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An improved model for ternary nucleation of sulfuric acid–ammonia–water
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A revised homogeneous ternary nucleation model in H2O–H2SO4– NH3 vapors is presented. The
model is based on a self-consistent version of classical nucleation theory with a rigorous treatment
of nucleation kinetics. The calculation of equilibrium vapor pressures is completely revised and the
effect of H2O–H2SO4 hydration is considered in detail. Compared to earlier models, the new model
is able to predict nucleation rates over a wider range of temperatures and trace gas concentrations.
A considerable dependence on relative humidity is found. The critical clusters corresponding to
significant nucleation rates typically contain less than ten molecules and consist almost exclusively
of H2SO4 and NH3. © 2002 American Institute of Physics.@DOI: 10.1063/1.1450557#
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I. INTRODUCTION

Experimental and theoretical progress in recent years
showed the importance of homogeneous nucleation in
particle production in the atmosphere.1,2 In addition to water
vapor, the nucleation process typically involves one or m
trace compounds which may have crucial role in the form
tion of stable droplets. In this respect the most studied
ample is the conucleation of water and sulfuric acid wh
has been assumed a major mechanism of particle produ
in many atmospheric conditions.3,4

However, in many cases the observed rates of part
formation greatly exceed those expected on the basis o
nary H2O–H2SO4 nucleation alone, for example, i
marine5,6 and coastal7 boundary layers and in boreal forests8

Although several processes have been proposed to ex
this particle production, along with meteorological-relat
nucleation enhancement processes such as turbulent flu
tions, waves, and mixing,9,10 the most obvious explanation i
the participation of a third component in the nucleation p
cess. The most likely candidate species is ammonia (N3)
because of its abundance in the atmosphere and its abili
lower the vapor pressure H2SO4 above the solution, which is
expected to enhance particle formation in gases contai
H2SO4.11,12

The generalization of classical nucleation theory fro
binary to ternary nucleation is complicated by the rather
volved thermodynamics and chemistry of H2O–H2SO4–
NH3 system. In the liquid phase, H2SO4 and NH3 undergo
multiple dissociation and association steps producing var
salts and ions. The gas phase behavior is characterized b
formation of water-sulfuric acid hydrates in which on
H2SO4 and one or more H2O molecules gather into sma
clusters. Hydrates have negative formation energy and i

a!Author to whom correspondence should be addressed.
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therefore, energetically more difficult to form a critical clu
ter out of hydrates than out of free molecules. Consider
these facts, an accurate and comprehensive thermodynam
model is critical to understanding nucleation phenomena
H2O–H2SO4– NH3 vapors.

Our first quantification of ternary nucleation i
H2O–H2SO4– NH3 system13 showed that the presence o
ammonia does enhance homogeneous nucleation rate
several orders of magnitude, which is in line with prelim
nary experimental findings.14 However, the model was only
applicable at temperatures close to 298 K. In a subseq
version we increased the temperature range and improved
thermodynamical part15 but the model was still afflicted with
several problems of mostly numerical origin. Also, we d
not consider the formation of hydrates explicitly.

In this study, we present a completely revised model
ternary H2O–H2SO4– NH3 nucleation. The thermodynami
cal part has been replaced with a state-of-the-art mode
Clegget al.16 which gives equilibrium vapor pressures clos
to experimental values. Omitted from previous versions,
drate correction is now incorporated in the model using
novel method by Noppelet al.17 The basic theoretical appa
ratus is based on a self-consistent version of classical nu
ation theory with a cluster distribution obeying the law
mass action. Furthermore, nucleation kinetics are treated
rigorous manner.

This paper is organized as follows. In Sec. II A, we i
troduce the fundamental equations of classical nuclea
theory needed to determine the composition of a criti
nucleus in a ternary system. Nucleation kinetics required
the evaluation of nucleation rate are elaborated in Sec. I
A numerical comparison of three different methods for t
calculation of the kinetic factor are presented. Section III
devoted to results of our calculations in atmospheric con
1 © 2002 American Institute of Physics
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tions. A comparison with a previous study is made. Disc
sion and conclusions are presented in Sec. IV.

