Atmospheric particles affect atmospheric composition, cloud
culated WLFs were in good agreement with simultaneoug©rmation, global radiation budget, and human health. Nu-
measurements of the initial and residuabB80s] with two cIeapon isa gas_—to—parncle conversion process in vyh|ch new
CIMSs. The nucleation zone was estimated from numeri-Particles form directly from gas phase species (Seinfeld and
cal simulations based on the measured aerosol sizes (parrandis, 1997) and is a key process that controls particle num-
cle diameterD,) and [FbSQy]. The measured BHN rates ber conce_ntratlons. Fle_ld §tud|es_have shown that new pz_irn-
(J) ranged from 0.01-220 cnis~* at the initial and resid- cle formation occurs ubiquitously in the atmosphere, ranging
ual [HpSOy] from 10B—10°cm-3, a temperature of 288K from ground-level rural and urban areas to the upper tropo-
and relative humidity (RH) from 11-239% increased with sphere and lower stratosphere (Kulmqla et al., 2004). The
increasing [HSQ4] and RH. J also showed a power de- _most common fe_ature of the new patrticle format_lon events
pendence on [pS0O4] with the exponential power of 3-8. is a _substannal increase _of number concentra_tlons of nu-
These power dependences are consistent with other labor&!€ation mogg particles (diameter20 nm), reaching up to
tory studies under similar [160Qy] and RH, but different 10°-1F cm3 in the condensable vapor-laden air. The in-

from atmospheric field observations which showed that par-yolvement of sulphuric acid (38Cy) in nucleation has been
widely suggested, with the binary (Vehkaki et al., 2002;

Yu, 2006), ternary (Korhonen et al., 1999; Napari et al.,

Correspondence tdS.-H. Lee 2002), or ion-induced nucleation (Yu et al., 1998; Lee et al.,
m (sleel9@kent.edu) 2003; Lovejoy et al., 2004). However, it was often found
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Table 1. A summary of previous laboratory studies 0§ $0,—H,O BHN, along with two studies from our group (including Benson et al.,
2008). nH,s0, indicates the number of 380y in the critical clusterspy,o the number of HO molecules in the critical clusters, CIMS
chemical ionization mass spectrometry,flow residence timet, nucleation time, WLF Wall Loss Factor of 4304, RSD the relative
standard deviation, and R1 the $® OH — HSO;3 reaction.

Reference HSO4Production  HSOy [H2SOy) (cm*3) RH (%) J(cm*3s*1) 50,0 b ta(S) WLF  Stability Experiments
Measurements NH,0
Wyslouzil et al., 1991a Liquid SOy Mass balance calculation 1.3x10*0 to 1.5x 10! 0.6-65 0.001-300 4-30; 18;- Ran experiments for at least 10 h; al-
(initial conc.) (initial conc.) 9 lowed 2 to 5min for stabilization of
new conditions
Viisanen et al., 1997 Liquid bSOy Mass balance calculation 1x 1019 to 3x 1010 38and52 2-3000 21 and117;50 1.9 Stabilized all temperatures and hu-
(initial and residual conc.)  (initial conc.) 10; - midities before measurements; sta-

ble operation of at least 1h with
RSD<10%

Ball et al., 1999 Liquid HSOy CIMS (measured residual 2.5x10° to 1.2x10'0 2-15 0.01-1000 7-13; 26;4 22 Initialized new experimental condi-
and calculated initial conc.) (residual conc.) 4-6 tions overnight
Berndt et al., 2005, 2006 R1 Organic titration reaction$x107 to 1x 108 11-60 0.1-100000 4-6;- =290 —

and kinetic model calcula- (residual conc.)
tion (residual conc.)

Zhang et al., 2004 Liquid bSOy CIMS (residual conc.) #10° to 1x 1010 5 0.3-500 7-12; -
(residual conc.)
Benson et al., 2008 R1 CIMS (measured residu@x 100 to 2x 10° 11-50 0.1-10000 2-10; 20-77; 2.6— Ran setup for 15 min; used the first
and calculated initial conc.) (residual conc.) 10-15 10-38 299 10
min for data analysis
This study R1 CIMS (measured residuallx 108 to 1x 1010 11-23 0.01-220 3-8,-  5-54; 13- Ran set up for 15min;
and calculated initial conc.) (residual conc.) 3-27 12 but for J calculations, initiaN were

corrected

with a factor of 5 to convert them to
the steady

state concentrations

that the nucleation rate/§ predicted from nucleation theo- simplicity and calculating the saturation ratio, relative acid-
ries cannot explain the atmospheric observations (e.g., Weity, or the bSO, concentration ([HSQ4]) based on mass
ber et al., 1996). The current nucleation theories also contaitbalance (Reiss et al., 1976; Mirabel and Clavelin, 1978;
high uncertainties over many orders of magnitude, becaus&Wyslouzil et al., 1991a; Viisanen et al., 1997). These ex-
these theories are not fully tested and constrained by laborgseriments were also often made in continuous-flow reac-
tory observations. Recently, Kulmala et al. (2007a) showedor systems. For example, Wyslouzil et al. (1991) investi-
direct evidence of aerosol nucleation by measuring neutragated the HSQy, relative humidity (RH), and temperature
clusters and small aerosol particles at the 1.5 nm size range idependence af. At relative humidity (RH) between 0.6 to
the boreal forest atmosphere and suggested that their findingd5% and temperatures of 293, 298, and 303 K, they mea-
support the cluster activation theory of atmospheric aerososuredJ between~0.001 to~300cnT3s™? for calculated
nucleation proposed by Kulmala et al. (2006). relative acidities between 0.04-0.46; the estimated numbers
Heist and He (1994) and Laaksonen et al. (1995)’s review?f H250Q: molecules in the critical clusterai,so,) ranged

: ; : . from 4-30. Viisanen et al. (1997) measurédetween 2—
apers discuss nucleation measurements from earlier studie
bap 000cnT3s71 for calculated [HSO4] between k10 to

Table 1 summarizes more recerg$0,/H>0 binary homo- 0. 3 A } .
geneous nucleation (BHN) laboratory studies found in the3><101 et = at 298K and amb'e”‘ pressure, the estimated
numbers of HSOy molecules in the critical clusters were 21

literature. At present, not only is the number of laboratory ;
studies of HSOy/H20O BHN limited, but also there are large a!"d 10atRH of 38% and 52.%’ respect_wely. B_aII ‘?t al. (1999)
directly measured [bBO4] with a chemical ionization mass

discrepancies iy and the [BSOy] involved in nucleation . :
reported from different studies. There are several importanf’“pemometer (CIMS) and obtainddranging from approx-

—1 .
aspects in laboratory ¥$0, nucleation experiments, such imately 0.01-1000 cm’s™* for residual [SOy] between

~ Ocm3 _
as the method used to produceS®, vapor, estimation of 2'5X 10°to 1.2x10'%cm _at RH from 2-15%, 295K and
[H2SOu] used for nucleation, wall loss of 430, in the nu- ambient pressure. The estimatggso, and the numbers of
cleation reactor, estimation of the nucleation region, and th 2?3 mo:je;:ules4|n 6the cr|t|c?I clluséerﬁk(?[o)l ralngggegd fr\?vr_r:h
stability of the nucleation system especially with regard to '~ and from 4-6, respectively (Ball et al., ). With a

particle measurements. These factors directly contribute t&imilar approach with CIMS, Zhang et al. (2004) obtained

. 3—1 .
the uncertainties i’ and the [4S required for nucle-  '@nging from~0.3-500 cm® s~ for residual [HSOy] from_
atio: inties [BSQu] requi u ~4x10° to 1.0x 1010cm2 at RH of~5%, 298 K and ambi-

ent pressure.
Several laboratory studies produceg3@, vapors by sat-

urating a carrier gas with the vapor from a liquid pool or Reiss et al. (1976) and Boulaud et al. (1977) have noted
vaporizing the HSO, acid liquid at high temperatures for the difficulties associated with liquid 430, samples; for
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Fig. 1. A schematic of the Kent State University nucleation experi-
mental set-up that consists of OH photolysis cell, a fast flow reactor
for nucleation of BSOy/H,0, a SMPS/UWCPC system for parti-
cle measurements, and a CIMS for the residugb@, detection

at the end of the nucleation reactor. Note this is the system used
for most of the results shown in the present study, but we also per-
formed additional experiments with two CIMSs to measure both the
initial and the residual [HSO4] to verify WLF calculations (Fig. 4).

For the experiments with two CIMSs, the 2nd CIMS inlet was con-
nected to the position after the S@troduction and before the nu-
cleation region. Nucleation zone was estimated to be about 40cm
(Sect. 3.3).

[OH] (10" cm™®)

example, the corrosiveness and extremely low vapor pres-
sure of BSQy, and the vapor equilibrium in the carrier gas
and the homogeneity of theJ80Oy/H2O mixture are diffi-

cult to characterize. There are also other studies that have
produced HSO4 from gas phase S{by means ofx-ray ir-
radiatioq for'ion-induced nugleation studies (Diamond et al"Fig. 2. (a)Calibration curve of photon intensities measured in volt-
1985; Mékeh et al., 1995; Kim et al., 1997). Christensen et age by a Hamamatsu phototube and those in ampere by a NIST-

al. (1994) used photolytic excitation of 3Qwavelength be-  cerified photodiode. Error bars indicate one standard deviation
tween 240 and 330 nm) in an SMIH3/H20 ternary system  around the mean.(b) The calculated [OH] produced from wa-
to produce HSOy. Boulaud et al. (1977) used in-situ gas ter vapor UV absorption as a function of RH (Sect. 2.1). Since
phase reaction of SEH,0O for the production of HSOy under typical experimental conditions [$D>[OH], the initial
vapors, and obtained of 1cm3s1 for [H,SOy] from [H2SO4]=[OH]; these two values were in fact nearly on the same
100 to 101 cm=3 at RH from 15—-70% and 293 K. Berndt order, within experimental uncertainties (Fig. 6, Table 2).

et al. (2005, 2006) used the gas phase reaction ef{5OH

to produce HSO vapor, via the following reactions:

RH (%)

through R1-R3, involving formation of gas phase H3kat
may contribute to new particle formation (Berndt et al., 2008;
Stratmann et al., 2008).

