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Ternary nucleation of inorganic acids, ammonia, and water
I. Napari,a) M. Kulmala, and H. Vehkamäki
Department of Physical Sciences, P.O. Box 64, 00014 University of Helsinki, Finland

~Received 3 June 2002; accepted 14 August 2002!

Homogeneous ternary nucleation rates of water, ammonia (NH3), and inorganic acids are calculated
from classical nucleation theory at various combinations of temperature and ambient vapor
concentrations. Mixtures with sulfuric acid (H2SO4), nitric acid (HNO3), hydrochloric acid~HCl!,
and methane sulfonic acid (CH3SO3H or MSA! are considered. The results are compared to assess
the relative importance of different nucleation routes. Vapors with an acid and an alkaline
~ammonia! component are shown to nucleate more readily than vapors having two acid species.
Much lower concentrations of H2SO4 than HNO3 or HCl are required to reach the same nucleation
rate at similar vapor concentrations of H2O and NH3. Nucleation rates in H2O–H2SO4– HNO3 and
H2O–H2SO4– MSA vapors are close to the limit of H2O–H2SO4 nucleation, even at high
concentrations of MSA and HNO3. The results suggest that H2O–H2SO4– NH3 nucleation is the
foremost ternary nucleation route in the atmosphere. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1511722#
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I. INTRODUCTION

Homogeneous nucleation of water and sulfuric a
(H2SO4) has been long considered as the primary pathw
for the production of new particles in the atmosphere. Ho
ever, growing evidence from field measurements1–5 indicates
that H2O–H2SO4 nucleation is not able to account for th
observed particle formation in many conditions. Rec
work6,7 has shown that ternary nucleation of water, sulfu
acid, and ammonia (NH3) has the potential of explaining th
observations, but, along with enhancement processes fo
nary nucleation,8,9 other ternary nucleation routes are st
open to critical discussion.

Our purpose in this paper is to study ternary nucleat
in aqueous vapor mixtures of ammonia and inorganic ac
commonly found in the atmosphere. In addition to the rec
studies of H2O–H2SO4– NH3 system6,7 earlier theoretical
work on ternary nucleation in water–hydrochloric ac
~HCl!–ammonia10 and water–sulfuric acid–methane su
fonic acid (CH3SO3H or MSA!11 vapors has been done du
ing the last decade. All these studies suffer from differen
both in the thermodynamic modeling and the treatment
nucleation kinetics. Therefore, a reliable comparison
tween the above mentioned nucleation routes is not feas
if solely based on published results. Our aim is to mak
consistent comparison of nucleation rates between diffe
ternary systems. We will consider vapors containing wa
ammonia, and an inorganic acid, or, alternatively, two in
ganic acids. The acids are sulfuric acid, nitric acid, hyd
chloric acid, and MSA. We do not aim to develop new th
modynamic models; instead, we use existing models fr
published sources as much as possible and make nece
adjustments to them.

The presented choice of substances allows us to m
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comparisons from two perspectives. First, we can assess
effect of ammonia on water–acid systems, where the aci
H2SO4, HNO3, or HCl. Second, recalling the importance
sulfuric acid in the atmosphere, we can add a second i
ganic acid component~or ammonia! to H2O–H2SO4 vapors.
~Unfortunately, we have to omit H2O–MSA–NH3 and
H2O–H2SO4– HCl systems, because there are no exist
thermodynamic models for these systems.! Thus, the systems
can be divided into two groups, namely

H2O–H2SO4– NH3,

H2O–HNO3– NH3,

H2O–HCI–NH3,

and

H2O–H2SO4– NH3,

H2O–H2SO4– HNO3,

H2O–H2SO4– MSA.

It should be noted that H2O–H2SO4– NH3 is included in
both the groups. However, depending on the group,
nucleation rate is calculated in a slightly different way,
explained later. Because the systems in the first group c
tain an acid and an alkaline component while in the sec
group two acid substances are present, we expect cons
able differences in the nucleation behavior between the
groups. Most of the comparisons are done at 298.15
mainly because the thermodynamics of the mixture conta
ing MSA is applicable only at this temperature.

