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a b s t r a c t

Vapor nucleation on PM2.5 from MSWI (municipal solid waste incineration) was modeled combined with
the wetting abilities, compositions and surface characteristics of the particles. Nucleation characteristics
ccepted 9 June 2008
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apor nucleation

of the fine particles were numerically studied. Results show that when the mass fraction of each salt is
constant the free energy barrier of embryo formation is not influenced by the total mass of soluble salts
in the particle. While the total mass of soluble salts does not change, the free energy barrier changes
remarkably with the compositions of the soluble salts in the particle. It is also found that the free energy
barrier decreases with roughness of particle surfaces. Simulation results of the nucleation rate and the
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. Introduction

A number of researches have correlated ambient particulate
atter that is less than 2.5 �m in aerodynamic diameter (PM2.5)
ith negative impacts on human health and the environment

1,2]. Conventional particulate removal devices are generally less
fficient in collecting PM2.5 particles generated during fuel combus-
ion. Thus, large amounts of emissions from combustion become a
ignificant source of PM2.5 suspended in the air [3,4]. For these rea-
ons, how to effectively remove the PM2.5 particles has received
rgent concern in the research fields of energy and environ-
ent. Water vapor heterogeneous condensation on the surfaces

f the PM2.5 is able to make the particles grow big enough to
emove in scrubber columns, for example, Venturi scrubber [5].
he process of particle enlargement by heterogeneous conden-
ation can be divided into two steps. First, the particles have to
e activated, which is called nucleation or activation. Secondly,
he nuclei grow to droplets by condensation of vapor. In the
ase of heterogeneous condensation, degrees of supersaturation
hat have determining influences on the effect of particle acti-
ation are necessary. In order to predict the critical saturation

umerically, one should consider theories of heterogeneous nucle-
tion.

Efforts have been made on heterogeneous nucleation theory,
ince Fletcher [6] presented a theory of water nucleation on insol-
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ndicate that both the compositions of the soluble salts and the surface
ion of the PM2.5 from MSWI.

© 2008 Elsevier B.V. All rights reserved.

ble spherical particles with uniform surfaces for the first time.
orbunov and Hamilton [7] and Gorbunov et al. [8] developed a

heory of water nucleation on aerosol particles which consist of
oth soluble non-volatile substances and insoluble cores. Lazaridis
t al. [9] examined the effect of surface roughness of insoluble solid
articles on their activation capability.

The physical and chemical properties of particles considerably
ffect heterogeneous characteristics. However, the particles from
ifferent sources (oil burning, coal combustion, waste incineration)
iffer greatly in compositions, surface characteristics and conse-
uent wetting abilities. Researchers studied the properties of fly
shes from MSWI. They drew a conclusion that the fly ashes from
SWI appear as rough, porous particles and contain 17–27% solu-

le salts which are mainly CaCl2, NaCl, and KCl [10–12]. We have
xamined the particles that withdraw from fly ashes collected by
n electrostatic precipitator, using a LEO 1530 VP Series Scanning
lectron Microscope (SEM). The morphology information of the
articles observed is given in Fig. 1. The particles show signs of
tretching, fracturing, or other irregularities with high surface-to-
olume ratios. It is also noted that many particles examined appear
o be primarily sphere in shape.

In this paper, numerical analyses are conducted with suitable
heories to study the nucleation characteristics of the PM2.5 from

SWI, including the free energy of embryo formation, the nucle-

tion rate and the critical nucleation saturation. We show the
mpacts of the particle properties on the nucleation abilities and
iscuss the levels of saturations which are required to activate the
M2.5 particles that are difficult to remove by conventional partic-
late removal devices.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:fanfengxian@tom.com
mailto:fanfengxian@hotmail.com
dx.doi.org/10.1016/j.cej.2008.06.009
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where Rg is the universal gas constant, T is the temperature, aw is
the water activity in the embryo, Sw is the degree of saturation of
water vapor, nw is a number of moles of water in an embryo, seg

and ses are the areas of embryo–gas and embryo–solid interfaces
respectively, and r is an integration variable.
Fig. 1. Morphology of PM2.5 from municipal solid waste incineration.