Wall loss of bSOy, is one of the challenges in nucle-
SOz + 2H,0 — HoSOy + H0 (R3)  ation experiments. Some studies provided initiap$idy]
(Wyslouzil et al., 1991a; Viisanen et al., 1997), whereas oth-
They calculated [HSO4] from the estimated [OH] and ers provided only the residual §30Oy] (Berndt et al., 2005,
[SO.]; [OH] was calculated from titration reactions of hy- 2006; Zhang et al., 2004). Ball et al. (1999) corrected the
drocarbons and OH. From this method, they obtained a lowresidual [}SOy] with WLFs to estimate the initial [ISOy).
threshold of [HSO4] needed for nucleation, $810° cm3, Ball et al. (1999) estimated a factor of 2 loss oS0, in
considerably lower than those from other previous laboratorythe “nucleation zone” in their fast flow reactor (correspond-
nucleation studies (Viisanen et al., 1997; Ball et al., 1999;ing to #, of 4 s; thet, in the entire flow reactor was 26 s)
Zhang et al., 2004). Recent studies also suggested a ne(.D.=4.9 cm). By further including other additional factors,
pathway to produce particles from $@nd OH other than such as losses on several joints inside the nucleation reactor,

SO, + OH — HSO; (Rate limiting step (R1)

HSO; + Op — SO + HO, (R2)

www.atmos-chem-phys.net/8/4997/2008/ Atmos. Chem. Phys., 8, 80932008
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Ball et al. (1999) have reported an overall WLF of 22. Vi- 2 Experimental setup
isanen et al. (1997) have estimated WLF o8, of 1.7 for

nucleation time #,) of 50's from their HSO;—H,0 nucle-  Our nucleation experimental setup consists of (a) an OH gen-
ation experiments in which a laminar flow diffusion chamber erator, (b) a temperature- and RH-controlled, fast flow nu-
(1.D.=2.4cm) was used as the nucleation reactor. cleation reactor, (c) a high sensitivity, atmospheric-pressure
Nucleation zone and particle stability were also addresse@|MS to measure low concentrations 0§$04, and (d) TSI
by different investigators. So far, Ball et al. (1999) have pro- aerosol spectrometers to measirgandN (Fig. 1). Table 2
vided the most comprehensive information on “nucleationshows the typical experimental conditions and a summary of
zone” using a movable tube to measure particle number conthe results shown in the present study. Most of the experi-
centrations §) as a function of axial position of the nucle- ments were performed with one CIMS located at the end of
ation reactor; they estimategl of 4 s while the totat, was  the nucleation reactor to measure residuaig8y], and the
265s. In Ball et al. (1999), gases were left flowing to maintain jnjtial [H,S0Os] were estimated with the residual 804]
cleanness and left overnight under the initial experimentaland WLFs (Table 2). Independently, initial §80u] were
conditions for the next day’s experiments to achieve stableg|so estimated from the [OH] produced from water UV ab-
experimental conditions. To achieve the steady state of nusorption ([SQ]>>[OH] under the typical experimental con-
cleation, Wyslouzil et al. (1991a, b) have run experimentsditions) and as shown in Table 2, the [OH] values were
for several days before starting experiments to get reproin good agreement with the initial $04] estimated from
ducible data. Similar approach was also applied in Viisaneny/|Fs, if the reactions of OH and possible CO impurities in
et al. (1997), who also evaluated if their system was stablghe system were taken into account (Table 2). There were
or not with the relative standard deviation of the measwed s additional experiments made with two CIMSs to simul-
less than 0.10 for a period of at least an hour. taneously measure the initial and the residuaigBy]; these

We have performed laboratory studies afS0s/H20 bi-  measurements proved that the calculated WLFs from the dif-
nary homogeneous nucleation in a fast flow reactor at 288 Kfysjon limited method are indeed valid (Sect. 3.1).

RH from 11 to 23%, and ambient pressure. Our labora-

tory system is constructed based on the selective combinatiog 1 OH radicals and vapor generation

of the experimental methods utilized in Berndt et al. (2005, £BQ, vapor g

2006), Ball et al. (1999) and Zhang et al. (2004). Similarly to . S

Berndt et al. (2005, 2006), we also used R1-R3to in-situ pro—PZSO“tvagorés groduced |r1-5|tu dV|16(1)(F)21—R3. %h(&?s take?
duce BSOy; but we measure the residual J804] directly tgomdstlatn dar 'th@tgasdesd( an OH fppmvf) atr\]/vereh Lt”-
with a CIMS, the same method utilized as in Ball et al. (1999) er diluted with standard air. orms from the photo-

and Zhang et al. (2004). Unlike Berndt et al. (2005, 2006)dissociation of HO vapor in a quartz tube (13 cm long with

where OH forms from ozone UV reactions, in the presentt2'54dC][n kD.iéESIng a_trr?ercburyo:amp (flifﬂ-RgW 1188'13 f|||-

study OH is produced by water photolysis to allow direct ered fors < nm With a banadpass titer (_ mega ptica

measurement of [OH]. We have also calculated WLFs c)fXBE’.Z 185NB20). Both the lamp and the filter are housed

H»SQ, as a function of, by assuming that bSOy wall loss inside a temperature-controlled metal box, which is purged
;

is diffusion limited (Hanson and Eisele, 2000); using simul-

with a constant M flow rate to provide a stable photon flux.
taneous measurements of the initial and residualS[B]

At the bottom of the box, there is a radiation exit slit with
with two CIMSs, we further verified these calculated WLFs.

the long side parallel to the flow direction. The photon flux
The nucleation zone was estimated from numerical Simu_exmng the light source is detected as a function of distance
lations using the measured aerosol size distributions, th

sing a solar-blind Csl phototube (Hamamatsu R5764), cali-

residual [SQy] and the estimated WLFs. Stability experi- rated against a (National Institute of Standard Technology)

ments were also performed in order to provide reproducibIeNIS—I—'CertiﬁeOI Si photodiode (405995). The photocurrents

N andJ. The primary objectives of this study are to eval- were measured with a pico-ampere meter (Keithley 65174)

uate the performance of the nucleation experimental setu;gr conwerted o voltagg signals with resistqrs and me asured
from the measured at various [HSQy], RH andz, condi- y a voltage meter (Fig. 2a). By measuring®imixing

tions and provide relatively constrained{50y] needed for ratios and UV photon intensities, [OH] is calculated based
H,SOu/H,0 BHN. Additional kinetics results from our lab- ©" the known photochemical reaction rates (absolute calibra-

oratory studies are also shown in Benson et al. (2008) (sumt-ion) fCantr:ell et al._, 10?97)' Thedpglqton fluk, at radiation
marized in Table 1). wavelengtha (nm), is determined by:

A(L)
e x eg(A)

I(\) = 1)

where A is the measured ampere A&t e is the electronic
charge (1.610-1°C), ande is the quantum efficiency of the

Atmos. Chem. Phys., 8, 4993616 2008 www.atmos-chem-phys.net/8/4997/2008/
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Table 2. Experimental conditions and the results shown in the present study. Wall loss factors (WLFs) were calculated by assuming that wall

5001

loss is diffusion-limited (Sect. 3.1). The initial f$0y4] were estimated from the WLFs, the CIMS-measured$By] and the calculated

[H2SQy] in the particle phase (Sect. 3.2). [OH] calculated from water vapor UV absorption are also shown for comparison. Also see Fig. 6

for the evolution of gas phase species as a function of time in the nucleation reactor.

Data Used RH Particle SO,  Quotal  Qso2 Reactor [OH] [0y WLF  [HSOslo  [H2SOul cims  PartConc. (cm®)  J (em™3s™Y)  np,sq,
(%) Mode Source (Ipm) (Ipm) ID; Length  (s) Calculated (1013 Calculated  (10° cm3)
(ppmv) (cm) from HO cm3) from WLF
Photolysis (10%cm3)
(10°cm3)
Fig. 17(a): C; 11 CPC 100 5— 0.08-0.2 5.08; 82 19-20 3.5-3.6 3.2-8.0 25-26 1.4-32 0.52-1.3 0.12-4 0.01—0.4 3-6
Fig. 14 5.2
Fig. 17(a): B; 15 CPC 100 5- 0.08-0.2 5.08; 82 19-20 4.8-5.0 3.1-8.0 24-25 3.1-96 1.3-3.9 0.08-34 0.01-3.4 7
Figs.9and 14 5.2
Fig. 17(a): D; 15 CPC 1 5 0.30-0.9 2.54;80 5 5.0 0.12-0.36 13 0.40-0.72 0.32-0.58 0.27-2.1 0.11-0.8 4-5
Fig. 10
Fig. 17(a): E; 15 CPC 1 5.2 0.10-0.75 5.08; 82 19 4.8 0.038-0.29 24 0.21-0.58 0.09-0.24 0.13-12 0.01-1.2 5-8
Figs.9und 10
Fig. 17(a): A; 23 CPC 100 5 0.01-0.2 5.08; 82 19 8.8 0.4-8 2.4 2.1-23 0.87-9.6 06LB 1 0.06-220 3
Fig. 14
Figs. 11(a), 23 SMPS 100 4.1 0.12-0.2 5.08; 82 24 11 5.9-9.8 3.0 45-7.2 1.5-2.4 220:68.9 - -
12(a), 13
Figs. 11(b), 23 SMPS 100 2.6 0.12-0.2 5.08; 82 37 17 9.2-15 5.4 7.4-84 1.4-15 x104 1.3x10°  — -
12(b), 13
Figs. 11(c), 23 SMPS 100 1.8 0.08-0.2 5.08; 82 54 24 8.9-22 12 1.2-15 0.10-0.12  x1f455<10° - -
12(c), 13

NIST-certified photodiode at. [OH] then is calculated from
the following equations (Cantrell et al., 1997):

[OH] = JH,0[H201z, 2)
JHZO =Io¢ (3)
where Jy,0 is the HO photolysis rate, o
the  absorption  cross-section of  water

(0=7.14x10"2cn? moleculel Cantrell et al., 1997),
¢ the quantum yieldg¢(OH)=1.0 DeMore et al., 1997), and
t, the photolysis time. [HO] was determined from the
measured temperature and RH (%):
RH p;

[H20] = 100, Na
where p, is the HO saturation vapor pressure [e.g.,
1612Pa (or 12.09torr) at 288K (NIST, 2005)h; the
total pressure, and¥V; the number concentration of
dry air molecules. At typical experimental conditions,
A=1.2x10"% A cm2, [=1.4x10%photoncm?s~!, and
henceJn,0=9.7x107%s™1. Thus, under these conditions,
the [OH] produced were in the 910°°cm~2 range as a
function of RH (Fig. 2b).