The theoretical framework is based on classical nuc
ation theory. Although detailed in our previous paper,7 we
give an outline of the theory in Sec. II. The thermodynam
models are explained in Sec. III. Section IV is devoted to
exposition of our numerical calculations, where each gro
of systems is considered separately. Because the enha
ment of binary H2O–H2SO4 nucleation by ammonia wa
il:
8 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



se

r
o

bl

,
ac

s
s
e

s

id
ity

of

th
er
n,

d
of

ule
ain
es.

on

ilib-

of a
el

e
id,
r

-
e-
d
bu-
or
s.

r-
e
d to
-
ry is

the
ura-
bulk
quid
od-
ost

8419J. Chem. Phys., Vol. 117, No. 18, 8 November 2002 Ternary nucleation of acids, ammonia, and water
initially predicted from the ability of ammonia to decrea
sulfuric acid vapor pressure above a solution surface,12 we
place an additional emphasis on the acid pressures ove
ternary solutions. Finally, in Sec. V we present a summary
our results and discuss atmospheric implications.

II. THEORY OF TERNARY NUCLEATION

The Gibbs free energy of formation of an incompressi
liquid cluster in an ideal ternary vapor can be written as13

DG52kT(
i 51

3

ni lnS pi

ps,i
D14psr 2, ~1!

wherek is the Boltzmann constant,T is absolute temperature
and the indexi enumerates the molecular species. For e
species,ni is the total number of molecules,pi is the ambient
partial pressure of free molecules, andps,i is the equilibrium
vapor pressure above a flat solution surface. The radiu
the spherical cluster isr. Surface tension of the droplet i
assumed to be the same as that of a flat solution surfac
the composition of the nucleus. The number of molecule
the droplet are divided into two parts:ni5nil 1nis , where
nil gives the numbers of molecules in the uniform liqu
phase andnis corrects for the difference between the dens
profiles of the uniform liquid droplet and the real cluster.

The critical cluster corresponds to the minimum
Gibbs free energy with respect of particle numbersni . Mini-
mization of Eq.~1! gives

lnS p1

ps,1
D v25 lnS p2

ps,2
D v1 , ~2!

lnS p3

ps,3
D v25 lnS p2

ps,2
D v3 , ~3!

wherev i is the partial molar volume of componenti. These
equations are solved numerically for the composition of
critical cluster. The formation energy of the critical clust
DG* is then obtained with the help of the Kelvin equatio

r * 5
2sv i

kT ln~pi /ps,i !
, ~4!

from

DG* 5 4
3pr * 2s, ~5!

wherer * is the radius of the critical cluster.
The general formula for the nucleation rate is14

J5
ulu/p

A2det~D!/p
r~$ni%!, ~6!

whereD is a matrix with elements,

Di j 5
1

2kT

]2DG~$ni%!

]ni ]nj
U
$ni* %

~ i , j 51,2,3!, ~7!

andl is the negative eigenvalue of matrixKD , whereK is
the condensation matrix, the elements of which are relate
the collision rate of vapor particles with the critical cluster
size $ni* %.15 As in our previous studies of H2O–H2SO4 and
H2O–H2SO4– NH3 systems,7,16 the colliding molecules in
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vapors containing H2SO4 are monomers of H2O, H2SO4,
and NH3 as well as hydrates consisting of one acid molec
and up to five water molecules. If the vapor does not cont
H2SO4, only monomers are considered as colliding particl

The equilibrium distribution of clusters containingni

moleculesr($ni%) is also needed to calculate the nucleati
rate from Eq.~6!. For H2O–H2SO4– NH3 /HNO3 /HCl sys-
tems we use the distribution given by17

r~$ni%!5r2S r1

r0
D 2

K1K2

3expS 2
DG~$ni%!2DG~2,1,0!

kT D , ~8!

wherer1 and r2 are the number densities of free H2O and
H2SO4 molecules, respectively, andr0 is the number density
corresponding to the reference pressure 1 atm. The equ
rium constant for sulfuric acid dihydrate formationK1K2 is
estimated, as explained in Ref. 16. The formation energy
dihydrate according to the classical droplet mod
DG(2,1,0) is calculated from Eq.~1!.

The H2O–H2SO4 dihydrate is available as a referenc
point only for vapors containing both water and sulfuric ac
and thus the distribution of Eq.~8! cannot be used for othe
systems. For H2O–HNO3 /MSA–NH3 vapors we use the
equilibrium distribution of Wilemski and Wyslouzil,18

r~$ni%!5~ps,1!
x1~ps,2!

x2~ps,3!
x3

3exp~x1Q11x2Q21x3Q3!

