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H. Lihavainen2

1Laboratory of Aerosol Chemistry and Physics, Institute of Chemical Process Fundamentals Academy of Sciences of the
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Abstract. In this study the homogeneous nucleation rates

in the system of sulfuric acid and water were measured by

using a flow tube technique. The goal was to directly com-

pare particle formation rates obtained from atmospheric mea-

surements with nucleation rates of freshly nucleated particles

measured with particle size magnifier (PSM) which has de-

tection efficiency of unity for particles having mobility di-

ameter of 1.5 nm. The gas phase sulfuric acid concentra-

tion in this study was measured with the chemical ionization

mass spectrometer (CIMS), commonly used in field mea-

surements. The wall losses of sulfuric acid were estimated

from measured concentration profiles along the flow tube.

The initial concentrations of sulfuric acid estimated from loss

measurements ranged from 108 to 3 × 109 molecules cm−3.

The nucleation rates obtained in this study cover about three

orders of magnitude from 10−1 to 102 cm−3 s−1 for com-

mercial ultrafine condensation particle counter (UCPC) TSI

model 3025A and from 101 to 104 cm−3 s−1for PSM. The

nucleation rates and the slopes (dlnJ/dln [H2SO4]) show sat-

isfactory agreement when compared to empirical kinetic and

activation models and the latest atmospheric nucleation data.

To the best of our knowledge, this is the first experimental

work providing temperature dependent nucleation rate mea-

surements using a high efficiency particle counter with a cut-

off-size of 1.5 nm together with direct measurements of gas

phase sulfuric acid concentration.
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(brus@icpf.cas.cz)

1 Introduction

Atmospheric new particle formation consists of rather com-

plicated sets of processes, the first of them is gas-to-particle

nucleation. It is generally accepted that sulfuric acid is a

robust source of new particles and plays a central role in at-

mospheric new particle formation (Weber et al., 1996, 1997;

Kulmala, 2003). In number of field experiments (e.g. Weber

et al., 1996; Sihto et al., 2006; Riipinen et al., 2007; Zhao

et al., 2010) and also in some laboratory studies (e.g. Berndt

et al., 2005, 2010, Young et al., 2008, Sipilä et al., 2010)

the rate of particle formation is not adequately explained

by binary classical homogenous nucleation (CNT), the the-

ory greatly under predicts the observed nucleation. Accord-

ing to Kashchiev (1982) the relationship (the slope, dlnJ/dln

[H2SO4]) between particle production rate and sulfuric acid

concentration directly corresponds to number of molecules

in critical cluster. In atmospheric measurements and also in

a laboratory studies (Sipilä et al., 2010; Berndt et al., 2010) it

was observed that particle number concentration followed a

power-law dependency of about 1–2, compared to CNT pre-

diction that suggest exponents from 4 to 9 (Vehkamäki et al.,

2002). This discrepancy has been puzzling to atmospheric re-

searchers for more than a decade. As a solution to this prob-

lem it has been suggested that other associate molecule as

ammonia and amines (Weber et al., 1996; Berndt et al., 2010)

or organic acids (Zhang, 2010; Zhang et al., 2004; Metzger

et al., 2010; Paasonen et al., 2010) may have a stabilizing

effect on the clusters and allow nucleation to occur at much

lower concentrations of sulfuric acid than needed by CNT.

The first in-situ atmospheric measurements of sulfuric acid in

troposphere by using chemical ionization mass spectrometer
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(CIMS) were reported by Eisele and Tanner (1993). Since

that time CIMS was used in many field studies in diverse

locations around the world (e.g. Weber et al., 1996, 1997;

Mauldin et al., 1998; Sihto et al., 2006; Riipinen et al., 2007;

Petäjä et al., 2009, Zhao et al., 2010) and also in laboratory

studies (e.g. Ball et al., 1999; Zhang et al., 2004; Benson et

al., 2008; Young et al., 2008; Sipilä et al., 2010).

Compared to our previous study (Brus et al., 2010) we

apply here a similar approach as is commonly used in at-

mospheric measurements. The gas phase sulfuric acid con-

centration was measured with the chemical ionization mass

spectrometer (CIMS). The number concentration of freshly

nucleated particles was measured in parallel with commer-

cial UCPC TSI 3025A and particle size magnifier (PSM)

with particle counting efficiency close to unity for particles

of ∼1.5 nm, (Vanhanen et al., 2011).

