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Abstract

Nucleation of particles composed of sulfuric acid, water, and nitrogen base molecules
was studied using a continuous flow reactor. The particles formed from these vapors
were detected with an ultrafine condensation particle counter, while vapors of sulfuric
acid and nitrogen bases were detected by chemical ionization mass spectrometry. Vari-5

ation of particle numbers with sulfuric acid concentration yielded a power dependency
on sulfuric acid of 5±1 for relative humidities of 14–68 % at 296 K; similar experiments
with varying water content yielded power dependencies on H2O of ∼7. The critical clus-
ter contains about 5 H2SO4 molecules and a new treatment of the power dependency
for H2O suggests about 12 H2O molecules for these conditions. Addition of 2-to-45 pptv10

of ammonia or methyl amine resulted in up to millions of times more particles than in
the absence of these compounds. Particle detection efficiencies, sulfuric acid and ni-
trogen base detection, wall losses, and the extent of particle growth are discussed with
the help of a recent computational fluid dynamics study that simulated the flow and
chemistry in the flow reactor. Results are compared to previous laboratory nucleation15

studies and they are also discussed in terms of atmospheric nucleation scenarios.

1 Introduction

The origin and abundance of particles in the atmosphere have long been studied due
to their potential impact on human health and global climate change (IPCC, 2007;
Oberdorster et al., 1992; Nels, 2005). The vast array of condensable molecules in the20

environment, ranging from abundant species such as water vapor to trace species such
as ammonia, sulfuric acid, and organic acids, complicates the study of atmospheric
nucleation. Even in laboratory settings the precise role these species play in nucleation
of particles has proven difficult to decipher. Consequently, research in this area is
ongoing – laboratory nucleation studies involving H2SO4 is the subject of this paper.25
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Many experiments have been performed within the H2SO4 and H2O system where
nucleation rates J and their dependency on sulfuric acid concentration and relative
humidity (RH) has been presented. Dependencies on reactant concentrations (which
are proportional to activities for typical conditions) is important because theory shows
that the molecules present in the so-called critical cluster, i.e., the direct precursor to5

nascent particles, can be inferred from these dependencies (Oxtoby and Kaschiev,
1994; McGraw and Wu, 2003). Ball et al. (1999) in experiments with RH=5-to-15 %
determined power dependencies for sulfuric acid of ∼8 while earlier work had power
dependencies of 15 (RH=9, 14 %, Wyslouzil et al., 1991) and 10-to-20 (Viisanen et
al., 1997, RH=38 and 52 %). Zhang et al. (2004) reports a power dependency of 810

for sulfuric acid at 5 % RH. More recent work explored nucleation over a wide range
of relative humidities. Benson et al. (2008) report sulfuric acid power dependencies
between 2 and 10 with larger values occurring at lower RH and Young et al. (2008)
reports valued of 4–8 at 15 % RH and 3 at 23 % RH. Brus et al. (2010) report power
dependencies of 4 to 8 on sulfuric acid for experiments at 10, 30, and 50 % RH, i.e.,15

with larger values at higher RH. In later experiments, they report ∼1.5 for comparable
RH, attributing the difference to improved particle and H2SO4 detection (Brus et al.,
2011). A number of experiments have explored nucleation at low sulfuric acid levels,
∼107 cm−3 vs. 108-to-1010 cm−3 in the above studies. Berndt et al. (2005, 2006) re-
port measured nucleation rates that follow power dependencies of 3 to 5 at RH of 1120

to 50 % but more recently Berndt et al. (2010) and Sipila et al. (2010) report power
dependencies of 1.5 to 2 on sulfuric acid over a range of 10–50 % RH. However, re-
cent results (Kirkby et al., 2011) at comparable sulfuric acid levels and similar particle
counters show a power dependency of ∼6.

McMurry et al. (2000), Kulmala et al. (2004), and Kuang et al. (2010), have shown25

that empirical nucleation theories can explain observed boundary-layer atmospheric
nucleation rates, one theory with J dependent on sulfuric acid with a power depen-
dency of 1 and the other with 2. These observations diverge from classical nucleation
theory (Doyle, 1961; Reiss, 1950; Laaksonen et al., 1995; Bein and Wexler, 2007) for
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neat H2SO4/H2O that predicts power dependencies of 10-to-15 at the [H2SO4] found
in the atmosphere. This is generally taken as evidence that the observations are dom-
inated by nucleation processes other than the neat H2SO4/H2O system, with ammonia
or amines in ternary systems as likely candidates (Weber et al., 1998). Recently, am-
monia and amines have been shown to have dramatic effects on J when added to5

H2SO4 and H2O vapors (Coffman and Hegg, 1995; Ball et al., 1999; Benson et al.,
2009; Erupe et al., 2010). Understanding the effect of a third species requires good
knowledge of the system being affected: that of nucleation with two species (i.e., neat
H2SO4-H2O.)

Described here are experiments on particle formation based on the Ball et al. tech-10

niques. They were conducted over a wide range of relative humidity and sulfuric acid
concentration at a constant temperature. The results provide more measurements of
nucleation within the H2SO4-H2O system with gas-phase analysis of potential nitro-
gen base contaminants. Observed particle count rates are analyzed in terms of power
dependencies to obtain critical cluster compositions. Experimental issues concerning15

particle detection (see e.g., Sipila et al., 2010; Berndt et al., 2010) that can complicate
the interpretation of flow reactor nucleation experiments are discussed. Also, ammonia
and methyl amine were added to assess their relative enhancing effects on nucleation
within the neat H2SO4-H2O system.