3S p1

ps,1
D n1S p2

ps,2
D n2S p3

ps,3
D n3

3expS 2s~$ni%!s~$ni%!

kT D , ~9!

where s($ni%) is the surface area of the cluster andQ i

5s isi(1)/(kT), wheres i is the surface tension of pure liq
uid of type i andsi(1) is the surface area of monomer sp
ciesi. Both Eqs.~8! and~9! obey the law of mass action an
reduce to self-consistent classical unary or binary distri
tions at corresponding limits. The distribution used f
H2O–H2SO4– NH3 vapors depends on the group of system

We assume that the derivatives in Eq.~7! are calculated
with respect to core particle numbersnil instead of total
number of particlesni . This approximation causes small e
rors in nucleation rates7 but it speeds up and stabilizes th
calculation considerably. The greatest errors are expecte
occur in situations wherenis andnil are of comparable mag
nitude; however, in these cases classical nucleation theo
not intrinsically very reliable.13

III. THERMODYNAMIC MODELS

The calculation of nucleation rates as described in
previous section requires an accurate knowledge of sat
tion vapor pressures, densities, and surface tensions of
substances over a wide range of temperatures and li
compositions. These are obtained from thermodynamic m
els and parametrizations. In this study we have used alm
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8420 J. Chem. Phys., Vol. 117, No. 18, 8 November 2002 Napari, Kulmala, and Vehkamäki
exclusively thermodynamics readily available from pu
lished works on nucleation and chemical thermodynamic

Equilibrium vapor pressures for H2O–H2SO4– NH3,
H2O–H2SO4– HNO3, and H2O–HNO3– NH3 systems are
taken from the thermodynamic model of Clegget al.19

~http://www.hpc1.uea.ac.uk/;e770/aim.html!. However, sul-
furic acid vapor pressure is modified, as explained in
previous papers.7,16 The calculation of surface tension an
density of H2O–H2SO4– NH3 mixtures follows the method
used in the more comprehensive study of this system.7 Sur-
face tension and density of H2O–H2SO4– HNO3 solutions
are obtained from the parametrizations of Martinet al.20 The
density of the H2O–HNO3– NH3 system is calculated ac
cording to the method of Van Dingenen and Raes.11 For sur-
face tension this method was modified to produce cor
values at the H2O–NH4NO3 limit. Surface tension of the
H2O–NH4NO3 solution is obtained from a fit to the dat
presented in the International Critical Tables.21

The equilibrium vapor pressures, density, and surf
tension of H2O–HCl–NH3 solution are obtained from Arstila
et al.10 The thermodynamic treatment of H2O–H2SO4– MSA
solution follows closely the work of Van Dingenen an
Raes.11 However, instead of treating H2SO4 as a 1:2 electro-
lyte, we calculate the actual HSO4

2 concentrations as de
scribed in the appendix of Ref. 11. We also modified
equilibrium constant for sulfuric acid to get the equilibriu
vapor pressure of sulfuric acid close to that obtained from
model of Clegget al.19 Notwithstanding, the nucleation rate
at the binary H2O–H2SO4 limit are slightly different from
those obtained from Clegg’s model and, therefore, we h
estimated the binary limit using a model appropriate to
system in question. We note that binary limits for all su
stances cannot be calculated due to the chemical chara
istics of the solution or restrictions inherent to the model

IV. RESULTS

A. H2O–H2SO4 ÕHNO3 ÕHCl–NH3 vapors

The observed enhancement of nucleation when amm
is added to H2O–H2SO4 mixture is primarily due to the ten
dency of ammonia to decrease activity of sulfuric acid in
liquid phase above the solution surface.~Activity in the liq-
uid phase is defined asps,i /ppure,i , whereppure,i is the equi-
librium vapor pressure of pure fluidi.! We can now ask
whether this is also the case if sulfuric acid is replaced w
another acid (HNO3 or HCl!. With this question in mind, we
have plotted the liquid phase activity~or pressure in the cas
of HCl, for which pressure of the pure liquid cannot be o
tained! of the acid as a function of ammonia molality.

