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Homogeneous nucleation of n-nonane and n-propanol mixtures:
A comparison of classical nucleation theory and experiments
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The homogeneous nucleation rates for n-nonane–n-propanol vapor mixtures have been calculated as
a function of vapor-phase activities at 230 K using the classical nucleation theory �CNT� with both
rigorous and approximate kinetic prefactors and compared to previously reported experimental data.
The predicted nucleation rates resemble qualitatively the experimental results for low n-nonane gas
phase activity. On the high nonane activity side the theoretical nucleation rates are about three
orders of magnitude lower than the experimental data when using the CNT with the approximate
kinetics. The accurate kinetics improves the situation by reducing the difference between theory and
experiments to two orders of magnitude. Besides the nucleation rate comparison and the
experimental and predicted onset activities, the critical cluster composition is presented. The total
number of molecules is approximated by CNT with reasonable accuracy. Overall, the classical
nucleation theory with rigorous kinetic prefactor seems to perform better. The thermodynamic
parameters needed to calculate the nucleation rates are revised extensively. Up-to-date estimates of
liquid phase activities using universal functional activity coefficient Dortmund method are presented
together with the experimental values of surface tensions obtained in the present study.
© 2005 American Institute of Physics. �DOI: 10.1063/1.2138703�
I. INTRODUCTION

The homogeneous nucleation of a vapor is the process
through which, in the absence of any kind of surfaces, the
first droplets of the liquid phase appear. The nucleation rate
depends strongly on temperature and supersaturation, i.e., the
ratio of the partial pressure of the nucleating vapor to its
equilibrium vapor pressure. The first theory on homogeneous
nucleation, known as classical nucleation theory �CNT�, was
derived by Volmer and Weber1 and refined to its current form
by Frenkel2 and Zeldovich.3 A decade and a half later, the
binary CNT was derived by Neumann and Döring,4 who ap-
plied it on water-ethanol system �see also Stauffer5 and
Trinkaus6 for a more accurate description of nucleation ki-
netics�. The unfortunate choice of a system with composi-
tional gradients of surface tension led them to unphysical
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predictions, i.e., at certain gas phase activities the theory pre-
dicts a negative number of water molecules in the critical
cluster. Nevertheless, the classical nucleation theory remains
a very attractive tool due to its relative simplicity and in spite
of the assumption that the cluster comprising of few mol-
ecules is characterized by the bulk liquid properties �e.g.,
density, surface tension, and activities�.

Several experimental studies on homogeneous nucle-
ation in different systems, either unary, binary or ternary,
have been performed in the last decade,7–10 providing de-
tailed information about the microscopic aspects of the
nucleation process. This information allows us to test the
nucleation theories with higher precision. For example, the
experiments show that CNT, accepted for many years as es-
sentially correct, agrees fairly well for unary systems of non-
polar molecules9 but gets worse for binary systems,11 pro-
ducing even thermodynamic inconsistencies for nonideal

mixtures. This fact leads to the necessity of investigating
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different classes of substances, both experimentally12,13 and
theoretically,14–19 first in order to develop an adequate quan-
titative theory and second to determine the ability of differ-
ent vapors to nucleate and the conditions where they can
participate in nucleation processes.

This article is devoted to the comparison of CNT and
experimental data of an n-nonane–n-propanol system. The
full set of nucleation rate data is provided by Viisanen et al.9

In their article, the authors present the first measurements of
nucleation rates in supersaturated n-nonane–n-alcohol vapor
mixtures using nucleation pulse method. For a detailed de-
scription of the experimental procedure we direct the reader
to the article of Viisanen et al.9 and the references within.

Separately, n-nonane and n-propanol have been the sub-
ject of several investigations. Hung et al.12 and Adams
et al.20 measured the homogeneous nucleation of n-nonane
as a function of supersaturation for different temperatures.
The observed dependences were then compared with predic-
tions of different nucleation theories. Hung et al.12 reported
that the closest agreement was obtained with the classical
theory of nucleation, although for a perfect agreement a
temperature-dependent correction factor was required.
Adams et al.20 compared their experimental results with
CNT and with CNT with the Reiss, Katz, and Cohen �RKC�
replacement factor formulated by Reiss et al.21 and Reiss and
Katz.22 Classical nucleation theory did not predict accurately
the nucleation rates of n-nonane, while the inclusion of the
RKC replacement factor improved the result considerably,
although it produced an unphysical sticking coefficient.

Wagner and Strey10 reported an experimental study of
the homogeneous nucleation of an n-nonane–water system
that exhibits a pronounced miscibility gap in liquid state. In
an onset activity plot, the experimental points and the clas-
sical nucleation theory exhibited linear portions separated by
limited regions of strong curvature. The authors concluded
that the nucleation in this system can be viewed as a super-
position of two simultaneous unary nucleation processes.

Water–n-propanol nucleation rate measurements were
reported by Strey et al.,7 as a part of an extended set of data
on homogeneous nucleation in water–n-alcohol vapor mix-
tures. The authors emphasized the need of a theory describ-
ing homogeneous nucleation for a system with strong non-
ideal behavior or miscibility gaps.