2 Experimental20

Similarly to Ball et al., experiments were carried out in a 5 cm inner diameter glass
flow reactor (Fig. 1 is a schematic of the reactor) with an overall length of 150 cm.
Sulfuric acid was detected with chemical ionization mass spectrometry, and particles
were detected with an ultrafine condensation particle counter (UCPC). The following
presents an overview of the apparatus and technique.25

The top of the vertically-aligned flow reactor serves as a mixing region where gases
laden with H2SO4 and H2O vapor mix at a temperature of 313 K (about 20 cm long and
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5 cm ID). The mixing region is capped with a manifold (Teflon) for the nitrogen carrier
gas + reactant lines. A 50 mm o-ring joint at the top of the mixing region seals to the
manifold with a Viton o-ring encapsulated with PTFE. See the Supplement for results
of tests where the mixing region temperature was varied. Following the mixing region
is the nucleation region, a ∼120 cm long glass flow reactor where particle nucleation5

and growth occurs. A 105 cm length of it is surrounded by a cooling jacket maintained
at 296 K. The interface between the mixing region and the nucleation region is ∼18 cm
long, is at room temperature, and the 50 mm o-ring joint is also sealed with a PTFE
encapsulated Viton o-ring.

The total carrier N2 flow was 6 sLpm (l min−1 at STP: 273 K, 1 atm) (STP, 273 K,10

1 atm, l min−1) which results in an average carrier flow speed of ∼6 cm s−1 for typical
conditions of 0.98 atm and 296 K. N2 was taken from a liquid nitrogen gas pack, i.e.,
vapor from liquid nitrogen, which is essentially free of condensable contaminants. To
enhance the cleanliness of the flow reactor by minimizing its exposure to room air, a
flow of nitrogen (∼ 1 sLpm) was left on between experiments continuously now for over15

a year.
Water was introduced to the system by directing a portion of the carrier nitrogen

over one or two water reservoirs in series at room temperature for initial humidification
and then over water in a final saturator, held at the flow reactor temperature, to attain
100 % humidity in this flow. The water reservoirs (∼500 and ∼100 ml) and saturator20

(∼10 ml; see the left side of Fig. 1) held deionized water and a few drops to a few ml
of 96 % sulfuric acid to remove any amine or ammonia vapors that may come in with
the carrier nitrogen or upon refilling with de-ionized water. A standard condition for
nucleation experiments, called nucleation baseline conditions (NBC), had 27 % of the
total flow directed over the water. The N2 flow rate through the humidifier controlled the25

relative humidity of the system; this flow relative to the total flow yielded RH with NBC
at 27 % RH. Dew point was routinely monitored and from it the calculated RH agreed
with the RH from the relative flows to better than 2 % (Model 2000 Dewprime Dew
Point Hygrometer, sampling about 2 % of the flow) for RH up to 45 %. At higher RH the
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humidified flow did not achieve saturation, e.g., at flows that should give 70 % RH, the
hygrometer reading resulted in RH of 63–67 %.

Sulfuric acid was introduced by directing a portion of the carrier N2 over a 303 K bulk
solution of sulfuric acid, consisting of about 5 g of 96 % H2SO4 held in a glass saturator
(∼30 cm long: upper right in Fig. 1). A ∼15 cm length of 1/4′′ OD teflon tubing carried5

this flow to the mixing region: its temperature generally stabilized at 29±2 ◦C. It was not
temperature regulated and at the beginning of each run its temperature rose steadily
and stabilized after an hour or two. To change the amount of sulfuric acid, the carrier
flow rate that was directed to the bulk sulfuric acid was changed. This differs from the
approach employed by Ball et al., where the temperature of the bulk sulfuric acid was10

varied while the N2 flow rate was held constant. Under nucleation baseline conditions
(NBC), the flow over bulk sulfuric acid was 1/6 the total flow, or about 1 sLpm. For
other H2SO4 contents, this flow was varied from 0.4 to 2 sLpm. The concentration of
sulfuric acid exiting the flow reactor was monitored with the Ambient Pressure Mass
Spectrometer (AmPMS, Hanson et al., 2011) in negative ion mode (Hanson, 2005).15

Near the bottom of the reactor, about 20 % of the total flow was sampled through a
gently curved 30 cm length of 1/8′′ OD stainless steel, then through ∼50 cm of 1/4′′ OD
copper tubing to an ultrafine condensation particle counter, UCPC (Stolzenberg and
McMurry, 1991). The UCPC yields particle count rate data Nr (particle s−1) and
size (using pulse height analysis) information. A multichannel analyzer (EGG optics)20

recorded particle counts in a set time and this was divided by the live time (derived in
Maestro software, EGG) to yield Nr: usually live time was 99 % or greater of real time
except when nitrogenous bases were added. Pulse height information was recorded
also however interpretation of this data is not straightforward as there are dependen-
cies on particle composition that are difficult to quantify (Saros et al., 1996; Hanson25

et al., 2002; O’Dowd et al., 2004). The flow withdrawn by the UCPC was comprised
of ∼1 sLpm transport flow and typically ∼0.3 sLpm condenser flow; the aerosol flow
portion of the latter (i.e., capillary flow) was about 30 STP cm3 min−1. The condenser
temperature was 8 ◦C and the saturator temperature was typically 40 ◦C with 1-butanol
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as the working fluid. Ball et al. (1999) employed the conditions outlined by Stolzenberg
and McMurry (1991): 10 ◦C and 37 ◦C for condenser and saturator, respectively. Re-
cently, Kuang et al. (2011) showed that the detection efficiency of this type of UCPC
(butanol with a TSI 3025 or a modified 3020 TSI, Stolzenburg et al., 2011) can be
greatly increased for particles in the 1.3 to 2.5 nm range by increasing the saturator5

temperature to 44 ◦C and the condenser flow rate to 0.47 sLpm. The UCPC was run
in this enhanced mode for a variety of conditions to investigate particle detection ef-
ficiency: the resulting Nr scaled with aerosol flow which indicates measured particle
number concentration Np was unaffected. This indicates that the particle diameter was
2 nm or larger.10

Number density (Np, cm−3) of particles was obtained by dividing Nr by the capillary

flow rate, 0.5 or 0.7 cm3 s−1. Nucleation rate J was obtained by dividing Np by an
estimated nucleation time of 8 s, which has a high uncertainty of +100 %, −50 % (see
the Supplement).

