
Colloids and Surfaces A: Physicochem. Eng. Aspects 468 (2015) 87–94

Contents lists available at ScienceDirect

Colloids  and  Surfaces  A:  Physicochemical  and
Engineering  Aspects

journa l h om epage: www.elsev ier .com/ locate /co lsur fa

Modeling  particle-size  distribution  dynamics  in  a  shear-induced
breakage  process  with  an  improved  breakage  kernel:
Importance  of  the  internal  bonds

Feng  Xiaoa,b,∗, Hui  Xua,  Xiao-yan  Lib,  Dongsheng  Wanga

a State Key Laboratory of Aquatic Chemistry, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 18 Shuangqing Road, Beijing
100085, China
b Environmental Engineering Research Centre, Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, China

h  i g  h  l  i g  h  t  s

• An improved  particle  breakage  kernel
has been  developed.

• Ratio  of  the  bonding  forces  and  shear
forces regulates  the  breakage  proba-
bility.

• Simulation  results  for  the PSD  evolu-
tion compared  well  with  the  experi-
mental results.

• Hydrophobic  bonding  is stronger
than  van  der Waals’  forces  against
shear breakage.

• As  the  fractal  dimension  increases,
the  aggregates  become  stronger  to
shear breakage.
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a  b  s  t r  a  c  t

An improved  aggregate  breakage  kernel  was developed  that accounts  for  the effects  of  both  the  internal
bonding  forces  between  particles  within  an  aggregate  and the  fluid shear  stress  exerted  on  the  aggregate.
The  ratio  of  the  two  opposite  forces  regulates  the  probability  of  aggregate  breakage.  Using  the improved
breakage  kernel,  together  with  the  sectional  modeling  technique,  the  dynamics  of particle  breakage
induced  by  fluid  shear  was  well  simulated.  The  results  show  that  the internal  bonding  forces  determine
the  strength  of  the  aggregates,  and  the hydrophobic  bonding  forces  are  much  stronger  than  van  der
Waals’  forces  for  holding  the aggregates  against  shear  breakage.  The  simulations  compared  fairly  well
with the  experimental  results  in terms  of  PSD  evolution  during  the breakage  of  latex  particle  aggregates
and  activated  sludge  flocs.  For  the  latex  particle  aggregates,  van  der  Waals’  forces  apparently  are  the  main
internal  bonding  force  between  particles.  However,  for activated  sludge  flocs,  the  non-DLVO  hydrophobic
forces  are  shown  to play  an important  role in  maintaining  a  stronger  structure  of  the flocs.
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1. Introduction

Flocculation, which aggregates smaller particles into larger
ones, is a crucial step for many solid–liquid separation processes
in water and wastewater treatment plants. Enlarging their size
by flocculation can greatly facilitate the removal of particulate
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Nomenclatures

A Hamaker’s constant, J
1B, 2B sectional coefficient
D fractal dimension
d aggregate size, �m
d0 primary particle size, �m
dm mean size, �m
E breakage coefficient constant
F total internal forces, N
Fv van der Waals forces, N
Fh hydrophobic forces, N
Fo other internal forces, N
f breakage daughter distribution function
G shear rate, s−1

h distance between two primary particles within
aggregates, m

K hydrophobic forces constant, J
K′ other forces constant, J
Kc constant
i, k particle-size sections
l length of a particle, �m
Ls steady state mean size, �m
L0 primary size, �m
Li ith section mean size, �m
M cumulative particle mass distribution, g/mL
M, m′ mass of particles, g
mk − 1, mk lower and upper bound mass values of section k, g
n(l) size density function
Ni,Nj,Nk number concentrations of the particle in size classes

i, j and k
Q mass concentration, g/mL
s, � breakage kernel, s−1

t time, s
T Temperature, k
� mechanical bonding strength, N m−2

� shear strength, N m−2

˚ solid fraction
� dynamic fluid viscosity of water, Pa s
� kinematic fluid viscosity of water, m2 s−1

ε energy dissipation rate, m2 s−3

impurities. Hydrodynamic shear is employed in most flocculation
system in order to assure a high collision frequency between parti-
cles for a rapid particle size growth [1,2]. However, if the agitation
is too vigorous, the shear stress will be beyond the floc strength,
which will break large flocs to small ones [3,4]. Since individual
particles experienced different interactions, breakage is often ran-
dom for particles of all sizes. To understand the mechanism of
particle breakup and model the kinetics of shear-induced breakage
are interesting and important from both engineering and scientific
points of view [5–10].