Figure 1 shows our results for H2O–H2SO4– NH3 mix-
tures atT5298.15 K. Sulfuric acid molality is shown in th
plot. It can be seen that H2SO4 activity decreases severa
orders of magnitude with increasing NH3 molality unless
H2SO4 molality is very small. Since the critical clusters
H2O–H2SO4– NH3 vapors are highly concentrated both
H2SO4 and NH3,7 the decrease in H2SO4 activity indeed
seems to be related to nucleation behavior. Plots
H2O–HNO3– NH3 and H2O–HCl–NH3 mixtures~Fig. 2! in-
dicate similar trends but the overall decrease in acid acti
Downloaded 28 Nov 2002 to 128.214.57.32. Redistribution subject to A
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~or pressure! is somewhat smaller. The curves end at bina
H2O–NH4NO3 @Fig. 2~a!# and H2O–NH4Cl @Fig. 2~b!# lim-
its. Especially interesting is the behavior of HCl pressu
which shows an abrupt dip when NH3 molality approaches to
that of HCl. These results have an important conseque
concerning nucleation. Although solutions with unequ
amounts of NH3 and HCl certainly exist, the mole fraction

FIG. 1. Liquid phase activity of H2SO4 as a function of NH3 molality. The
molality of H2SO4 is shown in the legend. The temperature is 298.15 K

FIG. 2. Liquid phase activity of HNO3 ~a! and the pressure of HCl~b! above
the solution surface as a function of the molality of NH3 . Molalities of
HNO3 and HCl are shown in the legends. The temperature is 298.15 K
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8421J. Chem. Phys., Vol. 117, No. 18, 8 November 2002 Ternary nucleation of acids, ammonia, and water
of HCl and NH3 are always the same in the critical drople
because other compositions are energetically much m
unfavorable.10

Figure 3 shows the dependence of nucleation rate
ammonia vapor concentration for the three systems aT
5298.15 K andRH550%. The acid concentration is ad
justed so that nucleation rate is 1 cm23 s21 when ammonia
concentration is 109 molecules/cm3. In this figure and for the
rest of the paper, the H2SO4 concentration refers to the tota
concentration of H2SO4 ~including H2O–H2SO4 hydrates!.
Vapors containing nitric acid or HCl are most affected
ammonia. The nucleation rate increases over ten order
magnitude if the ammonia concentration increases just
order of magnitude. Both these systems behave alm
equally but the nucleation rate in H2O–H2SO4– NH3 vapors
seems to depend less strongly on ammonia. This beha
can be related to the bulk properties presented in Figs. 1
2. The H2O–H2SO4– NH3 clusters are very concentrated
H2SO4 and NH3, even at low nucleation rates, in Fig. 3.
then becomes obvious from Fig. 1 that adding more NH3 in
the vapor does not change equilibrium partial pressure~and
presumably the nucleation rate! of H2SO4 very much. On the
other hand, the critical clusters in H2O–HNO3– NH3 and
especially in H2O–HCl–NH3 vapors have a considerab
amount of water at low nucleation rates. For these syst
the drop in acid pressure is steepest at high NH3 molalities,
which explains the relatively strong effect of NH3 on nucle-
ation rates. As the nucleation rate approaches higher va
the slope of nucleation curves becomes less steep, owin
the same effect as in H2O–H2SO4– NH3 vapors.

The dependence of the nucleation rate on relative hum
ity at T5298.15 K is shown in Fig. 4. Ammonia concentr
tion is 109 molecules/cm3 and the acid concentration is ad
justed to give the nucleation rate 1 cm23 s21 at RH550%.
The nucleation rate in H2O–HNO3– NH3 and
H2O–HCl–NH3 systems increases asRH increases, but
H2O–H2SO4– NH3 vapors exhibit opposite behavior. Th
phenomenon is caused by the depletion of free H2SO4 vapor
molecules by hydration, as explained in Ref. 7.

