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Abstract. New particle formation, which greatly influences the growth rates were higher under dry conditions while at
the number concentrations and size distributions of an atmoH,>SO4 concentrations greater thanx110° molecule cn?,
spheric aerosol, is often followed by a rapid growth of freshly the growth rates were higher under wet conditions. The
formed particles. The initial growth of newly formed aerosol growth rates show only a weak dependence on the resi-
is the crucial process determining the fraction of nucleateddence time. The experimental observations were compared
particles growing to cloud condensation nuclei sizes, whichwith predictions made using a numerical model, which in-
have a significant influence on climate. In this study, we re-vestigates the growth of particles with three different ex-
port the laboratory observations of the growth of nanoparti-tents of neutralization by ammonia, NH(1) pure BSOy

cles produced by nucleation 0of,BO; and water in a lam- — H,O patrticles; (2) particles formed by ammonium bisul-
inar flow tube at temperatures of 283, 293 and 303K, un-phate, (NH)HSOy; (3) particles formed by ammonium sul-
der dry (a relative humidity of 1 %) and wet conditions (rela- phate, (NH)2SO4. The highest growth rates were found for
tive humidity of 30 %) and residence times of 30, 45, 60 andammonium sulphate particles. Since the model accounting
90s. The initial SOy concentration spans the range from for the initial H,SO4 concentration predicted the experimen-
2 x 108 to 1.4x 10" molecule cnt® and the calculated wall  tal growth rates correctly, our results suggest that the com-
losses of HSO, were assumed to be diffusion limited. The monly presumed diffusional wall losses 0580, in case of
detected particle number concentrations, measured by the Uleng-lasting experiments are not so significant. We therefore
trafine Condensation Particle Counter (UCPC) and Differen-assume that there are not only losses 868, on the wall,

tial Mobility Particle Sizer (DMPS), were found to depend but also a flux of HSO,; molecules from the wall into the
strongly on the residence time. Hygroscopic particle growth,flow tube, the effect being more profound under dry condi-
presented by growth factors, was found to be in good agreetions and at higher temperatures of the tube wall. Based on
ment with the previously reported studies. The experimentab comparison with the atmospheric observations, our results
growth rates ranged from 20 nmmhto 890 nm il atrelative indicate that sulphuric acid alone cannot explain the growth
humidity (RH) 1% and from 7 nmtt to 980 nmh'! at RH rates of particles formed in the atmosphere.

30% and were found to increase significantly with the in-

creasing concentration ofd30y. Increases in the nucleation

temperature had a slight enhancing effect on the growth rates

under dry conditions. The influence of relative humidity on

growth was not consistent — at lowep&lO4 concentrations,

Published by Copernicus Publications on behalf of the European Geosciences Union.