When [SQ]>>[OH] which is the case for our experi-
mental conditions (Table 2), the initial B$04]=[OH] based

(4)

were also a few cases where [OH] was up to one order of
magnitude higher than the initial j$O4]. These differences
were caused by uncertainties in the measurements of accurate
photon flux ¢) (and thus the KO photolysis rate/n,o0) and
[H20], in addition to uncertainties associated with the ini-
tial [H2SOy] estimation. Also, as will be shown in Sect. 3.2,
OH radicals also react with other low concentrations of CO

vapor impurities (estimated te<~200 ppbv; Sect. 2.2) and some

possible hydrocarbons (not estimated) that may exist in the
reactor (not determined) and thus we expect that some of the
produced OH radicals were consumed before R1. Regard-
less of these experimental uncertainties, such an agreement
is remarkable, especially considering two entirely indepen-
dent methods used in the [OH] and the initiabf{y] esti-
mations.

2.2 Nucleation reactor

The nucleation reactor is made of a fast-flow reactor (Pyrex
cylinders with a length of 80 or 82 cm and with an inner di-
ameter of 2.54 or 5.08 cm) with a laminar, fast flow. The
reactor is also controlled for temperature with a refrigerat-
ing/heating circulating bath (Cole-Parmer Model 12101-31)
and washed with distilled water daily to remove$0, and
particles deposited on its inside wall during the previous

on R1. Thus this OH production method by water vapor day’s experiments. The total pressure in the nucleation reac-
UV absorption, as compared to ozone photolysis (utilized intor was~97.3 kPa (slightly higher than the room air pressure
Berndt et al., 2005, 2006), not only minimizes other chemicalto prevent leak from the room air). The total flow ragdta)
species (such as ozone) in the reactor, but also provides diregtas between 1.8-5.2 liter per minute (Ipm) apdvas esti-

estimation of OH (and thus the initial $Oy]). As shown

mated to be from 5-54s. As will be shown in Sect. 3.3, nu-

in Table 2, for the majority of our experiments, these [OH] cleation zone was characterized to be about 40 cm and there-
values were usually slightly higher but within the same orderfore, 7,=0.51,.

as the initial [(:SOy] calculated from the residual F$Oy]

The total flow was composed primarily of S@nd Np.

and WLFs (Sect. 3.1; an example is shown in Fig. 6). ThereThe SQ flow rate (@so,) varied between 0.01-0.9pm,

www.atmos-chem-phys.net/8/4997/2008/
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430PM SO0PM  530PM  600PM  630PM  7:00PM  7:30 PM (Nowak et al., 2007). We have also used the silicon phos-
s0x10° * : : : ‘ o phates ammonia scrubber (Perma Pure Inc.) to test the effects
¢+++ Qe 7 1P (50,1057 PPty 149 1600 of possible ammonia impurities in our system on th&B;—
0 ~ Sulfuric Acid ;400 H>O BHN experiments, and those effects were found negli-
L Erp i kn 600013572 gible. Test results with CO scrubbers (Carus Carulite 300)

also showed that CO impurities in the photolysis and nucle-
ation reactor are not significank200 ppbv). The flows of
these gases in the water photolysis cell, the nucleation re
actor, and CIMS were controlled with seven high precision
mass flow controllers (MKS). These mass flow controllers
were also regularly calibrated with a standard flow meter
(DryCal DC-2, Bio International Corp.).
The photolysis tube was exposed to indoor tempera-
ture (295£2K), and the nucleation tube was maintained
at 288t0.05K with a refrigerating circulating bath (Cole-
Parmer Model 12101-31). RH was controlled mainly by
! ! ! ! ! ! changing the flow rates of water vapor into the nucleation re-
707 ® i actor. There are three sets of temperature and RH Campbell
Scientific CS215), and pressure sensors (Granville-Phillips
275), in our nucleation reactor. The RH sensors are cali-
brated and NIST and National Physical Laboratory (NPL)
traceable and have an accuracy44% over RH from 0—
L 100%; comparison results with several RH sensors with the
laboratory room air and the air in the nucleation reactor
L showed a good agreement within this accuracy.
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200 - 2.3 Particle measurements and stability

Equilibrium Particle Concentration (cm™)

100 - A nanoparticle differential mobility analyzer (Nano-DMA)

(TSI 3080N) and an ultrafine water condensation particle
r counter (water-CPC) (TSI 3786) were used for particle num-
500 1000 1500 2000 2500 2000 ber and size distribution measurements. These aerosol in-
Initial Particle Concentration (cm”) struments were operated in two modes, the CPC standalone
mode and the Nano-DMA/water-CPC combination mode. In
Fig. 3. (a) Stability experiments for residual f$0y] measured  the standalone mode, water-CPC has a 50% detection ef-
by CIMS (blue dots) andv measured by water-CPC (red cross- ficiency at~2.5nm and gives total particle number con-
ings). 'I_'he_ plack line shows_the fitting of an exponential deca)_/ andcentrations every 5s. The water-CPC inlet flow was set at
from this Ettmlg, we also derived the first order loss rate of particles 0.6lpm. In the Nano-DMA/water-CPC combination mode,
(1.4x107"s™%). (2) TheN measured by water-CPC after 3h when size-resolved particle number concentrations were obtained

the steady state (or equilibrium) has been reached vs. those mea- .
sured within the initial first few minutes. This factor of 5 was taken ?rom 2.5-102nm every 180s. The SMPS inlet and sheath

into account for nucleation rateg) shown in the present study. flows W.ere set at 0.6 and 61pm, respectively. _Hovalue_s
shown in the present study, thé were determined using
the water-CPC standalone mode, while SMPS combination
mode was used to provide aerosol sizes.
depending on the Sroncentration of the cylinder. Thedry ~ We found that the measured was generally not as sta-
N> flow rate was adjusted simultaneously with feo, to ble as the HSO; measurements (Fig. 3). The stability tests
maintain a constar®iota. The HO flow (i.e., humidified N show that it took a certain period of time (e.g., 3 h) for the
flow) varied between 0.01 to 0.4Ipm to maintain the targetN to reach a steady state. The general trend was that the
RH values. The @flow was maintained at 0.001 I[pm regard- N increased in the first few minutes, but after the initial in-
less of the total flow rate. Only high purity standard gasescreaseN actually started to decrease for a certain period of
(nitrogen, oxygen, and SO (Linde Gas and Airgas Inc.) time (Fig. 3a). The relative standard deviation of fele-
and distilled water were introduced in the nucleation region.creased with time, for example, 0.39 within the first 20 min
The main flow of the nucleation reactor was nitrogen thatand down to<0.10 after allowing the gases to run through
is used to bubble water; nitrogen gases vaporized from liquidhe tube for several hours. The cause of such instability is not
nitrogen were used to reduce ammonia impuritieq pptv) verified, but we suspect that the newly formed particles are
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not uniformly distributed inside the wall. The effect of inho- times higher than the butanol-CPC concentrations. On the
mogeneity seemed to be magnified when the measured nunother hand, when sampling the laboratory room air, the con-
ber concentrations were on the order of 100¢énor less.  centrations measured from WCPC were only% higher
From the stability measurements, we estimated the first orthan those measured by the butanol-CPC. Since the parti-
der loss rate of particles to be k40~*s~! (much smaller  cles generated in the nucleation reactor are presumably pure
than that of HSOy, 0.053 s1, as shown Sect. 3.1). Here, HSOy particles whereas the particles in the lab air are more
“initial” N is referred to as that measured at the end of themixed with H,SOy(or sulfate) and organic components, these
nucleation reactor within the first few minutes under a spe-results indicate that water can activate, and condense on,
cific experimental condition, and “steady staféto as that H>SOy particles more effectively than butanol, consistent
measured at the end of the nucleation reactor when the sysith Kulmala et al. (2007b).

tem becomes stabilized after several hours under the same The Jwere determined by the measured particle number
experimental conditions. Very conveniently, however, thereconcentrationsX) andz, (¢,=0.%, as shown in Sect. 3.3).
was a linear relationship between the inithland theN af- Because critical clusters<.5nm) (Kulmala et al., 2007a)

ter enough time (e.g., 3h) has been allowed for the steadwre typically smaller than the minimum measurable size of
state to be reached; the initisll were usually 5 times higher the CPC, theJ reported here, theoretically, is not the actual
than their steady state concentrations. It will be ideal to per-J, but rather the formation rate of particles with diameters
form experiments after running the experiments for severalarger than~2.5 nm, the so-called “apparent formation rate”
hours under the same experimental conditions to make suréKerminen and Kulmala, 2002). However, when coagulation
that steady state is achieved. However, the results shown igrowth is negligible, which was the case for most of our ex-
the present study were taken only within first several minutegperiments, the values estimated from such a calculation are
and we used this correction factor of 5 (Fig. 3b) to calculateclose to the actual values (Kulmala et al., 2004).

the steady stat®'. That is, the/ values shown in the present The numbers of HSOy molecules £H,s0,) in the criti-
study were derived from the steady statecorrected from  cal clusters are calculated with thevs. [HoSOy] at specific

the initial N with this factor of 5. values of RH and absolute temperature T, based on the first

The integrated “total” particle number concentrations from nucleation theorem (Kashchiev, 1982; Strey and Viisanen,
the combination mode were on average a factor of 5 or 10L993):
lower than the total particle number concentrations from the alnJ
standalone mode when sampling particles generated in the———— A NH,S0, (5)
nucleation reactor. For higheé¥, this ratio was higher for dInfay]lq,,r
a similar set of conditions. We also performed similar testswherea; anday are the activity of species 1 and 2, respec-
by sampling the laboratory room air. THheé between the tively. In practice, thein,sq, values for SOy molecules
standalone mode and combination mode were more simican be approximated by fitting the data points with power
lar (standalone vs. combination = 1:0.66) when sampling labregression:
oratory room air than sampling from the nucleation reac-
tor (standalone vs. combination=1:0.1 or 1:0.2). Such dif-/ = ¢ [H2SQs]""25% (6)
ferences between standalone and combination modes are {jherec is a constant, at specific values of temperature and
part because of the additional tubing length involved in thegy.

