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a b s t r a c t

The paper presents the results of a study carried out using the computer program ZB1 simulating the
flocculation of suspended solids. A description of the program is followed by an analysis of the effect of
eceived in revised form 27 March 2009
ccepted 8 April 2009

eywords:
locculation
edimentation
imulation

colloidal particle size and settling rate on sol destabilization. It was demonstrated that the tested program
is consistent with the classical theories of particle motion and destabilization of colloidal systems. It was
also found that the value of the diffusion coefficient increased along with an increase in the particle
diameter S, regardless of the settling rate Q. An increase in the particle diameter caused an increase in
the diffusion coefficient and allowed to shorten the duration of the destabilization process.

© 2009 Elsevier B.V. All rights reserved.
astewater

. Introduction

Although the technologies of chemical and biological–chemical
astewater treatment are constantly improved, coagulation

emains the most popular and widely applied method. Coagulation
s a process in which colloidal particles form bigger agglomerates of
paringly soluble sludge. Sludge sedimentation is preceded by floc-
ulation, i.e. the formation of flocs. This stage very often determines
he overall efficiency of coagulation, flocculation and sedimenta-
ion.

Coagulation–flocculation may proceed in accordance with one
f the two patterns. In orthokinetic coagulation–flocculation colli-
ions of particles take place under the influence of external factors.
he rate of flocculation may be increased if the particles are made
o move, e.g. by stirring. This increases the probability of col-
isions between single colloidal particles and agglomerates. The
nal effect of orthokinetic flocculation–coagulation depends on
he quantity of mechanical energy dispersed in a unit volume,
ince too much energy prevents colloid flocculation [1]. Gravity
orce may hinder the gelation of suspended solids [2]. During
erikinetic flocculation–coagulation a decrease in the degree of
ystem dispersion results from collisions of destabilized colloidal
articles, caused primarily by Brownian motion. This kind of floc-

ulation occurs, for instance, in pre-sedimentation and septic tanks
t wastewater treatment plants. Colloidal particles suspended in
astewater have low kinetic energy, so destabilization and colloid
recipitation occur at a slow rate.

∗ Corresponding author. Tel.: +48 89 5233 37 38; fax: +48 89 523 48 01.
E-mail address: hannawar@uwm.edu.pl (R. Wardzynska).
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Due to its complexity, flocculation still arouses interest among
researchers and constitutes the object of both fundamental studies,
e.g. on the mechanism and kinetics of particle flocculation [3–6],
and utilitarian investigations [7]. Investigations into coagulation,
aggregation, flocculation and sedimentation are usually carried out
under natural conditions [8–13], or under model conditions, e.g. on
silica suspension [14,15].

Computer simulation may be a viable alternative to labora-
tory tests. It guarantees unlimited reproducibility of experimental
conditions and a high number of repetitions, thus enabling, for
instance, to develop a model of collisions between particles [3], to
describe the mechanisms of latent and slow (perikinetic) as well
as visible and rapid coagulation [7,16] and aggregation [5,17,18]
and to determine the kinetic parameters and conditions of these
processes [5,6,19]. Today the model of computer simulation used
most frequently is the so-called “Monte Carlo” simulation [20,21].
This method, based on the theory of probability and statistical
mechanics, has a wide range of applications. It is employed, among
others, to determine the fractal size [3,22] and structure [17] of
post-coagulation sludge aggregates as well as to analyze the mech-
anism of coagulation, aggregation, flocculation and sedimentation
[17,23–25]. The first computer-simulated model of particle–cluster
aggregation, developed by Witten and Sander [24], was followed
by the cluster–cluster model proposed by Meakin and Kolbe [17].
According to the particle–cluster model of Witten and Sander, sin-
gle particles undergoing a random walk stick one after another

to an immobile, growing cluster. The process is irreversible, and
the cluster grows by the addition of single particles. The spherical
particle–cluster aggregates are arranged around the center. Accord-
ing to the cluster–cluster model of Meakin and Kolbe, identical
particles are evenly distributed in space within a constrained vol-

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
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dx.doi.org/10.1016/j.cej.2009.04.020


gineer

u
c
A
g
a

p
T
l
a
t
u
p
t
w
d
c
t
u

2

d
s
o
a
T
c
o
u
[
o
a
T
c
o
w
a
r
t
v
p
o
i
a
i
a
T

r
9
t
p
o

coagulation and electrocoagulation of pulp-and-paper wastewater
[27], the mean standard deviation (SD) was approximately 5%, while
the value of SD in simulation studies was much lower and often did
not exceed 0.25%. A comparison of SD determined in laboratory and
simulation tests points to higher precision and repeatability and
L. Smoczyński et al. / Chemical En

me. All particles move randomly. When two particles come into
ontact, they start to move together maintaining their orientation.
dimer may bind to another dimer or to a single particle. The aggre-

ates are usually elongated or ellipsoidal, with matter arranged
long the preferred axis.