6462 L. Skrabalova et al.: Growth of sulphuric acid nanoparticles under wet and dry conditions

1 Introduction The processes governing the growth of particles in
a nucleation-mode size range are condensation, self-
coagulation and coagulation scavenging (Leppéa et al., 2011).
Aerosol particles influence the global radiative balance andAfter formation, the particles grow by multiple condensa-
climate directly by scattering and absorbing solar radiationtions of different organic and inorganic vapours (Kulmala,
and indirectly by acting as condensation cloud nuclei (Charl-2003). The condensation rate of different chemical species is
son et al., 1992). New particle formation through the pho-influenced by the Kelvin effect, which increases the equilib-
tochemical reactions of gaseous species significantly influrium vapour pressure with decreasing particle size and in-
ences the number concentrations and size distributions of atreasing molar volume of the condensing compound. Ac-
mospheric aerosol. Also, aerosol models suggest that atmasording to the nano-Koéhler theory (Kulmala et al., 2004a),
spheric nucleation is very likely a major source of aerosolthe non-volatile and low-volatile compounds are responsi-
particles in the global atmosphere (Spracklen et al., 2006)%le for the initial growth of freshly formed particles, and the
and that it is also a significant source of cloud condensatiorcondensation of more volatile components increases with in-
nuclei (Spracklen et al., 2008; Merikanto et al., 2009). Sev-creasing particle size (Zhang et al., 2004). Self-coagulation
eral mechanisms of new particle formation have been pro— coagulation between particles in the same size mode — in-
posed, including the binary homogeneous nucleation of wacreases the mean diameter and decreases the particle number
ter and sulphuric acid (Vehkamaki et al., 2002), ternary ho-concentration in this mode. Unless the number concentra-
mogeneous nucleation of water, sulphuric acid and ammonigion of freshly formed particles is & 10°cm~2 or higher,
or amines (Ball et al., 1999; Korhonen et al., 1999; Bensonself-coagulation is only a minor contributor to the initial
et al., 2009; Berndt et al., 2010; Kirkby et al., 2011), ion- growth of nucleation-mode particles (Kulmala and Kermi-
induced nucleation (Lee et al., 2003; Lovejoy et al., 2004;nen, 2008). The coagulation scavenging of nucleation-mode
Yu et al., 2010; Kerminen et al., 2010; Hirsikko et al., 2011) particles with pre-existing larger particles results in a de-
and homogeneous nucleation involving iodine species (Kul-crease of the total particle number concentration and an in-
mala, 2003; O’'Dowd et al., 2002b). However, it still remains crease of the diameter describing the whole aerosol popula-
unclear which mechanism is dominant in the atmospherdion. The growth of nucleation-mode particles due to coagu-
(Kulmala et al., 2004b), mainly because the preferred newation scavenging is thus only apparent because none of the
particle formation mechanism depends on the atmospheriparticles in this mode grow larger (Leppa et al., 2011).
conditions and geographical location. Our current inability There are several methods to determine the particle growth
to quantify new particle formation correctly results in huge rates from the atmospheric particle size distribution measure-
uncertainties in the assessment of the direct and indirect efments. A data analysis method based on the fitting of the
fects of aerosols on climate change in the climatic modelsaerosol general dynamic equation to the particle size distri-
(Spracklen et al., 2006; Merikanto et al., 2009). butions has recently been introduced (Kuang et al., 2012).
Atmospheric nucleation is often followed by a rapid This approach enables, for the first time, the decoupling of
growth of freshly formed particles. The initial growth of the size and time dependence of particle growth rates. The
newly formed aerosol is the crucial process determining thegrowth rate of sub-3 nm particles can be determined from the
fraction of nucleated particles growing to cloud condensationtime lag between the increase of the concentration of sul-
nuclei sizes £50nm and larger) and hence subsequentlyphuric acid and the particles in the sub-3 nm size range (We-
participating in cloud formation processes (Dusek et al.,ber et al., 1997; Sihto et al., 2006). The maximum concen-
2006; Andreae and Rosenfeld, 2008; Kulmala and Kerminentration method (Hirsikko et al., 2005) is based on investigat-
2008). The majority of particle growth rates observed duringing spectra from air ion spectrometer, in which the timing
atmospheric measurements lies in the range of 1-10rmh  of maximum concentration in each size fraction is followed.
indicating that it takes about 12—72 h before the nucleatedAnother method is based on the temporal evolution of the
particles grow to cloud condensation nuclei sizes (Kulmalageometric mean diameters of the nucleation-mode particles,
and Kerminen, 2008). Many recent studies have suggestedhich are determined by fitting a log-normal function to the
that sulphuric acid plays a key role in the atmospheric nu-obtained particle size distributions. To determine the growth
cleation and subsequent growth of newly formed particlesrate, a first-order polynomial is subsequently fitted to the ge-
(Sipila et al., 2010; Brus et al., 2011a; Kirkby et al., 2011). ometric mean diameters of the nucleation mode during the
Growth rates based entirely on the condensation of sulphuricew particle formation event (dal Maso et al., 2005). In lab-
acid vapour greatly underestimate the growth rates observedratory studies, kinetic models or methods based on the tem-
in atmospheric measurements (Sihto et al., 2006; Nieminerporal evolution of the geometric mean diameters of the mea-
et al., 2010), mainly because low-volatile organic species aresured particle size distributions are mainly used to determine
responsible for up to 90 % of the observed growth (Mékela etthe growth rates of particles formed during nucleation exper-
al., 2001; Smith et al., 2008). Although the growth of freshly iments (Young et al., 2008).
formed particles has been intensively studied for a long time, In this paper, we present the results of a laboratory study
the exact mechanism is still not well understood. of the growth behaviour of sulphuric acid nanoparticles
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produced by nucleation of 450, and water under wet and the number concentrations of the produced particles were
dry conditions. A variety of experimental conditions have measured using an Ultrafine Condensation Particle Counter
been studied to assess the effect of temperature, relativ@JCPC, Model 3776, TSI Inc., USA). The same modification
humidity, residence time and230, concentration on the to UCPC TSI 3776 has been done previously, as described in
growth of freshly nucleated particles. The growth of the par-Brus et al. (2010), to obtaindg cut-off of 2.25 nm. The sat-
ticles was calculated using a zero dimensional model, whichurator temperature was increased from a nominalGap
was designed to simulate the processes governing the initiab 40°C, and the condenser temperature was decreased from
steps of particle growth and accounts for the condensatiom nominal 10C down to 8C. At these new temperatures
of sulphuric acid as well as the uptake of water and ammo-no homogenous nucleation was observed inside the counter.
nia by the particles. Furthermore, three different extents ofParticle size distributions were measured using a Differential
neutralization of the particles by ammonia and their growth Mobility Particle Sizer (DMPS) with a short HAUKE-type
were investigated: pure sulphuric acid—water particles, parti-Differential Mobility Analyzer (DMA), a bipolar radioactive
cles corresponding to an ammonium bisulphate solution an&3Ni neutralizer and UCPC (Model 3025A, TSI Inc., USA).
particles corresponding to an ammonium sulphate solution. The measurements were performed at relative humidities
The comparison of the particle growth rates determined fromof ~ 1 % and~ 30 %, presented here as dry and wet condi-
the different modifications of the model, as well as an analy-tions respectively. The flow tube was kept at constant temper-
sis of the growth rates as a function of different experimentalature during the measurements and the nucleation tempera-
conditions is presented here. tures investigated were 283, 293 and 303 K. The relative hu-
midity was measured by a humidity sensor (Vaisala HMI38)
and temperature by a probe (PT100). Both lines of purified
2  Methods and particle-free air (saturator and mixing flow) were con-
trolled by a mass flow rate controller to withih3 % (MKS
The growth behaviour of sulphuric acid nanoparticles pro-type) (Brus et al., 2010). The total gas flow inside the tube
duced by the nucleation of sulphuric acid and water vapouwas maintained to provide four residence times in the tube:
was studied. The nucleation experiments were carried ou80, 45, 60 and 90's.
in a laminar flow tube at the Finnish Meteorological In-  The temperature of the 430, saturator was increased
stitute, Helsinki, Finland. The detailed description of the stepwise in seven increments of 5K during each measure-
flow tube and the operational principle has been presenteénent, resulting in a gradually growing concentration of sul-
and discussed in detail by Brus et al. (2010) and Neitola ephuric acid in the flow tube. In order to determine the num-

al. (2013). ber concentration of gas-phase$0; in the tube, the satura-
tion vapour pressure of3$0y in the saturator was calculated