A similar plot in Fig. 5 shows the temperature depe
dence of systems containing ammonia. We see here the s

FIG. 3. The nucleation rate as function of NH3 concentration. Concentra
tions of H2SO4 , HNO3 , and HCl are shown in the figure. The temperatu
is 298.15 K and the relative humidity is 50%.
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effect as in Fig. 3: because the H2O–H2SO4– NH3 clusters
are practically water-free and there is little change in H2SO4

and NH3 concentrations as a function of temperature,
dependence of the nucleation rate on temperature is ra
modest. This is also the case for H2O–HNO3– NH3 clusters
at high nucleation rates. The mole fraction of water
H2O–HCl–NH3 clusters changes from 0.44 to 0.35 as t
nucleation rate increases fromJ510210 to J
51010 cm23 s21. Not surprisingly, the nucleation rate curv
is steepest for these clusters.

Figure 6 depicts the ammonia and acid (H2SO4, HNO3,
or HCl! concentrations needed to obtain nucleation rat
cm23 s21 at 258.15 K and 298.15 K. The relative humidity
50%. A mixture of H2O, HCl, and NH3 seems to nucleate
somewhat better than H2O–HNO3– NH3 in comparable con-
ditions, although at low concentrations of NH3 the situation
is reversed. However, if H2SO4 is present instead of HNO3
or HCl, the required acid concentrations are six to nine m
nitudes lower. The strong temperature dependence
H2O–HCl–NH3 vapors is also apparent in this figure. Th
HCl concentrations are about four orders lower if the te
perature is decreased from 298.15 to 258.15 K, the decr

FIG. 4. Dependence of the nucleation rate on relative humidity for
systems containing NH3 . The concentration of the acid component is show
in the figure. The temperature is 298.15 K and the NH3 concentration,
109 molecules/cm3.

FIG. 5. Dependence of the nucleation rate on temperature for the sys
containing NH3 . The concentration of NH3 is 107 molecules/cm3 and
the concentrations of acids are shown in the figure. The relative hum
is 50%.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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in acid concentration is three orders of magnitude or les
the case of H2SO4 or HNO3. We also tested the effect o
relative humidity on the required concentrations. Increas
the relative humidity to 90% lowers the curves
H2O–HNO3– NH3 and H2O–HCl–NH3 systems but raise
the curves of H2O–H2SO4– NH3 system, which is in accord
with Fig. 4. However, the change in acid concentrations
less than one order of magnitude at a constant concentra
of NH3.

The small arrows on the left edge of Fig. 6 indica
binary H2O–H2SO4 and H2O–HCl limits at 258.15 and
298.15 K. Due to the problems associated with class
nucleation theory, we were not able to obtain reliable res
for ammonia concentrations between the left ends of
H2O–H2SO4– NH3 curves and the limits of H2O–H2SO4

nucleation.7 Both of the curves of the H2O–HNO3– NH3

system seem to bend toward a constant limit with decrea
NH3 concentration, but numerical values at very low NH3

concentrations proved inconclusive. Therefore the bin
H2O–HNO3 limits are left out from Fig. 6. The binary nucle
ation rates for H2O–HCl vapors were calculated from a com
puter program specially designed for this purpose, but
obtained values are still somewhat unreliable due to
problems in the kinetic prefactor of Eq.~6!.

A set of quite interesting plots are shown in Fig. 7 th
depicts the numbers of molecules corresponding to
curves of constant nucleation rateJ51 cm23 s21 of Fig. 6 at
T5298.15 K. Clusters in H2O–H2SO4– NH3 vapors are
mostly H2SO4 and NH3, and water appears in the cluste
only at low concentrations of ammonia. The same pheno
enon is evident also in H2O–HNO3– NH3 vapors, although
the clusters have some water at all concentrations of NH3, as
shown in Fig. 7~b!. The particle number curves of HNO3 and
NH3 merge at a NH3 concentration of approximately 3
31010 molecules/cm3, corresponding to the H2O–NH4NO3

limit.
The H2O–HCl–NH3 system can be considered as

H2O–NH4Cl mixture in the liquid state of droplets and
therefore, we have plotted the number of NH4Cl molecules