This paper presents the results of the application of the com-
uter program ZB1 simulating the flocculation of suspended solids.
he effect of colloidal particle size and settling rate on sol destabi-
ization were determined. Neither pH values nor pH changes in the
nalyzed system are considered in the ZB1 model, which means that
he model simulates coagulation–flocculation at a constant (contin-
ously adjusted) pH. This is often the case at wastewater treatment
lants. Such factors as GT and T are reflected in the value of V0, i.e.
he initial velocity of sol particles, controlled in ZB1. V0 = const. = 50
as adopted in the study. Further tests with ZB1 will include the
etermination of the effect of V0 on the course of simulated pro-
esses of coagulation, flocculation and sedimentation. It was also
ested whether the developed database can be applied in practice
nder conditions of the optimum dosage of inorganic coagulants.

. Methods

The simulation model applied in our study, ZB1, is a stochastic-
ynamic one [26], based on random variables. The state of the
ystem changes due to the passage of simulation time. The kernel
f the operating system is a module solving equations of motion for
given number of units of matter (particles) in a closed vessel.

he program simulates the process of destabilization of spheri-
al particles of a homodisperse sol. ZB1 was developed based on
ur observations of coagulation/flocculation of (a) model and nat-
ral pulp-and-paper wastewater [27], (b) municipal wastewater
28], and (c) model wastewater [13,15], carried out with the use
f PAC, PIX and Al2(SO4)3. The initial values of particle positions
re generated randomly in uniform distribution within the vessel.
he particles move according to Brownian motion. The program
omputes the trajectories of individual particles, and the direction
f motion is selected randomly (RANDOM function). The angle at
hich the particle bounces off the vessel wall is equal to the incident

ngle. A collision of two particles which have different velocities
esults in the formation of a cluster (e.g. a dimer) whose direc-
ion and velocity are resultants calculated and then converted into
ectors. In this way aggregates composed of three, four and more
articles are formed. During the process of aggregation the number
f single particles decreases gradually, and the original homod-
sperse sol turns into a polydisperse system. Having reached an
dequate size, the aggregates undergo sedimentation and are elim-
nated from the system. The program was written in Pascal, using
n easily available tool, i.e. “Turbo Pascal” Version 6.0 (Borland Inc.).
he following input variables were used:

N0—number of particles,
V0 [u/s]—initial velocity of a particle (u—simulated measure of
length, s—simulated time),
D [u]—size of sedimenting flocs determined by the number of par-
ticles forming an agglomerate,
Q—settling rate, i.e. a systemic parameter specifying the range of
“settling values” assumed by a cluster,
S [u]–particle diameter.

The values of N0, V0, Q, D and S can be changed within a wide

ange, i.e. N0 from 1 to 2000, V0 from 1 to 9999, Q from 0.01 to
999.00, D from 1 to 2000, S from 0.01 to 9999.00. During the test
he ranges of all parameters are set each time so as to assure com-
liance between visual observations of the colloidal systems and
bservations of model or natural wastewater, coagulated chemi-
ing Journal 152 (2009) 146–150 147

cally under laboratory conditions or at a sewage treatment plant. In
our study, sol particle size was S1 = 1.5, S2 = 5 and S3 = 11, while Q was
equal to 0.01, 0.05 and 0.11. Constant parameters were N0 = 1000,
V0 = 50, D = 20. Variable parameters were settling rate Q and particle
diameter S. All measurements were performed in three replica-
tions. The graphs were plotted for mean values, showing standard
deviations.

3. Results and discussion

At the beginning of the experiment 1000 spherical particles
of a homodisperse sol were put in perikinetic motion. Accord-
ing to Smoluchowski [29], the probability of collisions of particles
depends on the initial concentration of sol (in the present study:
N0 = 1000 = const.), diffusion coefficient, Df, and the initial veloc-
ity, V0, of a particle, whose measure is the so-called displacement
in Brownian motion. The number of stable particles, remaining in
colloidal state after time t, is determined by the Smoluchowski
equation [30]:
∑

Nt = N0

1 + ˇt
(1)

where ˇ = 4�DfRN0 and is a measure of the diffusion coefficient, and
R denotes a radius of the sphere shown in Fig. 1, where irreversible
aggregation of two particles takes place.