. Description of the simulation model

.1. Wetting ability of rough surface

We tested the wetting ability of the PM2.5 from MSWI using
he Washburn penetration pressure method. In this method, the
article contact angle is measured by the capillary penetration of

iquid technique and is calculated by the Washburn equation. For a
etailed account of Washburn penetration method, one is referred
o the publication of Subrahmanyam et al. [13]. We found that the
ontact angle between the particles and water is 76.19◦. Since sur-
aces of PM2.5 from MSWI appear to be rough and heterogeneous
s mentioned in Section 1, it is reasonable to expect that the sur-
ace roughness can influence the wetting ability of the particles.
how [14,15] viewed the rough surfaces as self-affine fractal sur-

aces and found that roughness enhances wetting. Here we adopt
how’s approach to study the impacts of surface roughness on the
hange of local contact angle.

Let us consider an embryo formation from a gas phase on an ideal
mooth solid surface, the contact angle is determined by Young
quation:

gs − �es = �eg cos �0 (1)

here �gs, �es and �eg are the interfacial tensions of the gas–solid,
mbryo–solid and embryo–gas interface respectively, and �0 is the
ontact angle of the smooth surface.

For rough surfaces, the spatial coordinates (x, y) are introduced
nto the Young equation to generalize it as [14,15]

gs − �es = �eg cos �(x, y) = �eg cos[�(x, y)0 − �(x, y)] (2)

here � is the local contact angle of the rough surface, and � is the
ecrease of contact angle due to the surface roughness.

According to Taylor expansion, cos[�(x, y)0 − �(x, y)] can be writ-
en as

os[�(x, y)0 − �(x, y)] = cos �(x, y)0 + sin �(x, y)0�(x, y) + . . . (3)

For a small �, we get

cos[�(x, y)0 − �(x, y)]
cos �(x, y)0

≈ 1 + tan �(x, y)0�(x, y) (4)
A fractal called self-affine is suitable in the description of
nisotropic rough surfaces. The self-affine fractal is statistically
nvariant under an anisotropic dilatation. This is different from the
elf-similar fractal which is invariant under isotropic scale trans-
ormation and is suitable in description of the isotropic structure.

F
s
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sing the conception of self-affine fractal and taking the spatial
verage, it gives [15]

¯ = C˛�

�
(5)

here C� is a non-dimensional correction factor, including the
ffect of the correlated noise due to fluctuations; and � is the stan-
ard deviation which is related to the fluctuation normal to the
urface and the correlation length �. In the case where there is no
orrelated noise C� = 1, and for a smooth surface � = 0.

From Eqs. (4) and (5), we obtain

cos[�(x, y)0 − �(x, y)]
cos �(x, y)0

≈ 1 + tan �(x, y)0
C˛�

�
(6)

Eq. (6) enables us to determine the effect of surface roughness
n the local contact angle.

.2. Heterogeneous nucleation model

Theoretical models of heterogeneous nucleation for particulates
ave been limited to spherical particles due to lack of knowledge
bout interactions between the liquid nucleating embryo and the
olid particles that have irregular shapes and complex surfaces. The
ucleation theory developed by Gorbunov and Hamilton [7] and
orbunov et al. [8] allows calculating free energy of water droplet

ormation on a particle which contains both soluble and insoluble
on-volatile species. We will use this theory to estimate the nucle-
tion characteristics of the PM2.5 from MSWI. The physical model
f the theory is shown in Fig. 2 [7,8].

Referring to Fig. 2 we can see that the PM2.5 is simplified as
particle consisting of an insoluble core and soluble salts. This

implification is rather crudely taken into account in the real par-
icle shape and surface of PM2.5 from MSWI. However, a rigorous
heoretical model must be based on more complete mathemati-
al description of surface properties and shapes of particles than is
urrently possible and must be deferred to future studies.

