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Abstract

Based on the population balance and mass balance in a reactive precipitation process, a numerical simulation model was developed to
predict the particle size distribution (PSD) in the reactive precipitation process. The precipitation system of BaCl2 with Na2SO4 to prepare
BaSO4 in aqueous solution was adopted to obtain ultrafine particles in a stirred precipitation reactor and the particle size distribution and
the morphology of the particle were observed under transmission electron microscope. It was illustrated by the experimental observation of
the micrographs of BaSO4 particles obtained that apparent agglomeration occurred between the particles, which phenomenon must be taken
i umber and
p ucleation,
g r
a the evolution
o that partic
s ing from the
a tion were
p
©

K

1

e
I
t
n
a
d
fi
o
p

ion
tant
s of
rystal
rds,
ly by
uct.
size
uct
bility
n be
tly
ation
ned
cess
tion

1
d

nto consideration in PSD modeling. The population balance equation was calculated by discretization method to obtain particle n
article size distribution. By implementing the model, the reactive precipitation process in a batch reactor including reaction, n
rowth and agglomeration was simulated. The simulation results were validated by the experimental data of BaSO4 precipitation. Furthe
nalysis was endeavored to explore the effects of some important factors such as the supersaturation degree and agglomeration on
f the volume-based characteristic particle size and the variance of volume-based characteristic size of the particles. It was depictedle
ize and particle size distribution are controlled by the supersaturation degree and agglomeration between the particles. Stemm
nalysis in the context, the disciplinarian of the influences of these factors and the method for controlling particle size distribu
resented for the reactive precipitation process.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Crystallization from solution is one of the oldest and most
conomical industrial separation and purification processes.

t is applied as a large scale batch or continuous process for
he production of inorganic (e.g. potassium chloride, ammo-
ium sulphate) and organic (e.g. adipic acid) materials. On
small scale it is often applied as a batch operation to pro-

uce high purity and high value-added pharmaceuticals or
ne chemicals. Reactive precipitation is an important branch
f crystallizations used for producing a solid phase of high
urity from a fluid phase at low cost.

∗ Corresponding author. Tel.: +86 10 64434789; fax: +86 10 64436781.
E-mail address:zhangjw@mail.buct.edu.cn (J. Zhang).

For practical use, the effective control of precipitat
is required since the quality of the product has impor
effect on the solid–liquid separation and the propertie
the powders, such as the specific surface area, the c
morphology, the crystal size and the purity. In other wo
the performance of a crystallizer is assessed not on
the yield of the product but also the quality of the prod
For various precipitation applications, the particle
distribution (PSD) is of primary importance to the prod
quality. The requirements on the product such as the a
to flow or the dissolution rate of the produced particles ca
directly related to the PSD[1]. Furthermore, the PSD direc
influences the performance of the downstream separ
units. From the view of the industrial application, the refi
control of the PSD, and notably the improvement on pro
reproducibility, are the key concerns. During the precipita
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Nomenclature

a, b order of reaction
CA, CB concentrations of reactant A and B (mol m−3)
CP0 concentration of resultant P from instantaneous

reaction at the initial time (mol m−3)
CA0, CB0 initial concentrations of reactant A and B

(mol m−3)
CP the liquid concentration of P (mol m−3)
C∗

P solubility of resultant P (mol m−3)
Ea activation energy (kJ mol−1)
G growth rate (m s−1)
kA surfacic shape factor, dimensionless
kb nucleation rate parameter (nb m3(α−1)

s−1 mol−α)
kg growth rate parameter (m3β+1 s−1 mol−β)
kp chemical reaction rate parameter
kv volumetric shape factor, dimensionless
k0 pre-exponential factor
L0 an effective size of crystal birth (m)
Mp molecular weight of P
MT suspension density (kg m−3)
Nm number of particles per unit volume of suspen-

sion in granulometric classm (nb m−3)
Nn number of particles per unit volume of suspen-

sion in granulometric classn (nb m−3)
Ni,E number of particles per unit volume in the inlet

flow (nb m−3)
p(l) the probability coefficient
QE inlet volumetric flow rate (m3 s−1)
QS outlet volumetric flow rate (m3 s−1)
rA the net birth rate of particles due to agglomer-

ation per unit volume (nb m−1 m−3 s−1)
rB the net disappear rate of particles due to break-

age per unit volume (nb m−1 m−3 s−1)
rn nucleation rate (nb m−3 s−1)
r(l) the intrinsic rate of the agglomeration (m,n) of

rank lm,n (nb m−3 s−1)
RA,i net number of particles per unit volume

generated in the classi by agglomeration
(nb m−3 s−1)

