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Study on Vapor-Liquid Nucleation Rates for n-Alcohols by
Density Functional Theory
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The statistical associating fluid theory (SAFT) in conjunction with the Weeks-Chandler-Anderson (WCA) ap-
proximation for intermolecular interaction is employed to construct a non-uniform equation of state (EOS) for
n-alcohols. The molecular parameters for methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol and 1-hexanol are
obtained by fitting to the experimental data of vapor-liquid equilibria and then used to predict the nucleation rates
under the framework of density functional theory (DFT). The predictions are found to be in quite good agreement
with the experimental data. Investigation shows that the combination of DFT and SAFT is a successful approach for

vapor-liquid nucleation rates of n-alcohols.
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Introduction

Nucleation refers to the kinetic processes involved in
the initiation of first order phase transitions in
non-equilibrium systems. Vapor-liquid nucleation of
dipolar and associating fluids is of fundamental and
practical importance in atmospheric studies, and much
effort has been devoted in the recent years to under-
standing the properties of critical nuclei in such types of
systems.

The first comprehensive treatment of the thermody-
namics of the nucleation process is due to Gibbs,* who
showed the reversible work required to form a nucleus
of the new phase consists of a bulk term and a surface
term, which can be evaluated by using the bulk ther-
modynamic properties. Years later, this theory was de-
veloped by Volmer and Weber,® Farkas,® Becker and
doring,* Frenkel® and Zeldovich,® and now is known as
classica nucleation theory (CNT).”*® CNT has been
successful in the prediction of critical supersaturations
in simple non-polar fluids.***? However, it tends to pre-
dict too high nucleation rates at high temperatures and
too low rates at the lower temperatures due to inappro-
priate treatment of curvature contributions to the work
of formation of the critical nuclei. Moreover, this ap-
proach unsatisfactorily estimates the critical supersatu-
rations of associating fluids such as water, methanol and
other short-chain n-alcohols.***

Due to the limits of CNT, there has been much effort
to improve the classical model, e.g., the Scale model***
and Katz-Saltsburg-Reiss (KSR) model®® have been
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proposed to describe the vapor-liquid nucleation for
associating fluids. The Scale model is based on CNT
and yields a nearly universal dependence of nucleation
rate on TJ/T—1. By introducing an excess surface en-
tropy parameter (= 1.5 for dipolar fluids) and a constant
rate prefactor (=~10%° cm ss %), the Scale model is
successful for dipolar fluids including water and heavy
water. The KSR model is aso based on CNT but the
effect of association between vapor particles on the rate
of nucleation is taken into account. Although this model
still overestimates the values of the critical supersatura-
tions for most associating fluids, its predictions are in
better agreement with the experimental data than those
from CNT. Additionaly, its predictions for the work of
formation and number of particles in the critical nuclei
are more reasonable.”® However, the modified models
based on CNT are often substance specific and depend-
ent on the bulk thermodynamic properties, which limits
their applicability.

To avoid the substance specific characteristic and the
simplistic use of bulk thermodynamic properties in
evaluating the free energy of cluster formation, DFT?*%
is the most useful approach. Cahn and Hilliard®?* are
the first who developed a type of DFT-square gradient
theory for nucleation theory. A more general form of
DFT was developed by Oxtoby and coworkers.”>?®
Compared with the classical approaches like CNT and
KSR model, DFT allows for a more redlistic treatment
of curvature effects on the free energy of formation of
critical clusters and predicts a vanishing barrier to nu-
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cleation at the thermodynamic spinodal. Moreover, it
can be used to calculate bulk and interfacial properties
of the systems of interest.

By far, most of the DFT studies on vapor liquid nu-
cleation have focused on non-polar fluids.** Talan-
quer and Oxtoby™® extended DFT to the study of nuclea-
tion of associating fluids with a single association site.
Talanquer™ used DFT of statistica mechanics in a
square gradient approximation to analyze the structure,
size, and work of formation of critica nucle in
self-associating fluids. Fu and Li** used DFT to study
the nucleation of water and heavy water. However, the
mentioned DFT work was limited to the cases of model
like or spherical associating particles instead of chain
like n-alcohols. Recently, Fu and Liu* used a density
gradient theory (DGT) to correlate the nucleation rates
for n-alcohols (n from 1 to 6) and their results showed
that DGT preserves al the advantages of DFT in cap-
turing the structure and properties of nucleus but gives
much more accurate nucleation rates by adjusting the
influence parameter. However, in the work of Fu and
Liu,* the influence parameters were regressed by fitting
to the experimental data of nucleation rates, hence their
model has alack of predictive function.