Several experiments on the heterogeneous nucleation of
the water–n-propanol system and the comparison with differ-
ent heterogeneous nucleation theories have also been
reported.23,24 There, the major difficulty consists in determin-
ing the contact angle between the parent aerosol particle and
the formed embryo and its dependence on the composition of
the embryo.

To the authors’ knowledge, no theoretical work on the
n-nonane–n-propanol binary nucleation has been reported
until now. Viisanen et al.9 did not make any comparison with
nucleation theory due to the lack of thermophysical data at
that time. They determined the number of molecules in the
critical cluster by using solely the slopes of the nucleation
rate surface, without reference to any specific nucleation
theory.
The following section is devoted to a brief review of
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classical nucleation theory. The thermophysical properties
and the methods of calculating/evaluating the properties of
the mixture are presented in Sec. III. In Sec. IV our numeri-
cal calculations and the comparison with the experimental
data are presented and discussed. Finally, in Sec. V we
present our conclusions and prospects for future investiga-
tions.

II. THEORY

A. Composition of the critical cluster

Considering a liquidlike cluster containing n1 molecules
of n-nonane and n2 molecules of n-propanol �from now on,
subscript 1 refers to n-nonane and subscript 2 refers to
n-propanol�, the formation energy of the cluster is given by,
e.g., Laaksonen et al.,25

�G = − kT�n1 ln� P1

Psat,1
� + n2 ln� P2

Psat,2
�� + 4��r2, �1�

where Pi is the ambient partial pressure of the free molecules
of species i �i=1,2�, Psat,i is the equilibrium vapor pressure
of species i above a flat solution surface, r is the radius of the
droplet, and � is the surface tension of a flat liquid-vapor
interface at the core composition of the nucleus. The particle
numbers can be written as ni=ni,l+ni,s, where ni,l is the num-
ber of particles in the cluster core and ni,s is the surface
excess. The core composition of the critical cluster
x*=n2,l / �n1,l+n2,l� is found by requiring ���G /�ni�nj

=0
�the superscript * refers to critical cluster�. The resulting
equation,

ln� P1

Psat,1�x,T���2�x,T� = ln� P2

Psat,2�x,T���1�x,T� , �2�

where �i is the partial molar volume of species i, is then
solved numerically for x*. The radius of the critical cluster is
obtained then from the Kelvin equation,

r* =
2��i

kT ln�Pi/Psat,i�
, �3�

and the formation energy from

�G* =
4

3
�r*2� . �4�

The number of molecules n1
* and n2

* in the critical cluster are
calculated from

n2
* =

x*��x*� 4
3�r*3

x*m2 + �1 − x*�m1
�5�

and

n1
* =

n2
*�1 − x*�

x* . �6�

The expressions for the excess surface numbers are26

n1s =
4�r22�d�/dx�

, �7�

��2/�1��d�1l/dx� − �d�2l/dx�
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n2s =
4�r2�d�/dx�

��1/�2��d�2l/dx� − �d�1l/dx�
. �8�

Here �i denotes the partial molecular volume of species i, �il

is the chemical potential, and � is the surface tension.

B. Accurate kinetics

The general form of the nucleation rate is given by6

I =
	�	/�


− det�D�/�
���n1

*,n2
*�� , �9�

where ���ni�� is the equilibrium distribution of clusters con-
taining ni molecules of each species, D is a matrix with ele-
ments

Dij =  1

2kT

�2�G��n1,n2��
�ni�nj


�ni

*�
, �i, j = 1,2� , �10�

and � is the negative eigenvalue of matrix KD, where K is
the condensation matrix,27

Kmn = �
�ni��

�

nm� nn�k��ni��;�ni
*�����ni��� , �11�

where k��ni�� ; �ni
*�� is the rate of collisions between critical

clusters of size ��ni
*�� and clusters of size ��ni��� and nm� and

nn� are the numbers of molecules of species m and n �m ,n
=1,2� in a cluster of size ��ni���, respectively. The summation
in Eq. �11� goes over all clusters up to �, which is an upper
bound above which cluster-cluster collisions are neglected.
In this paper, the colliding clusters are assumed to be
n-nonane and n-propanol molecules.

The collision probability is obtained from the kinetic gas
theory as

k��ni��;�ni
*�� =
8�kT� 1

m* +
1

m�
��r* + r��2, �12�

where r* and r� are the radii of the critical cluster and the
colliding cluster �here molecules of n-nonane and
n-propanol�, respectively, and m* and m� are the correspond-
ing masses. The equilibrium distribution is given by28

���n1,n2�� = ��1 + �2�exp�− �G�n1,n2�
kT

� , �13�

where �1 and �2 are the number densities of free n-nonane
and n-propnanol molecules.

The CNT and the accurate kinetics will be refered to as
CNT�Z1�.