2 Experimental setup

The same experimental setup as introduced in Brus et

al. (2010) was used in this investigation. The experimen-

tal setup details and the principle of operation can be found

therein. Only brief description of apparatus, its principle

of operation and differences associated with particle count-

ing and determination of sulfuric acid concentration are dis-

cussed here. The experimental setup consists of five main

parts: an atomizer, a furnace, a mixing unit, a nucleation

chamber and a particle detector unit. A liquid solution of

known concentration and amount (0.22 ml min−1) is intro-

duced by the HPLC Pump (Waters 515) through a ruby

micro-orifice (Bird Precision – 20 µm) together with parti-

cle free air (about 4 l min−1) into the furnace. The disper-

sion is vaporized in a furnace (Pyrex glass tube) which is

60 cm long and has an internal diameter (I.D.) of 2.5 cm. The

tube is wrapped with resistance heating wires. The temper-

ature inside the furnace is kept at approximately 470 K and

controlled by a PID controller to within ±0.1 K (DigiTrace,

TCONTROL-CONT-02). After the furnace, the vapor is fil-

tered with a Teflon filter (MITEXTM Millipore 5.0 µm LS)

to remove any liquid residue or particulate impurities. The

Teflon filter is placed on the perforated Teflon support pad

just after the furnace, and before the entrance to the mixing

unit. The filtered vapor is then introduced into the mixing

unit, made of Teflon, and cooled by turbulent mixing with

room temperature particle free air to about 320 K. The flow

rate of the mixing air is about 8 l min−1. The mixing unit di-

mensions are: O.D. = 10 cm, I.D. = 7 cm, height = 6 cm. The

mixing unit is kept at room temperature and it is not insu-

lated. Both lines of particle free air are controlled by a flow

rate controller to within ±3 % (MKS type 250). The vapor

gas mixture is then cooled to the desired nucleation temper-

ature in a nucleation chamber, which is kept at a constant

temperature with two liquid circulating baths (Lauda RK-

20). The nucleation chamber is made of stainless steel, with

an I.D. of 6 cm and an entire length of 200 cm. The con-

centration of water vapor is measured at the middle and far

end of the nucleation chamber with two humidity and tem-

perature probes (Vaisala HMP37E and humidity data proces-

sor Vaisala HMI38) to within ±3 %. The aerosol number

concentration is measured just after the nucleation chamber

with an ultrafine condensation particle counter (UCPC) TSI

model 3025A and simultaneously with particle size magni-

fier (PSM). The sulfuric acid concentration is measured also

at the end of the nucleation chamber with chemical ioniza-

tion mass spectrometer (CIMS).

The liquid samples of sulfuric acid and water mixture are

prepared from a 0.01 M solution of H2SO4 (Reagecon, AVS

purity) and ultrapure water (Millipore, TOC less than 10 ppb,

resistivity 18.2 M�.cm @ 25 ◦C). The desired solution con-

centration is prepared in two steps of dilution. First, 1 l of

primary solution of concentration (1.96 × 10−4 mol l−1) is

made by adding 20 ml of 0.01 mol H2SO4 to 1 l of pure water.

Then the desired final solution for a particular measurement

is made. To cover RH’s from 60 % to 10 % we prepare 1 l of

final solution from 0.5 ml to 70 ml of primary solution. The

final solution concentration is always checked by Ion Chro-

matography with a lower detection limit of 0.02 mg l−1 of

SO2−
4 in the analytical laboratory at the Finnish Meteorolog-

ical Institute.

2.1 Chemical Ionization Mass Spectrometer, CIMS

Sulfuric acid was measured with a chemical ionization mass

spectrometer, CIMS (Eisele and Tanner, 1993; Mauldin et

al., 1998; Petäjä et al., 2009). The sulfuric acid in the sample

flow is chemically ionized by (NO−
3 ) ions. The reagent ions

are generated by nitric acid and a 241 Am alpha source and

mixed in a controlled manner in a drift tube utilizing con-

centric sheath and sample flows together with electrostatic

lenses.

Prior to entering the vacuum system, the chemically ion-

ized sulfuric acid molecules pass through a layer of dry nitro-

gen flow in order to dehydrate the sulfuric acid. In the vac-

uum system the sulfuric acid clusters are dissociated to the

core ions by collisions with the nitrogen gas seeping through

the pinhole in the collision-dissociation chamber (Eisele and

Tanner, 1993). The sample beam is collimated with a set of

conical octopoles, mass filtered with a quadrupole and de-

tected with a channeltron. The sulfuric acid concentration is

determined by the ratio between the signals at m/z channel of

97 Da (HSO−
4 ) and the reagent ion at m/z channel of 62 Da

(NO−
3 ) multiplied by the instrument and setup dependent cal-

ibration factor.

The calibration factor is determined by photolyzing am-

bient water vapor with a mercury lamp to generate a known

amount of OH radicals in front of the inlet. The produced OH

radicals subsequently convert isotopically labeled 34SO2 into

labeled sulfuric acid in a well defined reaction time yield-

ing finally after ionization (H34SO−
4 ). A nominal detection
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Table 1. Sulfuric acid losses in the upper half of the nucle-

ation chamber at three relative humidities, RH (16, 32 and 57 %),

T = 25 ◦C, where kobs is the observed loss rate coefficients, v is

mean flow velocity, t is residence time, WLF is the wall loss fac-

tor, and WLFinlet is the wall loss factor estimated for CIMS’ inlet

sampling tube.