In the case of heterogeneous nucleation illustrated in Fig. 2, the
ibbs free energy �G as a result of the embryo formation from
ater vapor under a constant pressure and temperature can be

xpressed as a function of the nucleating embryo radius re [7,8]:

G(re) =
∫ re

0

RgT ln
(

aw

Sw

)
dnw

dr
dr +

∫ re

0

�eg
dseg

dr
dr

+
∫ re

0

(�es − �gs)
dses

dr
dr (7)
ig. 2. Vapor nucleation on a particle containing both soluble and insoluble sub-
tances.
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The expressions for dseg/dr and dses/dr can be obtained from
ig. 2:

dseg

dr
= 2�R

[
2
X

(
1 + 1

g

)
− m

g
+ X − m

g3
(1 − mX)

]
(8)

dses

dr
= 2�RX2

g

[
1 −
(

X − m

g

)2
]

(9)

V = �R3

3

×
[

2
X3

−2 + 3
(1 − mX)

gX3
+ 3

(X − m)
g

−
(

1 − mX

gX

)3
−
(

X − m

g

)3
]

(10)

here R is the radius of the insoluble core of the solid particle, m
s the cosine of the contact angle �, V is the embryo volume, and X
nd g are expressed as

= R

r
(11)

= (1 + X2 − 2mX)
1/2

(12)

Meanwhile, from the mass and density of the embryo we get:

= (nwMww +∑I
i=1nsiMwsi)

�(xw)
(13)

w = nw

(nw +
∑I

i=1nsi)
(14)

here Mww is the molecular weight of water, Mwsi and nsi are the
olecular weight and number of moles of soluble component i in

he particle respectively, I is the number of soluble components,
nd �(xw) is the density of the embryo solution, which depends
n the embryo size, the mass fraction and the compositions of the
oluble salts.

The expression for dV/dr can be derived from Eq. (10):

dV

dr
= �R2

{
2

X2
− (1 − m2)X2

g5
+ 2

(1 − mX)
gX2

+ (1 − m2)
g3

×
[

1 − (m − X)(1 − mX)X
g2

]}
(15)

hen the embryo is a saturated solution, dV/dnw can be written as

dV

dnw
=
∑I

i=1Ssi + 100

100
Mww

�s
(16)

here Ssi is the solubility of the soluble component i, �s is the
ensity of the saturated embryo.

As water vapor continues to condense on the particle, the
mbryo grows into big ones and therefore may contain more water
han salts. For unsaturated solutions, dV/dnw can be derived:

dV

dnw
=
(

1 − V

Mww

d�(xw)
dxw

(1 − xw)

nw +
∑I

i=1nsi

)
Mww

�(xw)
(17)

dnw/dr can be written as
dnw

dr
= (dV/dr)

(dV/dnw)
(18)

The above equations make it possible to obtain the free energy
f embryo formation.

a
o
w
m
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The rate of formation of critical embryos which can then develop
nto macroscopic droplets is called nucleation rate. It is given by [6]

= 4�R2Kc exp
[
−�G∗

(kT)

]
(19)

here J is the nucleation rate, Kc is a kinetic coefficient, whose value
s somewhat uncertainty and is related to the detailed mechanism
f addition of vapor molecules to the particle. The value of Kc usu-
lly lies between 1028 and 1031 m−2 s−1. Here we adopt the value
031 m−2 s−1, considering the soluble substances may enhance
olecule addition. �G* is the free energy barrier of embryo forma-

ion, and k is Boltzmann constant whose value is 1.38 × 10−23 J K−1.

.3. Water activity and interfacial tension

Using only data of corresponding binary subsystems of equal
onic strength, aw and �eg can be obtained from the following equa-
ions [16,17]:

g aw =
∑

i

yi lg aw,i (20)

eg =
∑

i

yi�eg,i (21)

here yi is the ionic strength fraction of component i in the mixed
olutions (yi = Ii/

∑
iIi, Ii is the ionic strength of component i), aw,i

nd �eg,i are the water activity and the interfacial tension of aqueous
olution of component i having the same ionic strength as the mixed
olution. Values of water activities are taken from literature [18] and
re parameterized as

w,i = 1 −
4∑

j=1

ajM
j
l (22)

here values of aj for CaCl2 are a1 = 6.21362 × 10−2, a2 =
2.19473 × 10−2, a3 = 1.36786 × 10−2, and a4 = −1.315119 × 10−3

espectively; for NaCl, a1 = 3.2975479 × 10−2, a2 = 2.081262 × 10−4,
3 = 1.85425 × 10−4, a4 = 0. Ml is the molality of a solution.