C. Approximate kinetics

Usually the kinetics of nucleation is thought to be of
minor importance. Here the binary system is reduced to
unary system so that the evaluation of the kinetic part of the
nucleation rate is easier. The nucleation rate is given by

5
Stauffer,
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I = RAV
* Z�*�n1,n2� , �14�

where RAV
* represents the average growth rate. For nonasso-

ciating vapors,

RAV =
R1R2

R1 sin2 	 + R2 cos2 	
. �15�

The growth rates of individual species Ri are obtained from
kinetic gas theory as

Ri =
 kT

2�mi
�i,�A

*, �16�

where mi is the mass of molecule i, �i,� is the vapor concen-
tration of i, and A* is the area of the cluster. 	 is the angle
between the n1 axis and the direction of the growth at the
saddle point of the free-energy surface. In practice, we ap-
proximate 	 by the angle of steepest descent 	�n1

* /n2
*. The

Zeldovich factor Z is obtained from the second derivatives of
�G at the saddle point. Here, we apply the concept of virtual
monomer,29 which reduces Z to an approximate expression,

Z =
 �

kT

�

2�r*2 , �17�

where �=�1n1+�2n2 is the volume of the average monomer.
The calculations using CNT and the approximate kinet-

ics will be henceforth refered to as CNT�Z2�.

III. THERMOPHYSICAL PROPERTIES

A considerable amount of information on the equilib-
rium properties of liquid mixtures as a function of tempera-
ture and composition is needed before nucleation rates can
be calculated. Partial pressures of molecular components
above the flat solution surface and the density of the solution
are required to obtain the core composition of the critical
nucleus from Eq. �2�. Furthermore, the surface tension of the
mixture is needed to calculate the size of the nucleus from
Eq. �3�. In the following, we present a detailed account on
how these properties were obtained for the n-nonane–
n-propanol system.

A. Densities

Several references for densities of pure components can
be found in literature. They are in almost perfect agreement
�the very small deviations will not affect the theoretical
nucleation rates�, therefore we provide here only the ones
listed by Chemical Properties Handbook,30 with the density
given by

�i = AB�−�1 − T/Tc�C� �g/cm3� , �18�

where the constants A, B, and C, the critical temperatures Tc,
and the temperature ranges for n-nonane and n-propanol are
given in Table I. The density of the mixture can be estimated

using the ideal mixture theory as
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�mixture =
M1 + x�M2 − M1�

�1 − x��2 − �1�
, �19�

where M1 and M2 are the molecular masses of the compo-
nents, x is the n-propanol mole fraction, and �1 and �2 are the
molecular volumes assumed to be composition independent
and equal to those of the pure components.

B. Vapor pressures

The Antoine-type equation with extended terms was se-
lected for the correlation of pure liquid-vapor pressure with
temperature,30

log10��� = A +
B

T
+ C log10�T� + DT + ET2 �mm Hg� ,

�20�

with p=vapor pressure, A−E=regression coefficients, and
T=temperature �K�.30 The coefficients are given in Table I.

We performed sensitivity tests by changing the formula
for vapor pressure. Hung et al.12 present an extended discus-
sion on the effects of n-nonane vapor pressure discrepancies,
concluding that the expression given by King and Najjar31 is
the most accurate for the temperature range they used. The
equilibrium vapor pressure measurements for n-propanol
from Schmeling and Strey32 were also considered. Although
in their experiments the temperature range has the lower
limit at 243 K, we believe that extrapolating down to
230 K—the experimental temperature of Viisanen et
al.9—will not result in very substantial errors. There are
small discrepancies in the vapor pressures given by the pro-
posed equations at very low temperatures. However, the dif-
ferences in the vapor pressures are small enough for the
nucleation rate to remain within the same order of magni-
tude.

TABLE I. The constants, critical temperature, and temperature range for pu
vapor pressure according to Eq. �20�.

Property Species A B C

Density n-nonane 0.233 64 0.255 56 0.285
n-propanol 0.276 0.272 0.2

Vapor pressure n-nonane 8.8817 −2.8042E+03 1.5262E
n-propanol 31.5155 −3.4570E+03 −7.5235

TABLE II. Surface tension of pure n-nonane and n-p

Pure componenet surface tension Tmin �°C�

�p�N/m�=0.04821−T�K�
0.08394e−3 −40
�n�erg/cm2�=24.80−T�°C�
0.1201 extrapolate

�p�mN/m�=25.26−0.0777
T�°C� −127
�n�mN/m�=27.72−0.0935
T�°C� −53.5

aReference 29.
bReference 28.
c
Reference 27.
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C. Surface tension

Unlike the properties listed above, the surface tension of
pure components shows relatively large variability in litera-
ture data. Evidently, the computed surface tensions for mix-
ture will also display differences which will reflect on the
theoretical nucleation rates. As an example, we consider here
the surface tensions for pure components from Dean33 and
Wagner and Strey34 for n-nonane and Dean33 and Strey and
Schmeling35 for n-propanol, listed in Table II. A plot of the
surface tensions from the above-mentioned references �Fig.
1� as a function of temperature shows a 3.3% difference for
nonane at 230 K and of about 1% for propanol at the same
temperature. As temperature increases, the differences de-
crease until about 270 K for n-nonane and close to 280 K for
propanol when the lines cross each other.