RB,i net number of particles per unit volume disap-
pearing in the classi by breakage (nb m−3 s−1)

Si characteristic size of the particles of the gran-
ulometric classi, m

VT suspension volume (m3)

Greek letters
α, β kinetic parameters of crystallization
µj jth moment of particle size distribution (mj)
νl,i the overall stoichiometric coefficient of classi

with respect to agglomeration of rankl
ρp solid density (kg m−3)

ψ̄ particle size distribution density function
(nb m−1 m−3)

ψ̄E particle size distribution density function of the
inlet flow (nb m−1 m−3)

process, the PSD is mainly controlled by a number of simul-
taneously occurring phenomena within the precipitator. The
main phenomena are the primary nucleation, the subsequent
crystal growth as well as the agglomeration. Zukoski et al.
[2] stressed that in many precipitation reactions, submicron-
scale particles are formed first and then grow and sometimes
may agglomerate. Liu and Nancollas[3] found that the
reacting ions generate supersaturation, which becomes the
driving force for both nucleation and crystal growth.

Despite its industrial importance and long history, the
design as well as the operation of continuous and batch
precipitators still shows some difficulties. One example is
how to determine the experimental conditions for obtaining
the required PSD in continuous and batch precipitators.
For the solution of such operation problems as well as to
gain a more thorough understanding of certain phenomena
occurring in the process, mathematical modeling and
numerical simulation have proven to be a valuable tool[4].

The aim of present work is to develop a new method
capable of simulating the reactive precipitation process in a
batch reactor. For evaluation purpose, the simulation method
is applied to the production of barium sulphate through re-
active precipitation under different experimental conditions.
The computational results correspond with the experimental
results of the precipitation of barium sulphate using stoichio-
metric barium chloride and sodium sulphate reagent solu-
t ults,
i tion
( tion.
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ions. According to the analysis of the computational res
t is found that the particle size and particle size distribu
PSD) are controlled by supersaturation and agglomera
ome control recommendations are provided thereon.

. Simulation fundamentals of reactive precipitation
rocess

Present model relies on the mass and population bal
nd is based on the theory of precipitation. There are
ain steps of reactive precipitation, i.e. chemical reac
ucleation, growth and agglomeration. It is assumed

he experimental system is a homogeneous suspensio
nstantaneous mixing of the feed streams and the par

aintain their shape during the particle growth and agg
ration processes. Hence the particles can be charact
y a linear dimensionL. It should be noted that prese
odel takes no micromixing into account and is certa
ot possible to reproduce all the details of the particle
istribution (PSD), however, it makes possible to check
alidate the physical laws and numerical methods in c
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where micromixing effects may be neglected. An important
factor of continuing interest in the operation of industrial
precipitator is the particle size distribution (PSD), which is
usually predicted by the population balance equation (PBE)
techniques[5,6,7]. In PBE technique, the particle population
balance equation needs to be solved and the population
balance modeling is thus necessary for the operation, control
and design of reactive precipitation vessel. In this paper, the
partial differential equation that represents the particle size
density functionψ̄ is transformed into a system of ordinary
differential equations by means of direct discretization ofψ̄.
The population balance equation is then solved together with
mass balance and crystallization kinetics such as nucleation,
crystal growth and agglomeration.