RH kobs v t

[%] [cm−1] [cm.s−1] [s] WLF WLFinlet

57 −0.01 7.9 25.2 6.6 3.3

32 −0.0092 7.4 27.1 6.5 4.4

16 −0.0092 7.3 27.5 6.0 4.6

limit of the CIMS instrument is 5 × 104 molecules cm−3 for

a 5 min integration period. The error estimate in determined

concentrations is estimated to be about factor of 2. CIMS

was used also to detect sulfuric acid dimers. The calibra-

tion factor used for monomers was applied also in convert-

ing the dimer signal to concentration. Since the transmission

for dimer (m/z channel of 195 Da) can differ from monomer

(97 Da), use of the single calibration factor causes error in the

determined concentration. Furthermore, our reported dimer

signal comprises dimers formed both via neutral processes

inside the flow tube and dimers formed by ion induced mech-

anism in the CIMS charger, for detailed discussion see Petäjä

et al. (2011). Therefore our results concerning the dimer con-

centrations are still somewhat qualitative.

2.2 H2SO4 losses

Sulfuric acid wall losses were determined experimentally by

measuring the losses of sulfuric acid concentration along the

nucleation chamber. Two sets of experiments were con-

ducted. First, relative humidity was changed (16, 32 and

57 %) and nucleation temperature (25 ◦C) was kept constant.

Second, nucleation temperature was changed (25, 15 and

5 ◦C) and relative humidity was kept constant (∼50 %). The

nucleation chamber consists of two 1 meter long interchange-

able parts; one of them is equipped with 4 holes in equal

distance of 20 cm from beginning and from each other. In

the first set of measurements the holes were in upper po-

sition so we measured sulfuric acid losses for relative hu-

midities 16, 32, 57 % in distances of 20, 40, 60, and 80 cm

from the beginning and then at the end (200 cm) of the nu-

cleation chamber. The slopes obtained from the fits to ex-

perimental data ln([H2SO4]) vs. distance in the nucleation

chamber stand for the loss rate coefficient, kobs (cm−1), un-

der the assumption that the only sink for molecular sulfu-

ric acid is the first order loss to the flow tube wall. To be

able to measure along whole nucleation chamber an addi-

tional CIMS inlet sampling tube had to be used, which is a

stainless steel tube with I.D. 10 mm and its whole length was

122 cm (100 cm straight + 22 cm elbow-pipe). The sulfuric

Table 2. Sulfuric acid losses in the lower half of the nucleation

chamber at three temperatures, T (25, 15 and 5 ◦C), RH ∼50 %,

where kobs is the observed loss rate coefficients, v is mean flow ve-

locity, t is residence time, WLF is the wall loss factor, and WLFinlet

is the wall loss factor estimated for CIMS’ inlet sampling tube.

T kobs v t

[◦C] [cm−1] [cm.s−1] [s] WLF WLFinlet

25 −0.0063 7.7 25.3 3.6 3.9

15 −0.0069 7.2 27.6 4.0 4.4

5 −0.0072 7.2 27.6 4.2 6.8

acid losses in the CIMS’ inlet sampling tube itself were esti-

mated in separate experiment by using two different lengths

of straight sampling tube, 50 and 100 cm. In Table 1 can be

found the observed loss rate coefficients, kobs, mean flow ve-

locity, v, residence time, t , the wall loss factor, WLF, and

the wall loss factor estimated for CIMS’ inlet sampling tube,

WLFinlet. The overall sulfuric acid losses in the nucleation

tube and the inlet sampling tube are then WLF × WLFinlet.

The initial sulfuric acid concentration [H2SO4]init is then ob-

tained as [H2SO4]measured × WLF × WLFinlet. The wall loss

factor (WLF) increases with relative humidity, which is due

to presence of temperature gradient in first 50 cm in the nu-

cleation chamber, see Brus et al. (2010) for details. The pres-

ence of temperature gradient (both axial and radial) imposes

thermophoretic force towards the cooled nucleation cham-

ber wall (set to 25 ◦C) and also increases the value of diffu-

sion coefficient, thus increasing WLF in first 50 cm. There is

no temperature gradient in the CIMS’ sampling tube and the

WLFinlet is behaving as expected, the WLFinlet is increasing

with decreasing RH, (Hanson and Eisele, 2000).

In the second set of loss measurements the positions of

nucleation chamber parts were exchanged, so the holes were

in lower part of nucleation chamber. This was done to en-

sure the reproducibility of experiment at relative humidity

∼50 %, and also find out how big role plays the axial tem-

perature gradient (thermophoresis and higher diffusion coef-

ficient) in first 50 cm of the nucleation chamber. The sulfu-

ric acid losses were measured at three nucleation tempera-

tures (25, 15 and 5 ◦C) and relative humidity ∼50 % at dis-

tances of 120, 140, 160, 180, and 200 cm. Table 2 contains

the obtained loss rate coefficients together with accompanied

parameters. The WLF is generally smaller then in the first

set of experiment due to smaller and constant diffusion co-

efficient; i.e. there is no axial temperature gradient present

in lower part of nucleation chamber. The WLF is increas-

ing with decreasing nucleation temperature again due to in-

creased radial temperature gradient. The WLFinlet is even

pronounced because the CIMS’ sampling inlet tube was not

temperature controlled, but only well insulated.