At the end of the flow reactor, a bell-shaped converging glass joint funneled the15

majority of the flow into the AmPMS, configured either with negative ions to detect
sulfuric acid (Hanson, 2005, primary reagent ion NO−

3 ·HNO3) or with positive ions to
detect ammonia and amines (H3O+·H2On reagent ions, Hanson et al., 2003, 2011).
About 3/4 of the total flow was directed to the AmPMS. The switch between negative
ions and positive ions was readily executed by reversing the polarities of the voltages.20

The ion source flow was humidified with a ∼10 wt % HNO3 aqueous solution which
yields ppm levels of HNO3 vapor in addition to H2O vapor. With an ion drift length of
1.7 cm, a typical voltage drop of 0.84 kV, and a typical bisulfate/nitrate ratio of ∼0.003
yields a sulfuric acid concentration of about 1.1×109 cm−3 for NBC (Hanson, 2011,
with kt = 2.6×10−12 cm3). Note that this detected value is an average of the H2SO425

concentration across the ion drift region which is affected by wall losses: along the
flow reactor, the funnel, and the AmPMS sampling port and drift region. For example,
the detection of sulfuric acid in Ball et al. was estimated to be only about 2-to-14 %
of that present where particles were formed. Although the sampling arrangement is
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significantly different here, fluid dynamics simulations suggest that the current setup
has a detection ratio of about 15(±5) %, i.e., detected [H2SO4]/peak nucleation rate
[H2SO4] (Panta et al., 2012).

To examine their effects on particle nucleation, ammonia or methyl amine were intro-
duced to the system in a port just above the 296 K region (“top port”). The sources of5

these species were home-built permeation tubes operated at room temperature. The
Teflon permeation tubes contained a small amount of liquid sample, ∼40 wt % methyl
amine in water or ∼60 wt % ammonia in water (Sigma Aldrich), the tube ends were
sealed by heating and inserting short lengths of glass rods. N2 (∼100 STP cm3 min−1)
was flowed over the tube, carrying the ammonia/amine that permeated the Teflon tub-10

ing to a two stage dynamic dilution system (right side of Fig. 1) before it entered the
flow reactor. The permeation tubes were calibrated by titration with aqueous HCl by
bubbling slowly (N2 flow of ∼20 STP cm3 min−1) through dilute HCl solutions (Carlson
et al., 2012). The permeation rates were relatively large (in pmol s−1: 50 for NH3 and 80
for CH3NH2) necessitating the use of a serial dynamic dilution system so that concen-15

trations of ∼1 ppmv base in the N2 flow over the perm tubes were reduced by factors
of ∼105 if fully mixed with no losses into the 6 sLpm flow.

A base mixing ratio of a few tens of pptv in the flow reactor could be reliably prepared
which was checked with AmPMS by adding the bases to the flow through a port at the
bottom of the flow reactor. AmPMS detection of ammonia or amine when it was added20

at the top port was much less than that estimated by assuming what was added had
mixed well with the main flow. Note that ions from the AmPMS source (Hanson et al.,
2011) at the masses of interest, NH+

4 and CH3NH+
3 , are substantial: for the present

experiments, count rates at these masses give equivalent mixing ratios of ∼100 pptv
and 3 pptv, respectively. The zeroing mechanism in previous deployments of AmPMS25

was not used because efficient detection of [H2SO4] in negative ion mode was seriously
degraded.

A custom-built differential mobility analyzer (geometrically equivalent to a TSI long
model 3071) was used to size the particles for two sets of sulfuric acid flow rates at
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68 % RH. Due to a previous exposure, trace nitrogen bases were present in the high
H2SO4 run while ∼30 pptv NH3 was added for the low H2SO4 run. These bases re-
sulted in particle numbers much higher than neat H2SO4-H2O which allowed for a
size distribution measurement; neither base was detected with AmPMS (less than
0.5 pptv). A home-made ∼10 µCi particle charger was used and the charging efficiency5

of Fuchs (1963) was applied along with particle loss within the analyzer (Birmili et al.,
1997).

Shown in Table 1 are the typical operating conditions and experimental parameters
for the nucleation data presented here. Standard RH and sulfuric acid conditions were
chosen (NBC) so that reproducibility and stability of the system over long periods of10

time could be monitored. The sulfuric acid laden flow was 1 sLpm, the humidified flow
was 1.6 sLpm, and the remainder of 3.4 sLpm was dry N2 that entered the mixing re-
gion along with the humidified flow. To achieve a range of H2SO4 content and RH, flows
were varied over the range of 0.4-to-2 sLpm, 0.8 to 4 sLpm, and 1 to 4 sLpm, respec-
tively, always maintaining a total of 6 sLpm. Temperatures of the mixing region (313 K),15

the nucleation region (296 K) and the bulk sulfuric acid (303 K) were held constant ex-
cept for some diagnostic experiments when the temperature of the mixing region was
varied to demonstrate suppression of nucleation that can occur during mixing of the
reagents. Discussed in the Supplement are the significant differences in the experi-
ment from that published in Ball et al.20