The interfacial tension of the strong electrolyte solution is given
y the empirical equation:

eg,i(Ml) = �wg + BMl (23)

The interfacial tensions of CaCl2 aqueous solution are
ested via a method of the biggest air-bubble, we get
= 0.003244 N m−1 per mole of CaCl2 in 1 kg water. For NaCl
queous solution, we take B = 0.00162 N m−1 per mole of NaCl in
kg water from literature [18].

. Simulation results and discussion

Combined with the mass fractions and compositions of soluble
alts in the PM2.5 from MSWI, we assume that the soluble sub-
tances shown in Fig. 2 contain two components (CaCl2 and NaCl).
et fs be the mass fraction of the soluble salts and let f1 be the mass
raction of CaCl2 contained in soluble salts. The properties of the
articles listed in Table 1 are used in the simulation.
In this section the effect of the self-affine factor on the contact
ngle is studied and the influences of different particle properties
n the free energy of embryo formation are investigated. Finally, we
ork on the nucleation capability of the PM2.5 particles to deter-
ine the nucleation rate and the critical nucleation saturation.
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Table 1
The physical properties of PM2.5 from MSWI used in numerical calculation

�p (kg m−3) 1,800
fs 15–30%
f1 50–65%
C �/� 0–0.1
�
T
P

3
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0 (◦) 76.19
(K) 298.15
(Pa) 101,325

.1. Effect of self-affine fractal factor on contact angle

The influence of self-affine fractal factor C��/� on the decrease
f the contact angle � is shown in Fig. 3. Increased values of C��/�
esult in increase of �, which is in qualitative agreement with the
onclusion drawn by Wang et al. [19]. As can be seen in Fig. 3, �
s more than 5.5◦ for rough surfaces with a self-affine factor of 0.1.
his result means that the contact angle of the rough surface � may
ecrease several degrees compared with that of the smooth sur-

ace �0, since � = �0 − � as it is expressed by Eq. (2). Heterogeneous
ucleation characteristics depend strongly on the contact angle of
articles. Higher saturations are needed for water vapor to nucleate
nd condense on the particle with a greater contact angle. Particle
oughness is indeed expected because the appearance of rough sur-
ace lowers the saturation to enable heterogeneous nucleation due
o the decrease of the contact angle.

.2. Free energy of embryo formation

The free energy of embryo formation under different condi-
ions is numerically analyzed. In this simulation, the diameter of
he insoluble core D (D = 2R) is chosen to be 2 �m. The calculation
esults are given in Figs. 4–7.

Fig. 4 shows the influence of the water vapor saturation Sw on
he relative free energy of embryo formation �G/(kT). Fig. 4(a)
learly presents the initial stage of nucleating process in which the
mbryo is only several nanometers, whereas Fig. 4(b) illustrates the
hanges of free energy with the embryo radius in further conden-
ational process. At the beginning, the free energy increases, but
t decreases monotonously after passing through the maximum.
he maximum free energy shown in Fig. 4(a) represents the free
nergy barrier of embryo formation �G*. In the case of heteroge-
eous condensation the embryo has to pass through the free energy

arrier in order to achieve substantial vapor condensation to form
he big-sized droplet. This indicates that the PM2.5 particles will
e enlarged to relatively larger particles by vapor condensation

f the barrier �G* is not very high. From Fig. 4, it is found that

Fig. 3. Influence of self-affine fractal factor on change of contact angle.
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ig. 4. Influence of water vapor saturation on free energy of embryo formation. (a)
nitial stage of nucleation, (b) process of embryo growth.

ncrease of Sw leads to decrease of free energy barrier. Therefore,
he PM2.5 particles are more likely to activate at higher degrees of
aturation.