II. THEORY

A. Composition of the critical cluster

Consider a cluster~not necessarily critical! containingn1

molecules of water,n2 molecules of sulfuric acid, andn3

molecules of ammonia. The formation energy of the clus
is assumed to be given by18

DG52kT(
i 51

3

ni lnS pi

ps,i
D14psr 2, ~1!

wherepi is the ambient partial pressure of free molecules
speciesi, ps,i is the equilibrium vapor pressure of speciei
above a flat solution surface,r is the radius of the droplet
ands is the surface tension of a flat liquid–vapor interface
the composition of the nucleus. The total numbers of m
ecules in the nucleusni are

ni5nil 1nis , ~2!

wherenil are the numbers of molecules in the uniform liqu
phase encompassed by the surface of tension andnis is the
surface excess number of molecules arising from the dif
ence between the density profiles of the uniform Gibbs
droplet model and the actual droplet.

Setting (]DG/]ni)nj
50 yields two coupled equations

lnS p1

ps,1
D v25 lnS p2

ps,2
D v1 , ~3!

lnS p3

ps,3
D v25 lnS p2

ps,2
D v3 , ~4!

wherev i is the partial molar volume of speciesi. The com-
position of the critical cluster is found by solving Eqs.~3!
and~4! numerically. Within the limits of capillarity approxi-
mation the radius of the critical cluster is then obtained fr
Kelvin equation,

r * 5
2sv i

kT lnS pi

ps,i
D ~5!

and the formation energy is given by

DG* 5 4
3pr * 2s. ~6!

The partial pressures of H2O and NH3 are obtained
from the thermodynamical model of Clegget al.16 ~http://
www.hpc1.uea.ac.uk/˜ e770/aim.html!. The partial pressure
of H2SO4 is estimated as in Noppelet al.17 Instead of direct
application of acid activity by Clegget al.,16 the ratio of the
activity to the activity of pure sulfuric acid~both estimated
by the model of Clegget al.16! is used as acid activity with
respect to the reference state of pure liquid acid. In prac
pure acid was represented by a solution with H2SO4 molality
of 107 mol/kg. The partial pressure of free sulfuric acid
then calculated by multiplication of the obtained acid activ
with the pressure value of pure acid. The latter is taken fr
Noppelet al.17 and it is based on the fitting to the values
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Ayerset al.19 corrected by Kulmala and Laaksonen,20 and the
total acid pressure values measured by Martiet al.21 The
density and surface tension of the ternary solution is ca
lated applying the method of Van Dingenen and Rae22

modified to produce correct values at the limits
(NH4)2SO4– H2O and NH4HSO4– H2O.13,23

The present thermodynamical model differs in one i
portant respect from the one used in our previous studies
ternary nucleation:13,15 complete transformation of NH3 into
NH4

1 is assumed in the liquid phase. We do not believe t
to be a significant restriction in nucleation calculations b
cause~on the basis of this and our earlier studies! the solu-
tion corresponding the composition of critical nuclei is a
ways acidic and, as such, contains enough H1 ions for the
transformation.

B. Nucleation rate

In its most general form nucleation rate is given by24

J5
ulu/p

A2det~D!/p
r~$ni%!, ~7!

wherer($ni%) is the equilibrium distribution of clusters con
taining ni molecules of each species,D is a matrix with
elements

Di j 5
1

2kT

]2DG~$ni%!