SMPS measurement in this study. Based on Baron and

Willeke (2001), the estimated fractional penetration effi- 2.4 HSO, detection by CIMS

ciency of 3nm patrticles through the additional 39 cm long

cylindrical tubing at 0.6 lpm is 0.65. In addition, it is pos- Our CIMS was built by Greg Huey’s group at Georgia Tech
sible that the CPC may be able to deteciSidy particles  based on Eisele and Tanner (1993). The CIMS instrument is
smaller than the stated minimum measurable siZ2%nm).  constructed from an ion source, an ion molecular reactor, and
When the CPC is operated with the nano-SMPS, some of th@ quadrupole mass spectrometer. The following ion molecule
particles smaller than 2.5nm may be excluded in the nanofeaction

DMA, hence further contributing to the concentration differ- _ _

ence. Note that however Berndt et al. (2006) showed rea!\lo3 +H2S0) — HNOs + HSO, (R4)
sonable agreement between the combination and standalon® used to detect $$0, (Viggiano et al., 1997). This reac-
mode. tion scheme has been proven to be very effective fs8®}

The J values shown in the present study were measuredneasurements, and this is one of the very few methods cur-
only with water-CPC (TSI 3786). But we also made com- rently available to detect ¥$Oy at atmospheric concentra-
parisons with water CPC and butanol-CPC (TSI 3776) andtions (Eisele and Tanner, 1993; Huey, 2007). This low detec-
there was an almost linear relation between these two meaton limit is achieved because of its high reaction rate, high
surements when sampling the particles generated in the nwselectivity against other species, and the atmospheric pres-
cleation reactor, with the water-CPC concentrations about &ure ionization used.
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Residence Time, t, (s) [HoSOy], measured simultaneously with two CIMSs. The condi-
tions for this experiment were a total flow of 5lpm (18-5 an RH

;| L L I I of 16%, and [SQ] ranging from 0.8 to 4 ppmv. Note, these two
linear fittings have approximately the same slopes, indicating that
wall loss of bSOy is a first order process — an assumption used in
our WLF calculations (Sect. 3.1). Furthermore, the initiap §@y]
B were about 2.5 times higher than the residuai$dy], while the
estimated WLF from diffusion limited method (Sect. 3.1) was sim-
ilar to this value for the same (Fig. 4b), showing that our WLF
estimations are valid.

10° | —— RH 10%
RH 20%

---- RH30%
10° = —-— RH40%
RH 50%

ion molecule clusters of sulphuric acid, nitric acid, and wa-
- ter molecules by low energy collisions withpholecules to
provide simpler ion peaks. lons are focused by an octopole
10077 I I L i before reaching the quadrupole mass filter (Extrel) and then
° Residence Time, t (5) % detected by a channeltron detector (K+M). The pressures in
the CDC, octopole, and quadrupole are abodt 101, and
Fig. 4. The calculated WLFs as a functiongfand RH for the nu- 1073 Pa, respectively.
cleation reactor with 1.D. ofa) 5.08 cm andb) 2.54cm. In these The [HoSOy] was calculated from the ratio of the H3O
calculations, we assume that wall loss is a diffusion limited pro- to NOz™~ ion counts [HSQ~]/[NO3~], the rate constarit of

cess based on Hanson and Eisele (2000) (Sect. 3.1) and experimergg]  and the reaction timebased on Huey (2007):
show that this assumption is valid (Fig. 5).

[HSO, 1

kt 7
[NO3 ] 0

[H2SOy] ~

The 2190 radiation source is used as an ion source. The
ion source region also has a unique design to prevent artiWherek for R1 is 1x10~°cm® molecule' st (Viggiano
fact H,SOy detection. Because OH radicals also form from et al., 1997) and is typically 0.05s under the present ex-
water molecule dissociation reactions in the ion source reperimental setup. [N@] (that is, [N!50O3~]) was obtained
gion @190 radiation), there is a possibility that those OH indirectly by measuring its isotope {f03~] and by tak-
radicals react immediately with the $@n the air samples ing the natural isotopic ratio of°0 and 80 abundances
to produce HSQy. To eliminate such artifacts of 450y (99.8%:0.2%) into account. Although {03 ~] varied from
formation, a weak electric field is applied between the ionday to day, the resulting [HSO]/[NO3~] ratio was fairly
source region and the center of the sampling inlet so that onlgonstant for a given [150Qy]. Before each experimental run,
the electrically charged NDions (not the neutral OH radi- the CIMS was adjusted to obtain ROz ~] between 1500 to
cals) travel through to the center of the sampling inlet to re-3500 Hz. Thus [N@~] ranged from &10° to 2x10° cm~3
act with H,SQy. In addition, GFg gases are also mixed with and in this condition, 1 Hz of HSPion count corresponded
HNO3 gases so that OH radicals are efficiently removed byto [H2SQO4] from 1x10* to 3x10*cm™2. Since the instru-
CsFe. With the current CIMS configuration, the background ment noise of [HS@~] was ~20 Hz, the CIMS detection
[H2SOy] is negligible even when high concentrations of,SO  limit for H SOy ranged from X 10° to 6x 10° cm#. The in-
gases are introduced into the CIMS. A collision dissociationstrument has performed with a high stability over many hours
chamber (CDC) is applied to dissociate the weakly bondedwith the relative standard deviation e0.1 (Fig. 3a).
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3 Numerical simulations of experimental conditions

We have also made several numerical simulations to charac-

terize our experimental conditions in order to provide more
constrained [HSOq] and J. We first estimated WLFs by
assuming that wall loss is diffusion limited (Sect. 3.1). We
then simulated how gas phase species evolve in the nucle
ation reactor as a function of time (or axial position) of the

nucleation reactor (Sect. 3.2). To characterize the nucleatior

zone, we also simulatedl as a function of axial position in
the nucleation reactor (Sect. 3.3).

3.1 Wall Loss Factor (WLFs) calculations
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[H;50,],= 015 cm3

Time in the recator 15.02s

20.42s

: _ 1
WLFs of HbSO; were estimated by assuming that wall 005 0.0850.385 0425
loss is a diffusion-limited process based on Hanson and

Eisele (2000) (Benson et al., 2008). WLF is defined as: Fig. 6. A simulation of evolution of aerosol precursors in the nu-
cleation reactor for a typical experimental condition, corresponding
_ [H2SOi]o (8) to those used in Fig. 14 (RH=11%=19's, [SQ]=4 ppmv, residual
[H2SOy],

[HoSOs]=1x10° cm™3). See Sect. 3.2 for the detailed description
. - . . f this simulation.

where [lhSOy] is the initial concentration, [FBQy]; is the ot this simulation
H2SOy concentration after the time, in the nucleation re-
actor. SOy wall loss can be expre.ssed with the first order ¢oncentrations measured were all roughly 2.5 times greater
rate constang, in a fast flow reactor: than the residual concentrations under this spegifit9s),

H-S — [H-S —kt 9 which isin a very good agreement with the calculated WLF
[H2SQu], = [H2SQuloe © at the same. (Fig. 4a). These results show that WLFs calcu-
k is diffusion-limited (Hanson and Eisele, 2000):