3 Results

To check for stability of the system, at the beginning of each measurement sequence
and often at the end of a run, the flow of gases was set to standard conditions, NBC.
Table 1 shows a summary of NBC for the entire system. Several runs with NBC as well
as 27 % RH data at different QA (the nitrogen flow rate through the sulfuric acid reser-25

voir) are compiled in Fig. 2 which plots measured Nr vs. QA. The mass spectrometer
was not operational for many of the measurements in this figure, but when concurrently
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running, measured [H2SO4] was linearly proportional to QA up to ∼1.5 sLpm (see Sup-
plement). Above 1.5 sLpm, [H2SO4] does not increase in a linear fashion with QA. In
Fig. 2, the particle count rate at QA = 2 sLpm falling below the typical power depen-
dency line is due to operation in this region of QA. The scatter in the results widens as
[H2SO4] decreases. The number of background particles (i.e., generated via moving5

parts in the gas regulator or valves or due to small leaks in the UCPC sampling line)
was generally low, typically 2–10 particles counted in 100 s, but at times was as high
as 0.5 s−1. The background particle count rate was determined about once per run by
switching to QA = 0. Upon returning to NBC, Nr might take an hour to return to normal
levels, so that more frequent monitoring of the background particles was impractical.10

The clustering of data shows the consistency of reactant and flow conditions over
an extended period of time. The power dependency on H2SO4 remained relatively
constant over that time period, averaging roughly 5.5. For these conditions with the
assumption that [H2SO4] is proportional to QA when it is below 1.5 sLpm, the critical
cluster has ∼5.5 sulfuric acid molecules. Finally, the reproducibility of NBC data was15

used as a monitor of the system: if particle count rates were outside the range of
20±10 Hz at NBC, there was some change in the system, e.g., a temperature control
issue, a potential contaminant, water reservoirs need filling, leak, flow meter malfunc-
tion, UCPC needs service etc. A plot of particle count rates for NBC over a ∼10 month
period is displayed in the Supplement.20

Shown in Fig. 3 is the particle count rate data at several RH vs. AmPMS ion ratio
which is linearly proportional to [H2SO4] at a given RH. These data show power de-
pendencies of 4.5 to 6, with perhaps slightly lower values on average at the higher RH,
however not appreciably greater than the scatter. The variation of the power depen-
dency on H2SO4 with RH seems to be muted over this range of RH, 14–68 %. A larger25

set of data is presented in the Supplement.
There is a strong dependency on RH of Nr and thus the nucleation rate. As demon-

strated in Fig. 3 when RH increases so does the number of particles detected by
the UCPC. At 14 % RH, there are very few particles at 0.0026 ion ratio (equivalent
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to ∼1×109 cm−3) given by the nominal flow rate over the bulk sulfuric acid (1.0 sLpm).
At 20 % RH for the same ion ratio, there is about a factor of 20 increase in Nr and at
27 % RH there is an additional factor of ten increase. Further increases in RH at the
same ion ratio give a larger number of particles, e.g., at 68 % RH, there was another
factor of 50 increase in the particle count rate detected at the same sulfuric acid ion5

ratio.
Note that run-to-run variations in Nr of 50 % for NBC were not uncommon and are

believed to be due to variations in room temperature that affect which portion of the flow
is sampled by the UCPC: coupled with radial gradients in particle concentrations (Ball
et al., 1999) temperature dependent scatter can be introduced. Also, there were small10

variations in the position of the inlet. Room temperature also affects the temperature
of the tubing carrying the H2SO4 laden flow to the mixing region. Furthermore, when
H2SO4 vapor was monitored with the mass spectrometer and particle count rates were
plotted against this measurement, scatter day-to-day was at times larger than ±50 %.
Variable temperatures could lead to variations in mixing and losses in the room temper-15

ature section and thus variations in mass spectrometer derived H2SO4 concentrations.
Variations of Nr with RH were investigated over small ranges in RH while maintaining

a constant flow over the bulk sulfuric acid, QA. The results are plotted in Fig. 4 and
they show power dependencies on RH of 6.1 over the range 17-to-27 % RH, 5.4 over
the range 32-to-44 % RH, and 7.6 for 53-to-67 % RH. These were obtained by keeping20

QA constant while varying the RH with QA = 1 sLpm for the low and medium RH runs
and 0.5 for the high RH experiment. The mass spectrometer was also sampling and
measured H2SO4 was constant to within 5 % during each run.

3.1 Ammonia and amine addition

Ammonia and methyl amine were introduced separately but in the same manner so that25

their relative efficacy in generating particles could be assessed. These experiments
were conducted at 27 % RH and at a QA of 0.4 sLpm, which yields particle count rates
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of 0.05 s−1 or lower (i.e., background) in the absence of added species. Either methyl
amine or ammonia were introduced to the system just below the mixing region (top
port) at a rate that would give mixing ratios of 2-to-50 pptv if fully mixed and absent wall
losses during mixing. An experiment is depicted in Fig. 5 where particle count rates
are plotted as a function of time.5

Initially, Nr for NBC was a factor of ten greater than normal, due to a previous expo-
sure of tubing to amines. At ∼09:50 LT, NBC was adjusted to very low QA, 0.4 sLpm,
and NH3 was turned on and after ∼30 min it was shut off and Nr was seen to rapidly
decrease below 1 s−1 which is above the ∼0.05 s−1 rate for the neat 27 % RH system:
this previous exposure to ammonia, and possibly the previous day’s amine experiment,10

had not time to flush out.
NH3 was fully introduced at around 11:00 and particle numbers increased substan-

tially; an adjustment to the dilution system to maintain 25 pptv is evident at 12:15. After
a few hours, Nr was equal to ∼500 s−1. This is an enhancement of about a factor of
104 over the neat system for these conditions. At about 13:10 the ammonia perm tube15

flow was diverted from the dilution system, keeping the last two stages of flow going
through the dilution system and into the reactor, and the particle numbers can be seen
to decrease at first rapidly and then gradually over the next few hours. At 15:15, con-
ditions were set to NBC and Nr was about 50 times normal NBC, even larger than the
09:30 value; this was due to low (sub-pptv?) levels of ammonia introduced into the20

system with the last two stages of the dilution system. The “contaminant” coming from
the tubing in the dilution system was confirmed in separate experiments by shutting off
all the dilution flows whereupon NBC gave normal Nr (∼20 s−1) almost immediately. QA
was reset to 0.4 sLpm at 15:30.