In the present study the surface tensions for n-nonane,
n-propanol, and mixtures with various compositions were
measured over a range of temperatures at the Institute for
Experimental Physics, University of Vienna.

The experimental data on surface tension have been ob-
tained by applying the Wilhelmy plate method.36,37 This
method is based on the measurement of the force on a rough-
ened platinum plate in contact with the liquid under study.
Before each single measurement the plate is immersed into
the liquid and subsequently withdrawn until the bottom edge
of the plate is at the level of the liquid surface. Thereby,
buoyancy effects are eliminated, and the knowledge of the
liquid density is not required. If the contact angle of the
liquid surface on the plate is zero the surface tension can
directly be obtained from the experimentally determined
force and the physical dimensions of the plate. In the present
study a commercial-process-controlled tensiometer �Krüss,
model K12� was used.

Surface tensions for pure n-nonane and n-propanol were
measured in the temperature range of 273–303 K. In this
temperature range the absolute experimental error is below

mponent density calculation according to Eq. �18� and for pure component

D E Tc �K� Tmin �K� Tmax �K�

¯ ¯ 595.65 219.63 596.65
¯ ¯ 536.71 146.95 536.71

−1.0464E−02 5.7972E−06 ¯ 219.63 595.65
−4.2870E−11 1.3029E−07 ¯ 146.95 536.71

nol.

Tmin �°C� References

40 Strey and Schmelinga

wn to −73.15 °C Wagner and Streyb

97.2 Deanc

150.8 Deanc
re co

71
5

+00
E+00
ropa

d do
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0.15 mN/m. The results are shown in Fig. 1 and appear to be
in accordance with the expressions from Dean.33 The appli-
cability for these expressions is specified for the temperature
ranges of 220–424 K for n-nonane and 147–371 K for
n-propanol, with an uncertainty estimated to approximately
±0.1 mN/m �0.35�.

For the situation where no experimental data for surface
tensions of mixtures are available, several theoretical predic-
tion methods can be used, based on pure component proper-
ties and the composition of the mixture.

In Fig. 2 are plotted the surface tensions of the
n-propanol–n-nonane mixture at 293.15 K estimated in two
different ways. Using the ideal solution theory, the mixture
surface tension increases linearly with increasing n-nonane
mole fraction while the method of Winterfield, Scriven, and
Davis38 �WSD� will show a nonlinear trend. The WSD equa-
tion for a nonaqueous solution of n components is

FIG. 1. The surface tension of pure components as a function of temperature
according to Wagner and Strey �Ref. 34� and Dean �Ref. 33�. The experi-
mental data obtained using plate method �see the text for details� are repre-
sented by stars for n-nonane and squares for n-propanol.

FIG. 2. Surface tension of n-nonane–n-propanol mixture at 293.15 K cal-
culated using ideal solution theory �dashed line� and Winterfeld, Scriven,
and Davis method �solid line�. Our experimental surface tension for the

mixture is represented by circles.
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�mix = �
1=i

n

�
j=1

n

�2� xi

�Li
�� xj

�Lj
���i� j�1/2, �21�

1

�
= �

i=1

n
xi

�Li
, �22�

where �mix=mixture surface tension, mN/m; �Li,j =pure com-
ponent liquid density, kmol/m3; �i,j =pure component sur-
face tension, mN/m; and xi,j =component i or j mole fraction
in the liquid mixture. This method can be used for almost all
organic mixtures, with typical deviations of 3%–4% from the
experimental points.

Surface tensions for mixtures of n-nonane and
n-propanol at 293.15 K were measured in the present study
using the same method as described above for pure compo-
nents. The experimental results are indicated in Fig. 2 and
show significant deviations from the above-mentioned theo-
retical predictions. The experimental curve displays an ap-
parent minimum at about 0.45 n-nonane mole fraction, lead-
ing to the conclusion that n-nonane is surface active at low
n-nonane mole fractions while n-propanol assumes a weak
surface active role when the bulk mixture is rich in n-nonane.
According to Papaioannou and Panayioutou39 who con-
ducted several studies on the thermophysical properties of
hydrogen-bonded systems, in an alkanol-alkane mixture
there are two factors which force the alkanol �n-propanol in
our case� to avoid the surface: the lower surface tension of
the alkane �here n-nonane� and the fact that the hydrogen
bonding interaction is accomplished more efficiently in the
bulk than the surface. In principle, alkanols �e.g., n-propanol�
associate strongly in both pure state and in mixture while
alkanes �e.g., n-nonane� play the role of inert “solvents” who
are just reducing the degree of hydrogen bonding in the mix-
ture. This probably explains why the interfacial region is rich
in alkane rather than alkanol, especially in the alkanol rich
compositions. On the other hand, upon adding more alkane
in the mixture, the alkanol will tend to move on the interface
where there are less alkane molecules able of breaking the
structure of the hydrogen-bonded alkanol chains.