2.1. Modeling

2.1.1. General population balance
The population of the particles during the batch process is

described by the density functionΨ [8]. For the sake of sim-
plicity, it is assumed that just a linear dimensionL is sufficient
for the characterization of the particles due to the spherical
shape of the particles under experimental observation. Hence,
Ψ (L,t) dL is the number of the particles within the size range
betweenL andL+ dL per unit volume at timet. Then, during
a val
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According to the above equations, we obtain the followed
differential equation system:

dN1

dt
+ 1

VT

dVT

dt
N1 + QSN1 − QEN1,E

VT
+ G(L1)

2�L2
N2

+G(L1)

2�L1
N1 = rN + RA,1 − RB,1 (7)

dNi

dt
+ 1

VT

dVT

dt
Ni + QSNi − QENi,E

VT

+ G(Li)

2�Li+1
Ni+1 + G(Li) − G(Li−1)

2�Li

Ni

−G(Li−1)

2�Li−1
Ni−1 = RA,i − RB,i (8)

dNN

dt
+ 1

VT

dVT

dt
NN + QSNN − QENN,E

VT

+G(LN ) − G(LN−1)

2�LN

NN − G(LN−1)

2�LN−1
NN−1

= RA,N − RB,N (9)
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time interval dt, the balance of particles in the size inter
L, L+ dL] can be written as follows[8]:

1

VT

∂(ψ̄VT)

∂t
+ ∂(ψ̄G)

∂L
+ QSψ̄ − QEψ̄E

VT

= rNδ(L − L0) + rA − rB (1)

For present batch reactor, the concept of classes[9] is
dopted to study the reactive precipitation.

Let Li (i = 0, 1,. . .,N) be the size of particl
�Li =Li − (i = 1, 2,. . .,N)). L0 is the smallest size o
articles, i.e. the dimension of the nuclei;LN is the size o

he largest particles. LetNi(t) be the number of particles
he classi at timet per unit volume of suspension, then

i(t) =
∫ Li

Li−1

ψ̄(L, t) dL (2)

A,i =
∫ Li

Li−1

rA dL (3)

B,i =
∫ Li

Li−1

rB dL (4)

Assuming that̄ψ has a constant valueΦi atSi (Si = Li +
i−1/2) and that the value of̄ψ at Li takes the arithmet
ean value of̄ψ atSi andSi+1, i.e.

i(t) = φi(t)(Li − Li−1) (5)

¯(Li) = φi+1 + φi

2
(6)
.1.2. Further assumptions for present model
To obtain the model equations for the present precipita

ystem, the following assumptions are adopted here:

1) The suspension is perfectly mixed from a macros
view.

2) There are no noticeable micromixing effects.
3) The solubility of crystalline is constant.
4) The suspension volume is constant during the cry

lization process, dVT/dt= 0.
5) Crystal growth rate is independent of particle size,

the crystal growth obeys McCabe Law.
6) No breakage occurs and Ostwald ripening has no no

able influence.

In the model, it is further considered that�Li =�Li+1
i = 1, 2,. . ., N− 1).

According to the above assumptions and the experim
onditions, a system of differential governing equation
btained as follows:

dN1

dt
+ G

2�L
(N2 + N1) = rN + RA,1,

dNi

dt
+ G

2�L
(Ni+1 − Ni−1) = RA,i,

dNN

dt
− G

2�L
NN−1 = RA,N, i = 2,3, · · · n − 1 (10)

ith the initial condition:

= 0, N(L,0) = 0 (11)
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and boundary condition:

L = L0, N(L0, t) = rN (t)

G(t)
(12)

2.1.3. Description of the chemical reaction rate
During the reaction precipitation process, two or more

components react chemically, resulting in the formation of a
new product. Considering a chemical reaction between two
ionic solutions A and B with the respective concentrationCA
andCB leading to a solid P and an ionic solutions Q in a batch
reactor

aA + bB → pP ↓ +qQ

Reaction rate equation:

dCP

dt
= k0 exp

(
− Ea

RT

)
Ca

AC
b
B = kpC

a
AC

b
B (13)