At 15:50 methyl amine was added at about a 35 pptv level. Particle numbers in-25

creased rapidly and continued to grow such that the live time percentage of the in-
strument decreased below 0.05 %. Because the live time correction for this data is
not reliable and because butanol vapor depletion within the UCPC can be significant
(Saros et al., 1995) at high numbers, the 105 s−1 rate indicated in the figure is a lower
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limit. The enhancement factor for 35 pptv methyl amine is of the order of 106 or higher.
AmPMS monitoring of methyl amine during this time period showed an increase

of about 0.4 pptv above ion background signal (30 Hz signal equivalent to 3.2 pptv).
Methyl amine was lost on surfaces between the top port and the mass spectrometer.
It is not surprising that there was a large loss (about a factor of 100, i.e., 1 % of the5

methyl amine reached AmPMS) because the walls have been exposed to sulfuric acid
vapor and particles for thousands of hours. Note that ammonia addition did not lead to
a detectable increase in AmPMS signal on a background ion count rate of about 1 kHz
(equivalent to ∼90 pptv.)

A second set of experiments for similar conditions were performed where ammonia10

was introduced at ∼20 pptv and Nr was 1000 s−1, which agrees with the result above,
within uncertainties. Then methyl amine was swapped in and its level was adjusted so
that particle count rates matched that for 20 pptv ammonia: that was a level of about
3 pptv methyl amine. Note that once exposed to methyl amine, the dilution system
required tens of hours to recover. The longer the exposure to amine, the longer the time15

needed to cleanse the dilution tubing system, which points to a possible mechanism:
the longer the Teflon tubing is exposed to amine, the more is able to diffuse into it, to
be later entrained into clean gas. A few days after this experiment, a final experiment
with ammonia addition at levels of 2 and 45 pptv resulted in Nr of 40 and 7000 s−1,
respectively.20

3.2 Particle size

The size distributions of particles generated in the nucleation flow reactor mea-
sured with the differential mobility analyzer indicate peaks of ∼7.7 nm diameter for
QA = 1.0 sLpm and ∼6 nm for QA = 0.4 sLpm. See the Supplement for size distribu-
tions. These sizes are in agreement with those reported by Ball et al. and are well25

above the lower limit of detection for the UCPC. This is supported by the observation
that changing the UCPC conditions to those of Kuang et al. (2012) made no significant
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difference in Np. At [H2SO4] levels of 1010 cm−3, the rough diameter growth rate is

∼0.4 nm s−1 which along with a 10–20 s exposure time results in particle diameter in-
creases of 4 to 8 nm.

4 Discussion

4.1 Power dependency on H2SO45

The power dependency (PD1) of the observed number of particles on sulfuric acid
concentration have been reported in a number of studies and are compared in Table 2
where the H2SO4 power dependencies along with experimental conditions are listed.
Previous work for experiments of 14 % RH and higher are included and results for many
studies have power dependencies of 5 or above. A few recent studies report very low10

values of ∼1.5: the authors (Berndt et al., 2010; Sipilä et al., 2010) speculate that their
particle detection efficiency was much better than all earlier work, implying a deficiency
in earlier work that hid the low power dependency. However, the most recent Kirkby et
al. (2011) study using identical particle instrumentation obtained ∼6 for PD1, seeming
to settle the debate. Furthermore, the sizes of the particles detected in this study were15

shown to be well above the detection threshold for the UCPC as deployed.
The power dependency reported here of 4-to-7 near 15 % RH is less than the 7-to-8

of Ball et al. (1999); however the small range of H2SO4 explored in the present work
and low particle count rates limits the significance of that comparison. Previous work
by Young et al. (2008) at 15 % RH show a PD1 of ∼6±2, which is also consistent with20

the present and Ball et al. results. Other work by this group at 9–16 % RH (Benson
et al., 2008, 2011) report lower values of 2–5 for PD1. At 27 % RH, however, these
authors are in better agreement with the present PD1 of 6±2: Benson et al. (2008,
2009) report for RH of 22-to-30 % PD1 of 5.6-to-9.5. For the range 35–44 % RH, PD1
of the present work 5±1 agrees well with Kirkby et al. (2011) and the earlier work25

of Brus et al. (2010) but not the PD1 of Brus et al. (2011). Explanations for these
1130
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discrepancies are based on experimental conditions or techniques, such as deficient
particle counters or contaminant species.

The power dependencies on H2SO4 reported here vary modestly with RH as it in-
creases above 14 %. The general trend is consistent with the Ball et al. study who
found that results at higher RH have lower PD1. The present results indicate that for5

[H2SO4] of ∼3–10×109 cm−3, n1 varies from ∼5.5 at 20 and 27 % RH, to 5.0 for 40 %
RH and about 4 for 54 and 68 %. It appears that for the [H2SO4] explored in this study,
at high RH the number of H2SO4 molecules in the critical cluster n1 is as small as 4.
This is significantly smaller than the power dependencies in the 8-to-12 range found at
lower humidity (Ball et al., 1999, 2-to-10 % RH): a higher PD1 at lower RH is expected10

according to theory (Vehkamäki et al., 2002).