FIG. 6. Concentrations of NH3 and acid (H2SO4 , HNO3 , or HCl! corre-
sponding to the nucleation rateJ51 cm23 s21 at temperatures 258.15 an
298.15 K. The relative humidity is 50%. The upper and lower pair of sm
arrows on the left indicate binary limits of H2O–HCl and H2O–H2SO4

nucleation, respectively. In each pair the lower arrow corresponds to
perature 258.15 and and the upper arrow to 298.15 K.
Downloaded 28 Nov 2002 to 128.214.57.32. Redistribution subject to A
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instead of numbers of HCl and NH3 molecules separately
The particle number curves for this system in Fig. 7~c! show
an intriguing maximum at a NH3 concentration of about 3
31012 molecules/cm3, with linear behavior elsewhere. Thi
is a purely kinetic effect arising from the eigenvaluel in Eq.
~6!, the absolute value of which shows a similar maximum
the same NH3 concentration. In fact, if we plot curves of th
constant formation energy of critical clustersDG* instead of
the constant nucleation rate, we find that the particle nu

ll

-

FIG. 7. The number of molecules in the critical nucleus correspond
to the curves of constant nucleation rateJ51 cm23 s21 at T5298.15 K in
Fig. 6.
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8423J. Chem. Phys., Vol. 117, No. 18, 8 November 2002 Ternary nucleation of acids, ammonia, and water
bers also stay constant. Close inspection reveals the nu
ation rate curve of H2O–HCl–NH3 in Fig. 6 to be composed
of two linear parts, with a downward cusp corresponding
the maximum in Fig. 7~c!. At this point the vapor concentra
tions of NH3 and HCl are equal, which makes it kinetical
easier to form clusters because both molecular species
available in equal amounts for the formation of NH4Cl.
Hence, the required nucleation rate can be reached,
though the formation energy is higher and the cluster big
than in vapors rich in NH3 or HCl.

B. H2O–H2SO4 – NH3 ÕHNO3 ÕMSA vapors

Following the outline of the previous section, we beg
the investigation of H2O–H2SO4– HNO3 and
H2O–H2SO4– MSA vapors by considering the effect o
HNO3 and MSA on the pressure of H2SO4 over bulk solu-
tions. Figure 8 shows the liquid phase activity of H2SO4 as a
function of MSA molality @Fig. 8~a!# and HNO3 molality
@Fig. 8~b!# at T5298.15 K. The behavior of acid activity i
quite different from the that presented in Figs. 1 and 2. A
ing MSA or HNO3 to a H2O–H2SO4 mixture decreases
H2SO4 activity only a little at high H2SO4 molalities. In
contrast, at low H2SO4 molalities the activity seems to in
crease. It is thus expected that MSA and HNO3 do not facili-

FIG. 8. The liquid phase activity of H2SO4 as a function of the molality of
MSA ~a! and HNO3 ~b!. The molality of H2SO4 is shown in the legend. The
temperature is 298.15 K.
Downloaded 28 Nov 2002 to 128.214.57.32. Redistribution subject to A
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tate the nucleation of H2O–H2SO4 very much. Interestingly,
the behavior of both the mixtures in Fig. 8 is almost iden
cal.

We found that the calculation of nucleation rates f
H2O–H2SO4– HNO3 and H2O–H2SO4– MSA vapors was a
much more difficult task than in the case vapors contain
NH3. We had to exclude clusters with a MSA or HNO3 mole
fraction more than about 0.1 from the results because
these cases the absolute value of the surface excess nu
of molecules for one acid componentuni ,su showed values
comparable toni ,l , often leading to negative number mo
eculesni for this component. Similar difficulties arose whe
H2SO4 content increased in H2O–HNO3 or H2O–MSA clus-
ters. We attribute this behavior to the breakdown of class
nucleation theory already observed in H2O–H2SO4– NH3

vapors7 and detailed elsewhere.13,22 A likely explanation is
that the surface of the clusters enriches with one acid c
ponent while the other resides in the cluster core. Despite
greatly reduced parameter space due to the above-menti
difficulties, we were able to obtain suggestive results also
systems with two acid components.

Figure 9 illustrates the dependence of the nucleation
on H2SO4 concentration for some MSA and HNO3 concen-
trations. Also shown is the binary limit of H2O–H2SO4

FIG. 9. The nucleation rate as a function of H2SO4 concentration for
H2O–H2SO4– HNO3 ~a! and H2O–H2SO4– MSA ~b! vapors. Concentra-
tions of HNO3 and MSA are indicated in the figure. A binary limit o
H2O–H2SO4 nucleation is shown as a solid line with filled circles. Th
relative humidity is 50%.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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nucleation. Nitric acid seems to enhance nucleation sign
cantly but the required HNO3 concentrations are rather high
On the other hand, MSA affects the binary H2O–H2SO4

nucleation very little. The unwillingness of two acids to for
droplets is evident by the fact that the vapor concentrati
of HNO3 in Fig. 9~a! and MSA in parts of Fig. 9~b! are
higher than the concentration of H2SO4, although the clus-
ters are close to the H2O–H2SO4 limit.