]ni ]nj
U
$ni* %

~ i , j 51,2,3!, ~8!

andl is the negative eigenvalue of matrixKD , whereK is
the condensation matrix25

Kmn5(
$ni8%

j

nm8 nn8k~$ni8%;$ni* %!r~$ni8%!, ~9!

wherek($ni8%;$ni* %) is the rate of collisions between critica
clusters of size ($ni* %) and clusters of size ($ni8%), nm8 andnn8
are the numbers of molecules of speciesm and n (m,n
51,2,3;15H2O,25H2SO4,35NH3) in a cluster of size
($ni8%), respectively. Summation in Eq.~9! goes over all
clusters up toj, which is an upper bound above whic
cluster–cluster collisions are neglected. In this paper, the
liding clusters are assumed to be water monomers (i 851,j 8
50,k850), free acid molecules (i 850,j 851,k850), free
ammonia molecules (i 850,j 850,k851), or hydrates con-
taining one acid molecule and at most five water molecu
( i 851,...,5,j 851,k850).

From kinetic gas theory the collision probability is ob
tained as

k~$ni8%;$ni* %!5A8pkTS 1

m*
1

1

m8D ~r * 1r 8!2, ~10!

wherer * and r 8 are the radii of the critical cluster and th
colliding cluster, respectively, andm* and r 8 are the corre-
sponding masses.

The equilibrium distribution is given by26

r~$ni%!5r2S r1

r0
D 2

K1K2 expS 2
DG~$ni%!2DG~2,1,0!

kT D ,

~11!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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wherer1 and r2 are the number densities of free H2O and
H2SO4 molecules, respectively,r0 is the number density cor
responding to the reference pressure 1 atm, andK1K2 is the
equilibrium constant for acid dihydrate formation which
estimated semiexperimentally.17 We note that this distribu-
tion is different from the conventional form of Reiss27 which
does not obey the mass action law28 and, as a consequenc
overestimates the dependence of nucleation rate on rel
humidity.17

The numerical calculation of the derivatives in Eq.~8!
involves evaluatingDG when small changes are introduce
to the total number of moleculesni . Unfortunately, the ther-
modynamical quantities in Eq.~1! are functions of the bulk
mole fractions which can be calculated only after the surf
excess number of particlesnis are subtracted from the tota
number of particles. Thus, the most rigorous evaluation
the matrix elementsDi j requires a careful assessment ofnis

in every step of the calculation.
If surface tension is assumed independent of curvat

the surface excess number of molecules are bound by
condition18

(
i

nisv i50 ~12!

and volume of the cluster is given by

V5
4p

3
r 35(

i
niv i5(

i
nil v i . ~13!

The numbers of molecules in the bulk phase are then
pressed as

nil 5
Vxi

( iv ixi
, ~14!

wherexi are the bulk mole fractions. Equation~12! together
with the Gibbs adsorption isotherm

(
i

nis dm i l 14pr 2 ds50, ~15!

yields

nis5

4pr 2(
j ,k

e i jk S ]m j l

]x2

]s

]x3
2

]m j l

]x3

]s

]x2
D vk

(
j ,k,m

e jkm

]mkl

]x2

]mml

]x3
v j

, ~16!

where the symbole i jk50 if any of the indices are equa
otherwisee i jk51 for even permutations ande i jk521 for
odd permutations of indices 1, 2, 3. The chemical poten
of speciesi in the uniform liquid phase with pressurepl is
given by

m i l ~pl ,x2 ,x3!5m iv~pv ,x2 ,x3!2kT lnS pi

ps,i
D1

2v is

r
, ~17!

wherem iv(pv ,x2 ,x3) is the chemical potential of the vapo
The core composition of any cluster with total number
moleculesni is then obtained from Eqs.~13!, ~14!, and~16!.

Alternatively, matrix elementsDi j can be approximated
as
Downloaded 12 Apr 2002 to 128.214.205.25. Redistribution subject to A
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Di j 5
1

2kT

]2DG~$nil %!

]nil ]njl
U
$nil* %

~ i , j 51,2,3!, ~18!

i.e., the differentiation is performed with respect to bu
number of particles. The motivation behind this approxim
tion lies in the efficiency of the computer code; the calcu
tion takes many times longer if the kinetic part in Eq.~7! is
calculated exactly.

