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Abstract. Binary homogeneous nucleation (BHN) of sul-
phuric acid and water (H2SO4/H2O) is one of the most im-
portant atmospheric nucleation processes, but laboratory ob-
servations of this nucleation process are very limited and
there are also large discrepancies between different labora-
tory studies. The difficulties associated with these experi-
ments include wall loss of H2SO4 and uncertainties in esti-
mation of H2SO4 concentration ([H2SO4]) involved in nu-
cleation. We have developed a new laboratory nucleation
setup to study H2SO4/H2O BHN kinetics and provide rela-
tively constrained [H2SO4] needed for nucleation. H2SO4 is
produced from the SO2+OH→HSO3 reaction and OH rad-
icals are produced from water vapor UV absorption. The
residual [H2SO4] were measured at the end of the nucle-
ation reactor with a chemical ionization mass spectrometer
(CIMS). Wall loss factors (WLFs) of H2SO4 were estimated
by assuming that wall loss is diffusion limited and these cal-
culated WLFs were in good agreement with simultaneous
measurements of the initial and residual [H2SO4] with two
CIMSs. The nucleation zone was estimated from numeri-
cal simulations based on the measured aerosol sizes (parti-
cle diameter,Dp) and [H2SO4]. The measured BHN rates
(J ) ranged from 0.01–220 cm−3 s−1 at the initial and resid-
ual [H2SO4] from 108–1010 cm−3, a temperature of 288 K
and relative humidity (RH) from 11–23%;J increased with
increasing [H2SO4] and RH. J also showed a power de-
pendence on [H2SO4] with the exponential power of 3–8.
These power dependences are consistent with other labora-
tory studies under similar [H2SO4] and RH, but different
from atmospheric field observations which showed that par-
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ticle number concentrations are often linearly dependent on
[H2SO4]. These results, together with a higher [H2SO4]
threshold (108–109 cm−3) needed to produce the unitJ mea-
sured from the laboratory studies compared to the atmo-
spheric conditions (106–107 cm−3), imply that H2SO4/H2O
BHN alone is insufficient to explain atmospheric aerosol for-
mation and growth. Particle growth rates estimated from the
measured aerosol size distributions, residence times (tr), and
[H2SO4] were 100–500 nm h−1, much higher than those seen
from atmospheric field observations, because of the higher
[H2SO4] used in our study.

1 Introduction

Atmospheric particles affect atmospheric composition, cloud
formation, global radiation budget, and human health. Nu-
cleation is a gas-to-particle conversion process in which new
particles form directly from gas phase species (Seinfeld and
Pandis, 1997) and is a key process that controls particle num-
ber concentrations. Field studies have shown that new parti-
cle formation occurs ubiquitously in the atmosphere, ranging
from ground-level rural and urban areas to the upper tropo-
sphere and lower stratosphere (Kulmala et al., 2004). The
most common feature of the new particle formation events
is a substantial increase of number concentrations of nu-
cleation mode particles (diameter<20 nm), reaching up to
105–106 cm−3 in the condensable vapor-laden air. The in-
volvement of sulphuric acid (H2SO4) in nucleation has been
widely suggested, with the binary (Vehkamäki et al., 2002;
Yu, 2006), ternary (Korhonen et al., 1999; Napari et al.,
2002), or ion-induced nucleation (Yu et al., 1998; Lee et al.,
2003; Lovejoy et al., 2004). However, it was often found
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Table 1. A summary of previous laboratory studies of H2SO4–H2O BHN, along with two studies from our group (including Benson et al.,
2008). nH2SO4 indicates the number of H2SO4 in the critical clusters,nH2O the number of H2O molecules in the critical clusters, CIMS
chemical ionization mass spectrometry,tr flow residence time,tn nucleation time, WLF Wall Loss Factor of H2SO4, RSD the relative
standard deviation, and R1 the SO2 + OH → HSO3 reaction.

Reference H2SO4Production H2SO4
Measurements

[H2SO4] (cm−3) RH (%) J(cm−3s−1) nH2SO4;
nH2O

tr ; tn(s) WLF Stability Experiments

Wyslouzil et al., 1991a Liquid H2SO4 Mass balance calculation
(initial conc.)

1.3×1010 to 1.5×1011

(initial conc.)
0.6–65 0.001–300 4–30;

9
18; – Ran experiments for at least 10 h; al-

lowed 2 to 5 min for stabilization of
new conditions

Viisanen et al., 1997 Liquid H2SO4 Mass balance calculation
(initial and residual conc.)

1×1010 to 3×1010

(initial conc.)
38 and 52 2–3000 21 and

10; –
117; 50 1.9 Stabilized all temperatures and hu-

midities before measurements; sta-
ble operation of at least 1 h with
RSD<10%

Ball et al., 1999 Liquid H2SO4 CIMS (measured residual
and calculated initial conc.)

2.5×109 to 1.2×1010

(residual conc.)
2–15 0.01–1000 7–13;

4–6
26; 4 22 Initialized new experimental condi-

tions overnight
Berndt et al., 2005, 2006 R1 Organic titration reactions

and kinetic model calcula-
tion (residual conc.)

1×107 to 1×108

(residual conc.)
11–60 0.1–100 000 4–6; - >290; −

Zhang et al., 2004 Liquid H2SO4 CIMS (residual conc.) 4×109 to 1×1010

(residual conc.)
5 0.3–500 7–12; –

Benson et al., 2008 R1 CIMS (measured residual
and calculated initial conc.)

3×106 to 2×109

(residual conc.)
11–50 0.1–10 000 2–10;

10–15
20–77;
10–38

2.6–
29.9

Ran setup for 15 min; used the first
10
min for data analysis

This study R1 CIMS (measured residual
and calculated initial conc.)

1×108 to 1×1010

(residual conc.)
11–23 0.01–220 3–8; – 5–54;

3–27
1.3–
12

Ran set up for 15 min;
but for J calculations, initialN were
corrected
with a factor of 5 to convert them to
the steady
state concentrations

that the nucleation rate (J ) predicted from nucleation theo-
ries cannot explain the atmospheric observations (e.g., We-
ber et al., 1996). The current nucleation theories also contain
high uncertainties over many orders of magnitude, because
these theories are not fully tested and constrained by labora-
tory observations. Recently, Kulmala et al. (2007a) showed
direct evidence of aerosol nucleation by measuring neutral
clusters and small aerosol particles at the 1.5 nm size range in
the boreal forest atmosphere and suggested that their findings
support the cluster activation theory of atmospheric aerosol
nucleation proposed by Kulmala et al. (2006).

Heist and He (1994) and Laaksonen et al. (1995)’s review
papers discuss nucleation measurements from earlier studies.
Table 1 summarizes more recent H2SO4/H2O binary homo-
geneous nucleation (BHN) laboratory studies found in the
literature. At present, not only is the number of laboratory
studies of H2SO4/H2O BHN limited, but also there are large
discrepancies inJ and the [H2SO4] involved in nucleation
reported from different studies. There are several important
aspects in laboratory H2SO4 nucleation experiments, such
as the method used to produce H2SO4 vapor, estimation of
[H2SO4] used for nucleation, wall loss of H2SO4 in the nu-
cleation reactor, estimation of the nucleation region, and the
stability of the nucleation system especially with regard to
particle measurements. These factors directly contribute to
the uncertainties inJ and the [H2SO4] required for nucle-
ation.

Several laboratory studies produced H2SO4 vapors by sat-
urating a carrier gas with the vapor from a liquid pool or
vaporizing the H2SO4 acid liquid at high temperatures for

simplicity and calculating the saturation ratio, relative acid-
ity, or the H2SO4 concentration ([H2SO4]) based on mass
balance (Reiss et al., 1976; Mirabel and Clavelin, 1978;
Wyslouzil et al., 1991a; Viisanen et al., 1997). These ex-
periments were also often made in continuous-flow reac-
tor systems. For example, Wyslouzil et al. (1991) investi-
gated the H2SO4, relative humidity (RH), and temperature
dependence ofJ . At relative humidity (RH) between 0.6 to
65% and temperatures of 293, 298, and 303 K, they mea-
suredJ between∼0.001 to∼300 cm−3 s−1 for calculated
relative acidities between 0.04–0.46; the estimated numbers
of H2SO4 molecules in the critical clusters (nH2SO4) ranged
from 4–30. Viisanen et al. (1997) measuredJ between 2–
3000 cm−3 s−1 for calculated [H2SO4] between 1×1010 to
3×1010 cm−3 at 298 K and ambient pressure; the estimated
numbers of H2SO4 molecules in the critical clusters were 21
and 10 at RH of 38% and 52%, respectively. Ball et al. (1999)
directly measured [H2SO4] with a chemical ionization mass
spectrometer (CIMS) and obtainedJ ranging from approx-
imately 0.01–1000 cm−3 s−1 for residual [H2SO4] between
∼2.5×109 to 1.2×1010 cm−3 at RH from 2–15%, 295 K and
ambient pressure. The estimatednH2SO4 and the numbers of
H2O molecules in the critical clusters (nH2O) ranged from
7–13 and from 4–6, respectively (Ball et al., 1999). With a
similar approach with CIMS, Zhang et al. (2004) obtainedJ

ranging from∼0.3–500 cm−3 s−1 for residual [H2SO4] from
∼4×109 to 1.0×1010 cm−3 at RH of∼5%, 298 K and ambi-
ent pressure.