The dependence of the nucleation rate on relative hum
ity is shown in Fig. 10. Sulfuric acid concentration is 3.1
3109 molecules/cm3. The curves for H2O–H2SO4– MSA
and H2O–H2SO4– HNO3 systems show upward slopes, a
though hydration reduces the number of free H2SO4 mol-
ecules asRH increases. However, the observed behavio
consistent with the results obtained for a binary H2O–H2SO4

system in similar conditions.16 The curve for
H2O–H2SO4– NH3, shown here for comparison, exhibits a
altogether different trend. The nucleation rate first decrea
with increasingRH and then reaches a minimum atRH
580% ~values for relative humidities greater than 85% we
omitted because the rapid increase in the water conten
clusters caused similar problems with surface excess num
of molecules, as mentioned earlier!. The behavior of
H2O–H2SO4– NH3 nucleation is probably related to th
higher liquid mole fraction of H2SO4. Critical droplets of
H2O–H2SO4– HNO3 and H2O–H2SO4– MSA have a lower
H2SO4 content and thus are less affected by the depletion
free H2SO4 vapor molecules.

The thermodynamic model of the H2O–H2SO4– MSA
system is restricted to temperatureT5298.15 K. Therefore,
we present a temperature dependence of the nucleation
only for H2O–H2SO4– HNO3 vapors, together with the
H2O–H2SO4 limit. As shown in Fig. 11, the temperatur
dependence of H2O–H2SO4– HNO3 nucleation exhibits
similar nearly constant behavior at low temperatures as
H2O–H2SO4– NH3 system.7 This is particularly interesting
because the clusters at 220 K are water rich as opposed t
clusters in H2O–H2SO4– NH3 vapors. By analogy with the
H2O–H2SO4– NH3 system, one would expect a diminishin
water content in the critical clusters with decreasing tempe

FIG. 10. Dependence of the nucleation rate on relative humidity for syst
containing H2SO4 . The temperature is 298.15 K and the H2SO4 concentra-
tion, 3.163109 molecules/cm3. Concentrations of acids are shown in th
figure.
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ture and a stronger effect on the nucleation rate, but, o
ously, the conucleation of H2SO4 and HNO3 is not energeti-
cally favorable.

Finally, we present a comparison of nucleation rates a
function of the third component (NH3, HNO3, or MSA!.
Figure 12 illustrates nucleation rates corresponding
H2SO4 concentration of 107 molecules/cm23 and relative
humidity 90%. The HNO3 concentration needed to reac
e.g., the nucleation rateJ51 cm23 s21 is six orders of mag-
nitude higher than the required NH3 concentration. Concen
trations of NH3 and MSA are closer together and, at ve
high nucleation rates, the curves of H2O–H2SO4– NH3 and
H2O–H2SO4– MSA even seem to intersect. It should b
noted that the curve for H2O–H2SO4– MSA system is close
to the binary H2O–MSA limit. The nucleation rate at the
binary H2O–H2SO4 limit at the conditions of this plot is
about 10252 cm23 s21.

V. DISCUSSION AND CONCLUSIONS

In this paper we have compared various ternary nuc
ation routes involving water, sulfuric acid, nitric acid, hydr
chloric acid, methane sulfonic acid, and ammonia. The s

sFIG. 11. Temperature dependence of the nucleation rate
H2O–H2SO4– HNO3 nucleation. Shown are lines for two HNO3 concentra-
tions and the binary H2O–H2SO4 limit. The relative humidity is 50% and
the concentration of H2SO4 , 108 molecules/cm3.

FIG. 12. The nucleation rate as a function of NH3 , MSA, or HNO3 con-
centration for the systems containing H2SO4 . The concentration of H2SO4

is 107 molecules/cm3 and the relative humidity is 90%.
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tems are treated in a theoretically consistent manner u
classical nucleation theory and existing thermodynam
models. The results show that ammonia helps the nuclea
of water–acid vapors. However, the relative order of imp
tance of different ternary nucleation mechanisms in com
rable acid concentrations is primarily determined by the
nary water–acid limits; to achieve similar nucleation rates
H2O–HNO3– NH3 or H2O–HCl–NH3 vapors as in
H2O–H2SO4– NH3 vapors requires extremely high conce
trations of NH3.