A further approximation based on the concept of virtu
monomer is presented in Ref. 23. In this approach, the nu
ation rate is written as

J5RavS sv2

4p2kTr4D ~12n/2!

r~$ni%!, ~19!

whereRav is the average growth rate,v is the volume of the
virtual monomer andn is the number of molecular compo
nents. This approximation has been used in our previ
studies on the ternary nucleation of H2O– H2SO4– NH3

system.13,15

A comparison of nucleation rates obtained from Eqs.~8!,
~18!, and~19! is presented in Fig. 1. It can be seen that t
approximation of Eq.~18! gives an estimate of nucleatio
rate which is accurate enough for all practical purpos
whereas the approximation of Eq.~19! succeeds less well
this is especially true for the binary H2O– H2SO4 limit. @The
binary calculations were performed with a specially design
binary nucleation program using the rigorous form of E
~8!.# Some of the wiggliness in the nucleation rate curves
probably caused by numerical inaccuracies in the calcula
of derivatives in Eqs.~8! and ~18! but the minima observed
at ammonia mixing ratios of 0.01–0.1 ppt seem to be rela
to the inapplicability of classical nucleation theory at certa
compositions and, thus, are not caused by the kinetic pre

FIG. 1. Dependence of nucleation rate on ammonia mixing ratio aT
5298.15 K andRH590% for total sulfuric acid concentrations betwee
106 and 109 cm23. Three methods of calculating the kinetic prefactor a
compared~see text for details!. The limit of binary water-sulfuric acid nucle-
ation is indicated with arrows for total H2SO4 concentrations of 108 and
109 cm23.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4224 J. Chem. Phys., Vol. 116, No. 10, 8 March 2002 Napari et al.
tor. The mole fraction of ammonia in the critical nucl
changes rapidly from,0.1 to'0.4 as ammonia mixing ratio
increases from about 0.01 ppt to 0.1 ppt. This kind of co
positional change is a typical situation where classical nu
ation theory breaks down.29 Our conclusion is further
strengthened by a sudden increase inunis /ni u ratios. Thus,
the results for ammonia mixing ratios less than 0.1 ppt
unreliable and, therefore, are excluded from the ensuing
culations in those cases where a significant compositio
change is seen.

The approximation of Eq.~18! is unsuitable for highly
surface active systems, such as aqueous mixtures of org
compounds~e.g., ethanol!, because the total numbers of pa
ticles ni are very different from the bulk liquid valuesnil .

FIG. 2. Nucleation rate as a function of total sulfuric acid concentrati
Ammonia mixing ratio~in ppt! is indicated for each curve.

FIG. 3. Nucleation rate as a function of ammonia mixing ratio. Total su
ric acid concentration~in cm23! is indicated for each curve.
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However, the exact formula~8! can be even less applicab
in these cases. Owing to the capillarity approximation us
in Eq. ~16! the absolute values of the excess numbers
particles nis may be large enough to yield negative tot
number of particles for some component species, thus
dering Eq.~8! useless.

III. RESULTS

The results of our ternary nucleation calculations for d
ferent combinations of H2SO4 and NH3 concentrations, rela-
tive humidity ~RH! and temperature at atmospheric press

.

-

FIG. 4. Nucleation rate as a function of temperature for three total sulf
acid concentrations atRH550%. Results for ammonia mixing ratios of
ppt and 25 ppt are depicted in each case.

FIG. 5. Bulk mole fraction of sulfuric acid and ammonia in the critic
nuclei as a function of temperature atRH550% and total sulfuric acid
concentration of 105 cm23. The curves correspond to ammonia mixing r
tios of 5 ppt and 25 ppt.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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are presented in Figs. 2–9. We have limited the range
parameters to those values which are relevant in atmosph
conditions: we only consider temperatures lower than 298
H2SO4 concentrations between 104 and 109 cm23, NH3

mixing ratios under 100 ppt~corresponding to,2.5
3109molecules cm23 at atmospheric pressure!, and relative
humidities from 5% to 95%. The calculations were p
formed using Eq.~18!. Values corresponding to critical clus
ters with the molecular content close to a single molecule
excluded from the plots~typically found in unrealistically
high vapor concentrations of H2SO4 and NH3!. Also, clusters
with the mole fraction of water less than 0.0001 are omitt

FIG. 6. Total number of molecules in the critical nuclei. The ambient c
ditions are the same as in Fig. 5.