4.2 Comparison of J and [H2SO4]NZ

Comparisons of nucleation rates J as a function of [H2SO4]NZ, the H2SO4 concentra-
tion in the nucleation zone, i.e., where particles are formed, depend on knowledge of
nucleation times and sulfuric acid losses. Generally, nucleation studies have limited15

accuracy for the estimates of these quantities, including the present study. Detailed
knowledge of flows, temperatures, exposure times and wall losses obtained from com-
putational fluid dynamics can be helpful (e.g., Hermann et al., 2010). The flow reactor
and nucleation are currently being simulated using computational fluid dynamics, and
these will be presented in a forthcoming manuscript (Panta et al., 2012). Preliminary re-20

sults are in close agreement to the estimated 8 s nucleation time; these simulations are
also the source of the previously mentioned factor of 7 difference between [H2SO4]NZ
and the measured [H2SO4].

These estimates were applied to the particle number densities Np and measured
[H2SO4] to give J and [H2SO4]NZ. The +100/−50 % uncertainty in the nucleation time25

dominates the additional systematic error in J and the +40/−30 % uncertainty in the
factor of 7 dominates that for [H2SO4]NZ. The J values are plotted vs. [H2SO4]NZ in
Fig. 6 for the (a) 14 % RH results and (b) for the 40 % RH results along with a number
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of previous studies. Each set of results is depicted as an area on the plot that encom-
passes the reported uncertainties in J and H2SO4 concentration. A few of the studies
were performed at lower temperatures, which could explain some of the differences
with the present results, but the overall wide range in nucleation rate results is not due
to temperature differences. Taken as a whole, it appears that using a photolytic source5

to oxidize SO2 could lead to nucleating species more efficient than bulk H2SO4. How-
ever, scatter in the data and the latest photolysis experiment at 38 % RH (Kirkby et al.,
2011) who report significant amounts of amines in the particles, suggest that measured
Js are easily skewed high possibly due to nitrogenous bases that could not be detected
in the gas phase. This explanation is bolstered by our observation that a million-fold10

increase in Nr can be achieved with addition of methyl amine at ∼30 pptv but because
of loss was detected at only a 0.4 pptv level. A few studies have suggested that con-
taminants may have been present (Benson et al., 2011; Kirkby et al., 2011; Brus et al.,
2011).

This observation along with the variety of results displayed in Fig. 6, suggests that15

undetected base contaminant at the pptv level could be a common problem, signifi-
cantly affecting particle formation rates. For the present experiment, the level of amine
needed to significantly affect the results can be estimated. Applying an extrapolation
of the Nr in Table 4 using a power dependency on a base of 1.5 (see below), about
10 ppqv (10 fmol mol−1) of methyl amine could give a particle formation rate equal to20

the 0.05 s−1 rate that is believed due to the neat H2SO4-H2O system. A level of 10 ppqv
is undetectable with the current instrumentation and a potential effect due to this level
of base cannot be ruled out. Please see the Supplement for further discussion of this
point.

4.3 Water content of critical cluster25

The variation of Nr with RH yields experimental power dependencies PD2,exp of J
on RH of 5 to 8; if taken at face value, these PD2,exp indicate that there are 5–
8 water molecules in the critical cluster. Yet the measurements do not adhere to
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the constrictions imposed by the nucleation theorem for binary systems (Oxtoby and
Kashchiev, 1994) where the activity of the second component must be held constant
while the other component’s activity is varied. Here, while total H2SO4 was held con-
stant as RH was varied over a small range, the H2SO4 activity was not constant due
to changing hydration of H2SO4 molecules. Whether the bare monomer activity is5

the relevant parameter for nucleation calculations using the classical liquid drop model
was explored by Bein and Wexler (2007). Extending those ideas leads to the following
treatments for the number of water molecules n2 in the critical cluster: (i) the observed
nucleation rates as a function of RH can be corrected for changes in monomer ac-
tivity, i.e., normalized, and (ii) taking advantage of the quasi-equilibrium assumption10

and accounting for the hydration of the main nucleating species that is on average a
well-hydrated H2SO4 molecule.

4.3.1 Normalized to H2SO4 activity

Using the equilibrium constants for adding water molecules to sulfuric acid (Mirabel
and Ponche, 1991; Noppel, 2000; Hanson and Eisele, 2000) the relative amounts of15

monomer H2SO4 at each RH were calculated. Then the observed rates were nor-
malized to constant monomer H2SO4 activity, a1, using the observed H2SO4 power
dependencies, n1, of 5.5, 5, and 4 for the low, middle and high RH results.

J ′ =a−n1
1 J (1)

n2 =∂ lnJ ′/∂ lnRH=−n1 ·∂ lna1/∂ lnRH+∂ lnJ/∂ lnRH (2)20

where J ′ is the normalized rate and J is the measured rate. For small changes in RH,
n1 can be taken to be constant in Eq. (2). Assuming the nucleation time does not vary
with RH, J can be replaced by particle count rates Nr. A set of normalized rates J ′

(then renormalized to the lowest activity J) are shown in Table 3 for the different ranges
of RH results and their power dependencies on RH are ∼12-to-15. This treatment25

indicates there are 12-to-15 H2O molecules in the critical cluster for these conditions.
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4.3.2 H2O with the H2SO4 hydrates