In this work, the Weeks-Chandler-Anderson (WCA)
approximation® for intermolecular interaction and the
statistical associating fluid theory (SAFT)** are com-
bined to construct a non uniform equation of state for
chain like associating fluids. The molecular parameters
of n-alcohoals are obtained by fitting to the experimental
data of vapor-liquid equilibria and then used to predict
the nucleation properties under the framework of DFT.

Theory

The grand potential Q[p(r)] of avapor-liquid surface
can be expressed as:

QAp=Ap(r)]—u [p(r)dr )

where p(r) is the number density of molecules and  is
the chemical potential. According to SAFT,*** the lo-
ca Helmholtz free energy functional, Alp(r)], can be
expressed as:

ALp(r)] = A p(N]+ A p(r)] +AT" po(r)] +
AT ()] + A p(r)] @)

where A“Cp(n)], Ap(r)], A™p(r)], A*[p(r)] and
A p(r)] correspond to the ideal gas, hard-sphere repul-
sion, chain formation, attractive interaction, and asso-
ciation contributions to the free energy of the system,
respectively. SAFT is used here to formulate the Helm-
holtz free energy because it is based on extensions and
simplifications of Wertheim's perturbation theory*®*’
for associating fluids and has been widely used to model
the vapor-liquid equilibria. Characterizing the chain like
associating molecule by the diameter of a segment, the
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number of segments in the chain, the segment-segment
dispersion energy, the association energy related to the
change in enthalpy of association and the bond volume
related to the change in entropy on association, SAFT is
correlative and predictive for the phase behavior of most
of the chain like associating fluids.

The ideal gas contribution in Eq. (2) is known ex-
actly:

A p(r)] =NKTIn[ p(r)4>— 1] ©)

where k is the Boltzmann constant, T is the absolute
temperature, and 4 is the de Broglie therma wave-
length.

The hard-sphere repulsion
Carnahan-Starling equation:*®

is formulated in

A3l p(r)
[1-nlpr)]}?

A"[p()] = NKT @)

where m is the number of segment in each molecule,
nlo(r)] = (@/6)mp(r)d® is the packing factor and d is an
effective hard sphere diameter for segment:***°

d _ 0.3837+1.068/T
o 04293+UT

where ¢ and ¢ are respectively the diameter and disper-
sion energy parameter for each segment, T =KT/e is the
reduced temperature.

The association contribution is expressed as.

A p(1)] =NKTIMAIN (1) —Maza(r)/2+Ma/2] - (6)

where M, is the number of association sites on each
molecule. According to the previous work, > Ma=2 is
appropriate for n-alcohals. ya(r) is the fraction of mole-
cules not bonded at site A, which is given by:

()

44,45

1
1Y p(1) 26 (NA(F) (7)

aa(r)=

where A(r)=g™[exp(¢*/KT)—1](d*?) is related to the
association strength, & is the association energy, and
d*¢® is ameasure of the volume available for bonding of
any two sites on different molecules. The radial distri-
bution function for the hard-sphere fluid, g™, is given
by:

g ={1—057[pM}{ 1—nlp(n)]}* (®)

The chain formation contribution is expressed as:***

AT ()] =NKT(1—m)In(g") ©)

The Helmholtz free energy functiona due to the at-
tractive interaction is expressed in a mean-field ap-
proximation:
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AP = [fardri™ (r—rPmp(r)ma(r') (10

where mo(r) is the number density of segments at posi-
tion r. The Lennard-Jones potential in a WCA approxi-
mation is expressed as:*®

—¢, |r—r"| < i
ur (r—r= o* c® , ,

4e |r—r'|12_|r—r'|6 o |r=1"|>Tmin
rminzg/EO' (11)