The WSD surface-tension prediction method gives a
completely different result compared to experiments, and it
cannot be applied for this particular mixture. Therefore a
different model based on the generalized Langmuir equation
has been applied.40 The model uses the bulk volume frac-
tions and has an adjustable parameter � accounting for the
lyophobicity �solvent repellence� of one the components. The
general equation can be written as

�� − �1�/��2 − �� = ��2/�1, �23�

where � is the surface tension of the solution, �1 and �2 are
the pure component surface tensions �here we used the ex-
pressions from Dean�, �2 /�1= �x2�2� / �x1�1� is the ratio of
the occupation, xi is the mole fraction of component i, �i is
the molar volume, and �=kads /kdes with kads and kdes being
the rate constants related to adsorption and desorption ve-
locities. The value for � has been obtained by fitting Eq. �20�
to the experimental data points for 293.15 and 273.15 K. For

both temperatures � was found to be 0.1379. Using Eq. �20�,
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the surface tension of the mixture at 230 K can be deter-
mined. Figure 3 shows the experimental points for both tem-
peratures together with the Langmuir isotherms. Although
the Langmuir isotherms are not able to reproduce the ob-
served minimum of surface tension, the overall fit to the
experimental points can be considered reasonably good.

D. Activity coefficients

The activity �Ai� of a component i in liquid phase at
certain temperature �T�, pressure �p�, and composition �x� is
defined as

Ai�T,p,x� =
f�T,p,x�

f0�T,p0,x0�
, �24�

where f�T , p ,x� is the fugacity at the same conditions as Ai

and f�T , p ,x� is the fugacity in standard state, that is the state
at the same temperature as the mixture but at some arbitrary
but specified conditions of composition and pressure �x0 and
p0, respectively�. In general, it is useful to chose the pure
component as the standard state and to calculate the activity
coefficient using the simplified expression,

Ai =
Psat,i�xi,T�

Psat,i
0 �T�

, �25�

where Psat,i�xi ,T� is the saturation vapor pressure of compo-
nent i over a flat surface of mixture and Psat,i

0 �T� is the satu-
ration vapor pressure of i over a flat surface of pure compo-
nent and xi. The activity coefficient i is defined as the ratio
of the activity of component i to some convenient measure of
concentration �in the present paper mole fraction�,

i =
Ai

xi
=

Psat,i�xi,T�
Psat,i

0 �T�xi

. �26�

To avoid any confusion that might arise from the similarity
of the words, we present here the definition of the activity in

FIG. 3. Experimental surface tension of n-nonane–n-propanol mixture at
293.15 K �circles� and 273.15 K �stars� and the fitted extended Langmuir
isotherms with �=0.1379 �solid line for 293.15 K and dashed line for
273.15 K�.
gas phase,
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ai =
Pi,g

Psat,i
0 �T�

, �27�

where Pi,g is the partial vapor pressure of component i.
Henceforth, ai will stand only for gas phase activity.

Literature presents various methods for calculating/
predicting the activity coefficients. Some of them require few
experimental data for fitting the parameters and calculating
the activity coefficients over the whole range of composition,
while others are purely predictive methods. The universal
functional activity coefficient �UNIFAC� model has been
found to be useful for predicting thermodynamic properties,
including activity coefficients.41 This method requires group
interaction parameters which are mainly fitted to experimen-
tal vapor-liquid equilibrium data. However, poor results are
obtained when predicting the activity coefficients at infinite
dilution or when the different molecular components in the
system are very different in size.

The Dortmund version42 is considered superior to UNI-
FAC and to other modified UNIFAC versions, particularly
because more reliable activity coefficients at infinite dilution
were obtained. Without getting into details, we mention that
Dortmund UNIFAC uses a modified combinatorial part for
dealing with components of very different sizes; several
more main groups were added and the van der Waals prop-
erties were changed, introducing at the same time
temperature-dependent parameters for a better description of
activity coefficients as a function of temperature.

For comparison reasons only, both conventional UNI-
FAC and the Dortmund version were considered for evalua-
tion of the activity coefficients in the n-nonane–n-propanol
mixture �Fig. 4�. The original UNIFAC introduces a small
hump in the activity in liquid phase versus composition plot,
suggesting a miscibility gap in the mixture somewhere be-
tween 0.4 and 0.84 n-nonane mole fraction. Experiments do
not indicate any phase separation in this system, not even at
as low a temperature as 230 K.9 This apparent miscibility
gap would introduce big errors in the nucleation rate calcu-

FIG. 4. UNIFAC Dortmund �solid lines� and original UNIFAC �dashed
lines� activities of n-nonane and n-propanol as a function of n-nonane mole
fraction at temperature T=230 K.
lations. The Dortmund UNIFAC activity in liquid phase
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curve on the other hand does not exhibit any hump. The three
data sets of activities in liquid phase in the propanol-nonane
system presented by Goral et al.43 at different P-T-x-y
�pressure-temperature-mole fraction in liquid phase-mole
fraction in gas phase� conditions enabled a comparison with
the corresponding calculated curves by UNIFAC Dortmund.
Figure 5 shows such a comparison for a temperature of
333.15 K. The good agreement gave us an additional reason
to assume that the calculated activities at 230 K are in the
proximity of the real values.