Transformation of Eq. (1) at N0 = 1000 leads to the following
relationship:

1∑
Nt

= 0.001 + 0.001ˇt (2)

By reading the number of stable particles at moment t of the
destabilization process from the counter of the ZB program, we
obtain a linear functional relationship in the form of Eq. (2).

Fig. 2 presents the curves of relationship (2), i.e. the inverse of the
number of stable particles during sol destabilization. The measure-
ments were performed for simulated values of particle diameter
S = 1.5, 5, 11 and for simulated values of settling rate Q = 0.01 (Fig. 2a),
Q = 0.05 (Fig. 2b) and Q = 0.11 (Fig. 2c).

A measure of good matching of the simulated database to the
converted Smoluchowski equation are high values of the deter-
mination coefficient R2 > 0.9. In laboratory studies regarding the
Fig. 1. Range of coagulation efficiency [30].
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ig. 2. Number of stable particles during sol destabilization at particle diameter
= 1.5, 5, 11 and settling rate Q = 0.01 (a), Q = 0.05 (b), Q = 0.11 (c).

maller measurements errors in the latter. Small standard devi-
tions of the results of simulation measurements indicate both
laboratory precision” and conditions close to the natural behavior
f a sol. Therefore, the colloidal system examined in the study, sim-
larly as, e.g. suspended solids, is characterized by certain variation
nd diversity, contributing to its naturalness.

The coefficient ˇ was calculated on the basis of the slopes of
espective straight lines. The calculated values of coefficients ˇ,
eing a measure of the diffusion coefficient Df, are presented in
able 1.

The data in Table 1 show that the value of the coefficient ˇ

ncreased along with an increase in the simulated diameter S of
single particle, regardless of the simulated settling rate Q. Simul-

aneously, an increase in the settling rate from 0.01 to 0.05 caused
n increase in ˇ for higher values (5 and 11) of particle diameter.

able 1
alues of the coefficient ˇ characterizing the simulated destabilization of a sol.

ettling rate, Q Particle diameter, S

1.5 5 11

Coefficient ˇ

.01 0.009 0.02 0.04

.05 0.008 0.03 0.07

.11 0.01 0.02 0.06
ring Journal 152 (2009) 146–150

The simulated settling rate Q is a measure of viscosity resistance of
a dispersion medium, described by the equation:

T = 6��SV (3)

where T—resistance force of a dispersion medium, V—velocity of a
particle = const., �—viscosity of a dispersion medium = const., so it
increases along with an increase in the particle diameter S. Small
differences in ˇ for S = 1.5 and a slight decrease in ˇ when the set-
tling rate increased from 0.05 to 0.11 may be a result of an increase in
the Reynolds number changing the character of aggregate displace-
ment in a sol whose degree of dispersion is increasing. The Reynolds
number, Re, i.e. the ratio between inertia forces and viscosity forces,
is defined as follows [31]:

Re = SV�

�
(4)

Therefore, at V, � and � = const. Re increases along with an
increase in the particle diameter S. According to Subramanian and
Balasubramaniam [31], the settling rate of spherical particles is
always dependent on both the so-called coefficient of “dragging”
and the Reynolds number. An increase in the number of dimers,
trimers and bigger clusters in the suspension must affect the motion
of particles, which may change from laminar to partially turbulent,
or vice versa. Based on the obtained results, a hypothesis may be
proposed that Q = 0.05 is a boundary value between the Re range
for laminar flow and the Re range for turbulent flow. The simulated
settling rate Q should be a measure of three combined functions:

a) viscosity resistance of a dispersion medium,
b) range of the Reynolds number determining particle motion,

(c) coefficient of particle dragging in a dispersion medium.

Fig. 3(a–c) illustrates the effect of the simulated diameter of
a particle on the time needed for the formation of the first sed-
imenting floc (Fig. 3a), destabilization of 50% of the system, i.e.
sedimentation of 500 particles of the analyzed dispersoid in the
form of flocs (Fig. 3b), and removal of 900 particles, i.e. 90% of the
system (Fig. 3c). The measurements were performed for Q = 0.05,
i.e. for an intermediate value among those tested before.