Results and discussion

Bulk phases

In the equilibrium bulk phases, the vapor density p",
liquid densities p', chemical potential x and pressure
p«* at given temperature can be determined according
to the requirement that pressure and chemical potential
in both phases should be equal. To accurately model the
phase equilibria of n-alcohols, one needs five adjustable
molecular parameters: number of segments in each
molecule m, diameter of each segment o, dispersion
energy parameter of each segment e/k, association vol-
ume of each association site x* and association energy
of each association site °/k. These parameters can be
regressed by fitting to the experimental data®>? below
the critical region. The optimized molecular parameters
and the corresponding average relative deviations for
saturation pressure (p/%) and liquid density (p'/%) are
shown in Table 1. The agreement between the calcu-
lated and experimental data of methanol is shown in
Figure 1(a).

Vapor-liquid nuclei

Results of the equilibrium bulk properties can be
used to derive the information about the structure and
properties of the interface between coexisting phases. In
particular, equilibrium density profiles can be deter-
mined by minimizing the grand potential Q[o(r)]. The
condition 32[p(r)]/6,(r)=0 leads to an Euler-Lagrange
integral equation that can be solved via a standard
Picard method with an initial guess of the density pro-

file as primary input.
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Figurel (&) Vapor-liquid equilibria and surface tensions (insert
plot). Symbols: experimental data®%? (b) Equilibrium density
profiles of vapor-liquid surface and vapor-liquid nuclei for
methanol at given temperature T=298.15 K.

Tablel Regressed parametersfor chain like associating fluids

m 6/(10 1 m) ek YK K*X 100 kYK p%  p'1% T range/K

Methanol 1.351 3.378 217.7 1.19 2889.6 13 14 290—480
Ethanol 1.649 3525 217.8 0.68 2950.7 40 14 350—483
1-Propanol 2.210 3.464 217.9 0.24 3189.2 36 15 293—493
1-Butanol 2.808 3.426 218.1 0.11 3289.4 6.7 11 390—485
1-Pentanol 3.228 3.398 218.9 0.04 3522.3 76 32 327—483
1-Hexanol 4.002 3.401 220.2 0.01 3540.2 — 15 309—409

2 The parameters are taken from ref. 42,
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For vapor-liquid surface, the initial guess of density
profileis asfollows:

p' z<0
pa={', 0 (12)

Once the equilibrium profile po(2) and the Helmholtz
free energy density a[po(2)] are determined, the vapor-
liquid surface tension can be calculated from the fol-
lowing equation:

r=[_| dlpo(D1—po(2ptp™ |dz (13)

The caculated vapor-liquid surface tension of
methanol and the comparison with experiments is
shown in the inset of Figure 1(a).

For  vapor-liquid nucleation, solutions to
3Q[p(r)]/6,0(r)=0 correspond to saddle points in func-
tional space in systems at a constant temperature and
chemical potential. The effective numerical procedures
to derive solutions for the Euler-Lagrange equation in
open systems have been described in detail by previous
authors.® The initial guess of density profile can be ex-
pressed as follows:

0<r=<r

|
p(r)={p . (14)
P I’>r0

where ro=2y/(KTp'In S, S=p/p™ stands for super-
saturation and p* is the density of the supersaturated gas
surrounding the liquid dropl ets.

Figure 1 shows the equilibrium density profiles for
vapor-liquid surface (S=1) and vapor-liquid nuclei (S>
1) of methanol at given temperature T=298.15 K. One
finds the density profiles broaden with the decrease of
supersaturation, which indicates the nuclei have larger
size in case of lower pressures. In addition, this figure
shows that the densities in the droplet center firstly in-
crease and then decrease with the increase of supersatu-
ration.

When the equilibrium density profile for the critical
nucleus, po(r), is obtained, the work of formation AQ
and the nucleation rate J can be cal culated from:

AQ[po(r)] = Q[ po(r)] — [ p™] (15)
J=J, exp{%} (16)

where Jo=./2y/(nM,)p>?/ p' is the rate prefactor and
My is the molecular weight.