WLF

lated by assuming that wall loss is a diffusion limited process
D are reasonable.
k =3.65— (20)
r 3.2 Evolution of aerosol precursors in the nucleation
where D is the diffusion coefficient, and is the radius of reactor
the flow reactor.D=0.094 cnd s~ for a RH of 20% and at
atmospheric pressure (Hanson and Eisele, 2000). Under thieigure 6 shows the simulated aerosol precursor concentra-
typical experimental conditiong$2.54 cm), the calculated tions as a function of time in the reactor. The experimental
k is thus 0.0533!. In this method, condensation loss is as- condition shown here corresponds to Fig. 14 (RH=11%,
sumed to be negligible. Since wall loss is simply a first orders,=19s, [SQ]=4ppmv, residual [HSO4]=1x10° cm3)
rate process, WLFs can be examined by using diffegent (Table 2). [BSOy],, [HoSUlcims: [H2SOu]w, and
Figure 4 shows the calculated WLFs as a functiorr,of [H2SOy]o indicate the [HSO4] in the particle-phase,
and RH for different nucleation reactors used in this studythat measured by CIMS, that taken on the wall, and the
(1.D.=5.08 cm and 2.54 cm). At the typical experimental con- initial concentrations in the nucleation reactor, respec-
ditions, the estimated WLFs ranged from 1.3 to 12 for tively. [H>SOy], are calculated based on the volume
from 5-54 s and RH from 11-23% for the nucleation reac-concentrations from CPC or SMPS measurements, by
tor with 1.D. 5.08cm (Fig. 4a). For each figure shown in assuming that the newly formed particles are spherical
the present study, we also indicated WLF values, so that thend are composed of 430, and HO (with a particle
initial [H,S0Oy4] conditions can be estimated from the CIMS- density of 1.4 gcm?) only. SMPS directly provides volume
measured residual f$0y] and WLFs. concentrations. For the CPC data, we derived volume
We have also further verified our calculated WLFs with concentrations by assuming that particles are mono-disperse
simultaneous measurements of the initial and the residugparticles with the median diameter of 4nm. For the data
[H2SOy] with two CIMSs (Fig. 5). These results showed shown in this figure, the particles were measured by the
that whether we graph the log values versus the initial water-CPC.  [HSO4]o=WLFx ([H2SO4]cims+[H2S] ).
[H2SOy] measured at the beginning of the nucleation reac-[H2S04]., =(WLF=1)x ([H2SO4]cimst[H2SCu] ;). For most
tor or versus the residual B$04] measured at the end of the of the experimental conditions, BSOy]cims > [H2S04] .
nucleation reactor, both plots had similar slopes, indicatingThe gas phase reaction schemes and their rate constants
that wall loss of HSOy is indeed a first order process, as used in this simulation are: (i) #+UV (1=149.5nm)
assumed in our WLF calculations. Furthermore, the initial = OH+H (JH,0=9.7x 10-%s1 under the typical present
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Fig. 7. (a) The simulated [HHSOy4] as a function of axial position

. . xperimental conditions), taking place between 0-0.08s,
in the nucleation reactor, based on the calculated WLFs (Sect. 3.1?_ h 133 1
and the CIMS-measured residualJ&0]. Experimental condi- i) OH+CO+Q;—COp+HO,  (k=2.4x10"cm °s ™)

tions used in this figure are the same as those in Fig. 12a witg][sO (Seinfeld and Pandis, 1997) between 0.08-0.38s, and
of 4.9 ppmv, except that we used the residuag$@y] (shown in (i) SO2+OH—HSQ; (k=1.5x10"*2cm®s™!) (Seinfeld
annotation) of %10° cm~3 (as opposed t0:310° cm—3 measured ~ and Pandis, 1997) between 0.38-0.42s (at2[S®ppm).
by CIMS) to match the measurgal, andN; the same for Fig. 7c—  Different [OH] will result in different [(bSOy]. About 86%
7d. The BSO4 mass accommodation coefficient was assumed to beof the OH radicals generated from water UV photolysis
unity. (b) The measured aerosol size distributions by SMPS alongremain after the CO+OH (+—CO,+HO, reaction for
V\{ith a fit of this sizg dist.ribL.Jtioh to a Iognormal modcép) The. 200 ppbv [CO] impurities (originating from the nitrogen
simulated aerpsol size dlstrlbuthn as a function of a}X|aI position gases blown from liquid nitrogen: experiments with CO
.Of the pycle_atlon reacm@ The simulated/ as a fun.Ct'on of ax- scrubbers also confirmed this estimation is reasonable) and
ial position in the nucleation reactor based on the fitted lognormal . - - .

a reaction time of 0.38s (representing the distance of 6 cm

size distribution. This simulation results show that nucleation takes . . .
place within about 40 cm in the nucleation reactor. This area is con-from_ the photolysis region to the point where S&nd Q .
sidered as the nucleation zone andafvw0.5, . are introduced; 1.D.=2.54cm). Thus, the produced initial
[OH]o=[H2S(y]0/0.86. Note, the [OH] values shown
in Fig. 6 are that calculated from this method (that is,

4.4x10° cm~3) and is not the [OH] value calculated from
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water vapor UV photolysis; however, the derived [QH§ while predicting the nucleation zone being entirely within
in fact the same as the produced [OH] from water UV waterthe reactor (Fig. 7b). We also used a high accommodation
photolysis ([OH]=4<10° cm~3 whens,=20s and RH=11%) coefficient (1) for the same reason. The simulatess func-
(Fig. 2b). The nitrogen gages that produce water vapor werdion of the axial position of the nucleation reactor shows that
introduced at the uppermost region of the flow system andhe nucleation takes places within about 40 cm region, which
made up the majority of the flow, hence further dilution by is the main conclusion of this simulation. Thleshowed a
SO, and G gases is considered not important. As soon aspeak towards the beginning of the tube, but not at the very
H,SOy is formed, nucleation, condensation and wall loss beginning as might be expected; however, a lower mass ac-
of H,SOy take place in the nucleation reactor. Because ofcommodation coefficient or residual §804] would cause
wall loss, the gas phase $804];=[H2SOy]oe ™ (Eq. 9);  this zone to appear earlier in the reactor. Sensitivity studies

typically k=0.053s 1 (Sect. 3.1). showed that the length of nucleation zone is not strongly sen-
o . sitive to these values (not shown), so regardless of these un-
3.3 Estimation of the nucleation zone certainties, we still can conclude that nucleation takes place

] ) ~across a large region in the nucleation reactor. This estima-
We developed a simple model of condensational growth iniop, s surprisingly similar to the numerical simulations by

the flow reactor in order to determine where nucleation likely Wyslouzil (1991b) for methanesalfonic acid and water binary

occurs in the reactor. The inputs to the model are the aerosg|,cjeation system (195svs. 25 st,). However, our estima-
size distribution and the concentration 0f$0y vapor as & o results are different from Ball et al. (1999) (4,8s. 26 s

functiqn of the axial position in the reactor. We assume thatlr)_ This difference is probably resulted from the steep tem-
all particle growth occurs by condensation of$0s andwa-  perature gradient in the Ball et al. (1999) set up where hot
ter in the kinetic condensation regime (Seinfeld and Pandisyy,,g, vapor was introduced to a colder nucleation reactor

1997): (22°C temperature difference) and under such a condition,
dD, M o (Cyap— Cep) one can expect nucleatllon takes place in a more localized
Frale 7., -WR (11)  area (or shorter nucleation zone). On the other hand, Wys-

louzil (1991a, b) and our experiments were preformed both
whereD, is the diameter of the particle,s time, M, is the  inrelatively constant temperatures between the gas mixer and
molecular weight of HSOy, ¢?is the mean speed ofd30Oy the nucleation reactor and under this condition, there will be
vapor moleculesy is the mass transfer accommodation co- a less localization of nucleation.
efficient, Cyap is the concentration of $80O, vapor, C,, is Since the nucleation zone (40 cm) was estimated to be a
the equilibrium concentration of 280, vapor (taken to be  half of the length of the nucleation reactor (80 cm}2z,.
0), WRis the ratio of the wet diameter 304 and water) to  This factor of 2 {.vs. #,) has been taken into account for
the dry diameter (BISO4 only) andp is the densityWRis a  the J calculations here. When taking into account both this
function of RH andD,; however, neglecting the Kelvin ef- factor of 2 and a factor of 5 (“initial” vs. “steady stateV;
fect, it is only a function of RH (e.gWR=1.4 at RH=23%).  Sect. 2.3), theJ derived fromz, and the “steady steady”
To determine the position of nucleation zone in the reactorparticles are 2.5 times lower than those derived frprand
we estimate thé,, that particles would have grown to when the “initial” particles. In the present study, we provide the
they exit the reactor as a function of where they nucleatedormer, while our previous report by Benson et al. (2008)
in the reactor (i.e. particles that nucleated early in the reacprovided the latter (2 times higher, because of the different
tor will have grown to largeD,, then particles that nucleated length of the nucleation reactor).
late in the reactor). We assume here that particles have a
D, of 1nm when they nucleate and that effect of coagula-
tion is negligible during the time in the reactor. Knowing the 4 QObservational results
measured size distribution of particles at the exit of the flow
reactor we then estimate tbieas a function of positioninthe 4.1 SQ, OH, H,O and Q effects on HSO, and particle
reactor. production: qualitative test

Our simulations show position of the nucleation zone is
sensitive to the initial [HSOy] and mass accommodation co- In order to confirm that nucleation takes place via R1-R3 as
efficient of bSOy. Figure 7 shows a typical simulation re- designed, we first examined the effects of precursor gases by
sult using this method. The data used in this simulation cor-observing the changes in the production ef3@, and new
respond to the data shown in Fig. 12a with [$6f 4.9 ppmv  particles after adding or removing the gas phase species in
(see Table 2 for experimental conditions). All the actual mea-question. These are qualitative tests and more detailed re-
sured experimental conditions were used in this simulationsults will follow from the next sections. Figure 8 shows how
except for the residual [f$O4], we had to use 210°cm 3 H>SOy andN are affected by S@and OH at RH of 15% and
(a little bit higher than the actual>3.0° cm=2, but within t. of 19s. The production of OH was controlled by switch-
the uncertainty bounds) to match the measured aerosol sizesg the UV radiation on or off in the presence of®l vapor.
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perimental setup was well constructed and the flow reactor is
fairly clean. However, at step (3) in the absence of OH and
in the presence of SO both the [HSO4] and N dropped
sharply to a lower level, but above the initial background
values (without S@). This result was not expected from R1—
R3. In addition, since we have used much higher{38an
[OH] (at one order of magnitude higher), §804] should

be the same as [OH] and independent of {Eé&nd thusv
would also be constant at the sampand RH. However, from

the first sequence run to the third one, the gradual decrease
of [HoSOy] from 1.6x 108 to 1.5x10° cm=3 and N from 10

to 6 cnT 3 was a result of the reduced amount of S@ided

to the system. Figure 9 shows more distinctive dependence
of [H2SOy] and N on [SQy] at constant RH and-. Similar
dependence oV and [HbSO4] on [SO;] can be seen from
other figures presented here (Figs. 10-15). Thif5®4] de-
pendence on [S£), together with [}hSOy] and new particle
production in the absence of OH, suggest a possible incom-
plete mixing between S£oand OH and an unknown process
of the bSOy and new particle production, as will be dis-
cussed in Sect. 5.5.