Generally, fast chemical reaction or instantaneous chemi-
cal reaction is chosen in preparing ultrafine particles through
reactive precipitation process. For instantaneous chemical
reaction,kp → ∞, if the influence of mixing is not con-
sidered, the reactive precipitation process is controlled by
crystallization. For the case of an instantaneous chemical
reaction (e.g. the formation of Barium Sulphate by reac-
tion precipitation as used in the following experiment of
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2.1.6. Description of the particle agglomeration
Apparent agglomeration between the particles was ob-

served in the present experiments and it must be taken into
consideration for modeling. While nucleation and crystal
growth are normally considered to be dominant in the process
of particle formation, some secondary events such as parti-
cle agglomeration can also occur in the precipitation process
of preparing ultrafine particles. It is, when it arises, largely
responsible for the final product properties, such as PSD, sur-
face area or filterability. In general, the agglomeration process
in a precipitation is comprehensively described by two con-
secutive steps[11]: first, the particles collide with each other
and then adhere together to form an aggregate; and then, the
aggregate become the concrete agglomerate by the molecular
growth process of the precipitation. In this paper, the agglom-
eration process is considered as a chemical reaction between
the particles in different classes. ForNgranulometric classes,
there may occurN(N+ 1)/2 different agglomerations between
any two particles. A symbol of (m,n) is applied to represent
the agglomeration of a particle in the classmwith a particle
in the classnby assuming thatn≥m. It is possible to arrange
the different agglomerations in such a way thatlm,n being the
rank of the agglomeration (m,n)

lm,n = N(m − 1) − m(m − 1)

2
+ n (16)
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resent paper), the reaction instantaneously occurred
nished when the two reactants contact with each o
ence, at the initial time, ifCA0:CB0 =a:b (CA0, CB0
re the initial concentrations of reactant A and B),
btains:

P = CP0 = p

a
CA0

.1.4. Description of the nucleation process
During the precipitation process, new crystals are cre

y nucleation events. The rate of nucleation plays an im
ant role in the particle size distribution (PSD) of precipita
roducts. In precipitation process, when the stirred spe
onstant, the rate of nucleation can be presented by th
irical expression[1]:

N = kb(CP − C∗
P)α (14)

.1.5. Description of the crystal growth
Nuclei are formed during the first period of prec

tation and grow by the advancement of their indiv
al faces. In precipitation process, the crystal growth

s a crucial parameter since it determines the final
ific properties of crystals such as the particle morp
gy and the final particle size distribution (PSD). For
ase the growth independent of particle size, when
tirred speed is constant, the growth rate can be expr
s[10]:

= kg(CP − C∗
P)β (15)
max = N(N + 1)

2
(17)

As a chemical reaction does, agglomeration preserve
otal mass of particles. For the agglomeration ofa particles
f classm with b particles of classn to form c particles o
lassq, the following relationship exists:

S3
m + bS3

n = cS3
q (18)

f a=b= 1, thenc = (S3
m + S3

n)/S3
q .

Considering a particular classi, the agglomeration of ran
m,n will affect this class only in three case:

i =mwith stoichiometric coefficient−1,
i =nwith stoichiometric coefficient−1,
i =qwith stoichiometric coefficientv = (S3

m + S3
n)/S3

q .

Therefore, the overall stoichiometric coefficient of clai
ith respect to agglomeration of rankl is

l,i =
[
S3
m + S3

n

S3
q

]
δi,q − (δi,m + δi,n) (19)

hereδij = 1 if i = j andδij = 0 if i 
= j.
The net rate of particle production by agglomeratio

he classi is calculated fromνl,i and the intrinsic rate of th
gglomeration of rankl as for a set of chemical reactions

A,i =
lmax∑
l=1

vl,ip(l) r(l) (20)
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wherep(l) is the probability coefficient which stands for the
assumption that agglomeration cannot produce particles big-
ger than those of classN:

• If Sq > SN , thenp(l) = 0.
• If Sq ≤ SN , thenp(l) = 1.

The intrinsic rate of the agglomeration (m,n) of rank lm,n
is expressed by the empirical law:

r = K̄�CjNmNn (21)

2.1.7. Moment analysis
The moments of the distribution represent the averaged

and overall properties of the solid phase, and this approach is
sufficient to provide useful information for engineering and
design purposes.