www.atmos-chem-phys.net/11/5277/2011/ Atmos. Chem. Phys., 11, 5277–5287, 2011
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2.3 Particle Size Magnifier

Particle size magnifier (PSM, Airmodus A09) used in this

study is based on two recent major developments on the field

of particle counting. First, on the work of Sgro and de la

Mora (2004) (and the references therein) with the develop-

ment of mixing type particle size magnifier for almost arbi-

trarily small particles, and second, on the study by Iida et

al. (2009) to find the most suitable working fluid to be used

in a condensation particle counter (CPC). The critical dimen-

sions and the geometry of the PSM are very close to those

given by Sgro and de la Mora (2004). Diethylene-glycol

was used as the working fluid. It has relatively high surface

tension and low saturation vapor pressure. Because of these

properties a high saturation ratio is acquired without homo-

geneous nucleation (Iida et al., 2009). Diethylene-glycol has

also been experimentally tested in the ultrafine condensa-

tion nucleus counter (UFCNC) prototype (Stoltzenburg and

McMurry, 1991) showing a superior performance in the sub-

2 nm size range (Iida et al., 2009). Due to low vapor pressure

of diethylene-glycol the particles cannot easily grow to opti-

cal sizes (∼1 µm in diameter). Therefore an external CPC

(TSI 3010) is used for detecting the activated particles in

this design. Calibration results (Vanhanen et al., 2011) have

shown that PSM detects charged particles approaching effi-

ciency of unity (practically diffusion loss limited) down to

∼1.5 nm. Below that still ∼25 % of the smallest calibration

ion (tetra-methyl-ammonium-ion) with mobility equivalent

diameter of 1.05 nm, was activated in the PSM in compari-

son to reference electrometer (TSI 3068B). An assumption

of unity detection efficiency in case of PSM is justified.

3 Results and discussion

Two separate experiments were conducted in the Finnish Me-

teorological Institute (FMI) flow tube. The nucleation rates

of sulfuric acid and water were measured as a function of ini-

tial sulfuric acid concentration at three different relative hu-

midities (16, 32 and 57 %). Also the nucleation rate tempera-

ture dependency was investigated; the experiments were con-

ducted at three temperatures (25, 15 and 5 ◦C) while keeping

the relative humidity close to 50 %. To obtain the initial sul-

furic acid concentration, the sulfuric acid losses were esti-

mated separately for all experimental conditions. The main

reason why we focused on obtaining initial sulfuric acid con-

centration in our flow tube was that the concentration of pre-

pared solution of sulfuric acid and water is known for each

particular experiment and thus the initial sulfuric acid con-

centration determined with CIMS and IC method can be mu-

tually compared.

3.1 Nucleation rates

The number concentrations of freshly nucleated particles

were measured as a function of initial sulfuric acid concen-

tration at several levels of relative humidities. In all experi-

ments two different counting systems were used in parallel.

An UCPC TSI 3025A which was calibrated with silver par-

ticles to a mobility diameter d50 cut-off of 2.28 nm. The fol-

lowing modification to UCPC TSI 3025A has been done to

obtain a d50 cut-off diameter of 2.28 nm. The saturator tem-

perature was increased from a nominal 37 ◦C up to 38 ◦C,

the condenser temperature was decreased from a nominal

10 ◦C down to 8 ◦C. At these new temperatures no homo-

geneous nucleation was observed inside the counter. As a

second counting system a mixing type particle size magni-

fier (PSM) with close to unity detection efficiency for mo-

bility equivalent diameter of 1.5 nm was used. The initial

concentration of sulfuric acid was estimated from loss mea-

surements using CIMS and it ranged from 108 to 3 × 109

molecules cm−3. The onset of nucleation for UCPC TSI

3025A particle counter was observed at sulfuric acid ini-

tial concentrations about 108 and for PSM at about 107

molecules cm−3 (extrapolated to J = 1 cm−3 s−1). The dif-

ferent counting efficiency of both counters lead to different

slopes in plot of nucleation rate vs. sulfuric acid concentra-

tion. The biggest difference in counting between UCPC TSI

3025A and PSM is at lowest nucleation rates, about a factor

of 200, and the smallest difference is at highest nucleation

rates, about a factor of 3. From the obtained slopes it is ob-

vious that both lines will merge at certain point, where the

particle diameter of grown particles for UCPC TSI 3025A

will also reach the counting efficiency of unity. The de-

tailed comparison and explanation of differences among sev-

eral counting systems can be found in Sipilä et al. (2010).

The linear fits to experimental data for both particle coun-

ters are presented in Table 3. Nucleation time in our experi-

ment is defined as time from the nucleation zone maxima to

the end of the flow tube; which is half of the total residence

time. Nucleation zone was determined experimentally (Brus

et al., 2010) and also with Fluent CFD model (Herrmann et

al., 2010), the maxima of nucleation zone was found at dis-

tance of about 1 m up from the nucleation chamber end. The

nucleation rate is then defined as particle number concentra-

tion divided by nucleation (or half of residence) time. The

highest uncertainty in nucleation rate is estimated to be fac-

tor of 2 when considering unlikely shift in position of nucle-

ation zone maximum from 50 cm to 150 cm in the nucleation

chamber. The resulting nucleation rates at relative humidities

of 16, 32, 47 and 57 % cover about three orders of magnitude

from 10−1 to 102 cm−3 s−1 and from 101 to 104 cm−3 s−1for

UCPC TSI 3025A and PSM, respectively, see Fig. 1a and b.