2.1 Measurements and experimental set-up first using the following equation (Kulmala and Laaksonen,
1990):

The experimental set-up consists of four major parts — the

saturator, mixing unit, a flow tube and particle detection de-mpSA —Inpsao+ A Hy(To) [_1 1 038

vice (Fig. 1). Sulphuric acid vapour was produced from a ’ R r To Tc—To

liquid reservoir by passing a stream of carrier gas through a To To

saturator filled with high purity bSOy (97 wt%, Baker Ana- X <1+ In T~ 7)} ’ @)

lyzed). The saturator was an iron cylinder (1.D. (inner diam-
eter) 6 cm) with Teflon insert inside. It was placed horizon- wherepsa is the saturation vapour pressure (atm) oS,
tally and thermally controlled using a liquid circulating bath at a temperature df (K), psa o is the saturation vapour pres-
(Lauda RC6). The temperature of the saturator was measureslre of HSOy at the temperaturgy = 360K (Ayers et al.,
with a probe (PT100) just above the liquid surface. Dry, pu-1980),A Hy is the enthalpy of vaporizatiof, is the temper-
rified and particle-free air served as the carrier gas in thisature of the saturator arif} is the critical temperaturef{ =
study. The carrier gas flow was kept at the same temperatur@05 K). Equation (1) is commonly used in studies of binary
as the saturator in order to ensure stable temperature. or ternary nucleation theories and in their parameterizations
Another stream of the carrier gas was dry or saturatedVehkaméaki et al., 2002; Merikanto et al., 2007). Also, its ac-
with water vapour by passing through a set of Nafion hu-curacy has been investigated by Neitola et al. (2013) who re-
midifiers (MH-050, Permapure, USA). Both streams were ported a comparison of the sulphuric acid concentrations es-
introduced into a mixing unit and then the mixed gas streamtimated using Eq. (1) and experimental concentrations mea-
flowed through the tube, where particles nucleated and grevsured with online ion chromatograph Monitor for AeRosols
to detectable sizes. The flow tube was a 200 cm long vertiand Gases in ambient Air (MARGA; Metrohm Applikon),
cal cylinder (1.D. 6 cm) made of stainless steel. The tube wadisplaying very good agreement. The$0, vapour con-
thermally controlled with a liquid circulating bath (Lauda RC centration in the flow tube was then calculated by applying
6) to ensure stable temperature. At the outlet of the flow tubethe mixing law, i.e. dividing the sulphuric acid vapour flux
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Figure 1. Schematic figure of the experimental set-up.

leaving the saturator by the total flow in the laminar flow in the system (Brus et al., 2011a; Neitola et al., 2013). Since
tube. The initial concentrations ofJ80y, at which newly ~ NH3 and other chemical species are ubiquitous in the am-
formed particles were detected during the experiments, covbient environment, the presence of these compounds at low
ered the range from R 1% to 1.4x 10'°moleculecnt3.  concentrations cannot be excluded in the case of labora-
The wall losses of HSO, in the flow tube were assumed tory measurements (e.g. Benson et al., 2011, Kirkby et al.,
to be a diffusion-controlled first-order rate process, which2011). The nucleated sulphuric acid nanoparticles in our ex-
can be described by a simple equation given by Hanson angeriments are thus partially neutralized to (Nt5O, and

Eisele (2000): (NH4)HSOy, during the measurements. The extent of the par-
bt tial neutralization depends on the particle size and relative
[H2SOul; = [H2SO4loe ™™, (2) humidity, and is highest for the smallest particles and high-

est relative humidities (Biskos et al., 2009). In our previous
study with similar set-up (Neitola et al., 2013), the concen-
tration of ammonia was measured with the MARGA sys-
tem (ten Brink et al., 2007). The average fEobncentra-
tions were 60 pptv under dry conditions and 126 pptv under
wet conditions. These concentrations did not change with the
increasing temperature of the saturator and thus thg iSH
assumed to originate from the carrier gas and from the ultra-
pure water used to humidify the mixing flow. Similar results
were already reported earlier by Benson et al. (2011).

where [HSO4]o is the initial concentration of B0,
[H2SOy]; is the concentration after timeandk is the rate
constant given by the equation,

D
k =3.65—, ©)
r

where r is the radius of the flow tube and is the
RH-dependent diffusion coefficient of280, (Hanson and
Eisele, 2000). The diffusion coefficiend for dry con-

ditions is Dgry =0.376cnts™! and for wet conditions _ : _
Dwet=0.319cnds~L. In our experimentk was 0.0381s! The DMPS detected particles in the size range from 3 to

for dry conditions and was 0.0323s! for wet conditions. 200 nm with a time resolution of 12 min. The uncertainties
In the work of Neitola et al. (2013), who used the same set.of the measured particle mode diameters were estimated to

up and comparable experimental conditions, the maximun’€ 10 % based on a comparison of the DMPS used with a
condensational losses of sulphuric acid were estimated t§t@ndard one (Wiedensohler et al., 2012). The raw DMPS

be 1.4 %. Therefore condensational losses of sulphuric acigata were inverted to yield the number size distributions of
were neglected in further analysis in this study. the formed particles. The charging efficiencies were calcu-

Although no measurement of the Nidoncentration was lated using the parameterization of Wiedensohler and Fis-
done during the experiments, Nkt assumed to be present San (1991). The obtained number size distributions were
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then fitted with the log-normal distribution and the geometric ay, = RH/Ke where RH is the relative humidity in the instru-
mean diameter of the nucleation mode was determined. Thenent and Ke is the Kelvin term (Seinfeld and Pandis, 1998).
particle growth rates were then obtained from the change ofinally, the particle surface tension and density were calcu-

the modal geometric mean as a function of time. lated using the model presented by Hyvéarinen et al. (2005).
o The initial particle diameteri,iy (corresponding to the
2.2 Model description median diameter obtained from fitting of DMPS size distri-

h il h inside the laminar f b . butions obtained from measurement at the lowest tempera-
TI € E)jart!che growt d_'ns' e.t el am:jnalr hOW tube Wan S'”;" ture of the saturator) was taken from the measurements, and
ulated wit | & ZEro dimensional mode that accounts for they,q jnjtial chemical composition was set so that the particles
condensation of sulphuric acid as well as uptake of water ang ..« in equilibrium with respect to water and ammonia. The

ammonia by the particles. The former process was modelleg, o ase of the particle diameter as a function of the increas-
dynamically by calculating the mass transfer rate ofsulphuncing sulphuric acid concentration (temperature of the satura-