Reiss et al. (1976) and Boulaud et al. (1977) have noted
the difficulties associated with liquid H2SO4 samples; for
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Figure 1.  A schematic of the Kent State University nucleation experimental set-up that 

consists of a laminar flow reactor for photolysis of H2O and nucleation of H2SO4/H2O, a 

SMPS/UWCPC system for particle measurements, and a CIMS for the residual H2SO4 

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 performed additional experiments with 

two CIMSs to measure both the initial and the residual [H2SO4] to verify WLF 

calculations (Figure 4).  For the experiments with two CIMSs, the 2nd CIMS inlet was 

connected to the position after the SO2 introduction and before the nucleation region.  

Nucleation zone was estimated to be about 40 cm (Section 3.3) 

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 H2SO4/H2O, a SMPS/UWCPC system for parti-
cle measurements, and a CIMS for the residual H2SO4 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 [H2SO4] to verify WLF calculations (Fig. 4).
For the experiments with two CIMSs, the 2nd CIMS inlet was con-
nected to the position after the SO2 introduction and before the nu-
cleation region. Nucleation zone was estimated to be about 40 cm
(Sect. 3.3).

example, the corrosiveness and extremely low vapor pres-
sure of H2SO4, and the vapor equilibrium in the carrier gas
and the homogeneity of the H2SO4/H2O mixture are diffi-
cult to characterize. There are also other studies that have
produced H2SO4 from gas phase SO2 by means ofα-ray ir-
radiation for ion-induced nucleation studies (Diamond et al.,
1985; Mäkel̈a et al., 1995; Kim et al., 1997). Christensen et
al. (1994) used photolytic excitation of SO2 (wavelength be-
tween 240 and 330 nm) in an SO2/NH3/H2O ternary system
to produce H2SO4. Boulaud et al. (1977) used in-situ gas
phase reaction of SO3+H2O for the production of H2SO4
vapors, and obtainedJ of 1 cm−3 s−1 for [H2SO4] from
1010 to 1011 cm−3 at RH from 15–70% and 293 K. Berndt
et al. (2005, 2006) used the gas phase reaction of SO2 + OH
to produce H2SO4 vapor, via the following reactions:

SO2 + OH → HSO3 (Rate limiting step) (R1)

HSO3 + O2 → SO3 + HO2 (R2)

SO3 + 2H2O → H2SO4 + H2O (R3)

They calculated [H2SO4] from the estimated [OH] and
[SO2]; [OH] was calculated from titration reactions of hy-
drocarbons and OH. From this method, they obtained a low
threshold of [H2SO4] needed for nucleation, 106–107 cm−3,
considerably lower than those from other previous laboratory
nucleation studies (Viisanen et al., 1997; Ball et al., 1999;
Zhang et al., 2004). Recent studies also suggested a new
pathway to produce particles from SO2 and OH other than
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Fig. 2. (a)Calibration curve of photon intensities measured in volt-
age by a Hamamatsu phototube and those in ampere by a NIST-
certified photodiode. Error bars indicate one standard deviation
around the mean.(b) The calculated [OH] produced from wa-
ter vapor UV absorption as a function of RH (Sect. 2.1). Since
under typical experimental conditions [SO2]�[OH], the initial
[H2SO4]=[OH]; these two values were in fact nearly on the same
order, within experimental uncertainties (Fig. 6, Table 2).

through R1–R3, involving formation of gas phase HSO5 that
may contribute to new particle formation (Berndt et al., 2008;
Stratmann et al., 2008).

Wall loss of H2SO4 is one of the challenges in nucle-
ation experiments. Some studies provided initial [H2SO4]
(Wyslouzil et al., 1991a; Viisanen et al., 1997), whereas oth-
ers provided only the residual [H2SO4] (Berndt et al., 2005,
2006; Zhang et al., 2004). Ball et al. (1999) corrected the
residual [H2SO4] with WLFs to estimate the initial [H2SO4].
Ball et al. (1999) estimated a factor of 2 loss of H2SO4 in
the “nucleation zone” in their fast flow reactor (correspond-
ing to tn of 4 s; thetr in the entire flow reactor was∼26 s)
(I.D.=4.9 cm). By further including other additional factors,
such as losses on several joints inside the nucleation reactor,
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Ball et al. (1999) have reported an overall WLF of 22. Vi-
isanen et al. (1997) have estimated WLF of H2SO4 of 1.7 for
nucleation time (tn) of 50 s from their H2SO4–H2O nucle-
ation experiments in which a laminar flow diffusion chamber
(I.D.=2.4 cm) was used as the nucleation reactor.

Nucleation zone and particle stability were also addressed
by different investigators. So far, Ball et al. (1999) have pro-
vided the most comprehensive information on “nucleation
zone” using a movable tube to measure particle number con-
centrations (N) as a function of axial position of the nucle-
ation reactor; they estimatedtn of 4 s while the totaltr was
26 s. In Ball et al. (1999), gases were left flowing to maintain
cleanness and left overnight under the initial experimental
conditions for the next day’s experiments to achieve stable
experimental conditions. To achieve the steady state of nu-
cleation, Wyslouzil et al. (1991a, b) have run experiments
for several days before starting experiments to get repro-
ducible data. Similar approach was also applied in Viisanen
et al. (1997), who also evaluated if their system was stable
or not with the relative standard deviation of the measuredN

less than 0.10 for a period of at least an hour.
We have performed laboratory studies of H2SO4/H2O bi-

nary homogeneous nucleation in a fast flow reactor at 288 K,
RH from 11 to 23%, and ambient pressure. Our labora-
tory system is constructed based on the selective combination
of the experimental methods utilized in Berndt et al. (2005,
2006), Ball et al. (1999) and Zhang et al. (2004). Similarly to
Berndt et al. (2005, 2006), we also used R1–R3 to in-situ pro-
duce H2SO4; but we measure the residual [H2SO4] directly
with a CIMS, the same method utilized as in Ball et al. (1999)
and Zhang et al. (2004). Unlike Berndt et al. (2005, 2006)
where OH forms from ozone UV reactions, in the present
study OH is produced by water photolysis to allow direct
measurement of [OH]. We have also calculated WLFs of
H2SO4 as a function oftr by assuming that H2SO4 wall loss
is diffusion limited (Hanson and Eisele, 2000); using simul-
taneous measurements of the initial and residual [H2SO4]
with two CIMSs, we further verified these calculated WLFs.
The nucleation zone was estimated from numerical simu-
lations using the measured aerosol size distributions, the
residual [H2SO4] and the estimated WLFs. Stability experi-
ments were also performed in order to provide reproducible
N andJ . The primary objectives of this study are to eval-
uate the performance of the nucleation experimental setup
from the measuredJ at various [H2SO4], RH andtr condi-
tions and provide relatively constrained [H2SO4] needed for
H2SO4/H2O BHN. Additional kinetics results from our lab-
oratory studies are also shown in Benson et al. (2008) (sum-
marized in Table 1).

2 Experimental setup

Our nucleation experimental setup consists of (a) an OH gen-
erator, (b) a temperature- and RH-controlled, fast flow nu-
cleation reactor, (c) a high sensitivity, atmospheric-pressure
CIMS to measure low concentrations of H2SO4, and (d) TSI
aerosol spectrometers to measureDp andN (Fig. 1). Table 2
shows the typical experimental conditions and a summary of
the results shown in the present study. Most of the experi-
ments were performed with one CIMS located at the end of
the nucleation reactor to measure residual [H2SO4], and the
initial [H2SO4] were estimated with the residual [H2SO4]
and WLFs (Table 2). Independently, initial [H2SO4] were
also estimated from the [OH] produced from water UV ab-
sorption ([SO2]�[OH] under the typical experimental con-
ditions) and as shown in Table 2, the [OH] values were
in good agreement with the initial [H2SO4] estimated from
WLFs, if the reactions of OH and possible CO impurities in
the system were taken into account (Table 2). There were
also additional experiments made with two CIMSs to simul-
taneously measure the initial and the residual [H2SO4]; these
measurements proved that the calculated WLFs from the dif-
fusion limited method are indeed valid (Sect. 3.1).