It has to be pointed out that experimental data at RH = 32 %

were already published in Sipilä et al. (2010) and experi-

mental data at RH = 47 %, are taken from temperature de-

pendency measurements (see next Sect. 3.2 Temperature de-

pendency) to show the experiment reproducibility.
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Fig. 1. Nucleation rates (cm−3 s−1) of sulfuric acid and water as a function of sulfuric acid initial concentration, nucleation temperature

T = 25 ◦C. Particle number concentration measured with UCPC TSI 3025 A (A) and particle size magnifier (PSM) (B).

Table 3. The slopes (dlnJ/dln [H2SO4]) of fits to data in Fig. 1. at

three different relative humidities (57, 32 and 16 %), and nucleation

temperature 25 ◦C.

RH slope R2 slope R2

[%] (PSM) (PSM) (3025A) (3025A)

57 1.7 0.96 2.9 0.94

32 1.3 0.75 2.4 0.83

16 1.5 0.93 2.0 0.97

3.2 Temperature dependency

The effect of temperature on nucleation rate was studied

and the experimental results are presented for both counters

(UCPC TSI 3025A and PSM) separately in Fig. 2a and b.

The nucleation rates were measured as a function of sulfu-

ric acid initial concentration at three temperatures 25, 15 and

5 ◦C, the relative humidity was kept close to 50 %. The ex-

periment was conducted in a way that for one prepared so-

lution of sulfuric acid and water, first all flow tube parame-

ters (RH, T , total flow) were adjusted to measure nucleation

temperature of 25 ◦C. After the experiment was finished the

parameters were readjusted to measure nucleation tempera-

ture of 15 ◦C by changing temperature of nucleation cham-

ber wall and flows to keep relative humidity close to 50 %.

Finally nucleation temperature of 5 ◦C was measured in the

same way and the sulfuric acid – water solution was changed

afterwards.

The nucleation rate shows an enhancement of more than

one order of magnitude when decreasing the nucleation

temperature by 20 ◦C at sulfuric acid concentration of 109

molecules cm−3 for both particle counters. At sulfuric acid

concentration of 108 molecules cm−3 the measured data

show no enhancement of nucleation rate because of differ-

ent slopes of isotherms. The steepest slope was observed at

temperature of 5 ◦C which is in disagreement with predic-

tion of CNT (Vehkamäki et al., 2002). This might be due

to undercounting of both particle counters at lower sulfuric

acid concentrations. CNT predicts about 30 % smaller criti-

cal cluster size at 5 ◦C than at 25 ◦C. The reduction of crit-

ical cluster size with decreasing temperature is usually also

observed experimentally in unary systems (e.g. Manka et al.,

2010). The experimental data for 15 and 25 ◦C lie almost

on top of each other; this is probably due to experimental

difficulties we observed at lower temperatures 15 and 5 ◦C.

The resulting slopes of fits to experimental data are collected

in Table 4. The temperature dependency was already studied

earlier by Wyslouzil et al. (1991) in temperature range of 20–

30 ◦C. These measurements are provided in the plot of nu-

cleation rate vs. relative acidity, which complicates the direct

comparison to our dataset, however their data indicate that a

5 ◦C decrease in nucleation temperature would lead to a de-

crease in nucleation rate of two to four orders in magnitude.

3.3 Dimer formation

The formation of sulfuric acid dimer in both its hydrated and

unhydrated form is the first step in sulfuric acid and water

nucleation process (Hanson and Lovejoy, 2006). The work-

ing mass range of the CIMS used in this study was from

m/z channels of 40 to 250 Da, which allowed us to observe

individual sulfuric molecules as HSO−
4 at m/z channel of

97 Da and also sulfuric acid dimer cluster as HSO−
4 ·H2SO4

at m/z channel of 195 Da. Signal at m/z channel of 195 Da

comprises both dimers formed inside the flow tube and the

www.atmos-chem-phys.net/11/5277/2011/ Atmos. Chem. Phys., 11, 5277–5287, 2011
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Fig. 2. Nucleation rate (cm−3 s−1) as a function of sulfuric acid initial concentration at three different nucleation temperatures (5, 15 and

25 ◦C). Particle number concentration measured with UCPC TSI 3025A (A) and particle size magnifier (PSM) (B).

Table 4. The slopes (dlnJ/dln [H2SO4]) of fits to data in Fig. 2 at

three different temperatures (5, 15 and 25 ◦C) and relative humidity

∼50 %.