- - l -
acid onto the partlcleslﬁA (mglecule §7), using the Fuchs— ) was then simulated. Also, the particle size was increased
Sutugin equation (Fuchs and Sutugin, 1970): after each time step by first converting the total particle mass
Isp = 2mdpDsaFS(@, Kn)(Csa — —Csa sad, (4) (obtained as Qescribed above) to a corresponding yolume and
further to a diametet/, by assuming that the particles are

1+ K . - . .
FS(a, Kn) = AN , (5) spherical. At the end of the simulation, the “effective” growth
14+0.337Kn + (1733) (1+Kn)Kn rate of particles over the experiment, GR, was calculated as
follows:

6D
Kn= ZA. (6) o

C I

sadp GR= p init 7 (7)

Heredp is the particle diameter (mDsa is the diffusion lexp

coefficient (n¥s™1), « is the mass accommodation coeffi-
cient of sulphuric acidCsp is the gas-phase concentration
of sulphuric acid (molecule cn?) and Csa sat is the num-
ber concentration of sulphuric acid at the saturation vapou
pressure (molecule cni). Moreover, FS ¢, Kn) is the so-
called Fuchs—Sutugin correction factor which accounts for
non-continuum effects in the mass transfer, aggl (ms™1) 3 Results and discussion
is the mean molecular speed of sulphuric acid molecules in
the gas phase. Here the value ©a was taken from the 3.1 Reproducibility of the measurements
measurements, andsa sat Was set as equal to zero, corre- o o
sponding to the assumption that sulphuric acid behaves as Fhe reproducibility of the performed measurements is illus-
non-volatile vapour. This assumption is reasonable for sysirated in Figs. 2a and b, which show the results of experi-
tems that contain ammonia (e.g. Kulmala et al., 2000). Fi-ments at a temperature of 283 K, a residence time of 60 s and
nally, the value ofx was set as equal to unity based on the under dry conditions (RH-1 %), taken 1 day apart. The total
measurements conducted by Hanson (2005). particle concentrations as a function of theS@, concentra-
The uptake of the considered semi-volatile compounds,tion measured by DMPS for both experiments are presented
ammonia and water, was modelled as follows. First, sincdn Fig. 2a. Except the first points, which show larger scatter
there were no direct measurements of the ammonia concer@nd with a ratio of these concentrations of 1117, the ra-
tration levels in the system, we applied three different de-tios of the remaining concentrations range froml101 to
grees of particle neutralization: (1) no ammonia was assumed : 1.07. The observed variation of the median particle di-
to be taken up by the aerosols, (2) ammonia was assumed RMeters as a function of the initial, BO; concentrations
condense along with sulphuric acid so that:al inolar ratio with standard deviations as error bars is shown in Fig. 2b. At
was maintained between ammonia and sulphuric acid, correthe same temperature, relative humidity, residence time and
sponding thus to an ammonium bisulphate solution, and (3Fomparable HSO, concentrations, the maximum difference
two ammonia molecules were assumed to condense for eac® single median particle diameters determined from both ex-
acid molecule which corresponds to an ammonium sulphat®€fiments was 0.6 nm, with most diameters varying by 0.3 or
solution. The particles were assumed to be agueous regar@a“ nm. These results show that the measurements of the par-
less of the relative humidity, and the particle water contentlicle diameters and particle number concentrations were very
was calculated as a function of the water activity,( us-  reproducible.
ing the appropriate molality data found in the literature (Sta-
ples, 1981 for sulphuric acid; Tang and Munkelwitz, 1994
for ammonium-bisulphate and ammonium-sulphate). Here
the water activityu,, was calculated according to the relation

whered, is the particle diameter at the end of the experiment
andexp is the residence time in the laminar flow tube. The
rtapplied time step was 0.1 s in all of the performed calcula-
ions.
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Figure 2. The variation of the total particle concentrations determined from a DMPS from measurements perfcfreed88 K, with an

RH of ~ 1% and a residence time of 60 s, taken 1 day apart. Fig. 2b: the median particle diameters determined from measurements performec
atT =283K, with an RH of~ 1% and a residence time of 60 s, taken 1 day apart. The standard deviations of the median particle diameters
are depicted as error bars.

3.2 Variation of particle number concentrations and 6x10°~ W residence time 45s DMPS

particle size distributions ) | o e e A e

'E 5x10%H 4 residence time 60s UCPC

During each experiment the temperature of the saturator was™ DG i $
increased in seven consecutive steps of 5K every 2 h, result--% 4x10* g R S
ing in a distinct increase of theJd30, concentration in the § ] 8 < . .
gas phase and a subsequent significant rise of the particle2 3x10°- o & o
number concentration. The stability of particle production § ; L N A ﬁ A A
was not achieved immediately; it took approximately 30 min & 2x10* ° 4 4 A 2
to obtain a steady particle production. The first 30 min of ev- § : &
ery period of constant saturator temperature were therefore2 1x10*-
excluded from the analysis. The data from the DMPS were £ : o o o o e o B
then averaged over the whole period analysed to receive a~ 0 .
single data point characterizing each saturator temperature, 10° 10° 10°
and the data from the UCPC were averaged over two equal [H,S0,](cm®)

periods of 45 min to receive two data points.

The determined curves of the particle number concentraFigure 3. The observed particle number concentrations at different
sured by both DMPS and UCPC #t= 293K, RH~ 30 % symbols present the number concentrations determined by a DMPS
and at residence times of 45, 60 and 90, are presented ﬁnd the open symbols are number concentrations determined by a

Fig. 3. The total number concentrations determined from cpC.

both instruments were found to be strongly dependent on

the residence time of the gaseous mixture in the flow tube.