The ith moment of the distribution is defined as:

µi =
∫ ∞

0
ψLi dL, i = 0,1,2, . . . (22)

In industrial production, the averaged particle size and the
variance are the main concerns.

The area-based characteristic size of the crystals and vari-
ance can be expressed as:

d

σ

and
v

d

σ

M

A

2
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g

For the system of instantaneous chemical reaction, Eq.
(29)can be simplified as:

dCP

dt
= −ρpkv

Mp
3Gµ2 − ρpkv

Mp
rNL3

0 (30)

with t = 0, CP = CP0.

2.2. Simulation procedure

Usually, the population balance can be calculated by mo-
ment method. But the particle size distribution cannot be
obtained directly according to the moment method. In this
paper, the population balance equation is calculated by the
discretization method[8] in which the equations are trans-
formed into a system of ordinary differential equations. The
system of ordinary differential equations can be solved by
Runge–Kutta method.

The structure of simulation procedure is illustrated in
Fig. 1.

3. Experiments

It is crucial to validate the model for application. Usu-
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32 = µ3

µ2
(23)

32 =
√(

µ4

µ2

)
−

(
µ3

µ2

)2

(24)

The volume-based characteristic size of the crystals
ariance can be expressed as:

43 = µ4

µ3
(25)

43 =
√(

µ5

µ3

)
−

(
µ4

µ3

)2

(26)

Suspension density:

T = ρkvµ3 (27)

Surface area of crystal:

T = kAµ2 (28)

.1.8. Mass balance
The supersaturation degree can be estimated from th

nce between the production of solute due to chemical
ion and its consumption due to both nucleation and cr
rowth, as follows:

dCP

dt
= kpC

a
AC

b
B − ρpkv

Mp
3Gµ2 − ρpkv

Mp
rNL3

0 (29)
lly, this is based on the published nucleation and cr
rowth kinetic expressions. In this paper, barium sulp
ynthesized through the reaction between barium chl
nd sodium sulphate is taken as the work system sinc
ystem has been widely investigated experimentally
eported in the literature with sufficient kinetic paramet
his reactive precipitation process is a typical precipita
rocess of fast chemical reaction and fast nucleation

aCl2 + NaSO4 → BaSO4 ↓ +NaCl2

.1. Experimental process

The experiment of reactive precipitation was condu
s follows: in a batch experiment, precipitation was initia
y quickly adding (less than 3 s) barium chloride solu

o sodium sulphate solution in a perfectly thermostat w
ixed precipitator. The order of addition of reactants
lso reversed in some experiments. The initial concentr
atio R0 = C0

Ba/C
0
SO4

conformed to stoichiometrical co
ition. During the precipitation process, some suspen
amples were withdrawn from the precipitator at diffe
ime intervals. The suspension samples were adde
he dispersant, and then supersonic shaker disperse
uspension samples. Transmission electron micros
icrographs of crystals were taken in order to obs
gglomeration phenomenon and estimate their shape fa
he particle was sampled and the particle size distribu
PSD) was measured by a MALVERN ZETASIZER 3000
nalyzer.
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Fig. 1. The structure of simulation procedure.

3.2. The comparison between experimental and
computational results

The observation of the particles by transmission electron
microscope (TEM) micrographs inFig. 2shows that the parti-
cles under the experimental conditions are obviously agglom-
erated and the agglomeration has an important influence on
the particle size and particle size distribution (PSD).

Model simulation is carried out for validation
purpose. The parameters used in the model are as
follows.