2.1 OH radicals and H2SO4 vapor generation

H2SO4 vapor is produced in-situ via R1–R3. SO2 was taken
from standard SO2 gases (1 and 100 ppmv) that were fur-
ther diluted with standard air. OH forms from the photo-
dissociation of H2O vapor in a quartz tube (13 cm long with
2.54 cm I.D.), using a mercury lamp (Pen-Ray 11SC-1) fil-
tered forλ<185 nm with a bandpass filter (Omega Optical
XB32 185NB20). Both the lamp and the filter are housed
inside a temperature-controlled metal box, which is purged
with a constant N2 flow rate to provide a stable photon flux.
At the bottom of the box, there is a radiation exit slit with
the long side parallel to the flow direction. The photon flux
exiting the light source is detected as a function of distance
using a solar-blind CsI phototube (Hamamatsu R5764), cali-
brated against a (National Institute of Standard Technology)
NIST-certified Si photodiode (40599S). The photocurrents
were measured with a pico-ampere meter (Keithley 6517A)
or converted to voltage signals with resistors and measured
by a voltage meter (Fig. 2a). By measuring H2O mixing
ratios and UV photon intensities, [OH] is calculated based
on the known photochemical reaction rates (absolute calibra-
tion) (Cantrell et al., 1997). The photon flux,I , at radiation
wavelength,λ (nm), is determined by:

I (λ) =
A(λ)

e × ε(λ)
(1)

whereA is the measured ampere atλ, e is the electronic
charge (1.6×10−19C), andε is the quantum efficiency of the
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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
loss is diffusion-limited (Sect. 3.1). The initial [H2SO4] were estimated from the WLFs, the CIMS-measured [H2SO4] and the calculated
[H2SO4] 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
Mode

SO2
Source
(ppmv)

Qtotal
(lpm)

QSO2
(lpm)

Reactor
ID; Length
(cm)

tr
(s)

[OH]
Calculated
from H2O
Photolysis
(109 cm−3)

[SO2]
(1013

cm−3)

WLF [H2SO4]0
Calculated
from WLF
(109 cm−3)

[H2SO4] CIMS
(109 cm−3)

Part Conc. (cm−3) J (cm−3s−1) nH2SO4

Fig. 17(a): C;
Fig. 14

11 CPC 100 5–
5.2

0.08–0.2 5.08; 82 19–20 3.5–3.6 3.2–8.0 2.5–2.6 1.4–3.2 0.52–1.3 0.12–4 0.01—0.4 3–6

Fig. 17(a): B;
Figs. 9 and 14

15 CPC 100 5–
5.2

0.08–0.2 5.08; 82 19–20 4.8–5.0 3.1–8.0 2.4–2.5 3.1–9.6 1.3–3.9 0.08–34 0.01–3.4 7

Fig. 17(a): D;
Fig. 10

15 CPC 1 5 0.30–0.9 2.54; 80 5 5.0 0.12–0.36 1.3 0.40–0.72 0.32–0.58 0.27–2.1 0.11–0.8 4–5

Fig. 17(a): E;
Figs. 9 und 10

15 CPC 1 5.2 0.10–0.75 5.08; 82 19 4.8 0.038–0.29 2.4 0.21–0.58 0.09–0.24 0.13–12 0.01–1.2 5–8

Fig. 17(a): A;
Fig. 14

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 0.6–2.1×103 0.06–220 3

Figs. 11(a),
12(a), 13

23 SMPS 100 4.1 0.12–0.2 5.08; 82 24 11 5.9–9.8 3.0 4.5–7.2 1.5–2.4 220–6.9×103 – –

Figs. 11(b),
12(b), 13

23 SMPS 100 2.6 0.12–0.2 5.08; 82 37 17 9.2–15 5.4 7.4–8.4 1.4–1.5 1.4×104 – 1.3×105 – –

Figs. 11(c),
12(c), 13

23 SMPS 100 1.8 0.08–0.2 5.08; 82 54 24 8.9–22 12 1.2–1.5 0.10–0.12 1.4×104 – 5.5×105 – –

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

[OH] = JH2O[H2O]tp (2)

JH2O = Iσφ (3)

where JH2O is the H2O photolysis rate, σ

the absorption cross-section of water vapor
(σ=7.14×10−20 cm2 molecule−1 Cantrell et al., 1997),
φ the quantum yield (φ(OH)=1.0 DeMore et al., 1997), and
tp the photolysis time. [H2O] was determined from the
measured temperature and RH (%):

[H2O] =
RH

100

ps

pt

Nd (4)

where ps is the H2O saturation vapor pressure [e.g.,
1612 Pa (or 12.09 torr) at 288 K (NIST, 2005)],pt the
total pressure, andNd the number concentration of
dry air molecules. At typical experimental conditions,
A=1.2×10−5 A cm−2, I=1.4×1014 photon cm−2 s−1, and
henceJH2O=9.7×10−6 s−1. Thus, under these conditions,
the [OH] produced were in the 109–1010 cm−3 range as a
function of RH (Fig. 2b).

When [SO2]>>[OH] which is the case for our experi-
mental conditions (Table 2), the initial [H2SO4]=[OH] based
on R1. Thus this OH production method by water vapor
UV absorption, as compared to ozone photolysis (utilized in
Berndt et al., 2005, 2006), not only minimizes other chemical
species (such as ozone) in the reactor, but also provides direct
estimation of OH (and thus the initial [H2SO4]). As shown
in Table 2, for the majority of our experiments, these [OH]
values were usually slightly higher but within the same order
as the initial [H2SO4] calculated from the residual [H2SO4]
and WLFs (Sect. 3.1; an example is shown in Fig. 6). There

were also a few cases where [OH] was up to one order of
magnitude higher than the initial [H2SO4]. These differences
were caused by uncertainties in the measurements of accurate
photon flux (I ) (and thus the H2O photolysis rateJH2O) and
[H2O], in addition to uncertainties associated with the ini-
tial [H2SO4] estimation. Also, as will be shown in Sect. 3.2,
OH radicals also react with other low concentrations of CO
impurities (estimated to<∼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 initial [H2SO4] 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 H2SO4 and
particles deposited on its inside wall during the previous
day’s experiments. The total pressure in the nucleation reac-
tor was∼97.3 kPa (slightly higher than the room air pressure
to prevent leak from the room air). The total flow rate (Qtotal)

was between 1.8–5.2 liter per minute (lpm) andtr was esti-
mated to be from 5–54 s. As will be shown in Sect. 3.3, nu-
cleation zone was characterized to be about 40 cm and there-
fore, tn=0.5 tr .

The total flow was composed primarily of SO2 and N2.
The SO2 flow rate (QSO2) varied between 0.01–0.9 lpm,
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Fig. 3. (a) Stability experiments for residual [H2SO4] measured
by CIMS (blue dots) andN measured by water-CPC (red cross-
ings). The black line shows the fitting of an exponential decay and
from this fitting, we also derived the first order loss rate of particles
(1.4×10−4 s−1). (2) TheN measured by water-CPC after 3 h when
the steady state (or equilibrium) has been reached vs. those mea-
sured within the initial first few minutes. This factor of 5 was taken
into account for nucleation rates (J ) shown in the present study.

depending on the SO2 concentration of the cylinder. The dry
N2 flow rate was adjusted simultaneously with theQSO2 to
maintain a constantQtotal. The H2O flow (i.e., humidified N2
flow) varied between 0.01 to 0.4 lpm to maintain the target
RH values. The O2 flow was maintained at 0.001 lpm regard-
less of the total flow rate. Only high purity standard gases
(nitrogen, oxygen, and SO2) (Linde Gas and Airgas Inc.)
and distilled water were introduced in the nucleation region.
The main flow of the nucleation reactor was nitrogen that
is used to bubble water; nitrogen gases vaporized from liquid
nitrogen were used to reduce ammonia impurities (<20 pptv)

(Nowak et al., 2007). We have also used the silicon phos-
phates ammonia scrubber (Perma Pure Inc.) to test the effects
of possible ammonia impurities in our system on the H2SO4–
H2O BHN experiments, and those effects were found negli-
gible. Test results with CO scrubbers (Carus Carulite 300)
also showed that CO impurities in the photolysis and nucle-
ation reactor are not significant (<200 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±2 K), and the nucleation tube was maintained
at 288±0.05 K 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-
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 accuracy of±4% over RH from 0–
100%; comparison results with several RH sensors with the
laboratory room air and the air in the nucleation reactor
showed a good agreement within this accuracy.

2.3 Particle measurements and stability

A nanoparticle differential mobility analyzer (Nano-DMA)
(TSI 3080N) and an ultrafine water condensation particle
counter (water-CPC) (TSI 3786) were used for particle num-
ber and size distribution measurements. These aerosol in-
struments were operated in two modes, the CPC standalone
mode and the Nano-DMA/water-CPC combination mode. In
the standalone mode, water-CPC has a 50% detection ef-
ficiency at ∼2.5 nm and gives total particle number con-
centrations every 5 s. The water-CPC inlet flow was set at
0.6 lpm. In the Nano-DMA/water-CPC combination mode,
size-resolved particle number concentrations were obtained
from 2.5–102 nm every 180 s. The SMPS inlet and sheath
flows were set at 0.6 and 6 lpm, respectively. ForJ values
shown in the present study, theN were determined using
the water-CPC standalone mode, while SMPS combination
mode was used to provide aerosol sizes.

We found that the measuredN was generally not as sta-
ble as the H2SO4 measurements (Fig. 3). The stability tests
show that it took a certain period of time (e.g., 3 h) for the
N to reach a steady state. The general trend was that the
N increased in the first few minutes, but after the initial in-
creaseN actually started to decrease for a certain period of
time (Fig. 3a). The relative standard deviation of theN de-
creased with time, for example, 0.39 within the first 20 min
and down to<0.10 after allowing the gases to run through
the tube for several hours. The cause of such instability is not
verified, but we suspect that the newly formed particles are
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not uniformly distributed inside the wall. The effect of inho-
mogeneity seemed to be magnified when the measured num-
ber concentrations were on the order of 100 cm−3 or less.
From the stability measurements, we estimated the first or-
der loss rate of particles to be 1.4×10−4 s−1 (much smaller
than that of H2SO4, 0.053 s−1, as shown Sect. 3.1). Here,
“initial” N is referred to as that measured at the end of the
nucleation reactor within the first few minutes under a spe-
cific experimental condition, and “steady state”N to as that
measured at the end of the nucleation reactor when the sys-
tem becomes stabilized after several hours under the same
experimental conditions. Very conveniently, however, there
was a linear relationship between the initialN and theN af-
ter enough time (e.g., 3 h) has been allowed for the steady
state to be reached; the initialN were usually 5 times higher
than their steady state concentrations. It will be ideal to per-
form experiments after running the experiments for several
hours under the same experimental conditions to make sure
that steady state is achieved. However, the results shown in
the present study were taken only within first several minutes
and we used this correction factor of 5 (Fig. 3b) to calculate
the steady stateN . That is, theJ values shown in the present
study were derived from the steady stateN , corrected from
the initialN with this factor of 5.