Figure 2 shows the nucleation rates of methanol
calculated from different approaches (DFT, CNT, KSR
model and Scale model), and the comparisons with ex-
perimental data’® To make a fair comparison, in the
calculations of the mentioned four approaches, the mo-
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lecular parameters and the intermediate variables are of
same values. The molecular parameters are listed in Ta-
ble 1. The intermediate variables, e.q., p’, o, p™* and
p> are predicted by SAFT, and the surface tensions are

predicted from Eq. (13).

1E+14

1E+13 — from DFT
1E+12
1E+11
1E+10
1E+9

1E+8

Seg71)

1E+7

Ji(ecm

1E+6
1E+5
1E+4
1E+3
1E+2

1E+1

2.0

1E+17
1E+16
1E+15
1E+14
1E+13
1E+12
1E+11
1E+10
1E+9

1E+8

1E+7

1E+6

1E+5

1E+4

1E+3

1E+2

1E+1

1E+0

1E-1

1E-2

1E-3

1E-4

1E-5

2.0 2.5 3.0 3.5 4.0 4.5

— from CNT
--- from KSR model

- - from Scale model

Jemes7h

Figure2 Nucleation rates for methanol. Symbols: experimental
datal® @: 248 K; O: 258 K; W: 278 K; [J: 298 K.

The nucleation rates predicted by DFT are shown in
Figure 2(a). It seems DFT correctly captures the de-
pendence of nucleation rates as a function of supersatu-
ration. From 248 to 298 K, the maximum scales (4=
Jorr/Jexp) are respectively 0.0016, 75.24, 62.38 and
975.44. The best agreement occurs at the T=278 K.
Taking into account the nucleation rate depends expo-
nentially on the work of formation and any small error
in the calculation of AQ(KT) will lead to large deviation,

Chin. J. Chem. 2010, 28, 2067—2073
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the DFT calculations for nucleation rates are fairly good.

The nucleation rates predicted by CNT, KSR model and
Scale model are shown in Figure 2(b). These three ap-
proaches also capture the dependence of the nucleation
rate as a function of supersaturation, however, the
agreements of the predicted values with the experimen-
tal data are not satisfactory. The Scale model (J=

3
Jo exp{— 16;@ G_C —1] /(I n S)"l , Jo=10% cm s},

@ =15 and T,=512.7 K) yields reasonable nucleation
rate at relatively low temperature. However, with the
increase of temperature, it significantly overestimates
the nucleation rates. The KSR model (AQsr=16m)%/
{3p'KT In[ p/ PP 1}2 p1 and p™* respectively stand
for the partial pressure of monomers in supersaturated
gas and in equilibrium bulk gas) and CNT (AQsr=
16my°[3p'kTIn §?) reasonably predict the nucleation
rates at relatively high temperatures, however, at low
temperatures, the nucleation rates of methanol are seri-
ously underestimated. It is worth noting that besides
DFT, DGT can aso be used to investigate the micro-
structure of nucleus, including density profile and num-
ber of particles within the nucleus. Fu and Liu™ applied
DGT to the nucleation properties of n-alcohols, and the
agreement between calculated and experimental data in
their work is better than that in our work. DFT is theo-
retically better than DGT because in the calculations of
interfacial properties and nucleation properties, DFT
only needs the molecular parameters regressed from
bulk properties as input. However, in the calculation of
DGT, for the determination of both surface tension®*>°
and nucleation rates,* additional influence parameters
are need.

Figure 3 shows the predicted nucleation rates of
ethanol and the comparisons with experimental data.’®
Similar to the information presented in Figure 2(a), the
predictions from DFT are fairly good. From 258 to 318
K, the maximum scales are respectively 0.0079, 0.0027,
0.0024, 0.051,75.2, 996.4 and 3492.5. The best agree-
ment occurs at the T=288 K. Figure 3(b) shows that
both KSR model and CNT significantly underestimate
the nucleation rates at relatively low temperatures. In
addition, these two approaches give very close predic-
tions for ethanol because compared with the critica
temperature, the investigated temperatures (from 258 to
318 K) are relatively low, and at low temperatures, the
calculated molar fraction of monomers in equilibrium
bulk gas (X ) is very close to that in supersaturated gas
(%), hence p,/ pi™ is very close to p/p*®. The Scale
model significantly overestimates the nucleation rates
from 258 to 318 K. The agreement can be improved if
one adjusts the values of Jyand @ , however, the im-
provement is slight and the predictions are still unsatis-
factory compared with DFT.