With similar experiment sequences, we tested the effects
of HoO on the production of B0y and particles. As ex-
pected, removing pD has reduced the production of both
H>S0O, and new particles. For example, with the presence of
H>0, [HoSOy] and N were 1.6<10°cm~2 and 9cn3, re-
spectively, at RH=15%, whereas with the removal ofCH
[HoSOy] and N were 7.%10Pcm=23 and 4cnT3, respec-
tively (not shown). The minimum RH of 4% (as opposed to
0%) was reached by simply not bubbling the water but water
was still there; RH sensors also haié% accuracy. As will
be discussed in Sect. 4.4, there were RH effects on both the
measuredV andD,,.

In contrast to the cases of 3DH and water, the removal
of O, from the system had only minor effects on the produc-
tion of HoSO4 and new particles. With or without Dthe
[H2SO4] and N were nearly the same. In addition, both the
[H2SOy4] and N became more fluctuating without,O The

Figure 8a shows the experiment sequence, (1) adding OHack of O, effects was not expected because; $®@uld not
(2) adding OH and S@together, (3) removing OH only, and  form without O, according to R2. We believe there was no

(4) removing both S@and OH from the flow reactor, in the

leak into the system from the room air, because the pressure

presence of KO vapor and @. This sequence was repeated of the flow reactor was always maintained above the ambient

for three runs with differenDso, of 0.6, 0.45, to 0.4 Ipm.

The respective initial S©concentrations [Sg), calculated

pressure. Some Omay have come from the gas cylinders
as a part of the impurities. But since @ffects are not the

based on the Ssource concentration and the ratio of the focus of the present study, we did not attempt to investigate
050, to the Qtotal, Were 0.12, 0.09, and 0.08 ppmv. Figure 8b the source of @impurities or detect its concentrations.

shows the distinctive rise or drop of §80y] when switch-
ing the Oso, on or off and these results confirm thaz$0y

Lower concentrations of SQwere used by diluting stan-
dard SQ gases (1 and 100 ppmv), to obtain a giveualue.

vapor has formed from R1-R3 and new particles formed viawe also have seen that a substantially higher initial SO

nucleation involving HSOy vapor.

was required when diluting the $SCrom the 100 ppmv

Figure 8b also shows that there was no production ofcylinder than from the 1 ppmv cylinder (Fig. 9). Figure 9

H>SOy and new particles unless $@as added to OH, &

shows the measured §8Oy] and N at RH of 15%,Q+otq Of

and HO [steps 1 and 2]. It was consistent throughout our5Ipm ands, of 19s. For example, an initial [SPof 3 ppmv

experiments that the background values of$ay] and N

were negligible in the absence of §Gndicating that the ex-

Atmos. Chem. Phys., 8, 4993616 2008

was required for the 100-ppmv experiment to obtdirof
0.5cnT3s71, while only 0.1 ppmv S@was required for the
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1-ppmv experiment to form similar numbers of new particles.

This difference occurs probably because of the incomplete
mixing of SO gases with other gas species in the fast flow

reactor. Because SOnolecules were released near the cen-

terline of the flow reactor, it would take a longer time for 50

44
15- s N T saeem
ys: .

1.0

0.5

4 6 8 10 12 14 16 18 20
molecules to be vigorously mixed with OH radicals at lower Particle Diameter, D, (nm)

mixing ratios than at higher mixing ratios. The flow ratios

of Qso, t0 Ototar Were from 0.03-0.15 and from 0.025-0.04 Fig. 12. The average number size distributions of newly formed par-
for the 1 ppmv- and 100 ppmv-S@ylinder experiments, re- ticles at varying total flow rate®iqtq), initial SO, concentrations,
spectively. Because 5o, t0 Qiora ratios were larger than ands, of (a) 24 s,(b) 37 s, andc) 54 s. These datasets are the same

Number Conc, dN/dlogD,, (cm’)

that for the 100-ppmv cylinder experiment, we can expect 288 those used in Fig. 11. Note the scales of the y-axes are different.

better mixing with the 1-ppmv cylinder.

4.3 Number concentrations (N) vs. particle sizeg)D

4.2 Residence timet{) dependence of particle numbers
(N) and residual [HSOy] We also investigated how and D, vary as a function of,

and the initial [SQ] at constant RH (e.g., 23%) (Figs. 11—

13). In this series of experiment®ota) Was decreased to
We have observed that affects the measured particle num- increaser, and the initial [SQ]. At RH of 23% andz, of
ber concentrations and the residuap8@y] (Fig. 10).z, was 24 s, when the initial [Sg] was raised from 2.9 to 4.9 ppmyv,
varied between 5 and 19 s, by using two nucleation tubes wittN increased from 220 to 6:910°cm~3 and D, increased
similar lengths . of 80 cm and 82 cm) but different diame- from 3.6 to 5.0 nm (Fig. 12a). The corresponding §x]
ters (D=2.54 cm and 5.08 cm) a@®otas Of 51pm and RH of  ranged from 1.5%10° to 2.4x10° cm=2 (Fig. 11). Such in-
15%. The initial [SQ] varied from 0.03 to 0.15 ppmv in the creases oN andD,, with increasing initial [SQ] were even
two experiments and were identical for these two different more substantial at the of 54s; theN increased from
at the constan®iotal. The calculated from the experiments  1.4x10* to 5.5x10° cm 3 and theD,, increased from 5.6—
with ¢, of 5s and 19 s were on the same order of magnitudeB.2 nm when the initial [Sg] increased from 4.4-11.1 ppmv
(0.1-0.54cm3s™1 vs. 0.1-0.75cm3s™ 1), but the CIMS-  (Fig. 12¢c). Ast, increased from 24-54s, with similar ini-
measured [HSOy] were different. In fact, the [HSOy] at ¢, tial [SO,] (4.9, 4.6, and 4.4 ppmv)NV also increased from
of 5s was about a factor of two higher than that.adf 19 s 6.9x10° to 1.4x10*cm™3 and theD,, increased from 5.0—
(3.8x10% to 5.8x10fcm 3 vs. 1.3<10° to 1.9x1Bcm™3).  5.7nm (Fig. 13). These results show that batand D, in-
Since theJ values were comparable, it is likely that the crease with increasing; N becomes higher because of nu-
[H2SOy] difference was caused by the increased wall losscleation andD, larger because of condensation growth. But
at longer, (Fig. 4a; Sect. 3.1). since bothD, andNare affected by;, this makes estimation

www.atmos-chem-phys.net/8/4997/2008/ Atmos. Chem. Phys., 8, 80932008



5010 L.-H. Young et al.: BISO4/H,0 binary homogeneous nucleation laboratory studies

P I E N I E N P 1.7x10°cm~2 and 0.01 to 0.03 ¢ s~ 1, respectively. This

100x10° -

m’E‘ RH=23% = ig}jz EZ: I;‘z shows higher productions of430, and N at higher RH.
A o [S0j=44ppm t=5as | Figure 15 shows the particle size distributions measured
o Indoor air at Oso, of 0.11pm, Qyotal Of 2.6 Ipm, the initial [SQ] of

3 3.8 ppmv, and, of 38s for RH of 22%, 26%, and 30%. As
N i RH increased from 22 to 30%, the CIMS-measuresi&y]

° increased from 7.810° to 1.0x10°cm 3 and N increased

g 40 - from 5.9x10% to 1.1x10°cm3. The mode diameter also
© (A increased from 5.1-6.4 nm with increasing RH due to the in-
é 204 & - creased SOy production and particle growth.

O T AR A S R R . .
4 6 8 10 12 14 16 18 20 5 Discussions

Particle Diameter, D, (nm)
5.1 Technical factors that affect nucleation rate (J)
Fig. 13. The average number size distributions measured at similar calculations
initial [SO5] but varyingt, of 24 s (green circles), 37 s (red squares),
and 54 s (blue triangles) at 288 K. These datasets are also shown Beveral competing processes simultaneously take place in the
Figs. 11 and 12. In comparison, an average aerosol size distributiopucleation reactor, such as nucleation, wall loss, and coagu-
measured from room air is also shown (orange crosses). lation and condensation growth (Fig. 16). These processes
also affect the measured residuab®®s], N, andD,, and
1 in turn, affect the calculated and theJ dependence on

t,=19s [H2oSOy] (Fig. 17). . _
o' 4 Soamoa e | We have seen Iower_reS|duaI;{E|O4] at longerr, (F|gs._ 10
] So1=24 4pom R : and 11), consistent with that wall loss 0680, is a first
_ ] "¢ P - I order loss rate process (Sect. 3). Wall loss can be a limita-
I Z%L L tion of flow tube experiments, especially for nucleation reac-
5 2L : tors that have large surface to volume ratios (e.g., with small
o N C= e (=) I inner diameters). In addition to wall loss, some other fac-
10" 4 e (047 2 e 3 tors (e.g., RH) can affect the residual f604] and N. In
A F the present experimental setug®molecules participate in
R I both the BSO, formation and aerosol nucleation process.
10 T T T e o T This is because increasing 48] would increase the [OH]
10" and thus HSQy production (R1), and also favor hydration
Residual [H,SO,] (cm”) of HoSOy molecules. High RH can also increase penetra-