IV. RESULTS AND DISCUSSIONS

In their experimental work, Viisanen et al.9 measured the
nucleation rate as a function of vapor-phase activities a1 and
a2 �henceforth referred to as activity� of the two components
�see Appendix for the definition of vapor-phase activity�. The
ratio of the two activities a2 /a1 remains constant during each
experiment, only the total pressure and the individual activi-
ties are changed. The experimental nucleation rates were
considered as a function of activity fraction defined as

f =
a2

a1 + a2
. �28�

Also a normalized activity fraction of the vapor was consid-
ered, defined as

fn =
a2,n

a1,n + a2,n
, �29�

where the ai,n represents the normalized vapor-phase activi-
ties,

ai,n =
ai

ai
0 , �30�

with ai
0 the onset activities for the corresponding pure va-

pors. The nucleation temperature during the nucleation pulse

FIG. 5. Data of Goral et al. �Ref. 43� and UNIFAC Dortmund activities of
n-nonane and n-propanol as a function of n-nonane mole fraction. Tempera-
ture is 333.15 K.
was calculated as a function of chamber temperature and
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average pressure expansion ratio and found to be on average
230 K.

The above nucleation temperature together with the ac-
tivities and activity fractions were used in our numerical cal-
culations. A three-dimensional representation of experimen-
tal and theoretical nucleation rates is shown in Fig. 6. Each
set of points represents the measured nucleation rate for a
certain activity fraction; the thick solid lines show predic-
tions of the classical nucleation theory with the accurate ki-
netics �CNT�Z1��, and the thin solid lines represent the clas-
sical nucleation theory with approximate kinetics CNT�Z2�.
One can see that both theoretical estimations are accurate
enough for higher activity fractions �i.e., for low n-nonane
gas phase activity� but present relatively large deviations as
the activity fraction decreases. CNT�Z1� slightly overesti-
mates the experiments on the propanol rich side but leads to
a significant improvement on the nonane side, in particular,
for pure nonane, by correcting the slope of nucleation rate
versus activity curve.

In order to visualize the magnitude of the CNT devia-
tions more clearly, two-dimensional plots of nucleation rates
versus either n-nonane activity or n-propanol activity are
presented in Fig. 7. Figure 7�a� presents the experimental and
calculated �CNT�Z2�� nucleation rates as a function of
n-nonane activity corresponding to f =0 �pure n-nonane�, f
=0.0208, and f =0.0814 activity fractions �only three activity
fractions were selected for clarity�. The numbers on the top
of each curve represent an average factor required to bring
the classical nucleation theory into approximate agreement
with the experimental points. The correction factor needed
for the CNT�Z2� nucleation rate prediction corresponding to
the lowest five activity fractions is between 2
102 and 103.

Figure 7�b� on the other hand shows the nucleation rates
�CNT�Z2�� for which no correction is needed �again, only
three selected for clarity�, corresponding to f =0.118,
f =0.256, and f =1 �pure n-propanol� activity fractions. For
this case also the slopes of the curves are essentially correct,

FIG. 6. Three-dimensional �3D� representation of the measured nucleation
rates �circles� and theoretical rates CNT�Z2� �thin solid lines� and CNT�Z1�
�thick solid lines� for eight different activity fractions �0, 0.0208, 0.0375,
0.0562, 0.0814, 0.118, 0.174, 0.256, 0.331, and 1�. The activity fraction f
=1 corresponds to pure propanol.
while for the ones shown in Fig. 7�a� the slopes of the ex-
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perimental results decrease slower than the theoretical
curves. Because the slopes are related to the number of mol-
ecules in the critical cluster, we expect that this quantity is
accurately predicted by the theory for those clusters which
correspond to curves with no correction factor. Similarly, the
CNT�Z1� nucleation rate prediction are depicted in Figs. 7�c�
and 7�d�. CNT�Z1� brings an evident improvement, by low-
ering with about one factor of magnitude the difference be-

FIG. 7. Two-dimensional �2D� representation of the measured nucleation ra
n-nonane �a� and n-propanol �b� gas phase activities. Only six activity fract
represent factors by which the CNT predictions were multiplied. Figures �a
tween experiments and theory and by remedying the nucle-
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ation rate slope for pure nonane. Nevertheless, CNT�Z1�
does not succeed in correcting the slope for the nucleation
rate at f =0.0814.

The theoretical nucleation rates of pure n-nonane versus
vapor-phase activity presented in Wagner and Strey10 deviate
from the experiments with a factor of 2000, while the cor-
rection factor applied to our CNT nucleation rate predictions
is either 1000 or 100, depending on what kinetic prefactor

circles, triangles, and squares� and theoretical rates �lines� as a function of
were selected for clarity. The numbers indicated at the curves shown in �a�
�b�—CNT�Z2�; figures �c� and �d�—CNT�Z1�.
tes �
ions
� and
has been used. The slopes of the theoretical curves in Wagner
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and Strey10 are found to be in good agreement with the ex-
periments, a behavior which is consistent with our findings
when using CNT�Z1� but not consistent for CNT�Z2�.