The integrated “total” particle number concentrations from
the combination mode were on average a factor of 5 or 10
lower than the total particle number concentrations from the
standalone mode when sampling particles generated in the
nucleation reactor. For higherN , this ratio was higher for
a similar set of conditions. We also performed similar tests
by sampling the laboratory room air. TheN between the
standalone mode and combination mode were more simi-
lar (standalone vs. combination = 1:0.66) when sampling lab-
oratory room air than sampling from the nucleation reac-
tor (standalone vs. combination = 1:0.1 or 1:0.2). Such dif-
ferences between standalone and combination modes are in
part because of the additional tubing length involved in the
SMPS measurement in this study. Based on Baron and
Willeke (2001), the estimated fractional penetration effi-
ciency of 3 nm particles through the additional 39 cm long
cylindrical tubing at 0.6 lpm is 0.65. In addition, it is pos-
sible that the CPC may be able to detect H2SO4 particles
smaller than the stated minimum measurable size (∼2.5 nm).
When the CPC is operated with the nano-SMPS, some of the
particles smaller than 2.5 nm may be excluded in the nano-
DMA, hence further contributing to the concentration differ-
ence. Note that however Berndt et al. (2006) showed rea-
sonable agreement between the combination and standalone
mode.

The J values shown in the present study were measured
only with water-CPC (TSI 3786). But we also made com-
parisons with water CPC and butanol-CPC (TSI 3776) and
there was an almost linear relation between these two mea-
surements when sampling the particles generated in the nu-
cleation reactor, with the water-CPC concentrations about 8

times higher than the butanol-CPC concentrations. On the
other hand, when sampling the laboratory room air, the con-
centrations measured from WCPC were only∼7% higher
than those measured by the butanol-CPC. Since the parti-
cles generated in the nucleation reactor are presumably pure
H2SO4 particles whereas the particles in the lab air are more
mixed with H2SO4(or sulfate) and organic components, these
results indicate that water can activate, and condense on,
H2SO4 particles more effectively than butanol, consistent
with Kulmala et al. (2007b).

The Jwere determined by the measured particle number
concentrations (N ) and tn (tn=0.5tr as shown in Sect. 3.3).
Because critical clusters (∼1.5 nm) (Kulmala et al., 2007a)
are typically smaller than the minimum measurable size of
the CPC, theJ reported here, theoretically, is not the actual
J , but rather the formation rate of particles with diameters
larger than∼2.5 nm, the so-called “apparent formation rate”
(Kerminen and Kulmala, 2002). However, when coagulation
growth is negligible, which was the case for most of our ex-
periments, the values estimated from such a calculation are
close to the actualJ values (Kulmala et al., 2004).

The numbers of H2SO4 molecules (nH2SO4) in the criti-
cal clusters are calculated with theJ vs. [H2SO4] at specific
values of RH and absolute temperature T, based on the first
nucleation theorem (Kashchiev, 1982; Strey and Viisanen,
1993):

∂ ln J

∂ ln[a1]

∣∣∣∣
a2,T

≈ nH2SO4 (5)

wherea1 anda2 are the activity of species 1 and 2, respec-
tively. In practice, thenH2SO4 values for H2SO4 molecules
can be approximated by fitting the data points with power
regression:

J = c [H2SO4]nH2SO4 (6)

wherec is a constant, at specific values of temperature and
RH.

2.4 H2SO4 detection by CIMS

Our CIMS was built by Greg Huey’s group at Georgia Tech
based on Eisele and Tanner (1993). The CIMS instrument is
constructed from an ion source, an ion molecular reactor, and
a quadrupole mass spectrometer. The following ion molecule
reaction

NO−

3 + H2SO4 → HNO3 + HSO−

4 (R4)

is used to detect H2SO4 (Viggiano et al., 1997). This reac-
tion scheme has been proven to be very effective for H2SO4
measurements, and this is one of the very few methods cur-
rently available to detect H2SO4 at atmospheric concentra-
tions (Eisele and Tanner, 1993; Huey, 2007). This low detec-
tion limit is achieved because of its high reaction rate, high
selectivity against other species, and the atmospheric pres-
sure ionization used.
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Fig. 4. The calculated WLFs as a function oftr and RH for the nu-
cleation reactor with I.D. of(a) 5.08 cm and(b) 2.54 cm. In these
calculations, we assume that wall loss is a diffusion limited pro-
cess based on Hanson and Eisele (2000) (Sect. 3.1) and experiments
show that this assumption is valid (Fig. 5).

The 210Po radiation source is used as an ion source. The
ion source region also has a unique design to prevent arti-
fact H2SO4 detection. Because OH radicals also form from
water molecule dissociation reactions in the ion source re-
gion (210Po radiation), there is a possibility that those OH
radicals react immediately with the SO2 in the air samples
to produce H2SO4. To eliminate such artifacts of H2SO4
formation, a weak electric field is applied between the ion
source region and the center of the sampling inlet so that only
the electrically charged NO−3 ions (not the neutral OH radi-
cals) travel through to the center of the sampling inlet to re-
act with H2SO4. In addition, C3F6 gases are also mixed with
HNO3 gases so that OH radicals are efficiently removed by
C3F6. With the current CIMS configuration, the background
[H2SO4] is negligible even when high concentrations of SO2
gases are introduced into the CIMS. A collision dissociation
chamber (CDC) is applied to dissociate the weakly bonded
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Fig. 5. The measuredJ as a function of the initial and residual
[H2SO4], measured simultaneously with two CIMSs. The condi-
tions for this experiment were a total flow of 5 lpm (19 str ), an RH
of 16%, and [SO2] ranging from 0.8 to 4 ppmv. Note, these two
linear fittings have approximately the same slopes, indicating that
wall loss of H2SO4 is a first order process – an assumption used in
our WLF calculations (Sect. 3.1). Furthermore, the initial [H2SO4]
were about 2.5 times higher than the residual [H2SO4], while the
estimated WLF from diffusion limited method (Sect. 3.1) was sim-
ilar to this value for the sametr (Fig. 4b), showing that our WLF
estimations are valid.

ion molecule clusters of sulphuric acid, nitric acid, and wa-
ter molecules by low energy collisions with N2 molecules to
provide simpler ion peaks. Ions are focused by an octopole
before reaching the quadrupole mass filter (Extrel) and then
detected by a channeltron detector (K+M). The pressures in
the CDC, octopole, and quadrupole are about 101, 10−1, and
10−3 Pa, respectively.

The [H2SO4] was calculated from the ratio of the HSO4
−

to NO3
− ion counts [HSO4−]/[NO3

−], the rate constantk of
R1, and the reaction timet based on Huey (2007):

[H2SO4] ≈
[HSO−

4 ]

[NO−

3 ]
kt (7)

Wherek for R1 is 1×10−9 cm3 molecule−1 s−1 (Viggiano
et al., 1997) andt is typically 0.05 s under the present ex-
perimental setup. [NO3−] (that is, [N16O3

−]) was obtained
indirectly by measuring its isotope [N18O3

−] and by tak-
ing the natural isotopic ratio of16O and 18O abundances
(99.8%:0.2%) into account. Although [N18O3

−] varied from
day to day, the resulting [HSO4−]/[NO3

−] ratio was fairly
constant for a given [H2SO4]. Before each experimental run,
the CIMS was adjusted to obtain [N18O3

−] between 1500 to
3500 Hz. Thus [NO3−] ranged from 8×105 to 2×106 cm−3

and in this condition, 1 Hz of HSO−4 ion count corresponded
to [H2SO4] from 1×104 to 3×104 cm−4. Since the instru-
ment noise of [HSO4−] was ∼20 Hz, the CIMS detection
limit for H2SO4 ranged from 2×105 to 6×105 cm−4. The in-
strument has performed with a high stability over many hours
with the relative standard deviation of<0.1 (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 [H2SO4] 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 nucleation
zone, we also simulatedJ as a function of axial position in
the nucleation reactor (Sect. 3.3).

3.1 Wall Loss Factor (WLFs) calculations

WLFs of H2SO4 were estimated by assuming that wall
loss is a diffusion-limited process based on Hanson and
Eisele (2000) (Benson et al., 2008). WLF is defined as:

WLF =
[H2SO4]0
[H2SO4]t

(8)

where [H2SO4]0 is the initial concentration, [H2SO4]t is the
H2SO4 concentration after the time,t , in the nucleation re-
actor. H2SO4 wall loss can be expressed with the first order
rate constant,k, in a fast flow reactor:

[H2SO4]t = [H2SO4]0 e−kt (9)

k is diffusion-limited (Hanson and Eisele, 2000):

k = 3.65
D

r2
(10)

whereD is the diffusion coefficient, andr is the radius of
the flow reactor.D=0.094 cm2 s−1 for a RH of 20% and at
atmospheric pressure (Hanson and Eisele, 2000). Under the
typical experimental conditions (r=2.54 cm), the calculated
k is thus 0.053 s−1. In this method, condensation loss is as-
sumed to be negligible. Since wall loss is simply a first order
rate process, WLFs can be examined by using differenttr .