FIG. 7. Total sulfuric acid and ammonia abundances required for a con
nucleation rate ofJ51 cm23 s21 at RH550%. Also shown are correspond
ing calculations from Ref. 13~see text for details!.
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because the water activity in the corresponding vapor is o
side the range of validity of the thermodynamic model.

Figure 2 presents nucleation rate as a function H2SO4

concentration for four different NH3 mixing ratios and two
temperatures atRH550%. A related plot is shown in Fig. 3
which depicts nucleation rate as a function of NH3 mixing
ratio. Ammonia seems to have a twofold effect on nucleat
rates. It is clearly evident that an increase of one order
magnitude in ammonia mixing ratio can increase nucleat
rate several orders of magnitude~see also Fig. 1 for a com
parison with the binary H2O– H2SO4 limit !. This effect is
most pronounced at high temperatures and low H2SO4 con-
centrations. On the other hand, increasing H2SO4 concentra-
tion results in smaller enhancement of nucleation if the ba
ground NH3 concentration is high. These observations imp
that the mole fractions of NH3 ~or H2SO4! in the liquid phase
reach their highest possible values at low temperatures
nucleation rates are less affected by a further increas
trace gas concentrations.

A related phenomenon is seen in Fig. 4 which depicts
temperature dependency of nucleation rate. Decreasing
perature at constant H2SO4 and NH3 concentrations nucle
ation rate first increases steeply, then reaches a platea
about 250 K, after which no significant change is seen. T
limit is almost independent of the given H2SO4 and NH3

concentrations.
The bulk composition and the total number of molecu

-

nt

FIG. 8. Nucleation rate as a function of relative humidity atT5258.15 K.
Total sulfuric acid concentration is~a! 104 cm23 and~b! 106 cm23. Behav-
ior with constant total and free sulfuric acid are compared. Ammonia mix
ratio ~in ppt! is indicated for each pair of curves.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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in the critical nuclei as a function of temperature are sho
in Figs. 5 and 6, respectively. The ambient gas concen
tions correspond to the dotted curves of Fig. 4. It can be s
from Fig. 5 that the upper limit of the mole fraction o
H2SO4 is attained at about 270 K, whereas the mole fract
of NH3 increases up to the lowest temperatures. Increa
the vapor concentration of NH3 results in higher mole frac
tions of both H2SO4 and NH3 in a critical cluster at high
temperatures, but at low temperatures the effect on the m
fraction of H2SO4 is reversed. This reflects the fact that t
clusters below 280 K are practically devoid of water an
thus, the mole fractions of H2SO4 and NH3 are directly
coupled. Comparing Fig. 6 with Fig. 4 shows that the clu
ters responsible for nucleation rates higher than 1 cm23 s21

contain only few molecules. This indicates transition fro
the nucleation regime to barrierless growth of particl
which, in turn, seems to be connected with the aforem
tioned limiting behavior in Fig. 4.

Figure 7 shows the vapor concentrations needed
produce nucleation rate 1 cm23 s21 at temperatures 258.1
K, 278.15 K, and 298.15 K. Also shown here are mod
calculations from Korhonenet al.13 at 278.15 K and 298.15
K ~Fig. 4 of Ref. 13!, which are not based on the therm
dynamic model of Clegg. Although both the models res
in an almost linear relationship between the logarithm
concentrations of H2SO4 and NH3, the slopes of the lines
are quite different. The new calculations also sugg
stronger temperature dependence. AtT5298.15 K the
models almost agree~perhaps coincidentally! in the atmo-

FIG. 9. Same as Fig. 6 but atT5298.15 K. Total sulfuric acid concentratio
is ~a! 107 cm23, ~b! 108 cm23.
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spherically most relevant range of sulfuric acid concent
tions (106– 107 cm23) but, according to the present mode
much lower ammonia concentrations are required atT
5278.15 K.