A very straightforward and sensitive way of comparing
the theory with the experimental data is to plot the experi-
mental result against the theoretical predictions. Such a plot
is presented in Fig. 8 �shown only for CNT�Z2��. If the
agreement between experiment and theory would have been
perfect, all the data points would fall on the 1:1 solid line.
The classical nucleation theory and the experiments agree at
the highest four activity fractions, the data points laying
comfortably close to 1:1 line. The discrepancy increases with
the decreasing activity fraction of n-propanol.

We consider now the onset activities of n-nonane and
n-propanol corresponding to a constant nucleation rate of
107 /cm3 s. Figure 9 presents the measured onset activities

FIG. 8. Measured nucleation rates �CNT�Z2�� vs theoretical results at
230 K. The activity fractions related to each data set are given in the legend.
The 1:1 line is plotted for comparison.

FIG. 9. The vapor-phase activities required to obtain a constant nucleation
rate of 107 /cm3 s. CNT�Z2� �solid line� and CNT�Z1� �dashed line� calcu-
lations are compared with the experimental values of Viisanen et al. �Ref. 9�

�circles�.
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together with the CNT�Z1� and CNT�Z2� predictions. There
is a quantitative agreement between experiment and the the-
oretical CNT�Z2� curves on the side of low n-nonane activity
�roughly up to 60�. CNT�Z1� succeeds less well for low
n-nonane concentrations by underestimating the experiments
but overall appears to be closer to the experimental values
than CNT�Z2�. Above the value of 60 for n-nonane activity,
the departure from the experimental data is increasing for
both theoretical curves, exhibiting large discrepancies on the
n-nonane rich side. First of all, experimental as well as the-
oretical curves of constant nucleation rate bend away from
the origin. The theoretical curves, however, bend even stron-
ger, having almost a 90° angle, which suggests that these two
vapors might nucleate separately. Figure 10, where the onset
activities for pure components are normalized to 1, better
illustrates the different shapes of the theoretical and experi-
mental curves. Moreover, one can also clearly see that the
modeled onset activity curve displays a local maximum �a
small “hump”�, a behavior that has been seen before in some
theoretical water-alcohol activity curves.44,45 The behavior is
strange and, according to Laaksonen et al.,25 it is related to
the assumption that the equimolar surface coincides with the
surface of tension, which is unjustified for a surface active
system.

As mentioned in Sec. III C, the uncertainties in Dean’s
expressions for n-nonane and n-propanol surface tensions are
evaluated at 0.1 mN/m �representing 0.35% variation�. Vary-
ing the pure component surface tensions with the above per-
centage will introduce a variation of the mixture surface ten-
sion of only 0.07%. On the other hand, the Langmuir
isotherms overestimate the experiments with about 0.8% for
both temperatures �see Fig. 3� in the region where the experi-
mental data display a minimum. Because the experimental
curves have a similar trend at both temperatures, it is reason-
able to assume that the general appearance of the mixture
surface tension curves at 230 K will be maintained and the
uncertainty inserted by the Langmuir equation will not ex-

FIG. 10. Normalized vapor-phase activities �defined as the actual gas phase
activity divided by the onset activities for the corresponding pure vapors�
required for a constant nucleation rate of 107 /cm3 s.
ceed 0.8%. A sensitivity analysis has been carried out by
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increasing the surface tension of the mixture by 1%, and the
onset activities corresponding to a constant nucleation rate of
107 /cm3 s have been calculated. The new estimated values
for the onset activities �Fig. 11� are about 3.3% higher on the
horizontal part of the curve, increasing to 6.7% on the verti-
cal side. This effect emphasizes the sensitivity of the nucle-
ation process to minor perturbations of surface tension.

The number of molecules �n-nonane and n-propanol� in
the critical cluster is presented in Fig. 12�a�, where the ex-
perimental values of Viisanen et al.9 and both the calculated
CNT�Z2� core number of particles ni,l and the total number

FIG. 11. The onset vapor-phase activities in the reference case �solid line�
and with a 1% increased surface tension �dashed line�. The experimental
data �circles� are also presented.

FIG. 12. Number of particles in the critical cluster as a function of norma
particles are shown along with experimental results of Viisanen et al. �Ref.

CNT�Z2� and CNT�Z1�.
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of particles ni=ni,l+ni,s are shown as separate lines. For
evaluating the cluster composition, Viisanen et al.9 used the
slopes of the nucleation rate surface,

ni �  � ln I

� ln ai


aj�i

, �31�

where I is the nucleation rate and ai refers to the activity in
gas phase of component i. The way the experiments have
been conducted do not permit the direct use of the above
expression. However, with the help of the onset activity
curve which gives 	��a2 /�a1�	I=const and the nucleation curve
as a function of the average activity a=
�a1

2+a2
2� which pro-

vides the slope 	�� ln I /� ln a�	 f=const �f defined in Eq. �28��,
Eq. �31� can be written as

 � ln I

� ln a1


a2

= a1
� ln I

�a1

= − a1
0� �a2

�a1
�

I
� � ln I

�a
�

f


�1 + �a2
0

a1
0�2�1/2��a2

0

a1
0 −

�a2

�a1
�

I

.