The presence of HNO3 or MSA in H2O–H2SO4 vapors
appears to have little effect on nucleation rates. However,
were not able to investigate all combinations of parame
due to the instability of the nucleation model and the limi
tion of the thermodynamical model to one temperature in
case of MSA. It, nevertheless, seems that high concentrat
of HNO3 or MSA are needed to produce results that
significantly divergent from the binary H2O–H2SO4 limit.
Intriguingly though, if similar NH3 and MSA concentrations
are compared, the binary H2O–MSA nucleation rate may
even exceed the ternary H2O–H2SO4– NH3 nucleation rate
in some occasions. It is worth mentioning that our results
H2O–H2SO4– MSA vapors are not consistent with those
Van Dingenen and Raes.11 This is probably due to the differ
ences in the treatment of H2SO4 dissociation.

A comprehensive assessment of ternary nucleation
various ambient conditions often requires lengthy calcu
tions. We found that by just monitoring the effect a thi
chemical component on the acid pressure above a bulk s
tion yields qualitative information how the nucleation beha
ior changes relative to the binary water–acid system. We
no means suggest this as a generally valid method bec
the characteristics of nucleation depend on vapor press
of all the substances and, in addition, on surface tens
Moreover, any deductions assume some knowledge of m
fractions in the cluster. It is also important to bear in mi
that nucleation rate is not related to the formation energy
the critical nucleus in a simple manner. The kinetic part m
have a significant effect on nucleation rate depending on
ambient vapor concentrations, as we illustrated in the cas
H2O–HCl–NH3 vapors.

The reliability of our calculations is restricted by th
well-known shortcomings of classical nucleation theory.
particular, the classical theory relies on the capillarity a
proximation, which states that surface tension is independ
of the curvature of the droplet surface. While this assumpt
certainly skews the results, it may be totally invalid for clu
ters containing only a couple of molecules. In Fig. 7 we s
that H2O–HNO3– NH3 and H2O–HCl–NH3 clusters contain
approximately 30 molecules at 298.15 K, where
H2O–H2SO4– NH3 clusters have only five to ten molecule
At 258.15 K the H2O–HCl–NH3 droplets are of the sam
size as at the higher temperature but the clusters sizes o
other two systems are diminished by half. A similar compa
son can be made based on Fig. 12 where nucleation rat
vapors containing both water and sulfuric acid are presen
At nucleation rate 1 cm23 s21 the droplets in systems with
NH3, MSA, and HNO3 consist of about 13, 60, and 90 mo
Downloaded 28 Nov 2002 to 128.214.57.32. Redistribution subject to A
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ecules, respectively. For all the systems studied in this pa
the molecular content of droplets decreases approximatel
half if nucleation rate increases from 1 to 106 cm23 s21. On
the grounds of these considerations it seems that the nu
ation calculations are most unreliable for th
H2O–H2SO4– NH3 system. However, we believe that th
should not affect the general conclusions, because the s
relative importance of different nucleation routes can also
found at lower nucleation rates~!1 cm23 s21!, where
H2O–H2SO4– NH3 clusters are considerably bigger.

The results of this study have profound implications
garding nucleation in atmospheric conditions. The concen
tions of HNO3 or HCl required to reach significant nucle
ation rates in presence of ammonia are far higher t
measured in the atmosphere.23 Also, it is hardly conceivable
that enough ammonia could be found to ma
H2O–HNO3– NH3 or H2O–HCl–NH3 important nucleation
routes in the atmosphere. Nucleation of H2O–H2SO4– HNO3

is not likely to occur in atmospheric conditions either. Last
the effect of MSA to H2O–H2SO4 nucleation seems rathe
meager. Not counting other mechanisms of particle prod
tion or nucleation enhancement, the results of this stu
strongly endorses H2O–H2SO4– NH3 nucleation over other
studied ternary nucleation pathways as the most likely ro
of new particle formation in the atmosphere. Investigatio
of other possible combinations of substances and nuclea
involving four chemical components are left for future stud
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