The significance of residence time in nucleation measure90s. Absolutely no particles were detected during experi-
ments has been discussed in previous studies (Sipila et alments performed at a residence time of 30 s, indicating that
2010; Berndt et al., 2010). The results clearly show thatthe nucleated particles were not able to grow to detectable
the observed total number concentration is influenced by the&izes during the first 30s of the experiments. The particle
growth process and the longer the residence time, the largatumber concentrations at all residence times were rather sta-
the fraction of nucleated particles grows beyond the detecbhle at any HSO, concentration (see Fig. 3). The total par-
tion limits of the UCPC and DMPS. For example, during ticle concentrations obtained from the DMPS measurements
the experiment performed @t=293 K and RH~30%, ata  were slightly lower than the values detected with the stand-
H»SQy concentration of 6.5 10° molecule cnT3, the parti- alone UCPC, which was due to the lower cut-off diameter
cle number concentration increases about one order of madeso = 2.25 nm) of the stand-alone UCPC (Brus et al., 2010)
nitude, from 3.2« 10>+ 0.15x 10°cm 3 ataresidence time and the upper limit (200 nm) of the DMPS which under-
of 45s to 3x 10°+1.1x 103cm~2 at a residence time of counts at higher sulphuric acid concentrations (Fig. 3). By
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Figure 4. An a!most linear relatlonshlp was reach.ed by a compari- H,S0j, concentrations & = 283 K, with the RH set at 30% and a
son of the particle number concentrations determined from a DMP§oqidence time of 60 s.
and a UCPC at different residence timesT at 293 K and with the
RH set at 30 %.

the laboratory experiments and was found to be stronger at
low relative humidities (Berndt et al., 2010; Benson et al.,
comparing the measurements from both instruments, we r€2011). The freshly formed ¥80y particles are partially neu-
ceived an almost linear relationship between the concentraggjized to ammonium bisulphate, (MHHSO4, and ammo-
tions in most cases, which can be seen in Fig. 4. A visibleyjym sulphate, (N&)>S0ys. For a fixed relative humidity,
decrease of the particle concentration at the temperature gfe hygroscopic growth of these particles was found to de-
the saturator, 295K, corresponding to thgSi, concentra-  ¢rease with decreasing particle size owing to a greater degree
tion of ~3.5x 10° molecule cm® recorded by UCPC, can  of neutralization, since (NJ2SOy is less hygroscopic than
be seen in Fig. 3. This artefact of the experimental set-up4,S0, (Biskos et al., 2009). When considering the effect of
was observed when the temperature of the acid saturator wagater vapour on the particle growth, the hydration oSy
close to the temperature of the mixing unit293K), and  snould be taken into account. The number of water molecules
this behaviour was also reported in our previous study with agttached to an B0, molecule increases significantly with
very similar set-up (Neitola et al., 2013). the growing relative humidity and the higher the relative hu-
The observed variation in the particle size distributions Ob'midity, the higher the growth rate due to the condensation of
tained from the inversion of the raw DMPS data from a sin- H,0 on the particles (Nieminen at al., 2010).
gle experiment — a measurement performed at a constant nu- The variation of the particle diameters has the same pattern
cleation temperature df =283K, a residence time of 60s, ynder both wet and dry conditions, which is illustrated in
an RH of~30% and at different p5O; concentrations —  Fig. 6. Hygroscopic growth behaviour can be described with
is presented in Fig. 5. The increasing total particle concenthe so-called hygroscopic growth factor (GF),
tration and particle median diameter correspond with the in-
creasing HSOy concentration in the gaseous mixture. The _ Dp(wet ®)
values of the total number concentrations during all of the ™ — Dp(dry)’
measurements ranged from &k10°+0.17x 10°cm 3 to
4.7x 10* +1.2x 103cm~3, and were generally higher dur- In this study, the dry diametem®,(dry) corresponds to the
ing experiments performed at RH 6f30 % and nucleation median particle diameters obtained from measurements per-
temperature of 303K. The values of the median particle di-formed at an RH of- 1 %, and the wet diametef3,(wet) to
ameter ranged from 14:40.1 nm to 39.8 1.6 nm and par- the median particle diameters obtained from measurements
ticles grew larger at an RH of 30% and at high HSOy at an RH of~ 30 %. Hygroscopic growth factors determined

concentrations. from measurements performed At=293K ranged from
1.05 to 1.35 and af =303 K the values covered the range
3.3 Growth of the particles under dry and wet from 1.1 to 1.42. Our findings were then compared with the
conditions results from Biskos et al. (2010), who measured the hygro-

scopic growth of acidic sulphate nanoparticles over a wide
The HbSO4—H,0 nucleation was affected by the presence ofrange of relative humidities using the tandem DMA tech-
impurities originating from ultra-pure water and carrier gas. nique. At a relative humidity of- 30 %, Biskos et al. (2010)
The enhancing effect of NdHon nucleation was observed in reported for dry diameters from 7.5nm to 36.1 nm, which
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Figure 6. The variation in the median particle diameters determinedFigure 7. The growth factors as a function of the80, concen-
from measurements performedZat= 303 K, with a residence time  tration atT =293 andl’ = 303 K at different residence times.
of 60 s and at different RH. The standard deviations of the median

particle diameters are depicted as error bars. o ) )
from a liquid reservoir, reported that nucleation occurred at

an SO concentration of- 10° molecule cn® and higher

are comparable with this study, growth factors from 1.18 (\Nysl_ouzil et al., 1991; Viisanen et al., 1997; Ball et al.,
to 1.3. The best agreement with our study was found fort999; Zhang et al., 2004). The;BO, molecules can attach
T —303K. since most GF values determined at this tem-t0 the inner surfaces of the flow tube during experiments, and

perature were close to 1.25, which is illustrated in Fig. 7.In order to determine the residual concentration g8 the