The parameters for nucleation rate, growth rate and
crystallization kinetic are derived from the literature[12] as
follows:

kb = 6.0 × 1012 nb m2.325s−1 mol−1.775, α = 1.775



J. Zhao et al. / Chemical Engineering Journal 110 (2005) 19–29 25

Fig. 2. TEM micrographs of particle products.

kg = 2.3 × 10−10 m4 s−1 mol−1, β = 1.0

According to the experimental observation, the shape of
particle is spheric. We can get volumetric shape factor and
surfacial shape factor of sphere:

kv = 0.523, kA = 3.14

K̄ and j are the experimental fitting parameters and are
determined by experiment

K̄ = 1.0 × 10−21

j = 1.0.
Fig. 3 depicts the comparison between experimental re-

sults and computational results. It is found that the particle
size distribution trend of computational results is identical to
that of experimental results, and the biggest error of PSD is
about 22% occurring at 650 nm. It should be mentioned that
for comparison purpose, careful options of integration time
steps of 0.01, 0.05, 0.1, 0.2 s are carried out and the compu-
tational results show the irrelevance to the time step. In this
paper, a time step of 0.1 s is used for all modeling for saving
calculation time.

4. Analysis of simulated results

In this section, present model is applied to investigate the
e par-
t ons
d

4.1. The evolution of desupersaturation

The desupersaturation curves are presented inFig. 4.
During the first moments after mixing began there seems
no apparent consumption occurring although in fact primary
nucleation takes place and results in very small nuclei.
When the total particle surface becomes large enough,
barium sulphate in the liquid phase is consumed by particle
growth. If barium sulphate concentration in the liquid phase
is sufficiently close to the solubility, the concentration drop

F results
(

ffects of supersaturation degree and agglomeration on
icle size and particle size distribution and their evoluti
uring the reactive precipitation process.
ig. 3. Comparison between experimental results and computational
Cinlet = 10 mol m−3; t= 93 s;T= 25◦C; stirred speed: 600 rpm).
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Fig. 4. Desupersaturation curves against time at different initial concentra-
tions.

stop. In the event of the initial concentrations of the reactants
being increased, that is, the barium sulphate supersaturation
being increased, the first stage of the crystallization where
primary nucleation predominated is shortened. In case the
initial feed reactant concentrations are 3 mol m−3, the drop
of barium sulphate concentration against time is hardly
registered and this run cannot be exploited.

4.2. The evolution of the volume-based characteristic
size of the particles

Fig. 5illustrates that the volume-based characteristic size
of the particles increases continuously with time. The fastest
increase is registered for the highest initial concentrations
of the reactants, but the final size of particles is in the
range 1.2–1.4�m. The higher the initial concentrations of
the reactants are, the bigger the size of particles becomes.
However, the overall influence of the initial concentrations
of the reactants remains moderate.

F tion of
t

Fig. 6. The variance of volume-based characteristic size of the particles as
a function of time at different initial concentrations.

4.3. The variance of the particle volume-based
characteristic size

The curves of the variance of volume-based characteristic
size of the particles at different initial concentrations of the
reactants are depicted inFig. 6. Evolution of the variance of
the volume-based characteristic size of the particles against
time resembles a normal distribution and the final values all
come to 0.1�m. The distributions become narrow and the
biggest variance value drops with increasing the initial con-
centrations of reactants, accordingly, the time at which the
biggest variance value occurs is shortened.

4.4. The influence of the precipitation time

In the study range of this paper, it is found that the longer
the time, the wider the particle size distribution (PSD), and
the bigger the average size of particles for the same initial
concentrations of reactants. It is also shown inFig. 7 that,
during the reactive precipitation process, agglomeration
ig. 5. The volume-based characteristic size of the particles as a func
ime at different initial concentrations.
 Fig. 7. Particles size distributions at different time (Cinlet = 8 mol m−3).
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phenomenon occurs in a time range. The PSD widen and
the average size of the particles become larger with the
time increasing. No agglomeration is detected at 20 s, and
the PSD appears a shape of normal distribution, but the
agglomeration occurs at 50 s, and the curve of PSD has
two peaks. According to the observation and analysis of the
computational results, it is obvious that the time of reactive
precipitation has an important influence on both the particle
size and the particle size distribution (PSD).