T slope R2 slope R2

[◦C] (PSM) (PSM) (3025A) (3025A)

5 2.2 0.99 2.9 0.99

15 1.5 0.99 1.9 0.99

25 1.2 0.98 2.1 0.99

potential contribution of ion induced clustering inside the

CIMS charger. Thus, it must be pointed here that results

concerning the dimer concentrations in the flow tube are still

only qualitative. Generally, the observed concentration of

dimer was in units of percent of the monomer concentra-

tion, which agrees with earlier studies (Eisele and Hanson,

2000). A slight RH dependency in monomer to dimer rela-

tion was observed. For the nucleation temperature of 25 ◦C

the increasing trend in the ratio (M/D) of monomer (97 Da)

to dimer (195 Da) from ∼100 to ∼200 was observed with

increasing relative humidity from 16 to 56 %, see Fig. 3.

The monomer to dimer ratio as a function of nucleation tem-

perature can be seen in Fig. 4. The data are averages over

whole isotherm with corresponding standard deviations as

error bars. The M/D ratio is about factor of 3 larger for

nucleation temperature of 25 ◦C (M/D = 224) than for 5 ◦C

(M/D = 85), Eisele and Hanson (2000) reported M/D value

∼40 at ∼240 K. The trend of M/D ratio is decreasing with

decreasing temperature in our study. Similar trend was also

observed in Eisele and Hanson (2000) but only for cluster

bigger than trimer.

Fig. 3. Sulfuric acid dimer concentration as a function of monomer

concentration at three different relative humidities and nucleation

temperature T = 25 ◦C. The M/D ratio is increasing from ∼100 to

∼200 with increasing relative humidity from 16 to 57 %.

3.4 Comparison to our previous data

The detailed comparison to other literature data concerning

sulfuric acid – water system is given in our previous publica-

tion Brus et al. (2010), however the discrepancy was found

in the results of this study compared to data published earlier

(Brus et al., 2010). In our earlier study the method of bub-

blers was used to estimate concentration and the losses of

sulfuric acid along the flow tube as the total sulfate (SO2−
4 )

concentration obtained via ion chromatography (IC) analy-

sis. In this study the initial sulfuric acid concentration mea-

sured with CIMS method reaches about 20 % at RH ∼50 %
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Fig. 4. Monomer to dimer ratio as a function of three different

nucleation temperatures T = 5, 15 and 25 ◦C.

and only about 1 % at RH∼16 % of total sulfate concentra-

tion obtained via ion chromatography (IC) analysis of the

prepared liquid samples and consequent initial sulfuric acid

concentration calculated by mass balance, see Fig. 5.

There might be several reasons for such observations. The

CIMS measures only monomer (97 Da) in a gas phase, the

dimer concentration (195 Da) was usually less then 1 % of

monomer concentration. This might indicate that the rest

of sulfuric acid is in another form. The losses of sulfuric

acid into particles is marginal, it was in the range of few

per mille to maximum of 3 % for sulfuric acid concentration

range from 108 to 109 molecule cm−3.

What has to be also considered is shielding of sulfuric acid

with water molecules. The hydration of sulfuric acid takes

always place whenever traces of water are involved in the

process of nucleation. According to classical theory of hy-

dration made by Jaecker-Voirol and Mirabel (1988), Jaecker-

Voirol et al. (1987) and validated by Kulmala et al. (1991),

only about 10 % of sulfuric acid is in unhydrated form at rel-

ative humidity of 50 %. Salcedo et al. (2004) studied the

effect of relative humidity on the detection of sulfur dioxide

and sulfuric acid and found negative effect on the sensitiv-

ity of the CIMS to SO2 and H2SO4 because water molecules

form clusters with reactant and product ions thus shielding

the molecules from being ionized. They claim that the ef-

fect can be avoided by increasing the CIMS’ inlet flow tube

temperature to 150 ◦C. On the other hand e.g. Eisele and Tan-

ner (1993) in their study claim that the CIMS measurements

are sensitive to total sulfuric acid without discrimination be-

tween free acid and monoacid hydrates, or even between free

and higher-order acid clusters and their hydrates. Water is

far more volatile than sulfuric acid and any water associ-

ated with an ion may be driven off as the ion is sampled

through the collisional-dissociation chamber (CDC) of the

CIMS, (Eisele and Hanson, 2000). Our results are contra in-

Fig. 5. The initial sulfuric acid monomer concentration determined

from CIMS measurements and WLF analysis as a function of initial

total sulfate concentration determined by ion chromatography (IC)

analyses and subsequent mass balance calculations. The error bars

stand for uncertainty in CIMS measurements (factor of two) and er-

ror propagation in total sulfate mass balance calculations (±20 %).

tuitive in the case of water molecule shielding. The sulfuric

acid concentration measured with CIMS is decreasing with

decreasing relative humidity. If the shielding would be due

to water molecules then sulfuric acid concentration would

be increasing towards the lower relative humidity. Thus the

shielding effect only due to water itself is an improbable ex-

planation.