At T = 293K most GFs (growth factors) were around 1.1 corrections of the initial c.or.mentratlo.ns are necessary. The
and reached values above 1.2 only at a residence time of 90¥all 10ss factor characterizing the diffusion losses of sul-
and for SOy concentrations of 5 10° molecule cr® and phuric acid on the walls of the tube is defined as follows:
higher (Fig. 7). The hygroscopic growth factors were not de-

termined forT =283K, since the differences in the deter- [HoSO4]o

mined median particle diameters from measurements unde = m ©)

wet and dry conditions at all residence times were so small

that in most cases they fell within the uncertainty range of thewhere [H:SO]o is the initial concentration of sulphuric acid
measurements. A clear dependence of GFs 804 con-  in the flow tube determined from Eq. (1) andjf$y], is the
centration can be seen in Fig. 7. At the lowest applie8®h concentration of sulphuric acid after timeln this study, the
concentrations at 293 K, the GFs slightly decrease with in-time, z, was set as equal to half of the residence time of the
creasing HSQO, while the opposite trend was observed at the gaseous mixture in the flow tube, and thus the concentration
concentration range above3 x 10° molecule cm®. How-  [H2SQy]; corresponds approximately to the$y concen-
ever, the GFs calculated from our model were not in goodtration in the middle of the flow tube. This assumption was
agreement with the experimental values, since it predictedased on our previous studies where the nucleation zone was
higher GFs £ 15 % higher af” 293 K and~ 25 % higher at  determined experimentally (Brus et al., 2010) and also veri-
T 303K) and also predicted different trend in GFs behaviour.fied by the computational fluid dynamics (CFD) model (Her-
For this reason, it could not be explained if the trends in thermann et al., 2010). It should be noted that the experimental
GFs behaviour are real or spurious. The changing behaviouset-up in the previous study was different from this work —
of the growth factors could be explained by a larger fractiona furnace was used instead of saturator and thus temperature
of acidic and therefore more hygroscopic particles at higheigradient was introduced at the beginning of the flow tube.

H,SO4 concentrations. The wall losses were determined according to Hanson and
Eisele (2000) and the wall loss factors span the range from
3.4 Wall losses of sulphuric acid 1.9 to 4.8 under wet conditions and from 2.2 to 6.2 under dry

conditions for a from 22 to 45s, calculated as half of the
The initial concentrations of $80y, at which newly formed initial residence times.
particles were detected during the experiments, covered the However, when using the calculatedb$0y concentra-
range from 1.8< 10 to 1.4x 10 molecule cn3. Previous  tions corrected by WLFs (wall loss factors) as an input pa-
nucleation experiments, conducted with30, produced rameter in our model, the experimental values did not agree
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Figure 9. The comparison of the experimental median particle di-

Figure 8. The comparison of the experimental median particle di- gmeters from a measurement conducted at283 K, with an RH
ameters from a measurement conductefl at283K, withan RH  4f ~ 309 and a residence time of 60s, and the values predicted

of ~30% and a residence time of 60s, values predicted theoretiheoretically from a model using the initial 80, concentration
ically from a model using the 80, concentration corrected for  \yithout a correction for wall losses.

wall losses, determined according to Hanson and Eisele (2000) and

a modified model, accounting for a system-specific wall loss coeffi-

cients (Brus etal., 2011b). 3.5 The particle growth rates and model evaluation

with the theoretical predictions. This can be seen from Fig. 8/ "€ 9rowth of freshly formed particles was calculated using
which illustrates the variation of both the measured and calih€ numerical model described in Sect. 2.2. By including the
culated median particle diameters at an RH-@0 %, with initial HoSOy concentration determined from Eq. (1) in the

T — 283K and a residence time of 60's. The model fails to M°del, we achieved much better agreement with the experi-

capture the observed growth rates in all cases since it prer_nental datg as compared to the results based on 55@4—,‘
dicts significantly lower particle growth than that observed in concentrations corrected for wall losses (Hanson and Eisele,

experiments, and the deviations are more profound at an R14000). In order to investigate this discrepancy, additional cal-

of ~ 1% and with high SOy concentrations. These results culations were performed using the same model account-

suggest that the #6504 concentration corresponding to the ing for syste_m—specific wall loss coefficients (Q_.004Tém
middle of the flow tube is too low and does not describe thef0" Wet conditions and 0.0061 cth for dry conditions) de-
growth behaviour of the particles correctly. For this reason,term'ned for the flow 'tube In our prev!ous study (Brus e',[
the initial H,SOy concentration corresponding to the$0y al., 2011b). A comparison of the experimental and numeri-

concentration at the beginning of the flow tube was used a$2! results is illustrated in Fig. 9, which Sh(O)WS the experi-
the input parameter for all the model calculations in the fur- MeNt conducted af =283 K, an RH of~30% and a res-

ther analysis. idence time of 60s (compare with Fig. 8). As can be seen

Although the particles are assumed to nucleate at the pethere, the calculations agree very well with the experimental

ginning of the flow tube in this study, the nucleation can alsodata, despite the fact that the model slightly overestimates the

occur in some distance along the tube. The uncertainty of th@'OWth rates at a residence time of 90, at all temperatures

calculated growth rates resulting from the nucleation zone lo-21d under both wet and dry conditions (Fig. 10). Also us-

cation was estimated as the difference between growth rate99 the system-specific wall loss coefficients provides much
calculated assuming nucleation at the beginning of the ﬂov\pe'tter agreement with experlme'nt'al data compared to calcu-
tube and growth rates assuming the nucleation occurrindat'ons_ based on wall Ios_s coefficients according to Hanson
50 cm from the beginning of the flow tube (the total length of 2d Eisele (2000) (see Fig. 8). The results may also be influ-
the flow tube is 2 m). The calculated uncertainties are 7.5 9€nced by different carrier gases — Hanson and Eisele (2000)
for residence time 45 s, 10 % for residence time 60 s and 15 94'Sed nitrogen in their work, whereas in our studies particle-

for residence time 90's. The system-specific wall loss coeffi-free and purified air was used as the carrier gas (the diffusion

cients were used in these calculations (see explanation bé)-?c H2S0; in air is slower compared to diffusion 0f230, in
low). nitrogen).
It should be noted that the model accounts only fe&By,
water and ammonia while different impurities may have
been present in our system in trace concentrations. Such
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367 % experimental values predicted according to a commonly used expression from
34_- —e— model assuming H,SO,-H,0 particles anson an isele . Ve thererore speculate that aue
H d Eisele (2000). We theref late that d
3p.] 4 model assuming (NHHSO, particles * to close to wall-equilibrium conditions, the wall is not an in-
1 - inite sink for , but that there is also a flux o
—w— model assuming (NH,),SO, particles ° finit k f HZSO4 but that th [ fl fﬁ04

from the wall to the flow tube. For example, in the study by
Hanson and Eisele (2000), the wall of a laminar flow tube
was found to be a significant source of$0, at an RH

of <0.5%, and the concentration 0,80, from the wall
reached up to % 10® molecule cnt3. Another possible ex-
planation for the discrepancy between theS@, concentra-
tions calculated from Eq. (2) and that derived from our exper-
imental growth rates might be the limited adsorption capacity
of the wall. The wall becomes saturated with30D, dur-

ing experiments, and therefore further adsorption g6,
molecules might be hindered after a certain time period. We
estimated the “real” wall losses 0f280, by matching the