An alternative line of reasoning takes into account the number of water molecules
on average that arrive with each H2SO4 molecule that are in the critical cluster. It is
assumed that the PD2,exp on RH of the observed rate J is the extra waters beyond
the average number carried in with each monomer. Then the number of waters in the5

critical cluster, n2 is given by

n2 =PD2,exp+n1 · (average hydration number of H2SO4) (3)

With the equilibrium constants for monomer hydration (equilibrium constants in % RH
are given in Table 3), the average number of hydrate water molecules on an H2SO4
are 1.05±0.14, 1.43±0.11, and 1.81±0.11 for the low, middle and upper RH ranges,10

respectively. Multiplying these by the H2SO4 power dependencies n1 and adding to
the H2O power dependency for total H2SO4 constant (the experimental column), yields
the values in the last column. The result is that about 12–15 water molecules are
present in the critical cluster. The agreement between these two methods is not purely
coincidental as they are essentially the same mathematically: the average hydration15

number is closely related to the variation of a1 with RH.

5 Ammonia and amines

Table 4 contains the particle count rates for the ammonia and methyl amine addition
experiments. These were taken for the following experimental conditions: 27 % RH and
[H2SO4] in the nucleation zone of ∼4×109 cm−3 where in the absence of base, particle20

count rates are 0.05 s−1 or less. Methyl amine is roughly 25 to 100 times more effective
than ammonia when added at similar levels. This experiment result is in agreement
with earlier work (Kurten et al., 2008; Berndt et al., 2010; Erupe et al., 2011) that
amines are effective in promoting nucleation involving sulfuric acid.
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The data in Table 4 are consistent with power dependencies of particle count rates
on methyl amine of about 2 and on ammonia of about 1.5. More experiments are
planned investigating the effects of bases on nucleation including dependencies on
[base], [H2SO4], and RH.

Atmospheric levels of methyl amine are <1 % of ammonia throughout much of the5

atmosphere (Ge et al., 2011; Hanson et al., 2011) and the data in the table suggests
that ammonia need only be about 30 pptv to have the same effect as a typical at-
mospheric level of 3 pptv for methyl amine. These addition experiments were carried
out with [H2SO4]NZ estimated to be about 4×109 cm−3. This is much higher than is
found in the atmosphere: daytime atmospheric levels are only about 1/100 of this value10

(McMurry et al., 2000). Although more experimental data are required before these
measurements can be applied to atmospheric conditions, the data suggests that with
ammonia levels about 1000 times methyl amine levels (Nowak et al., 2005; Hanson et
al., 2011), ammonia may play a larger role than does methyl amine. Yet there are a
large number of amines in the atmosphere of greater abundance than methyl amine15

(Ge et al., 2011; Hanson et al., 2011); more data on the effects of these amines on
nucleation are needed.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/12/1117/2012/
acpd-12-1117-2012-supplement.pdf.20
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Berndt, T., Böge, O., Stratmann, F., Heintzenberg, J., and Kulmala, M.: Rapid formation of
sulfuric acid particles at near-atmospheric conditions, Science, 307, 698–700, 2005.

Berndt, T., Boge, O., and Stratmann, F.: Formation of atmospheric H2SO4/H2O parti-
cles in the absence of organics: A laboratory study, Geophys. Res. Lett., 33, L15817,
doi:10.1029/2006GL026660, 2006.20

Berndt, T., Stratmann, F., Sipilä, M., Vanhanen, J., Petäjä, T., Mikkilä, J., Grüner, A., Spindler,
G., Lee Mauldin III, R., Curtius, J., Kulmala, M., and Heintzenberg, J.: Laboratory study
on new particle formation from the reaction OH + SO2: influence of experimental conditions,
H2O vapour, NH3 and the amine tert-butylamine on the overall process, Atmos. Chem. Phys.,
10, 7101–7116, doi:10.5194/acp-10-7101-2010, 2010.25

Birmili, W., Stratmann, F., Wiedensohler, A., Covert, D., Russell, L. M., and Berg, O.: Deter-
mination of Differential Mobility Analyzer Transfer Functions Using Identical Instruments in
Series, Aerosol Sci. Technol., 27, 215–223, 1997.

Brus, D., Hyvärinen, A.-P., Viisanen, Y., Kulmala, M., and Lihavainen, H.: Homogeneous nucle-
ation of sulfuric acid and water mixture: experimental setup and first results, Atmos. Chem.30

Phys., 10, 2631–2641, doi:10.5194/acp-10-2631-2010, 2010.
Brus, D., Neitola, K., Hyvärinen, A.-P., Petäjä, T., Vanhanen, J., Sipilä, M., Paasonen,
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Kulmala, M., Vehkamäki, H., Petaja, T., Dal Maso, M., Lauri, A., Kerminen, V. M., Birmili, W.,
and McMurry, P. H.: Formation and growth rates of ultrafine atmospheric particles: a review
of observations, J. Aerosol Sci., 35, 143–176, 2004.
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Table 1. Nucleation Baseline Condition temperatures and flows and experimental tempera-
tures, range of flows, and other conditions.

Parameter Temp (K) Flow (sLpm) Range (sLpm) RH, P, or [H2SO4]

Dry Nitrogen – 3.4 1–4.5
Humid Nitrogen 296 1.6 1.2–4 15-to-68 % RH
QA, H2SO4 Flow 303 1.0 0.4–2 0.5-to-2×1010 cm−3 a

Mixing Region 313 6 4–7 0.97 atm
Flow Reactor 296 6 ∼1 in. H2O gaugeb

NBC Dew Point 276 – – 27 % RH

a This is the range of [H2SO4] (total: monomer + hydrates) estimated where nucleation rate peaks.
b Ambient pressure was typically 0.95-to-0.99 atm; pressure difference between flow reactor and ambient was
∼0.003 atm.
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Table 2. Comparison of H2SO4 Power Dependencies at various RH.