Figure 4 shows the calculated WLFs as a function oftr
and RH for different nucleation reactors used in this study
(I.D.=5.08 cm and 2.54 cm). At the typical experimental con-
ditions, the estimated WLFs ranged from 1.3 to 12 fortr
from 5–54 s and RH from 11–23% for the nucleation reac-
tor with I.D. 5.08 cm (Fig. 4a). For each figure shown in
the present study, we also indicated WLF values, so that the
initial [H2SO4] conditions can be estimated from the CIMS-
measured residual [H2SO4] and WLFs.

We have also further verified our calculated WLFs with
simultaneous measurements of the initial and the residual
[H2SO4] with two CIMSs (Fig. 5). These results showed
that whether we graph the logJ values versus the initial
[H2SO4] measured at the beginning of the nucleation reac-
tor or versus the residual [H2SO4] measured at the end of the
nucleation reactor, both plots had similar slopes, indicating
that wall loss of H2SO4 is indeed a first order process, as
assumed in our WLF calculations. Furthermore, the initial
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Fig. 6. A simulation of evolution of aerosol precursors in the nu-
cleation reactor for a typical experimental condition, corresponding
to those used in Fig. 14 (RH=11%,tr=19 s, [SO2]=4 ppmv, residual
[H2SO4]=1×109 cm−3). See Sect. 3.2 for the detailed description
of this simulation.

concentrations measured were all roughly 2.5 times greater
than the residual concentrations under this specifictr (19 s),
which is in a very good agreement with the calculated WLF
at the sametr (Fig. 4a). These results show that WLFs calcu-
lated by assuming that wall loss is a diffusion limited process
are reasonable.

3.2 Evolution of aerosol precursors in the nucleation
reactor

Figure 6 shows the simulated aerosol precursor concentra-
tions as a function of time in the reactor. The experimental
condition shown here corresponds to Fig. 14 (RH=11%,
tr=19 s, [SO2]=4 ppmv, residual [H2SO4]=1×109 cm−3)

(Table 2). [H2SO4]p, [H2SO4]cims, [H2SO4]w, and
[H2SO4]0 indicate the [H2SO4] in the particle-phase,
that measured by CIMS, that taken on the wall, and the
initial concentrations in the nucleation reactor, respec-
tively. [H2SO4]p are calculated based on the volume
concentrations from CPC or SMPS measurements, by
assuming that the newly formed particles are spherical
and are composed of H2SO4 and H2O (with a particle
density of 1.4 g cm−3) only. SMPS directly provides volume
concentrations. For the CPC data, we derived volume
concentrations by assuming that particles are mono-disperse
particles with the median diameter of 4 nm. For the data
shown in this figure, the particles were measured by the
water-CPC. [H2SO4]0=WLF×([H2SO4]cims+[H2SO4]p).
[H2SO4]w=(WLF–1)×([H2SO4]cims+[H2SO4]p). For most
of the experimental conditions, [H2SO4]cims � [H2SO4]p.
The gas phase reaction schemes and their rate constants
used in this simulation are: (i) H2O+UV (λ=149.5 nm)
→ OH+H (JH2O=9.7×10−6 s−1 under the typical present
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Fig. 7. (a) The simulated [H2SO4] as a function of axial position
in the nucleation reactor, based on the calculated WLFs (Sect. 3.1)
and the CIMS-measured residual [H2SO4]. Experimental condi-
tions used in this figure are the same as those in Fig. 12a with [SO2]
of 4.9 ppmv, except that we used the residual [H2SO4] (shown in
annotation) of 7×109 cm−3 (as opposed to 3×109 cm−3 measured
by CIMS) to match the measuredDp andN ; the same for Fig. 7c–
7d. The H2SO4 mass accommodation coefficient was assumed to be
unity. (b) The measured aerosol size distributions by SMPS along
with a fit of this size distribution to a lognormal mode.(c) The
simulated aerosol size distribution as a function of axial position
of the nucleation reactor.(d) The simulatedJ as a function of ax-
ial position in the nucleation reactor based on the fitted lognormal
size distribution. This simulation results show that nucleation takes
place within about 40 cm in the nucleation reactor. This area is con-
sidered as the nucleation zone and thetn=0.5tr .
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Fig. 8. The experimental procedure and measurement results to in-
vestigate the effects of SO2 and OH on the production of H2SO4
and particles at 288 K.(a) The experimental run sequence as a func-
tion of time. (b) The CIMS-measured residual [H2SO4] and parti-
cle number concentrations in response to running the sequence three
times by varying [SO2]. Note the residual [H2SO4] is in log scale.

experimental conditions), taking place between 0–0.08 s,
(ii) OH+CO+O2→CO2+HO2 (k=2.4×10−13 cm−3 s−1)

(Seinfeld and Pandis, 1997) between 0.08–0.38 s, and
(iii) SO2+OH→HSO3 (k=1.5×10−12 cm3 s−1) (Seinfeld
and Pandis, 1997) between 0.38–0.42 s (at [SO2]=4 ppm).
Different [OH] will result in different [H2SO4]. About 86%
of the OH radicals generated from water UV photolysis
remain after the CO+OH (+O2)→CO2+HO2 reaction for
200 ppbv [CO] impurities (originating from the nitrogen
gases blown from liquid nitrogen; experiments with CO
scrubbers also confirmed this estimation is reasonable) and
a reaction time of 0.38 s (representing the distance of 6 cm
from the photolysis region to the point where SO2 and O2
are introduced; I.D.=2.54 cm). Thus, the produced initial
[OH]0=[H2SO4]0/0.86. Note, the [OH]0 values shown
in Fig. 6 are that calculated from this method (that is,
4.4×109 cm−3) and is not the [OH] value calculated from
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water vapor UV photolysis; however, the derived [OH]0 is
in fact the same as the produced [OH] from water UV water
photolysis ([OH]=4×109 cm−3 whentr=20 s and RH=11%)
(Fig. 2b). The nitrogen gages that produce water vapor were
introduced at the uppermost region of the flow system and
made up the majority of the flow, hence further dilution by
SO2 and O2 gases is considered not important. As soon as
H2SO4 is formed, nucleation, condensation and wall loss
of H2SO4 take place in the nucleation reactor. Because of
wall loss, the gas phase [H2SO4]t=[H2SO4]0e−kt (Eq. 9);
typically k=0.053 s−1 (Sect. 3.1).

3.3 Estimation of the nucleation zone

We developed a simple model of condensational growth in
the flow reactor in order to determine where nucleation likely
occurs in the reactor. The inputs to the model are the aerosol
size distribution and the concentration of H2SO4 vapor as a
function of the axial position in the reactor. We assume that
all particle growth occurs by condensation of H2SO4 and wa-
ter in the kinetic condensation regime (Seinfeld and Pandis,
1997):

dDp

dt
=

Ms ·c
a

· α · (Cvap − Ceq)

2 · ρ
· WR (11)

whereDp is the diameter of the particle,t is time,Ms is the
molecular weight of H2SO4, ca is the mean speed of H2SO4
vapor molecules,α is the mass transfer accommodation co-
efficient, Cvap is the concentration of H2SO4 vapor,Ceq is
the equilibrium concentration of H2SO4 vapor (taken to be
0), WRis the ratio of the wet diameter (H2SO4 and water) to
the dry diameter (H2SO4 only) andρ is the density.WRis a
function of RH andDp; however, neglecting the Kelvin ef-
fect, it is only a function of RH (e.g.,WR=1.4 at RH=23%).
To determine the position of nucleation zone in the reactor,
we estimate theDp that particles would have grown to when
they exit the reactor as a function of where they nucleated
in the reactor (i.e. particles that nucleated early in the reac-
tor will have grown to largerDp then particles that nucleated
late in the reactor). We assume here that particles have a
Dp of 1 nm when they nucleate and that effect of coagula-
tion is negligible during the time in the reactor. Knowing the
measured size distribution of particles at the exit of the flow
reactor we then estimate theJ as a function of position in the
reactor.

Our simulations show position of the nucleation zone is
sensitive to the initial [H2SO4] and mass accommodation co-
efficient of H2SO4. Figure 7 shows a typical simulation re-
sult using this method. The data used in this simulation cor-
respond to the data shown in Fig. 12a with [SO2] of 4.9 ppmv
(see Table 2 for experimental conditions). All the actual mea-
sured experimental conditions were used in this simulation,
except for the residual [H2SO4], we had to use 7×109 cm−3

(a little bit higher than the actual 3×109 cm−3, but within
the uncertainty bounds) to match the measured aerosol sizes

while predicting the nucleation zone being entirely within
the reactor (Fig. 7b). We also used a high accommodation
coefficient (1) for the same reason. The simulatedJ as func-
tion of the axial position of the nucleation reactor shows that
the nucleation takes places within about 40 cm region, which
is the main conclusion of this simulation. TheJ showed a
peak towards the beginning of the tube, but not at the very
beginning as might be expected; however, a lower mass ac-
commodation coefficient or residual [H2SO4] would cause
this zone to appear earlier in the reactor. Sensitivity studies
showed that the length of nucleation zone is not strongly sen-
sitive to these values (not shown), so regardless of these un-
certainties, we still can conclude that nucleation takes place
across a large region in the nucleation reactor. This estima-
tion is surprisingly similar to the numerical simulations by
Wyslouzil (1991b) for methanesalfonic acid and water binary
nucleation system (19 stnvs. 25 str). However, our estima-
tion results are different from Ball et al. (1999) (4 stnvs. 26 s
tr ). This difference is probably resulted from the steep tem-
perature gradient in the Ball et al. (1999) set up where hot
H2SO4 vapor was introduced to a colder nucleation reactor
(22◦C temperature difference) and under such a condition,
one can expect nucleation takes place in a more localized
area (or shorter nucleation zone). On the other hand, Wys-
louzil (1991a, b) and our experiments were preformed both
in relatively constant temperatures between the gas mixer and
the nucleation reactor and under this condition, there will be
a less localization of nucleation.