D (nm)

T v T T T T T
2,0x10° 4,0x10° 6,0x10° 8,0x10°
initial [H,SO,] (cm™)

Figure 10. The comparison of the experimental median particle di- . . ..
ang]'eters determineg from a measurgment Conduct@’dﬁg&%K predicted and observed growth rates through tuning the ini-

with an RH of~ 30 % and a residence time of 90 s, and the valuestlal H2S0y concentration ,m the model. A'th"‘%gh the esti-
predicted theoretically from a model using the initigd$04 con- mated wall Io_s_ses were slightly scattered for c_ilf'ferent gxper-
centration without a correction for wall losses. As can be seen, thdmental conditions (RH, temperature and residence time), a
model overestimates the growth rates slightly in the case of experiféasonable agreement found for the experimental and mod-
ments conducted at a residence time of 90 s. elled data yields an estimation of the wall losseg:0 % for

a residence time of 45s; 15 % for a residence time of 60 s

and ~25% for a residence time of 90s, corresponding to
compounds might have influenced the nucleation process and/LFs of 1.11, 1.18 and 1.33, respectively.
the subsequent growth of the freshly formed particles. The The experimental growth rates, determined from Eq. (7),
impurities (amines and other organics) were measured byange from 20 nmh! to 890 nm ! under dry conditions
MARGA in the same experimental set-up several times (seand from 7nmh! to 980 nmh! under wet conditions.
Neitola et al., 2013), and their levels were always below de-When analysing the dependence on the experimental condi-
tection limits (for amines~ 100 pptv). In spite of that, we tions, the measured growth rates were found to increase with
cannot rule out the presence of the impurities in the flowgrowing H,SO, concentration and increased almost linearly
tube and their influence on growth dynamics. The assumedith increasing particle size. Also, increases in the nucle-
presence of ammonia and its role in the growth process istion temperature were found to have a slight enhancing ef-
addressed in the model, accounting for three degrees of nedect on particle growth rates under dry conditions. At a very
tralization of formed particles by ammonia. Amines, more low RH, the wall is a source of 804 molecules and the
specifically alkylamines, which usually accompany ammo-flux is proportional to the HISO, vapour pressure, which in-
nia in one order lower concentrations, can displace ammoe¢reases with rising temperature. The influence of the RH is
nia from ammonium sulfate and create alkylaminium sul- not consistent — at lower 604 concentrations the growth
fates (Zhang et al., 2012; Ge et al., 2011). Alkylaminium sul- rates were higher under dry conditions, gt3, concen-
fates have comparable properties to ammonium sulfate anttations of~ 1 x 10° molecule cnt3 and above, the growth
are even more stable in the particle phase; also, aerosol dyates were higher under wet conditions. This effect could
namics are very similar to that of ammonium sulphate andbe partially explained by the displacement reaction of alky-
ammonium bisulphate (Qiu and Zhang, 2012). lamines with ammonium sulphate to form alkylaminium sul-

An indirect way to determine thed$0O, concentration in  phates. This reaction causes the transition from crystalline to

experimental devices is based on the measured growth ratesy amorphous phase (Qui and Zhang, 2012), which enhances
of the freshly formed particles. The;,HO, concentrations in - water uptake and consequently particle growth with increas-
our study, derived solely from the growth rates determineding RH. The residence time was found to have a negligible
experimentally and verified in our model, indicate that the effect on the measured growth rates.
commonly assumed wall losses 0$${0, on the inner sur- The predicted growth rates, calculated from the model
faces calculated from Eq. (2) are not as significant in case ofvith the initial H,SO4 concentration using Eq. (7), range
long-lasting experiments as previously believed. Using thefrom 7 nm b to 1100 nm it under dry conditions and from
system-specific wall loss coefficients in our model provides15nmh? to 1300nmh?! under wet conditions. Growth
good agreement with experimental data, especially at lowerates over 1000 nmtt were reached only at very high
acid concentrations. This indicates that in our experimentsH,SOy concentrations of & 10° molecule cnv2 and higher,
the sulphuric acid wall losses were substantially lower thanand at a residence time of 90 s. Most growth rates span the
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range from~10nmh?! to ~500 nmh! under dry condi- Tiswor

® 283K

tions and from~ 15 nm ! to ~ 400 nm ! under wet con- 4 2
ditions. Our model considered three different numbers of — 10% i gommosmetc e
NH3 molecules taken up by each molecule of3@; dur- © Yueetal (010) - SA pocr ,"
ing particle formation. All three tested degrees of neutral- ¥ emena o, LY
ization provided results that are in good agreement with the < 10° ngwifﬁigwih(‘z%%f)ﬁyﬁi;i . .
experimental data and all of them capture the trends in the g Includes another condensing species, A
growth rate values in a similar manner (see Fig. 9). The high- = so e
est growth rates were achieved for ammonium sulphate parti-
cles. The numerical results indicate that the presence af NH
enhances the growth of a freshly formed aerosol.