Other possibility is involvement of ammonia or other bases

like amines in shielding of sulfuric acid molecules by cre-

ation of stable clusters of, in case of ammonia, ammo-

nium sulfate or ammonium bisulfate. The discussion on the

role of stabilizing compounds affecting the chemical ioniza-

tion methods to determine sulfuric acid is currently ongoing

(Kurtén et al., 2011). As these effects are potentially setup

and instrument dependent and difficult to quantify, our con-

centration estimates have a larger uncertainty (factor of two)

associated with them than presented earlier for the CIMS

technique (30–35 %, Tanner and Eisele, 1995; Berresheim et

al., 2000). Furthermore, the same calibration factor was used

in converting the raw signal to monomer and dimer concen-

trations.

Even though the concentration of ammonia was always be-

low the detection limit of ion chromatography (IC) analysis

(0.02 mg l−1), we have no doubts that there is always cer-

tain level of ammonia present in our experiment even though

the ultrapure water and particle free clean air is used. The

IC ammonia detection limit (0.02 mg l−1) for our experimen-

tal setup corresponds to mixing ratio of 0.5 ppb of ammonia,

this corresponds to concentration about one order higher than

sulfuric acid concentration measured with CIMS and close to

ratio of unity to total sulfate concentration obtained from IC
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Table 5. Calculated median kinetic (K) and activation (A) coeffi-

cients at different levels of relative humidity, exponent E is taken

from the linear fit to PSM data of this study.

RH K A E

[%] [cm3 s−1] [s−1] (PSM)

57 1.4 × 10−15 7.2 × 10−7 1.7

32 6.9 × 10−16 4.9 × 10−7 1.3

16 1.3 × 10−16 3.9 × 10−8 1.5

analysis and subsequent mass balance calculation. However

ammonia was never detected in our samples, so the actual

ammonia mixing ratio in our system has to be much smaller.

In this study the liquid solutions of sulfuric acid and water

were prepared in the same way as in previous study (Brus et

al., 2010) also the same range of total sulfate concentrations

when calculated by mass balance was observed, and the sim-

ilar nucleation rates when compared to UCPC 3025A were

obtained for the same range of total sulfate concentration.

In conclusion, we have no certain explanation for appar-

ent loss of sulfuric acid. Also, it should be mentioned, that

Sipilä et al. (2010) also observed an apparent additional loss

of molecular sulfuric acid with high initial concentrations

and longer residence times. That observation was explained

by rapid conversion of concentrated sulfuric acid monomer

to dimer and larger clusters, stabilized by proper, possibly

basic compounds (Petäjä et al., 2011). The same process can

take place also in our system even though it is difficult to

perceive from the data.

3.5 Comparison to atmospheric nucleation data

Many scientific groups found and confirmed that the vapor

concentration of sulfuric acid in atmosphere is often strongly

connected with new particle formation. The correlation of

sulfuric acid vapor concentrations and formation rate of neu-

tral aerosol particles can be generally expressed with two

models, the kinetic model of McMurry (1980) and the activa-

tion model of Kulmala et al. (2006). Parameters of both mod-

els are determined empirically from atmospheric data. Both

models are dependent on the sulfuric acid concentration, ki-

netic model quadratically and activation model linearly:

J = (KorA)×[H2SO4]
E, (1)

where K is a kinetic coefficient ranging from 10−14 to

10−11 cm3 s−1 and A activation coefficient ranging from

10−7 to 10−5 s−1 (e.g. Weber et al., 1996; Sihto et al., 2006;

Riipinen et al., 2007; Paasonen et al., 2010), E is an expo-

nent associated with number of sulfuric acid molecules in

critical cluster (Kashchiev, 1982), it is usually found to be in

between values 1 and 2 when applied to atmospheric data.

Table 6. Calculated median kinetic (K) and activation (A) coef-

ficients at different nucleation temperatures, exponent E is taken

from the linear fit to PSM data of this study.

T K A E

[◦C] [cm3 s−1] [s−1] (PSM)

5 1.0 × 10−14 1.0 × 10−6 2.2

15 3.6 × 10−15 8.5 × 10−7 1.5

25 8.0 × 10−16 2.6 × 10−6 1.2

In this study we compare our experimental data to latest

atmospheric data analysis made by Paasonen et al. (2010)

where two CIMS systems were used at four measurement

sites – Hyytiälä (Finland), Hohenpeissenberg and Melpitz

(Germany), and San Pietro Capofiume (Italy). The measure-

ments in Hohenpeissenberg, Melpitz and San Pietro Capofi-

ume were performed with the CIMS of German Weather Ser-

vice (DWD), whereas in Hyytiälä the CIMS of the Univer-

sity of Helsinki (UHEL) was used. The two instruments are

very similar, as the UHEL CIMS is built at the National Cen-

ter for Atmospheric Research (NCAR, USA), and also the

DWD CIMS is NCAR-type CIMS. They also rely on the

same calibration procedure, for more details see Paasonen

et al. (2010). However, as Paasonen et al. (2010) concluded,

the nucleation rates in Hohenpeissenberg were not closely

connected to sulfuric acid concentration, and thus our com-

parison is made only to the data from the other three sites,

see Fig. 6. The formation rates of 2 nm neutral particles (J2)