RH This work Ball et Wyslou-zil et Viisanen et Young et Benson et al. Berndt et al. Brus et al. Kirkby et al.
al. (1999)a al. (1991)b al. (1997)c al. (2008)d (2006, 2008, 2011)d,e (2005, 2006, 2010) (2010, 2011) (2011)k

14–16 5.5±1.5 7–8 16 4–8 2.3, 4.5j 5f 1.5i

20–23 5±2 – 3 5.3 4f, 2g –
25–33 6±1 7 16 – 5.6–10 3f 6h, 1.3i

35–44 5±0.5 20 – 6.3 – 6
45–55 4±0.5 10 3f, 1.9g 8h

57–70 4.2±0.6 1.9g 1.7i

a T =298; data at 32 % RH was not published, b T =293, c 293 K, d 288 K, e 2006, 2008, f 2005 and 2006, g 2010,
h 2010, i 2011, j Their (2011) paper shows PD of 4–5 at 9–16 % RH at low [H2SO4], k 292 K
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Table 3. H2O Power Dependency Treatments due to H2SO4 hydrationa.

RH Expt’l Monomer Normalized Nr Eq. (1) with Nr, Average n2 using
fraction (s−1) nb,d

2 hydrate no. Eq. (3)c,d

17–27 6 0.3–0.19 1.3–3×102 12 1.05 11.8
32–44 5 0.15–0.095 60–3×103 12.5 1.43 12.2
53–67 7.6 0.07–0.045 60–4×103 15 1.81 14.8

a Equilibrium constants Kw,w−1 = [H2SO4 · (H2O)w ]/[H2SO4 · (H2O)w−1]RH with RH in %. 1/Kw,w−1 = 10, 50, 166, 200,
300 % for the 1st through 5th hydrates.
b PD2 of normalized Nr: method (i) in text.
c Expt’l PD added to hydrate no. times 5.5, 5 and 4, respectively: method (ii), Eq. (3), in text.
d Propagation of random errors leads to ±1-to-1.5 precision uncertainty in n2.
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Table 4. Ammonia and amine addition experiments at 27 % RH.

N base Level, pptv Nr (s−1) J (cm−3 s−1)a EF

– 0 <0.05 <0.01 –
CH3NH2 3 1000 125 2×104

CH3NH2 35 >105 >104 >2×106

NH3 2 40 5 800
NH3 20 1000 125 2×104

NH3 45 7000 875 1.4×105

a J =Nr divided by aerosol sampling rate of 0.7 cm3 s−1 divided by ∼8 s nucleation time.
b Enhancement factor over neat H2SO4-H2O system for QA = 0.4 sLpm where [H2SO4] at the peak of nucleation is
∼4×109 cm−3.
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 1 

Abbildung 1 2 Fig. 1. Schematic drawing of the nucleation flow reactor with mixing region, transition and nucleation regions indi-
cated. Water and H2SO4 sources (i.e., the reservoirs), the general flow patterns and temperatures are indicated. Top
and bottom ports show where N bases could be added to the flow. The region of highest particle formation rates within
the nucleation region are about 30 cm into the cooled region. The dynamic dilution system for adding N bases is shown
to the side.
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 1 

 2 
Abbildung 2 3 

  4 

Fig. 2. Particle count rates plotted versus flow through the sulfuric acid reservoir, RH at 27 %,
T =296 K. NBC is QA =1 sLpm and Nr shows a variability of a factor of ∼2 (×2, ÷2) over weeks.
A typical power dependency is shown for these conditions.
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 1 
Abbildung 3 2 Fig. 3. Particle count rates Nr vs. ion ratio (HSO−

4 core ion count rate/NO−
3 core ion rate) ob-

served with the mass spectrometer. The average H2SO4 concentration across the ion-molecule
drift region, about 1.7 cm long, is given approximately by the ion ratio times 3.8×1011 cm−3 while
the nucleation zone peak H2SO4 is 5-to-10 times this. A range of RH conditions are shown here
with power dependencies of 5–7.
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Fig. 4. Variation of Nr with RH at constant [H2SO4] (plus hydrates). QA = 1 sLpm for the low
RH (17–27 %) and medium RH (32–44 %) variations and 0.5 sLpm for the high RH variation
(55–70 %). The power dependencies are shown in the figure.
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 3 

Abbildung 5 4 
Fig. 5. Nr plotted versus time for N base additions to the top port. Nr is greatly affected for
QA = 0.4 sLpm, 27 % RH conditions where 0.05 s−1 is typical for pristine conditions. NBC was
checked twice during the experiment (09:30 and 15:15) and undetectable, residual N base
exhibited a significant effect. AmPMS showed a detectable amount of methyl amine during its
addition.
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Fig. 6. Comparison of results from this work (purple + and X ) to previous work at relative
humidities of (a) ∼16 % and (b) ∼40 % where nucleation rate J is plotted against H2SO4 con-
centration. Those studies with solid lines are results using H2SO4 vapor from concentrated sul-
furic acid entrained in a flow of gas (bulk) while those with dashed lines use photo-oxidation of
SO2 as a source of H2SO4. The reported temperatures for the studies are 298 K except 288 K
for Benson et al. (2008, 2009, 2011) and Young et al. (2008); 292 K for Kirkby et al. (2011).
Typical error bars due to uncertainties in nucleation zone concentration and residence time
are shown for two points in (a). Note that [H2SO4] for the Ball et al. unpublished work shown
here was measured with an ion-drift arrangement similar to that used here and a factor of 10
(+200/−66 %) was applied to get [H2SO4]NZ.
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