Equation (4) does not account for molecule size effects
on the collision cross section nor the particle thermal speed P
effects on the relative collisional speeds which may impact  1g? +———rrmt—rrrr———rrrre——rrrr——rrrrm
the estimation of the growth rates of nanometre-sized parti- 10° 10° 10’ 10° 10° 10"
cles (Lehtinen and Kulmala, 2003; Nieminen et al., 2010). [H.SO J(cm®)
We performed sensitivity calculations where Eqs. (4—6) were e
modified, as proposed by Lehtinen and Kulmala (2003),Figure 11. The experimental growth rates obtained under wet con-
to address these issues. The enhancement of the calculatdiions (RH= 30 %), with a residence time of 90 s and three nucle-
growth rates was- 5 %, which improved the agreement be- ation temperatures of 283, 293 and 303 K. The atmospheric growth
tween modelled and measured values at residence times 48tes, obtained in Heidelberg and Hyytidla during the QUEST
and 60's, but also contributes to growth overestimation at resProject (Fiedler et al., 2005), data obtained in Atlanta during the
idence time 90s. ANARChHE study (Stolzenburg et al., 2005), data from Beijing

. . . uring the CAREBEeijing-2008 campaign (Yue et al., 2010), data
Flggre 11 depicts .the eXpe.”memal growth rates under WeErom Mace Head during the PARFORCE campaign (O’Dowd et al.,
conditions, at a residence time of 90s and at three nucle=

2002) and data from Kent, Ohio (Erupe et al., 2010) are depicted

at?on te_mper_atures and the atr_rl1.0"sphe_ric growth rate_s_, Obf'or comparison. The line presents the theoretical predictions of the
tained in Heidelberg and Hyytidla during the Quantifica- growth of ammonium sulphate particles at an RH of 30 %.
tion of Aerosol Nucleation in the European Boundary Layer

(QUEST) project (Fiedler et al., 2005), data obtained in At-

lanta during the Atlanta Aerosol Nucleation and Real-time g|., 2010; Fiedler et al., 2010) and iodine species (O’Dowd et
Characterization Experiment (ANARChE) study (Stolzen- |., 2002b).

burg et al., 2005), data from Beijing during the Campaigns There are only a few previously reported values of par-
of Air Quality Research in Beijing and Surrounding Re- ticle growth rates from nucleation experiments. Young et
gions in 2008 (CAREBeijing-2008) (Yue et al., 2010), data a|. (2008) have studied the binary nucleation oS8, and
from Mace Head Monitoring Station during the Particle For- water at7 =288 K, RH from 11% to 23% and at ini-
mation and Fate in the Coastal Environment (PARFORCE)t|a| HZSO4 concentrations from mo 1010 molecule CrfT3.
campaign (O’'Dowd et al., 2002a) and data from Kent, OhioThe observed particle growth rates in their experiment
(Erupe etal., 2010) are depicted for comparison. The theoretranged from 95 nmht to 500 nm h'l. Benson et al. (2008)
ical predictions of the growth of ammonium sulphate parti- measured the binary nucleation of, 0 and water at
cles under wet conditions (RH 30 %) are also depicted. The 7 — 288K, at RH from 10 % to 55 % and atBO, concen-
best agreement with our data was found for sulphuric acid+rations from 18 to 1¢° molecule cnt3. The particle growth
driven growth rates from a study by Stolzenburg et al. (2005) rates estimated from their measurements were roughly from
who investigated the growth of particles containing ammo-160 to 490 nm h'. The results of these studies are in good

nium sulphate, which is consistent with the chemical compo-agreement with the growth rates determined from our exper-
sitions of particles in our study. Most observed atmospheriGiments, as can be seen in Fig. 12.

growth rates correspond to substantially loweiSi, con-

centrations, and our results thus show that in most cases sul-

phuric acid alone cannot explain the growth rates observed Conclusions

in the atmosphere. 60, is the main condensing vapour

responsible for particle growth only in large urban areas,The results of an experimental study of sulphuric acid

where it can contribute up to 60% of the growth,G0y nanoparticle growth under different conditions are presented
accounts for the 60 % of growth observed) (Stolzenburg ethere. The measurements were performed in a laminar flow
al., 2005; Yue et al., 2010). In order to explain the atmo-tube at temperatures of 283, 293K and 303K, at RH of

spheric growth rates, the condensation of additional chemid % and 30 %, an initial bSOs concentration from & 10°

cal species is assumed, mainly organic compounds (Erupe ¢b 1.4x 10*°molecule cnt and at four different residence

[y
o
N

=
(@]
=)

growth rate

Sulfuric acid driven growth
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@ experimental GR at T 283 K diffusion limited values calculated according to Hanson and
® experimental GR at T 293 K Eisele (2000). Our results indicate that the wall losses of
A experimental GR at T 303 K .
10°4 © Benson etal. (2008) H,SO4 are not as great as is commonly presumed. Due to
1 < Youngetal. (2008) o 64 long-lasting experiments, the measurements are believed to
= n be performed under close to wall-equilibrium conditions. We
E o S N thgrefqre speculate that the wall of the flow tub_e is not an in-
5 3 A finite sink for bSOy molecules, but that there is also a flux
© ] UN ? of H,SQy from the wall into the tube, which is more pro-
§ 1 A D found under dry conditions. The correct determination of the
e 104 ® i'4 sulphuric acid concentration in nucleation measurements is a
3 crucial factor for subsequent analysis and data interpretation.
] Our results show that neglecting the flux of$0, from the
10° e wall may cause a significant underestimation of the resid-
10 10° 10° 10% ual H,SO4 concentration. More detailed measurements are

needed to gain a better understanding of the processes in-
fluencing the HSQO, concentration in experimental devices

Figure 12. The experimental growth rates determined from mea- and the role of sulphuric acid in the early stages of particle

surements conducted at an RH of 30 %, a residence time of 90 s an@"OWth.

three nucleation temperatures are compared with the particle growth

rates measured in the nucleation experiments made by Benson et

al. (2008) atl’ = 288K and Young et al. (2008) &t =288 K. AcknowledgementsThe financial support by the Grant Agency
of the Academy of Sciences of the Czech Republic (Grant no.
IAA200760905) and by Academy of Finland Center of Excellence
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