Since the nucleation zone (40 cm) was estimated to be a
half of the length of the nucleation reactor (80 cm),tr≈2tn.
This factor of 2 (trvs. tn) has been taken into account for
theJ calculations here. When taking into account both this
factor of 2 and a factor of 5 (“initial” vs. “steady state”N ;
Sect. 2.3), theJ derived fromtn and the “steady steady”
particles are 2.5 times lower than those derived fromtr and
the “initial” particles. In the present study, we provide the
former, while our previous report by Benson et al. (2008)
provided the latter (2 times higher, because of the different
length of the nucleation reactor).

4 Observational results

4.1 SO2, OH, H2O and O2 effects on H2SO4 and particle
production: qualitative test

In order to confirm that nucleation takes place via R1–R3 as
designed, we first examined the effects of precursor gases by
observing the changes in the production of H2SO4 and new
particles after adding or removing the gas phase species in
question. These are qualitative tests and more detailed re-
sults will follow from the next sections. Figure 8 shows how
H2SO4 andN are affected by SO2 and OH at RH of 15% and
tr of 19 s. The production of OH was controlled by switch-
ing the UV radiation on or off in the presence of H2O vapor.
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Figure 8a shows the experiment sequence, (1) adding OH,
(2) adding OH and SO2 together, (3) removing OH only, and
(4) removing both SO2 and OH from the flow reactor, in the
presence of H2O vapor and O2. This sequence was repeated
for three runs with differentQSO2 of 0.6, 0.45, to 0.4 lpm.
The respective initial SO2 concentrations [SO2], calculated
based on the SO2 source concentration and the ratio of the
QSO2 to theQtotal, were 0.12, 0.09, and 0.08 ppmv. Figure 8b
shows the distinctive rise or drop of [H2SO4] when switch-
ing theQSO2 on or off and these results confirm that H2SO4
vapor has formed from R1–R3 and new particles formed via
nucleation involving H2SO4 vapor.

Figure 8b also shows that there was no production of
H2SO4 and new particles unless SO2 was added to OH, O2,
and H2O [steps 1 and 2]. It was consistent throughout our
experiments that the background values of [H2SO4] and N

were negligible in the absence of SO2, indicating that the ex-

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 SO2, both the [H2SO4] and N dropped
sharply to a lower level, but above the initial background
values (without SO2). This result was not expected from R1–
R3. In addition, since we have used much higher [SO2] than
[OH] (at one order of magnitude higher), [H2SO4] should
be the same as [OH] and independent of [SO2] and thusN
would also be constant at the sametn and RH. However, from
the first sequence run to the third one, the gradual decrease
of [H2SO4] from 1.6×108 to 1.5×108 cm−3 andN from 10
to 6 cm−3 was a result of the reduced amount of SO2 added
to the system. Figure 9 shows more distinctive dependence
of [H2SO4] andN on [SO2] at constant RH andtr . Similar
dependence ofN and [H2SO4] on [SO2] can be seen from
other figures presented here (Figs. 10–15). This [H2SO4] de-
pendence on [SO2], together with [H2SO4] and new particle
production in the absence of OH, suggest a possible incom-
plete mixing between SO2 and OH and an unknown process
of the H2SO4 and new particle production, as will be dis-
cussed in Sect. 5.5.

With similar experiment sequences, we tested the effects
of H2O on the production of H2SO4 and particles. As ex-
pected, removing H2O has reduced the production of both
H2SO4 and new particles. For example, with the presence of
H2O, [H2SO4] and N were 1.6×108 cm−3 and 9 cm−3, re-
spectively, at RH=15%, whereas with the removal of H2O,
[H2SO4] and N were 7.2×106 cm−3 and 4 cm−3, 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 have±4% accuracy. As will
be discussed in Sect. 4.4, there were RH effects on both the
measuredN andDp.

In contrast to the cases of SO2, OH and water, the removal
of O2 from the system had only minor effects on the produc-
tion of H2SO4 and new particles. With or without O2, the
[H2SO4] andN were nearly the same. In addition, both the
[H2SO4] and N became more fluctuating without O2. The
lack of O2 effects was not expected because SO3 would not
form without O2, according to R2. We believe there was no
leak into the system from the room air, because the pressure
of the flow reactor was always maintained above the ambient
pressure. Some O2 may have come from the gas cylinders
as a part of the impurities. But since O2 effects are not the
focus of the present study, we did not attempt to investigate
the source of O2 impurities or detect its concentrations.

Lower concentrations of SO2 were used by diluting stan-
dard SO2 gases (1 and 100 ppmv), to obtain a givenJ value.
We also have seen that a substantially higher initial [SO2]
was required when diluting the SO2 from the 100 ppmv
cylinder than from the 1 ppmv cylinder (Fig. 9). Figure 9
shows the measured [H2SO4] andN at RH of 15%,Qtotal of
5 lpm andtr of 19 s. For example, an initial [SO2] of 3 ppmv
was required for the 100-ppmv experiment to obtainJ of
0.5 cm−3 s−1, while only 0.1 ppmv SO2 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 SO2 gases with other gas species in the fast flow
reactor. Because SO2 molecules were released near the cen-
terline of the flow reactor, it would take a longer time for SO2
molecules to be vigorously mixed with OH radicals at lower
mixing ratios than at higher mixing ratios. The flow ratios
of QSO2 to Qtotal were from 0.03–0.15 and from 0.025–0.04
for the 1 ppmv- and 100 ppmv-SO2 cylinder experiments, re-
spectively. Because itsQSO2 to Qtotal ratios were larger than
that for the 100-ppmv cylinder experiment, we can expect a
better mixing with the 1-ppmv cylinder.

4.2 Residence time (tr ) dependence of particle numbers
(N) and residual [H2SO4]

We have observed thattr affects the measured particle num-
ber concentrations and the residual [H2SO4] (Fig. 10). tr was
varied between 5 and 19 s, by using two nucleation tubes with
similar lengths (L of 80 cm and 82 cm) but different diame-
ters (ID=2.54 cm and 5.08 cm) atQtotal of 5 lpm and RH of
15%. The initial [SO2] varied from 0.03 to 0.15 ppmv in the
two experiments and were identical for these two differenttr
at the constantQtotal. The calculatedJ from the experiments
with tr of 5 s and 19 s were on the same order of magnitude
(0.1–0.54 cm−3 s−1 vs. 0.1–0.75 cm−3 s−1), but the CIMS-
measured [H2SO4] were different. In fact, the [H2SO4] at tr
of 5 s was about a factor of two higher than that attr of 19 s
(3.8×108 to 5.8×108 cm−3 vs. 1.3×108 to 1.9×108 cm−3).
Since theJ values were comparable, it is likely that the
[H2SO4] difference was caused by the increased wall loss
at longertr (Fig. 4a; Sect. 3.1).
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4.3 Number concentrations (N) vs. particle sizes (Dp)

We also investigated howN andDp vary as a function oftr
and the initial [SO2] at constant RH (e.g., 23%) (Figs. 11–
13). In this series of experiments,Qtotal was decreased to
increasetr and the initial [SO2]. At RH of 23% andtr of
24 s, when the initial [SO2] was raised from 2.9 to 4.9 ppmv,
N increased from 220 to 6.9×103 cm−3 and Dp increased
from 3.6 to 5.0 nm (Fig. 12a). The corresponding [H2SO4]
ranged from 1.5×109 to 2.4×109 cm−3 (Fig. 11). Such in-
creases ofN andDp with increasing initial [SO2] were even
more substantial at thetr of 54 s; theN increased from
1.4×104 to 5.5×105 cm−3 and theDp increased from 5.6–
8.2 nm when the initial [SO2] increased from 4.4–11.1 ppmv
(Fig. 12c). Astr increased from 24–54 s, with similar ini-
tial [SO2] (4.9, 4.6, and 4.4 ppmv),N also increased from
6.9×103 to 1.4×104 cm−3 and theDp increased from 5.0–
5.7 nm (Fig. 13). These results show that bothNandDp in-
crease with increasingtr ; N becomes higher because of nu-
cleation andDp larger because of condensation growth. But
since bothDp andNare affected bytr , this makes estimation
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of “apparent”J from different nucleation studies less com-
parable, especially when particles have differentDp under
differenttr (or tn) conditions.