tion efficiency of HSQy. The addition of HO molecules to
Fig. 14. The measured as a function of the residual f$0y] at H>SO4 molecules can also reduce diffusion coefficients and
() RH=11%,(b) RH=15%, andc) RH=23% at 288 K. thus decrease wall loss, although the RH effects on WLFs are
less important than the effects (Fig. 4).
) ) _ Our results also show that both theand D, vary as a
of “apparent”J from different nucleation studies less com- fynction of [HSOu], RH and?, (Figs. 12, 13, 15). Also, at
parable, especially when particles have differéptunder  hjghy,, the condensation growth and wall loss af30y will
differentz, (or7,) conditions. become more important. At highdrvalues,N can be even
anti-correlated with [HSOy] (Benson et al., 2008), because
4.4 The RH effects on nucleation rate (J) and particle sizecondensation growth can dominate over nucleation processes
(o) with larger particle surface areas (at higheandD,,). If the
time scale of coagulation process is comparable to that of the
Figure 14 shows the RH effects on the production 68y nucleation process, it will lead to the reduc&dand sub-
and particles at constant (e.g., 195S). Qotal (51lpm) and  sequently underestimatetl (Wyslouzil et al., 1991a). Un-
the nucleation reactor'tD (5.08cm) andL (82cm) were  der such a circumstance, the underestimateat the high
identical for these three RH levels. The initial [§Qvas  end of the concentration range will in turn reduce the steep-
between 2.4-4ppmv for RH of 11-15%, while the initial ness of the slope of the power relationship betwdesnd
[SO;] was between 0.2-1ppmv for RH of 23%. At [§J0 [H2SO4]. To obtain accurate “apparent’, nucleation ex-
of 2.4 ppmyv, for example, when the RH was raised from periments must be conducted below the level at which nu-
11-15%, the [HSO4] and J nearly tripled from 6.% 108 to cleation dominates over coagulation or condensation growth
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L.-H. Young et al.: BSO4/H>0 binary homogeneous nucleation laboratory studies 5011

process, for example, at lower §8O;], lower Nand shorter  were also not very different from each other (7 vs. 8). Nev-
1. To reduce such effects of condensation and coagulation oertheless, then,so, value increased from 7 to 13 when the
the measured values, the measured can be extrapolated RH was lowered from 15 to 2% in Ball et al. (1999). The
at a specificD, (e.g., 1nm) (Kerminen and Kulmala, 2002; data points from this study (group B) at RH of 15% apd
Kulmala et al., 2006). This normalization would allow one to of 19 s (from 100 ppmv source cylinder experiments) nearly
obtainJ values that are more representative of the “trde” overlap with those from Ball et al. (1999)’s liquid,BOy
(i.e., the formation rate of the critical clusters) under different experiments at RH of 15%. Thay,sq, obtained from labo-
experimental conditions. In the present study, however, weaatory studies of HSO4/H20 binary homogenous nucleation
report the measured “apparent’to directly compare with is typically larger than 3 and even up+a0 for [HoSOq] be-
other laboratory experiments. tween~10’ to 10" molecules cm? (this study; Wyslouzil

et al., 1991; Viisanen et al., 1997; Ball et al., 1999; Berndt
5.2 Dependence of nucleation ratgs on [HoSO4], RH et al., 2005, 2006; Benson et al., 2008). These numbers

and residence time ) are much higher than those actually observed in the atmo-

spheres. Field studies have shown that thakq, is often
A summary of the measured §8Oy] and J at 288K, between 1-2 (Weber et al., 1996; Sihto et al., 2006; McMurry
97.3kPa, and RH of 11%, 15%, and 23% is given in Table 2.and Eisele, 2005). Such a discrepancy raises questions on
The residual [HSOs] (measured by CIMS at the end of the whether the binary homogeneous nucleation is the primary
nucleation reactor) ranged fronx@0’ to 1x10%cm=2 and nucleation mechanism in the atmosphere. Recently, Kulmala
the initial [HpSOy] (calculated from the residual p$Ou] et al. (2006) proposed an activation theory of neutral clus-
and WLFs) ranged from:210° to 2x10'%cm~3. Under our  ters containing one or two 450, molecules to explain the
experimental conditions, the measutedanged from 0.01- field observations. While field studies of small neutral clus-
220cnm3sL. Figure 17 shows the plots of log vs. log  ters (Kulmala et al., 2007a) also support this theory, further
[H2SOy] for the entire data taken from our nucleation study experimental work will be required to prove this new theory.
(Table 2). We also included here thievalues cited from Recent findings by Winkler et al. (2008) showed that or-
earlier studies by Ball et al. (1999) and Berndt et al. (2006)ganic vapors can easily condense on small charged, preexist-
for comparison. The data points from the present study falling seed aerosol particles starting from 1.2 nm and undergo
between those from these two earlier studies. In order ttheterogeneous nucleation at lower saturation ratios. Since
measure the pBQu/H0 binary J of 1cm3s7%, the mini-  we have not intentionally applied any ion sources in the nu-
mum residual [HSOy] (as well as the initial [HSQs]) wasin  cleation reactor, with the low production rates of ions being
the 1¢—10° cm~3 range at RH between 11-23% and 288K only the natural sources at the ground level (Lovejoy et al.,
(Fig. 17a). In Berndt et al. (2005, 2006), however, the resid-2004) there are minimal charged clusters or small particles
ual [H2SOy] of 10°-10 cm~3 was sufficient to producd  that can act as seed particles for heterogeneous nucleation.
of 1cm3 57t at RH of 11%, 22%, and 288K. In Ball et \We also believe that there are minimum organic vapor con-
al. (1999), [SQy] of ~10°cm™ was needed at RH be- centrations in our system and therefore, heterogeneous nu-
tween 2-15% and 295K for binary and ternary (withH  cleation on charged clusters is negligible. But this is an in-

homogeneous nucleation. In comparison, predictions fromeresting area we want to look into in the future.
classical nucleation theory showed that the initiap 8@y]

has to be at least #dcm~3 to observe significant binary 5.3 Particle growth rates
at RH<20% and 298 K (Vehka#ki et al., 2002). A recent
kinetic quasi-unary nucleation model foR80s/H20 also  Based on these measurBg, we calculated aerosol growth
showed that the initial [SOy] has to be at least #dcm™3  rates using three different methods. In the first method,
to observe significant binary at RH<20% and 300K (Yu, growth rates were calculated based on the measured aerosol
2006). size distributions as a function gf. The aerosol geometric
We estimatedip,sg, from 3-8 under our experimental mean diameters (GMDs) were 5.1 to 5.3, to 5.7 nnvfaf
conditions (Fig. 17). The slopes of lagvs. log [H,SO4] at 24 to 37, to 54s, respectively (Table 3), for the size distri-
RH of 23% were not as steep as that at RH of 11% and 15%butions shown in Fig. 13, for example. Growth rates derived
np,so, increased from-3 to ~8 when RH decreased from  from this first method were 95 nnth. The second method
23% to 15% (Fig. 17a). These results indicate that there ar@ises the same GMDs amd but we assume that these par-
lessnh,so, at higher RH, as predicted from the nucleation ticles have grown from critical cluster size 1.5 nm (Kumala
theories. The increaset,sg, with decreasing RH is con- et al., 2007a) to the measured GMDs within theseThe
sistent with nucleation theories and also consistent with Ballgrowth rates calculated from this second method ranged from
etal. (1999) and Berndt et al. (2005, 2006) results (Fig. 17b)200-500 nm h1. The third method is a kinetic method based
Thenn,so, at RH of 15%, however, is not distinctly differ- on the initial [H,SOy] (calculated from the residual p$0y]
ent from that at RH of 11% (4-8 vs. 3-6). Interestingly, the and WLFs) and mass accommodation coefficient (1). This
nH2sos4Values at RH of 15% and 10% from Ball et al. (1999) method provides growth rates similar to those derived from

www.atmos-chem-phys.net/8/4997/2008/ Atmos. Chem. Phys., 8, 80932008
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Fig. 15. The CIMS-measured residuabBO, and number size distributions of newly formed particleadtRH=22% (left panels)(b)
RH=26% (middle panels), ant) RH=30% (right panels) at 288 K. Note the scales for the number concentration are different (lower
panels).

particle precursor concentrations used in our nucleation ex-
SO, +OH+0,+H,0 et H,SO periments (18-10° cm~3) were much higher than the typical

Flow direction \ N @ atmospheric conditions (£910’ cm~3). The derived growth
:i > @ ®

rates from field studies usually range from 1-20nmh
°%®8 """ @ @ (Kulmala et al., 2004), although there are a few exceptions
from recent reports. Svenningsson et al. (2008) have shown
particle growth rates up to 50 nnthin a rural background
station in northern Sweden. lida et al. (2008) also showed
growth rates ranging from 15-40 nmhin Tacamec, Mex-
g’co, much higher than those reported from other urban areas.

Fig. 16. Hypothetical loss processes for gas phase
H>SOq molecules that take place during the formation oSGy
from the S@+OH—HSQO; reaction in the flow reactor and the sub-
sequent particle nucleation. Solid arrows indicate three pathway
related to gas phaseos80, losses,(a) wall loss, (b) nucleation,
and(c) condensation on the formed particles. Also see Fig. 6 for5.4 Formation of HSO, and particles in the absence of OH
the simulation of [(SOy] vs. time in the nucleation reactor. and UV