Compared to the research on particle coagulation, studies on
the breakage process are much less due to the complexity of the
process itself. However, the importance of aggregate breakage in
particle size distribution (PSD) dynamics has been well demon-
strated experimentally [11–13]. A comprehensive mathematical
description of floc breakup is found in the work of Pandya and
Spielman [14]. They provided an elaborate model for breakage
kinetics. Other researchers [14–18] found that the fragility of an
aggregate is generally proportional to its size – as the aggregate
increases in size, it becomes more vulnerable to breakage. Even
though the process of colloidal aggregate breakage has been studied
in the literature by many researchers through both experimental

and modeling approaches [19,20], many questions remained unan-
swered, such as breakage manners, bonding interactions between
the particles within an aggregate body and the irregular shape of
fractal. Of course, there are some differences in the understanding
of the breakage process, but it is agreed that the particle breakage
functions can be factored into two  parts. The breakage kernel is
the rate coefficient for breakage, and breakage daughter distribu-
tion function defines the probability distribution by fragmentation.
Breakage kernel is commonly considered as a power law function
of the shear rate, G, and the aggregate size l [3,21].

Although the power law kernel simulation has provided a valu-
able description of the breakage dynamic, previous investigations
of coagulation have not explicitly accounted for breakage into coag-
ulation dynamics. For example, the kernel has no physical basis
and the rate constants and exponents can be found only through
semi-theoretical analysis and comparison with experimental data.
In addition, a characteristic size, such as the mean size has been
used to represent all particles under certain time period [5,6,11].
In this simplification, particles lose their continuous-size spectrum
and are grouped into a number of discrete characteristic sizes. This
treatment is inaccurate and the detailed information of PSD is not
utilized.

In the present study, an improved modeling approach was
adopted to model the breakage kinetics. The kinetic kernel consid-
ers both the internal bonding forces of an aggregate and the fluid
shear stress exerting on the aggregate, accounting especially for the
porous and fractal structure of aggregates. Using the new break-
age model, fractal scaling method and the sectional technique, the
breakage dominant particle dynamics was simulated. The latex par-
ticle aggregates and activated sludge flocs were selected as the
model aggregates used in the experimental study. A number of
issues affecting the breakage process, such as the shear intensity,
fractal dimension, and different internal bonds were investigated.

2. Materials and methods

2.1. Model formation

2.1.1. Breakage kernel
The breakup of an aggregate in a mixing fluid should be affected

mainly by two  factors. One is the inherent characteristics of the
aggregate, such as the bonding strength between the particles
within the aggregate and its size; the other is the physical profile
of the solution media, such as the shear stress (Fig. 1).

Thus, the breakage kernel should be the function of these param-
eters, i.e.,

Breakage kernel = f (bonding strength,size,shear,viscosity) (1)

Dimensionless analysis can be employed to determine the exact
form of the breakage kernel. A dimensionless number, Prob, is
adopted to describe the breakup probability of the inherent bonds
by the hydrodynamic stress [4,12,22]. A general expression for this
probability can be written as

Prob = exp
(−�

�

)
(2)

where � is the mechanical bonding strength of the aggregate and
� represents the shear stress.

The bonding strength between particles within the aggregate
may  be estimated as follows [4]
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(
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where L0 is the diameter of the primary particles; based on exper-
imental observations [23], kc is the coordination number which
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