At this stage of the study the optimum matching (R2 > 0.95) was
obtained for a power dependence of the y = axb type. Respective
equations and R2 are given in the upper right corner of each graph.
Attention should be paid to the extremely low values of SD, con-
firming a high precision of ZB1. An increase in the particle diameter
S reduces the time needed for system destabilization. The most sig-
nificant effect of S was observed at 90% destabilization, where the
value of the constant a ≈ 1200 was about fourfold greater than in the
equation representing 50% destabilization (a ≈ 300). The constant
“a” was considered “responsible” for different courses of the curves
shown in Fig. 3 due to a certain regularity. Namely, it was found
that the values of the constant “b” in respective equations “y = axb′′

remained within a relatively narrow range, i.e. –0.84 to–0.72, which
may indicate that this constant is independent of (a) the degree
of system destabilization and (b) the diameter of a particle in the
analyzed dispersoid.

According to Smoluchowski [29], the probability that one par-
ticle meets another is directly proportional to a displacement in
a unit of time, resulting from Brownian motion. In practice, the
displacement defined in this way must be directly related to the
diameter of a particle in the simulation program ZB1. The courses
of the curves in Fig. 3 show that the effect of S on the time needed to

initiate destabilization is insignificant, which may suggest that the
diameter of a particle has an inconsiderable influence on the rate
of slow and latent coagulation, which agrees with the coagulation
theory formulated by Smoluchowski. After the stage of rapid coag-
ulation and agglomeration–flocculation, a big “discharged” cluster
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20 particles) settles gravitationally (orthokinetically), falling down
hrough “swarms” of smaller aggregates and single particles, car-
ying them away at the stage of the so-called sweep coagulation
ithin the cluster’s sheath.

An increase in the diameter of a particle S increases the con-
ribution of sweep coagulation in the process of coagulation–
occulation. In ZB1 this is reflected in a shorter period of time
eeded for the elimination from the system of (a) the first parti-
le (Fig. 3a), (b) 50% of particles (Fig. 3b) and (c) 90% of particles
Fig. 3c).

Under practical conditions, at wastewater treatments plants, a
imilar effect may be observed in consequence of inorganic coagu-
ant “overdosing”. Such a phenomenon is usually accompanied by a
artial change in the surface charge (partial micelle overcharging),
anifested in a higher contribution of sweep coagulation to the

rocess of coagulation–flocculation. It can be easily calculated that
ig particles have a smaller specific surface area than small parti-
les. Therefore, particle size reduction leads to an increase in the
otal surface charge determining the efficiency of slow and latent
oagulation. Research results and observations carried out at many
astewater treatment plants show that the maximal chemical effi-
iency of coagulation can be obtained at the maximal contribution
f slow and latent coagulation to sol destabilization, because these
rocesses use to the maximum the surface charge of the destabi-

ized system.

ig. 3. Time needed for the sedimentation of: (a) the first floc, (b) 500 particles
50%), (c) 900 particles (90%) of the system, as dependent on the particle diameter
.
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4. Summary and conclusions

The study on the destabilization kinetics of a simulated sol
showed that the dependence 1/Nt = f(t) was linear and characterized
by a very high value of the determination coefficient R2, reaching
0.99. This indicated good matching of the simulated database to the
Smoluchowski equation. It was also found that the value of the dif-
fusion coefficient increased along with an increase in the particle
diameter S, regardless of the settling rate Q. An increase in particle
diameter caused an increase in the diffusion coefficient and allowed
to shorten the duration of the destabilization process.

The effect of the particle diameter S on sol destabilization indi-
cated that the simulated increase in S increased the contribution
of the undesirable coagulation stage, i.e. sweep coagulation, to the
process of coagulation–flocculation. It was demonstrated that the
effect of the particle diameter S on the time needed to initiate
destabilization was insignificant, and the same relationships for the
destabilization of 50% and 90% of suspended solids can be described
by a power function.

The results of the present study enabled to formulate the fol-
lowing conclusions:

1. The computer program ZB1 tested in the study allows to
determine the effects of numerous parameters on coagulation,
aggregation, flocculation and sedimentation of the simulated
suspended solids.

2. The majority of the results of measurements obtained using ZB1
are consistent with the classical theories of particle motion and
destabilization of colloidal systems.

3. The database developed in simulation tests is burdened with a
low experimental error similar to that recorded in laboratory
analyses, which confirms a high precision of the program.

4. An increase in the particle diameter S, simulated in ZB1, increases
the diffusion coefficient and shortens the time needed for the
destabilization of the first particle, 50% of particles and 90% of
particles of the tested simulated suspension.

5. The effect of the particle diameter S on the time needed to initiate
destabilization is insignificant.

6. The method of computer simulation may find many practical
applications as a supplemental tool to laboratory tests.
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