Although it is not the focus of the present study, it is worth-
the second method. The concept used in the third methodvhile to mention that we also observed thai3®, and par-
is very similar to that used in our independent simulationsticle formation in the absence of OH, i.e., only from £0
of nucleation zone (Sect. 3.3) and in fact, similar growth O,, and water vapor. There are several experimental results
rates were also derived from the nucleation zone simularelated to this feature. First, as shown in Fig. 8, there were
tions. These calculated growth rates were all much highesome measurable amounts of$0, and particles when UV
than those observed in the atmosphere, due to the fact that thveas off (the residual [HSO4] measured without OH and UV
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T o Table 3. Lognormal distribution parameters of the measured
T(?) ITh'S study: SO, +OH+0, +H,0 aerosol sizes (corresponding to Fig. 13) used for aerosol growth rate
162 4 Cretes voomaor oo _ calculations (Sect. 5.3). GMD indicates geometric mean diameter.
4 — RH=23%,t,=195(A) F
BETSE DO Residence ~GMD Width Particle Conc.
"o J—mi-nmg-io Time,s- () (hm)  (hm)  (cmd)
5 10 3 . e 3 24 51 125 8136
ST WLF=2.4 id 1 ) . 37 5.3 1.18 14232
193 AR F 54 57 114 14941
107 T=288K 3
107 e qualitative results at present and it is also difficult to know if
10° 107 10° 10° 10" 10" these results have something to do with Berndt et al. (2008)
and Stratmann et al. (2008)’s speculation of an alternative
T S e EPE— path for new particle formation involving HSO
j (b) Earlier studies 3
102—; Berndtetal, 2006] ¢ —
350, +OH+0, +H,0/ ; 6 Conclusions
, 1 T=293kK A H
n ° ; P ﬁij”%’ R to% We have developed a laboratory experimental set up to study
"”E 10° 2 :.:" - the binary homogeneous nucleatiop3®y/H,0. This setup
f : IR Balletal, [1999) : design is largely based on Ball et al. (1999), Zhang et
10" 4 n=¢ AN R 3 al. (2004) and Berndt et al. (2005, 2006). Specifically, our
] FE A i nucleation reactor has similar dimensions and flow rates as
107 3 : 3 in Ball et al. (1999) and both these two studies directly
L - measure [HSQy] with CIMS at the end of the nucleation
10" T reactor. We also produce,80, vapor in-situ from the
10° 10’ 10° 19: 10° 10" SOp+OH—>HSO; reaction similarly to Berndt et al. (2005,
[H,50,1(cm™) 2006). However, unlike Berndt et al. (2005, 2006) where OH

is produced from ozone photolysis and its concentrations are
Fig. 17. The measured as a function of the residual p$0y] for calculated from titration reactions with CO and hydrocarbon
(a) the present SE+OH experiments anb) from earlier studies.  compounds, in our study OH is produced from water UV ab-
The linear lines are the results of power regression on the expersorption, which also allows for direct measurements of [OH],
imental data. The calculated WLFs corresponding to our experi-yitn accurate photon flux measurements, and thus the initial

mental conditions are shown so that the initiap§0,] can be es-
timated. See Table 2 for the detailed experimental conditions. n[H 2SQu]. While Ball et al. (1999) have used a movable tube

Ball et al. (1999) where liquid pSO; sample was used, WLF=22. to sample particles to determine the nucleation zone, we used

Berndt et al. (2006) where the $®OH reaction was used have not a numerical simulation to characterize the nucleation zone
provided WLFs. based on the measured48004] and D,. WLFs were de-

termined from calculations by assuming that wall loss is dif-

fusion limited based on Hanson and Eisele (2000) and also
were usually at least one or two orders of magnitude lowerfrom simultaneous measurements of the initial and residual
than those produced in the presence of UV and OH); we als¢H>SO4] with two CIMSs and these results are consistent
saw the same feature when starting witho,Stit UV off. each other. These WLFs allow us to provide both the ini-
Such a feature consistently appeared over different time petial and residual [HSOy] from the CIMS-measured residual
riods and even after we washed the flow tube with distilled[H2SOy]. In the present study, we provide a systematic eval-
water overnight to remove all4$0, and particles deposited uation of this new nucleation experimental system from var-
on it from previous experiments. In addition, the measuredious technical aspects and discuss our primarily BHN results
[H2SOy] and particles were also directly related to the initial by comparing with other laboratory studies.
[SO] (Figs. 9-15), even though [SD>>> [OH] and there- The Hh,SOy/H,O BHN J values were measured using
fore, the produced [F5Oy] from R1 should be the same as SO,+OH—-HSO; at 288K, 97.3kPa, RH from 11-23% for
[OH] and independent from [S) These results may sug- the H,SOy residual concentrations from &a10°cm=2 and
gest that there are some other pathways fg#8®h and parti- 7. between 5-54s. In our system, the nucleation zone is
cle formation, independent from R1-R3. But we do not un-about half of the nucleation reactor and thys0.%,. The
derstand the reaction and nucleation mechanisms from thesmeasured/ ranged from 0.01-220cnis ! and increased
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with increasing [HSOy] and RH. Such trends are consistent  Our future goal is to measuré at atmospherically rel-
with the predictions of nucleation theories. Under our exper-evant conditions with [HSO4] in the 1F-10' cm3 range
imental conditions, [HSQy] of 1081 cm=2 (both initial with and without ternary species and compare them with
and residual concentrations) was needed to producé tfe  atmospherically observed. Thus far, our experiments
1cm 351, This [H,SQy] threshold is much higher than the shown here were made at highen0y4] ranging from 16—
atmospheric conditions (£010' cm™3) but falls between 10°cm~3. Despite the various technical challenges and dif-
those in Berndt et al. (2005, 2006) €ta0' cm3) and in ficulties, our nucleation experiments complement other nu-
Ball et al. (1999) (18-10°cm=3). The power relationship cleation laboratory studies and provide important kinetics
between measured and [HSOy] suggestsin,so, ranged  properties of HHSO4/H,O binary homogeneous nucleation
from 3-8 BbSOy. This number also increased with decreas- and the relatively constrained aerosol precursor concentra-
ing RH, in an agreement with classical nucleation theoriestions, which are required to test nucleation theories.

and is in the same range as those reported from the previous

laboratory nucleation studies (Wyslouzil et al., 1991b; Ball et

al., 1999; Berndt et al., 2005, 2006). These estimapggo4 AcknowledgementsThis study was supported by the NSF CA-

f th laborat tudi h hi th REER Award (ATM-0645567). We thank Greg Huey and Dave
rom these laboratory StUCIES are, hOWever, much larger thak, , o tor the CIMS construction and technical support, Chris

those derlved from field observations (_1_2) (Weber et al.,cantrell and Dave Tanner for providing information on designing
1996; Sihto et al., 2006; McMurry and Eisele, 2005). Thesethe OH water vapor UV absorption cell, Jim Gleeson for the help
differentny,so, derived from the laboratory studies and at- on OH measurements, and Barbara Wyslouzil, Peter Adams, Neil
mospheric observations, together with the higher thresholdonahue, Fred Eisele, Kari Lehitnen, and Peter McMurry for
of [H2SOy] required for nucleation in the laboratory studies useful discussions.

than the atmospheric conditions, indicate that other ternary

species are important for atmospheric aerosol nucleation anfdited by: A. Laaksonen

growth. The measured sizes of newly-formed particles were

smaller than 10nm. The derived growth rates calculated
from the measured [}8Q4], D, and, ranged from 100-
500 nm i1, much higher than atmospheric observations, be-
cause of high [HSOy] used in our study.

At preser]t there "?“e large disc_re.pancies hetween diﬁegBall, S. M., Hanson, D. R., Eisele, F. L., and McMurry, P. H.: Lab-
ent nucleation expenment.s and it is important to underfstan oratory studies of particle nucleation: Initial results fos$0y,
what factors cause such differences. There are severalimpor- p,6, and NH; vapors, J. Geophys. Res., 104, 23 709-23718,
tant technical issues we have to address, including wall loss, 1999,
ratios oft, vs.t, (or characterization of nucleation zone), nu- Baron, P.A. and Willeke, K.: Aerosol Measurement: Principles,
cleation reactor’s dimensions, the method to produg®®} Techniques, and Applications, 2nd ed., John Wiley and Sons,
and detect them, characterization of aerosol sizes in addi- New York, 2001.
tion to aerosol number concentrations, stability of experi-Benson, D. R., Young, L. H., Kameel, F. R., and Lee, S.-H.:
mental conditions, and the effects of ternary species. Wall Laboratory-measured nucleation rates of sulfuric acid and wa-
loss is a function of,, nucleation tube diameter, and RH. tr binary homogeneous nucleation from the;SADH reaction,

1, may be different front, depending on where the nucle- Geophys. Res. Lett., 35, L11801, doi:10.1029/2008GL033387,

. . . . 2008.
ation zone is and the differences depend on the experimens .1 Rge, O., Stratmann, F., Heintzenberg, J., and Kul-

tal setup and aerosol precursor concentranons. Also, .partl- mala, M.: Rapid formation of sulphuric acid particles at near-
cle measurements often require a long time (e.g., 3h in the atmospheric conditions, Science, 307, 698—700, 2005.
present Study) fOI’ the SyStem to be Stabilized and thUS in OrBerndtl T., ngel O_’ and Stratmann’ F.: Formation of at-
der to provide reproducible data, the system has to achieve mospheric HSO4/H,O particles in the absence of organ-
this steady state under each experimental condition, although ics: a laboratory study, Geophys. Res. Lett.,, 33, L15817,
this can be a time-consuming and somewhat impractical pro- doi:10.1029/2006GL026660, 2006.

cess. Also, many experimental parameters affect each othelerndt, T., Stratmann, F., Bsel, S., Heintzenberg, J., Laaksonen,
For example, not only did aerosol numbers vary but also A. and Kulmala, M.: S@ oxidation products other thaniS0y
the sizes vary with aerosol precursor concentrationszand @S @ trigger of new particle formation — Part 1: Laboratory inves-
(andt,), so it is necessary to know aerosol sizes to correctly 192tions, Atmos. Chem. Phys. Discuss., 8, 9761-9782, 2008,
characterize/. In addition, condensation loss of §8Qy] http://www.atmos-chem-phys-discuss.net/8/9761/2008/

L " Boulaud, D., Madelaine, G., Vigla, D., and Bricard, J.: Experimen-
can become significant at high ;5504]. and RH, longen, tal study on the nucleation of water vapor sulphuric acid binary
and largerD,. These complex “matrix” effects should be system, J. Chem. Phys., 66, 4854—4860, 1977.
taken into account, in order to make a valid comparisos of cantrell, C. A., Zimmer, A., and Tyndall, G. S.: Absorption cross
and [HbSOQs] needed for nucleation from different nucleation  sections for water vapor from 183 to 193nm, Geophys. Res.
studies. Lett., 24, 2195-2198, 1997.
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