4.5. The influence of supersaturation degree

The nucleation rate extremely depends on the supersatu-
ration degree. A small change of supersaturation will lead to
extreme change of nucleation rate, which is the fundamental
difficulty for controlling precipitation reaction in industrial
production. Simultaneously, the supersaturation degree in a
precipitator often markedly affects the PSD of the product.
According to the computational results presented in this
paper, if the initial concentrations of the reactants are high,
the initial concentration of the product is also high, but
the solubility is very low, the resulted high supersaturation
leads to a wide PSD range. However, it may be different in
different supersaturation ranges. In general, when supersat-
uration is below a constant value, the PSD widening and
t with
i ration
i mean
c g su-
p tics
p

it is
e
s ts at
9 D of
p tic of
P

F

Fig. 9. Particles size distributions at different time for different initial con-
centration.

The initial concentrations of barium chloride and sodium
sulphate in the feed strongly influence the degree of
agglomeration. The degree of agglomeration is enhanced
with increasing initial concentrations of reactants. The
explanation is that both supersaturation and particle number
densitiesNm andNn are increased in that case. When the
initial concentrations of reactants are increased, accordingly,
the resultant supersaturation is increased, the degree of
agglomeration is strengthened and the time that the second
peak appears is shortened.Fig. 9shows the higher the super-
saturation, the shorter the time that the second peak appears.

4.6. The influence of agglomeration

The method of classes proposed by Marchal and David[8]
is used to introduce agglomeration in the model. According
to the calculated results, it is found that, during the reactive
precipitation process, there is a time range, in which two
peaks appear along the PSD curves, that is, the PSD curves
take the shape of ‘S’. That corresponds with the results of the
present experiment and that from literatures[13]. The main
conclusion from this model is that agglomeration cannot be
considered as a size-independent phenomenon. There existed
he mean characteristic size of the particles increase
ncreasing supersaturation. When, however, supersatu
s above the constant value, the PSD narrows and the
haracteristic size of particles decreases with increasin
ersaturation. This is due to different crystallization kine
arameters.

To obtain the special size of the particles and PSD,
ssential to control the appropriate supersaturation.Fig. 8
hows PSD of different initial concentrations of reactan
0 s. In addition, it should be noted that the curves of PS
articles have two peaks, which is the basic characteris
SD of particles prepared by reactive precipitation.

ig. 8. Particles size distributions at different initial concentrations (t= 90 s).
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Fig. 10. Calculated particles size distributions at different initial concentra-
tions (t= 120 s, no agglomeration considered).

a size range where agglomeration may occur and the ratio
of the characteristic sizes of agglomerating particles plays a
major role in the process. Small particles stick more easily
to larger ones than particles of equal size do. As can be seen
from Figs. 7–9, the agglomeration phenomenon appears to
follow the following rules:

(1) The second peak gradually moves to the direction of rela-
tive bigger particle size at the same initial concentrations
of reactants with the time increasing; accordingly, the
disparity of particle size between the first peak and the
second peak enlarges.

(2) The disparity of the particle size between the first peak
and the second peak enlarges with the increasing super-
saturation, at the same time; accordingly, the peak value
drops.

(3) At the same initial concentrations of reactants, all the first
peaks of the curves of PSD at different time appear at a
special particle size, i.e. all the first peaks of the curves
of PSD at different time appear at 170 nm inFig. 7.

According to the above analysis, in order to control PSD
of ultrafine particles, attention should be paid to reduce the
influence of agglomeration between the smaller particles and
the bigger particles and control the appropriate the precipita-
tion time and supersaturation degree.

the
m
c on-
c een
t

5

( reac-
ing
vel-
tive

precipitation process. Moreover, the construction of this
model is simple and the model is apt to calculation.

(2) During the reactive precipitation process, agglomeration
phenomenon is obviously observed by experimental
study. By making use of the model, the agglomeration
is studied and the correspondence between the com-
putational results and the experimental results is fairly
satisfactory.

(3) According to the model results, the evolution rules of
supersaturation, volume-based characteristic size and
variance of volume-based characteristic size of the
particles with time are found. On a further aspect, the
model results show supersaturation and agglomeration
have important influences on the particle size and
particle size distribution (PSD) and the evolution
trend of PSD with time is provided. In this paper, the
disciplinarian of influences of these factors and the
method for controlling particle size distribution are
presented for reactive precipitation process.
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