4.4 The RH effects on nucleation rate (J) and particle size
(Dp)

Figure 14 shows the RH effects on the production of H2SO4
and particles at constanttr (e.g., 19 s). Qtotal (5 lpm) and
the nucleation reactor’sID (5.08 cm) andL (82 cm) were
identical for these three RH levels. The initial [SO2] was
between 2.4–4 ppmv for RH of 11–15%, while the initial
[SO2] was between 0.2–1 ppmv for RH of 23%. At [SO2]
of 2.4 ppmv, for example, when the RH was raised from
11–15%, the [H2SO4] andJ nearly tripled from 6.2×108 to

1.7×109 cm−3 and 0.01 to 0.03 cm−3 s−1, respectively. This
shows higher productions of H2SO4 andN at higher RH.

Figure 15 shows the particle size distributions measured
at QSO2 of 0.1 lpm, Qtotal of 2.6 lpm, the initial [SO2] of
3.8 ppmv, andtr of 38 s for RH of 22%, 26%, and 30%. As
RH increased from 22 to 30%, the CIMS-measured [H2SO4]
increased from 7.3×108 to 1.0×109 cm−3 andN increased
from 5.9×103 to 1.1×105 cm−3. The mode diameter also
increased from 5.1–6.4 nm with increasing RH due to the in-
creased H2SO4 production and particle growth.

5 Discussions

5.1 Technical factors that affect nucleation rate (J)
calculations

Several competing processes simultaneously take place in the
nucleation reactor, such as nucleation, wall loss, and coagu-
lation and condensation growth (Fig. 16). These processes
also affect the measured residual [H2SO4], N, andDp, and
in turn, affect the calculatedJ and theJ dependence on
[H2SO4] (Fig. 17).

We have seen lower residual [H2SO4] at longertr (Figs. 10
and 11), consistent with that wall loss of H2SO4 is a first
order loss rate process (Sect. 3). Wall loss can be a limita-
tion of flow tube experiments, especially for nucleation reac-
tors that have large surface to volume ratios (e.g., with small
inner diameters). In addition to wall loss, some other fac-
tors (e.g., RH) can affect the residual [H2SO4] and N . In
the present experimental setup, H2O molecules participate in
both the H2SO4 formation and aerosol nucleation process.
This is because increasing [H2O] would increase the [OH]
and thus H2SO4 production (R1), and also favor hydration
of H2SO4 molecules. High RH can also increase penetra-
tion efficiency of H2SO4. The addition of H2O molecules to
H2SO4 molecules can also reduce diffusion coefficients and
thus decrease wall loss, although the RH effects on WLFs are
less important than thetr effects (Fig. 4).

Our results also show that both theN andDp vary as a
function of [H2SO4], RH andtn (Figs. 12, 13, 15). Also, at
high tr , the condensation growth and wall loss of H2SO4 will
become more important. At higherJ values,N can be even
anti-correlated with [H2SO4] (Benson et al., 2008), because
condensation growth can dominate over nucleation processes
with larger particle surface areas (at higherN andDp). If the
time scale of coagulation process is comparable to that of the
nucleation process, it will lead to the reducedN and sub-
sequently underestimatedJ (Wyslouzil et al., 1991a). Un-
der such a circumstance, the underestimatedJ at the high
end of the concentration range will in turn reduce the steep-
ness of the slope of the power relationship betweenJ and
[H2SO4]. To obtain accurate “apparent”J , nucleation ex-
periments must be conducted below the level at which nu-
cleation dominates over coagulation or condensation growth
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process, for example, at lower [H2SO4], lower Nand shorter
tr . To reduce such effects of condensation and coagulation on
the measuredJ values, the measuredN can be extrapolated
at a specificDp (e.g., 1 nm) (Kerminen and Kulmala, 2002;
Kulmala et al., 2006). This normalization would allow one to
obtainJ values that are more representative of the “true”J

(i.e., the formation rate of the critical clusters) under different
experimental conditions. In the present study, however, we
report the measured “apparent”J to directly compare with
other laboratory experiments.

5.2 Dependence of nucleation rates(J ) on [H2SO4], RH
and residence time (t r )

A summary of the measured [H2SO4] and J at 288 K,
97.3 kPa, and RH of 11%, 15%, and 23% is given in Table 2.
The residual [H2SO4] (measured by CIMS at the end of the
nucleation reactor) ranged from 9×107 to 1×1010 cm−3 and
the initial [H2SO4] (calculated from the residual [H2SO4]
and WLFs) ranged from 2×108 to 2×1010 cm−3. Under our
experimental conditions, the measuredJ ranged from 0.01–
220 cm−3 s−1. Figure 17 shows the plots of logJ vs. log
[H2SO4] for the entire data taken from our nucleation study
(Table 2). We also included here theJ values cited from
earlier studies by Ball et al. (1999) and Berndt et al. (2006)
for comparison. The data points from the present study fall
between those from these two earlier studies. In order to
measure the H2SO4/H2O binaryJ of 1 cm−3 s−1, the mini-
mum residual [H2SO4] (as well as the initial [H2SO4]) was in
the 108–109 cm−3 range at RH between 11–23% and 288 K
(Fig. 17a). In Berndt et al. (2005, 2006), however, the resid-
ual [H2SO4] of 106–107 cm−3 was sufficient to produceJ
of 1 cm−3 s−1 at RH of 11%, 22%, and 288 K. In Ball et
al. (1999), [H2SO4] of ∼109 cm−3 was needed at RH be-
tween 2–15% and 295 K for binary and ternary (with NH3)

homogeneous nucleation. In comparison, predictions from
classical nucleation theory showed that the initial [H2SO4]
has to be at least 1010 cm−3 to observe significant binaryJ
at RH<20% and 298 K (Vehkam̈aki et al., 2002). A recent
kinetic quasi-unary nucleation model for H2SO4/H2O also
showed that the initial [H2SO4] has to be at least 1011 cm−3

to observe significant binaryJ at RH<20% and 300 K (Yu,
2006).

We estimatednH2SO4 from 3–8 under our experimental
conditions (Fig. 17). The slopes of logJ vs. log [H2SO4] at
RH of 23% were not as steep as that at RH of 11% and 15%;
nH2SO4 increased from∼3 to ∼8 when RH decreased from
23% to 15% (Fig. 17a). These results indicate that there are
lessnH2SO4 at higher RH, as predicted from the nucleation
theories. The increasednH2SO4 with decreasing RH is con-
sistent with nucleation theories and also consistent with Ball
et al. (1999) and Berndt et al. (2005, 2006) results (Fig. 17b).
ThenH2SO4 at RH of 15%, however, is not distinctly differ-
ent from that at RH of 11% (4–8 vs. 3–6). Interestingly, the
nH2SO4values at RH of 15% and 10% from Ball et al. (1999)

were also not very different from each other (7 vs. 8). Nev-
ertheless, thenH2SO4 value increased from 7 to 13 when the
RH was lowered from 15 to 2% in Ball et al. (1999). The
data points from this study (group B) at RH of 15% andtn
of 19 s (from 100 ppmv source cylinder experiments) nearly
overlap with those from Ball et al. (1999)’s liquid H2SO4
experiments at RH of 15%. ThenH2SO4 obtained from labo-
ratory studies of H2SO4/H2O binary homogenous nucleation
is typically larger than 3 and even up to∼30 for [H2SO4] be-
tween∼107 to 1011 molecules cm−3 (this study; Wyslouzil
et al., 1991; Viisanen et al., 1997; Ball et al., 1999; Berndt
et al., 2005, 2006; Benson et al., 2008). These numbers
are much higher than those actually observed in the atmo-
spheres. Field studies have shown that thatnH2SO4 is often
between 1–2 (Weber et al., 1996; Sihto et al., 2006; McMurry
and Eisele, 2005). Such a discrepancy raises questions on
whether the binary homogeneous nucleation is the primary
nucleation mechanism in the atmosphere. Recently, Kulmala
et al. (2006) proposed an activation theory of neutral clus-
ters containing one or two H2SO4 molecules to explain the
field observations. While field studies of small neutral clus-
ters (Kulmala et al., 2007a) also support this theory, further
experimental work will be required to prove this new theory.

Recent findings by Winkler et al. (2008) showed that or-
ganic vapors can easily condense on small charged, preexist-
ing seed aerosol particles starting from 1.2 nm and undergo
heterogeneous nucleation at lower saturation ratios. Since
we have not intentionally applied any ion sources in the nu-
cleation reactor, with the low production rates of ions being
only the natural sources at the ground level (Lovejoy et al.,
2004) there are minimal charged clusters or small particles
that can act as seed particles for heterogeneous nucleation.
We also believe that there are minimum organic vapor con-
centrations in our system and therefore, heterogeneous nu-
cleation on charged clusters is negligible. But this is an in-
teresting area we want to look into in the future.

5.3 Particle growth rates

Based on these measuredDp, we calculated aerosol growth
rates using three different methods. In the first method,
growth rates were calculated based on the measured aerosol
size distributions as a function oftr . The aerosol geometric
mean diameters (GMDs) were 5.1 to 5.3, to 5.7 nm fortr of
24 to 37, to 54 s, respectively (Table 3), for the size distri-
butions shown in Fig. 13, for example. Growth rates derived
from this first method were 95 nm h−1. The second method
uses the same GMDs andtr , but we assume that these par-
ticles have grown from critical cluster size 1.5 nm (Kumala
et al., 2007a) to the measured GMDs within thesetr . The
growth rates calculated from this second method ranged from
200–500 nm h−1. The third method is a kinetic method based
on the initial [H2SO4] (calculated from the residual [H2SO4]
and WLFs) and mass accommodation coefficient (1). This
method provides growth rates similar to those derived from
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Fig. 15. The CIMS-measured residual H2SO4 and number size distributions of newly formed particles at(a) RH=22% (left panels),(b)
RH=26% (middle panels), and(c) RH=30% (right panels) at 288 K. Note the scales for the number concentration are different (lower
panels).