The effect of hydration becomes most evident in Figs
and 9, which show nucleation rate as a function of relat
humidity for different combinations of temperature and v
por concentrations of H2SO4 and NH3. Curves of constant
total H2SO4 and free H2SO4 are shown in each figure. Th
values of free H2SO4 are adjusted so that the curves inters
at RH550%. The curves corresponding constant to
H2SO4 ~solid lines! may seem contradictory: nucleation ra
decreases with increasing water content in the vapor. H
ever, the constant free H2SO4 curves show the expected up
ward slope, which indicates that hydration consumes f
H2SO4 to the extent that nucleation slows regardless of
creasingRH. This effect is more pronounced at low NH3

concentrations. Nucleation rate seems to be less depen
on RH at low temperatures and high trace gas concentratio
which is not surprising since the corresponding critical clu
ters are almost water-free.

Interestingly, the curve for 0.1 ppt of NH3 in Fig. 9~b!
shows an inverted trend atRH.60%. We believe, however
that this is an artifact arising from classical nucleation theo
because the critical clusters corresponding to this part of
curve are beginning to lose their H2SO4 and NH3 content,
which, in view of the discussion in the previous sectio
makes the results doubtful. A similar problem is also seen
the 1 ppt curve in Fig. 9~a!. We do not consider this as
serious restriction to the practical application of the pres
model because the unexpected behavior seems to be lim
to very low nucleation rates.

IV. DISCUSSION AND CONCLUSIONS

In this study, we have presented a revised model of
nary H2O– H2SO4– NH3 nucleation. The model calculation
encompass a wider range of atmospherically relevant co
tions than our previous models. The equilibrium vapor pr
sures are now in an experimentally sound basis and the
netical prefactor of nucleation rate is calculated rigorous
Furthermore, the equilibrium size distribution of clusters
replaced with a self-consistent version which obeys the
of mass action.

Superficially, most of the new results are in accord w
earlier results, and we can still safely conclude that the p
ence of ammonia in the atmosphere increases homogen
nucleation rates by several orders of magnitude; this eff
however, diminishes drastically at low temperatures. The
pendence on H2SO4 and NH3 concentrations is quite differ
ent in the new model, although atT5298 K and at medium
sulfuric acid concentrations a fair agreement is found. Al
the hydration correction causes a definite dependence onRH,
whereas the old model suggested that nucleation rate is
most independent onRH.

The clusters required to achieve significant nucleat
rates are very small, containing usually less than ten m
ecules and almost no water. We also found that the clus
corresponding to the same constant nucleation rate
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4227J. Chem. Phys., Vol. 116, No. 10, 8 March 2002 Ternary nucleation of H2SO4 –NH3 –H2O
smaller and more concentrated in H2SO4 and NH3 at low
temperatures, where even modest concentrations of t
gases seem to lead to barrierless nucleation. One sh
however, bear in mind that at low temperatures the solu
may exist in solid form and the thermodynamical model
thus unable to describe the behavior of liquid droplets.

The validity of the model is further restricted by th
well-known shortcomings of classical nucleation theo
which necessitates a critical examination of the results. A
the present fits for liquid density and surface tension
only be considered as provisional. It seems that the mod
especially unsuitable to cases where the critical droplets c
tain comparable amounts of H2O, H2SO4, and NH3; luckily,
these clusters are related to very low nucleation rates. On
other hand, the very small clusters at high nucleation ra
cannot be dealt with properly within the limits of capillarit
approximation. However, in the absence of comprehen
and reliable measurements of nucleation in H2O–
H2SO4–NH3 vapors, no definite judgment on the reliabili
of the model can be made. In spite of these deficiencies
are confident that the calculated nucleation rates are co
enough to allow successful implementation in atmosph
models.
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