Fig. 5 gives the influence of the mass fraction of soluble salts
s on the relative free energy of embryo formation �G/(kT). The
alts are not able to be fully dissolved in an embryo with a radius
ess than 5 nm, thus the embryo formed is a saturated solution. In
his case the physical and chemical properties, such as the den-
ity, the water activity and the interfacial tension, are independent
f the total mass of salts in the initial stage of nucleation. There-
ore, the total mass of the soluble salts has no effect on the free
nergy barrier of embryo formation and the lines coincide with
ach other as can be seen from Fig. 5(a). After it passes through
he free energy barrier, more water condenses on the embryo. As
result, the embryo becomes an unsaturated solution which con-

ains more water than salts. Since the total mass of salts in the
articles is different, the concentration of the embryos of the same
ize differs from each other. Therefore, the free energy decreases
ith the increase of the mass fraction of soluble salts when the size

f the embryo is greater than 1 �m as can be seen from Fig. 5(b).
evertheless, the activation and growth of the PM2.5 particles do
ot depend on the mass fraction of soluble salts while keeping the

ize of insoluble core D and the mass fraction of CaCl2 in the soluble
alts f1 unchanged, because the free energy barrier of embryo for-
ation determines the nucleation rate and the subsequent critical

aturation on the particle with a given diameter as implied in Eq.
19).
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Fig. 6 presents the influence of the mass fraction of CaCl2 in solu-
le salts f1 on the relative free energy of embryo formation �G/(kT).
he free energy barrier of embryo formation �G* decreases remark-
bly as the mass fraction of CaCl2 increases from 50 to 65%. The
rend of �G changing with the mass fraction of CaCl2 in Fig. 6(b) is
imilar to that of the initial stage of nucleation shown in Fig. 6(a).
ncreased values of mass fraction of CaCl2 result in increase in the
ensity and surface tension of embryo, but decrease in the water
ctivities. On one hand, increase of surface tension can increase �G;
n the other hand, decrease of water activity makes �G decrease.
he impacts of multi-factor result in the curves as shown in Fig. 6.
ince the free energy decreases with the increase of the mass frac-
ion of CaCl2 in the soluble salts, we can conclude that the water
ctivity of the embryo solution plays an important role in the nucle-
tion process. It is easier for PM2.5 containing more CaCl2 to activate
nd grow when subjected to supersaturated vapor conditions. If a
reater amount of CaCl2 is present in soluble salts at the surface
f a PM2.5 particle, nucleation will take place at a lower degree of
aturation.

Fig. 7 illustrates the influence of the self-affine fractal factor
��/� on the relative free energy of embryo formation �G/(kT).
s can be seen from Fig. 7(a), the free energy barrier of embryo

ormation �G* decreases with the increase of self-affine fractal

actor C��/�. Because the embryo formation relates to direct addi-
ion of water vapor to the particle surface in the initial stage of
ucleation, surface roughness has an obvious impact upon the
ucleation free energy as well as the free energy barrier. As an

ig. 5. Influence of mass fraction of soluble salts on free energy of embryo formation.
a) Initial stage of nucleation, (b) process of embryo growth.
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ig. 6. Influence of mass fraction of CaCl2 on free energy of embryo formation. (a)
nitial stage of nucleation, (b) process of embryo growth.

mbryo grows to a bigger size like hundreds or thousands of
anometers, the rough surface are covered with the nucleating

iquid. The embryo growth in this stage refers to water vapor addi-
ion to the interface of gas–embryo, therefore �G is not influenced
y the surface roughness, as it is shown in Fig. 7(b). The surface
oughness of a particle is able to lower the free energy barrier
f embryo formation, thus we can expect that the particles with
ougher surfaces requires lower degree of supersaturation for the
ater vapor to achieve heterogeneous condensation on their sur-

aces.