Flow direction

(a)
(b)

(c)

SO
2
+OH+O

2
+H

2
O H

2
SO

4

Fig. 16. Hypothetical loss processes for gas phase
H2SO4 molecules that take place during the formation of H2SO4
from the SO2+OH→HSO3 reaction in the flow reactor and the sub-
sequent particle nucleation. Solid arrows indicate three pathways
related to gas phase H2SO4 losses,(a) wall loss, (b) nucleation,
and (c) condensation on the formed particles. Also see Fig. 6 for
the simulation of [H2SO4] vs. time in the nucleation reactor.

the second method. The concept used in the third method
is very similar to that used in our independent simulations
of nucleation zone (Sect. 3.3) and in fact, similar growth
rates were also derived from the nucleation zone simula-
tions. These calculated growth rates were all much higher
than those observed in the atmosphere, due to the fact that the

particle precursor concentrations used in our nucleation ex-
periments (108–109 cm−3) were much higher than the typical
atmospheric conditions (106–107 cm−3). The derived growth
rates from field studies usually range from 1–20 nm h−1

(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 nm h−1 in a rural background
station in northern Sweden. Iida et al. (2008) also showed
growth rates ranging from 15–40 nm h−1 in Tacamec, Mex-
ico, much higher than those reported from other urban areas.

5.4 Formation of H2SO4 and particles in the absence of OH
and UV

Although it is not the focus of the present study, it is worth-
while to mention that we also observed that H2SO4 and par-
ticle formation in the absence of OH, i.e., only from SO2,
O2, and water vapor. There are several experimental results
related to this feature. First, as shown in Fig. 8, there were
some measurable amounts of H2SO4 and particles when UV
was off (the residual [H2SO4] measured without OH and UV
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Fig. 17. The measuredJ as a function of the residual [H2SO4] for
(a) the present SO2+OH experiments and(b) from earlier studies.
The linear lines are the results of power regression on the exper-
imental data. The calculated WLFs corresponding to our experi-
mental conditions are shown so that the initial [H2SO4] can be es-
timated. See Table 2 for the detailed experimental conditions. In
Ball et al. (1999) where liquid H2SO4 sample was used, WLF=22.
Berndt et al. (2006) where the SO2+OH reaction was used have not
provided WLFs.

were usually at least one or two orders of magnitude lower
than those produced in the presence of UV and OH); we also
saw the same feature when starting with SO2 but UV off.
Such a feature consistently appeared over different time pe-
riods and even after we washed the flow tube with distilled
water overnight to remove all H2SO4 and particles deposited
on it from previous experiments. In addition, the measured
[H2SO4] and particles were also directly related to the initial
[SO2] (Figs. 9–15), even though [SO2] � [OH] and there-
fore, the produced [H2SO4] from R1 should be the same as
[OH] and independent from [SO2]. These results may sug-
gest that there are some other pathways for H2SO4 and parti-
cle formation, independent from R1–R3. But we do not un-
derstand the reaction and nucleation mechanisms from these

Table 3. Lognormal distribution parameters of the measured
aerosol sizes (corresponding to Fig. 13) used for aerosol growth rate
calculations (Sect. 5.3). GMD indicates geometric mean diameter.

Residence GMD Width Particle Conc.
Time, tr (s) (nm) (nm) (cm−3)

24 5.1 1.25 8136
37 5.3 1.18 14 232
54 5.7 1.14 14 941

qualitative results at present and it is also difficult to know if
these results have something to do with Berndt et al. (2008)
and Stratmann et al. (2008)’s speculation of an alternative
path for new particle formation involving HSO5.

6 Conclusions

We have developed a laboratory experimental set up to study
the binary homogeneous nucleation H2SO4/H2O. This setup
design is largely based on Ball et al. (1999), Zhang et
al. (2004) and Berndt et al. (2005, 2006). Specifically, our
nucleation reactor has similar dimensions and flow rates as
in Ball et al. (1999) and both these two studies directly
measure [H2SO4] with CIMS at the end of the nucleation
reactor. We also produce H2SO4 vapor in-situ from the
SO2+OH→HSO3 reaction similarly to Berndt et al. (2005,
2006). However, unlike Berndt et al. (2005, 2006) where OH
is produced from ozone photolysis and its concentrations are
calculated from titration reactions with CO and hydrocarbon
compounds, in our study OH is produced from water UV ab-
sorption, which also allows for direct measurements of [OH],
with accurate photon flux measurements, and thus the initial
[H2SO4]. While Ball et al. (1999) have used a movable tube
to sample particles to determine the nucleation zone, we used
a numerical simulation to characterize the nucleation zone
based on the measured [H2SO4] and Dp. WLFs were de-
termined from calculations by assuming that wall loss is dif-
fusion limited based on Hanson and Eisele (2000) and also
from simultaneous measurements of the initial and residual
[H2SO4] with two CIMSs and these results are consistent
each other. These WLFs allow us to provide both the ini-
tial and residual [H2SO4] from the CIMS-measured residual
[H2SO4]. In the present study, we provide a systematic eval-
uation of this new nucleation experimental system from var-
ious technical aspects and discuss our primarily BHN results
by comparing with other laboratory studies.

The H2SO4/H2O BHN J values were measured using
SO2+OH→HSO3 at 288 K, 97.3 kPa, RH from 11–23% for
the H2SO4 residual concentrations from 108–1010 cm−3 and
tr between 5–54 s. In our system, the nucleation zone is
about half of the nucleation reactor and thustn=0.5tr . The
measuredJ ranged from 0.01–220 cm−3 s−1 and increased
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with increasing [H2SO4] and RH. Such trends are consistent
with the predictions of nucleation theories. Under our exper-
imental conditions, [H2SO4] of 108–109 cm−3 (both initial
and residual concentrations) was needed to produce theJ of
1 cm−3 s−1. This [H2SO4] threshold is much higher than the
atmospheric conditions (106–107 cm−3) but falls between
those in Berndt et al. (2005, 2006) (106–107 cm−3) and in
Ball et al. (1999) (109–1010 cm−3). The power relationship
between measuredJ and [H2SO4] suggestsnH2SO4 ranged
from 3–8 H2SO4. This number also increased with decreas-
ing RH, in an agreement with classical 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 estimatednH2SO4

from these laboratory studies are, however, much larger than
those derived from field observations (1–2) (Weber et al.,
1996; Sihto et al., 2006; McMurry and Eisele, 2005). These
differentnH2SO4 derived from the laboratory studies and at-
mospheric observations, together with the higher threshold
of [H2SO4] required for nucleation in the laboratory studies
than the atmospheric conditions, indicate that other ternary
species are important for atmospheric aerosol nucleation and
growth. The measured sizes of newly-formed particles were
smaller than 10 nm. The derived growth rates calculated
from the measured [H2SO4], Dp and tr ranged from 100–
500 nm h−1, much higher than atmospheric observations, be-
cause of high [H2SO4] used in our study.

At present there are large discrepancies between differ-
ent nucleation experiments and it is important to understand
what factors cause such differences. There are several impor-
tant technical issues we have to address, including wall loss,
ratios oftn vs.tr (or characterization of nucleation zone), nu-
cleation reactor’s dimensions, the method to produce H2SO4
and detect them, characterization of aerosol sizes in addi-
tion to aerosol number concentrations, stability of experi-
mental conditions, and the effects of ternary species. Wall
loss is a function oftr , nucleation tube diameter, and RH.
tn may be different fromtr depending on where the nucle-
ation zone is and the differences depend on the experimen-
tal setup and aerosol precursor concentrations. Also, parti-
cle measurements often require a long time (e.g., 3 h in the
present study) for the system to be stabilized and thus in or-
der to provide reproducible data, the system has to achieve
this steady state under each experimental condition, although
this can be a time-consuming and somewhat impractical pro-
cess. Also, many experimental parameters affect each other.
For example, not only did aerosol numbers vary but also
the sizes vary with aerosol precursor concentrations andtn
(andtr), so it is necessary to know aerosol sizes to correctly
characterizeJ . In addition, condensation loss of [H2SO4]
can become significant at high [H2SO4] and RH, longertr
and largerDp. These complex “matrix” effects should be
taken into account, in order to make a valid comparison ofJ

and [H2SO4] needed for nucleation from different nucleation
studies.

Our future goal is to measureJ at atmospherically rel-
evant conditions with [H2SO4] in the 106–107 cm−3 range
with and without ternary species and compare them with
atmospherically observedJ . Thus far, our experiments
shown here were made at higher [H2SO4] ranging from 108–
1010 cm−3. Despite the various technical challenges and dif-
ficulties, our nucleation experiments complement other nu-
cleation laboratory studies and provide important kinetics
properties of H2SO4/H2O binary homogeneous nucleation
and the relatively constrained aerosol precursor concentra-
tions, which are required to test nucleation theories.
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