were obtained at all stations from particle size distributions

recorded on nucleation event days. Such dataset can be di-

rectly compared to nucleation rates obtained with PSM in

our study. The exponents from linear fits to our experimental

data range from 1.2 to 2.2, depending on relative humidity

and nucleation temperature. The worse agreement between

our experiment and atmospheric data was found for the high-

est nucleation temperature (25 ◦C) and the lowest relative hu-

midity (RH 16 %), see Fig. 6. The kinetic and activation co-

efficients obtained from our experimental data are in close

agreement to atmospheric ones even though the range of rela-

tive humidities and temperatures of atmospheric data is quite

wide, see Tables 5 and 6. The median kinetic and activa-

tion coefficients of whole dataset presented in Paasonen et

al. (2010) (Table 4 therein) are K=26 × 10−14 cm3 s−1 and

A = 9.7 × 10−7 s−1. In our study we found median coeffi-

cients for whole dataset to be K = 0.1 × 10−14 cm3 s−1and

A = 7.85 × 10−7 s−1, thus favouring the activation mecha-

nism in nucleation process. However, this kind of interpre-

tation has to be considered with cautiousness, because the

nucleation coefficients may be strongly dependent on some

other quantities, e.g. low-volatility organic vapor concentra-

tion as suggested by Paasonen et al. (2010).
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Fig. 6. Nucleation rates as a function of sulfuric acid concentration,

comparison of atmospheric data (Paasonen et al., 2010) and this

study according to relative humidity (A) and temperature (B).

4 Conclusions

In this study the homogeneous nucleation rates of sulfuric

acid and water were measured in two separate sets of ex-

periment. In first one we tested the influence of relative hu-

midity in the range from 16 to 57 % and in second one the

influence of temperature on nucleation rate at three differ-

ent nucleation temperatures 25, 15 and 5 ◦C. Two conden-

sation particle counters (UCPC TSI 3025A and PSM with

CPC TSI 3010) with different d50 detection efficiency were

used in parallel to count freshly nucleated particles. The gas

phase sulfuric acid concetration was measured with CIMS.

The initial concentration of sulfuric acid was estimated from

loss measurements using CIMS and it ranged from 108 to

3 × 109 molecules cm−3. The losses of sulfuric acid along

the flow tube were estimated for each particular set of exper-

imental conditions. The onset of nucleation for UCPC TSI

3025A was observed at sulfuric acid initial concentrations at

about 108 and for PSM at about 107 molecules cm−3. The

resulting nucleation rates at relative humidities of 16, 32, 47

and 57 % cover about three orders of magnitude from 10−1

to 102 and from 101 to 104 for UCPC TSI 3025A and PSM,

respectively. The nucleation rate shows an enhancement of

more than one order of magnitude per decreasing the nucle-

ation temperature by 20 ◦C at sulfuric acid concentration of

109 molecules cm−3 for both particle counters. At sulfuric

acid concentration of 108 molecules cm−3 the measured data

show no enhancement of nucleation rate because of different

slopes of isotherms. The concentration of dimers was found

to be usually less than one percent of monomer concentra-

tion. Obtained experimental nucleation rate data were also

compared to two empirical (kinetic and activation) models.

The obtained median activation coefficients are close to the

atmospheric ones, whereas the kinetic coefficients were from

one to three orders of magnitude smaller. However it has to

be pointed out that these coefficients may be strongly depen-

dent on some other quantities like low-volatility organic va-

por concentration. The exponents obtained from fits to our

data are in the range of 1.2 to 2.2, depending on relative hu-

midity and nucleation temperature. Even though the sulfuric

acid concentration determined together from CIMS measure-

ments and wall loss estimates was only 10 % of the total sul-

fate concentration obtained via Ion Chromatography analysis

and subsequent mass balance (Brus et al., 2010), the slopes

in figures J vs. [H2SO4] and J vs. total sulfate are the same.

This probably means that the form and amount of active sul-

furic acid involved in nucleation process itself is ambiguous

and it is limited from left side by free [H2SO4] and from

right side by total sulfate concentration. The participation of

ammonia can not be disproved in our nucleation experiment,

even though the concentration of ammonia never reached the

detection limit of IC analysis.

Acknowledgements. Authors would like to acknowledge KONE

foundation, Maj & Tor Nessling foundation, EUCAARI project

(The European Integrated project on Aerosol Cloud Climate and

Air Quality Interactions) and FCoE (Finnish Center of Excellence

of Academy of Finland, project no. 1118615) for their financial

support.

Edited by: A. Wiedensohler

References

Ball, S. M., Hanson, D. R., Eisele, F. L., and McMurry, P. H.: Lab-

oratory studies of particle nucleation: Initial results for H2SO4,

H2O, and NH3 vapors., J. Geophys. Res., 104(D19), 23709–

23718, 1999.

Benson, D. R., Young, L. H., Kameel, F. R., and Lee, S.-H.:

Laboratory-measured nucleation rates of sulfuric acid and wa-

ter binary homogeneous nucleation from the SO2 + OH reaction,

Geophys. Res. Lett., 35, L11801, doi:10.1029/2008GL033387,

2008.
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