.3. Nucleation rate

Nucleation rate represents the number of critical embryos cre-
ted on a particle surface per second. Basically, the nucleation rate
ncreases with supersaturation of the water vapor and size of the
article. Here we characterize the effect of particle surface rough-
ess on the nucleation rate. The relationship between self-affine

ractal factor C��/� and nucleation rate J at different saturations of
ater vapor is plotted in Fig. 8. Self-affine fractal factor increasing

rom 0 to 0.1 results in rapid increase in nucleation rate. As men-
ioned above, surface roughness enhances wetting and decreases
he local contact angle. Since nucleation rate is very sensitive with

he change of contact angle, self-affine fractal factor contributes sig-
ificantly to nucleation rate. This result leads us to conclude that
he surface roughness favors the embryo formation on the PM2.5
articles.
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Fig. 7. Influence of self-affine fractal factor on free energy of embryo formation. (a)
Initial stage of nucleation, (b) process of embryo growth.

Fig. 8. Relationship between self-affine fractal factor and nucleation rate.
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ig. 9. Critical nucleation saturation at different mass fraction of CaCl2 in soluble
alts.

.4. Critical nucleation saturation

The critical nucleation saturation is usually taken as the sat-
ration for which the nucleation rate is 1 s−1, if calculating the
ucleation rate per particle using the classical theory of heteroge-
eous nucleation. Critical saturation indicates ambient saturation
t which a particle will promote almost immediate nucleation and
ondensation. The creation of a suitable supersaturated vapor is
ssential to particle enlargement by heterogeneous condensation,
nd thus the determination of critical saturation is the key step to
pplication of heterogeneous condensation for the removal of the
M2.5 particles.

The present air pollution control equipments whose particulates

apture efficiencies are higher than 90%, are generally less efficient
n collecting particles less than 2.5 �m in size. In fact, the equip-

ents have a collection efficiency minimum in the 0.1–1 �m size
ange [20]. Since our work focuses on PM2.5 particles, we choose the

Fig. 10. Critical nucleation saturation at different self-affine fractal factor.
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articles with insoluble core diameter ranging from 0.1 to 2 �m and
alculate the critical saturation.

The dependences of the critical nucleation saturation Scr on the
iameter of the insoluble core D under different conditions are pre-
ented in Figs. 9 and 10. As the mass fraction of CaCl2 f1 varies from
0 to 65%, the critical saturation Scr decreases 19.5%, as shown in
ig. 9. In another case, as the self-affine fractal factor C��/� varies
rom 0.025 to 0.1, the critical saturation decreases and its variation
mounts to 8.8%, as shown in Fig. 10. From the results in the two
gures, Scr is strongly affected by the particle size. A particle can
e activated at saturations equal to higher than its critical satura-
ion. Once the particle is activated, water vapor will condensate on
t immediately and the particle will grow very rapidly by heteroge-
eous condensation until supersaturation disappears. The results
lso show that the degrees of critical saturations are too high for
ndustrial applications. However, the theoretical model used in this
tudy is still crude, further experiments are necessary to determine
ore reliable critical saturations.

. Conclusions

In this paper an approach for calculating the characteristics of
ater vapor nucleation on the PM2.5 from MSWI has been devel-
ped. The free energy of embryo formation, the nucleation rate and
he critical nucleation saturation under different conditions were
alculated, and the corresponding results were obtained.

Results show that the free energy barrier of embryo forma-
ion is not influenced by the total mass of soluble salts in the
M2.5 when the mass fraction of each salt is constant. While the
otal mass of soluble salts does not change, the free energy barrier
hanges remarkably with the compositions of the soluble salts in
he PM2.5. It is also found that the free energy barrier of embryo
ormation decreases due to the surface roughness of the particle.
imulation results of the nucleation rate and the critical nucleation
aturation indicate that both the compositions of the soluble salts
nd the surface roughness dominate the nucleation capabilities
f the PM2.5 from MSWI. This study gives the first indications of
ater vapor nucleation characteristics on the PM2.5 from MSWI,

urther experimental studies are needed to develop more useful
eterogeneous nucleation theories and to determine more reliable
ucleation properties.
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