�32�

Similarly,

activity fraction. �a� The total number of particles and the core number of
Total number of n-nonane and n-propanol in the critical cluster from both
lized
9� �b�
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 � ln I

� ln a2


a1

= a2
� ln I

�a2

= a2
0� � ln I

�a
�

f


�1 + �a2
0

a1
0�2�1/2��a2

0

a1
0 −

�a2

�a1
�

I

.

�33�

For a more detailed argumentation, we direct the reader to
the work of Strey and Viisanen.11

The surface excess number of molecules ni,s are calcu-
lated using the Eqs. �7� and �8�. The surface excess numbers
of molecules are sensitive indicators of the failure of CNT;
they should be a minor correction to ni,l rather than a domi-
nating contribution for the theory to be valid. For example,
in the water-ethanol system, the ni,s values are large and can
render the total number of water molecules negative.4 Figure
12�a� presents the measured cluster composition �full points
and squares� in comparison with the theoretical—
CNT�Z2�—values for total and core numbers of molecules.
It can be seen from Fig. 12�a� that in our case the number of
molecules is quite accurately approximated by ni,l, i.e., the
surface excess is small, which suggests that CNT might per-
form quite well for the n-nonane–n-propanol system. Around
a1,n=0.4, n2 is negative but small, in practice zero. The larg-
est differences between ni and ni,l are about one molecule.
The deviations from experimental values between normal-
ized activity fractions of 0.4 and 0.7 are considerable. This
reflects the fact that the composition change in small clusters
as a function of mole fraction is more gradual than predicted
by CNT�Z2�. Even so, the total number of molecules
�n1+n2� �not shown� is rather close to experimental values
also at medium compositions.

The effect of the expression for the kinetic prefactor on
the theoretically obtained cluster composition is illustrated in
Fig. 12�b� where the total number of molecules calculated
with CNT�Z2� and CNT�Z1� is shown. Both theoretical pre-
dictions have similar trends, aside from the fact that
CNT�Z1� has the tendency of departing more from the ex-
perimental compositions. We also calculated the numbers
of molecules in a similar fashion as Viisanen et al., i.e.,
using Eqs. �31�–�33�. The results agree with the ones calcu-
lated from Eqs. �5�–�8� �appart from small errors resulting
from numerical derivatives�. This is not surprising because
classical nucleation theory is consistent with the nucleation
theorem.

V. CONCLUSIONS

Experimental data and CNT calculations on the binary
nucleation of the n-nonane–n-propanol system have been
compared. The importance of the kinetic prefactor has been
also considered. Various thermodynamical data have been
considered, emphasizing the fact that high accuracy is re-
quired for the correct prediction of nucleation rates. This is
especially true for surface tension and activity coefficients
since the theoretical nucleation rates are extremely sensitive

to their variation.
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Classical nucleation theory predicts fairly well the nucle-
ation rates in n-nonane–n-propanol system for low nonane
and high n-propanol activities. Increasing the n-nonane ac-
tivity in gas phase leads to a departure of the theoretical
nucleation rates from the experimental values by about two
orders of magnitude in case of classical nucleation theory
with accurate kinetic prefactor and with more than three or-
ders of magnitude in case of CNT with approximate prefac-
tor. Overall, CNT�Z1� brings a certain improvement by cor-
recting the slope of the nucleation rate surface for pure
n-nonane and by reducing the difference between theory and
experiments.

But the strange behavior of CNT at intermediate vapor
compositions indicates problems with the theory. The sys-
tematic departure of the theoretical onset activities from the
experimental data for smaller concentrations of n-propanol
could be caused by an incorrect parametrization of some
thermophysical property. Also, the fact that the n-nonane–
n-propanol system is surface active might be the reason of
the “hump” in the theoretical activity curves. The error may
also be attributed to the use of bulk thermophysical values
when small clusters are considered. For a constant nucleation
rate of 107 cm−3 s−1 the pure n-propanol cluster contains
about 32 molecules, whereas a pure n-nonane cluster has
only about 16 molecules. The CNT values are likely to de-
part most from the experimental values for small clusters.
This effect is compounded by the different sizes of the mol-
ecules. Both n-propanol and n-nonane are chainlike mol-
ecules, but the length of an n-propanol molecule is about 6 Å
as opposed to 10 Å for an n-nonane molecule.46 We then
expect for the density and surface tension of small clusters to
be in greater discrepancy with the bulk values for n-nonane
than for n-propanol because longer molecules are not likely
to settle into a bulklike configuration in the cluster, owing to,
for example, excluded volume effects. Although nonane and
propanol are fully miscible at all proportions, the nucleation
experiments indicate only reluctant conucleation. According
to onset activity curves �Fig. 9� and the composition of the
critical cluster �Fig. 11�, this behavior is now well repre-
sented by the classical nucleation theory as well. Anyhow, a
more detailed analysis of the differences between the experi-
ments and the predictions by CNT would require more accu-
rate data on the thermophysical properties of n-nonane–
n-propanol solution.
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