The predictions of nucleation rates from DFT and
CNT, as well as the comparisons with experimental

Chin. J. Chem. 2010, 28, 2067—2073
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Figure 3 Nucleation rates for ethanol. Symbols: experimental
data®™ A:258K; O:268K; : 278 K; [J: 288 K; M: 298 K;
O:308K; @: 318K.

data,”® are respectively shown in Figures 4—7 for
1-propanol, 1-butanol, 1-pentanol and 1-hexanol. The
predictions from KSR model and Scale model are not
presented in these figures because the results from KSR
model are amost the same as those from CNT, and Jo=
10® cm3ss ' and @ =1.5in Scale model are not uni-
versal for n-alcohol series.

DFT satisfactorily predicts the nucleation rates for
1-propanol at 258, 278 and 298 K with the maximum
scales respectively 0.021, 0.046 and 3.88, but seriously
overestimates those at 318 K, with the maximum scale
1940.2. Contrary to the predictions from DFT, CNT
seriously underestimates the nucleation rates at 258, 278
and 298 K, yet accurately predicts those at 318 K, as

www.cjcwiley-vch.de 2071
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Figure 4 Nucleation rates for n-propanol. Symbols: experi-
mental data.® @: 258 K; O: 278 K; M: 298 K; [1: 318 K.
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Figure5 Nucleation rates for n-butanol. Symbols: experimental
data™ @: 258 K; O: 278 K; M: 298 K; [J: 318 K.

shown in Figure 4. The predictions for 1-butanol, as
shown in Figure 5, are very similar to those for
1-propanol. The maximum scales at 258, 278, 298 and
318 K are respectively 0.045, 0.12, 7.13 and 248.79. For
1-pentanol, DFT satisfactorily predicts the nucleation
rates at 278 K with the maximum scale 0.333 but
slightly overestimates those at 298 K with the maximum
scale 297.4, however, CNT underestimates the nuclea-
tion rates at both temperatures, as shown in Figure 6.
For 1-hexanol, athough the molecular parameters are
regressed by fitting to the saturation liquid densities
only, the DFT predicts the nucleation rates fairly good
at 288, 298, 308, 318 and 328 K, with the maximum
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S
Figure 6 Nucleation rates for n-pentanol. Symbols: experimen-
tal data.’> @: 278 K; O: 298 K.
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Figure 7 Nucleation rates for n-hexanol. Symbols. experimen-

tal data® O: 288 K; M: 298 K; @: 308 K; [1: 318 K; A: 328K.

scales 0.013, 0.051, 0.25, 31.4 and 336.3, respectively.
However, CNT only satisfactorily predicts the nuclea-
tion rates at 328 K, at other four temperatures, the nu-
cleation rates are seriously underestimated.

Conclusion

In summary, the SAFT and WCA approximation are
combined to establish an EOS applicable for the bulk
and nucleation properties for n-alcohols. The molecular
parameters for 6 n-alcohols are determined by fitting to
the equilibrium bulk properties and then used to predict
the nucleation rates within the framework of DFT. Re-
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sults show that the combination of DFT and SAFT isa
successful approach for vapor-liquid nucleation of
n-alcohols. Firstly, by formulating the intermolecular
interactions via Lennard-Jones potential in a WCA ap-
proximation, SAFT is able to accurately describe the
bulk properties and convenient to be extended to va
por-liquid surface, which are very important for the
calculations of interfacial and nucleation properties;
secondly, among the various approaches applicable for
the nucleation rates of n-alcohols, DFT is the most ac-
curate one. For the investigated 6 n-alcohols, the maxi-
mum scales Jper/Jexp predicted by DFT are around 1 to
3 orders of magnitude. Taking into account that the
molecular parameters regressed from bulk properties are
the unique input, the prediction isfairly good.
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