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Selection and comparison of equipment for deagglomeration processes
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The unique properties of nanoparticles and nanoparticle clusters show high potential for nanomaterials to
be formulated into numerous products. In this paper, nanosuspensions are formulated by braking up agglom-
erates in high-shear flows. The flows are generated in the specific equipment, and this paper serves as a guide
for equipment selection based on mechanistic modelling. A general model based on the power input to the
system is formulated to model agglomerate disintegration in different types of equipment including stirred
tanks, the rotor-stator disintegrators, the high-pressure nozzle systems and bead mills. The results of com-
putations based on the rate of energy dissipation are presented in terms of the specific energy input, which
is typical of industrial applications. In the considered deagglomeration devices the stresses are generated due
to various mechanisms including the effects of hydrodynamic stresses, cavitation and bead collisions. The
model includes the effects of agglomerate structure on the suspension viscosity. The results of the simulations

are compared with the experimental data.
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INTRODUCTION

The technological aspects of this paper are related to
the formulation of stable suspension of nanoparticles. The
unique properties of nanoparticles and nanoparticle clus-
ters have shown huge potential for nanomaterials to be
formulated into numerous high quality products. This
includes abrasion-resistant transparent coatings, polishing
slurries for optics, catalysts, sunscreen lotions, as well as
the healthcare, medicine and electronics materials. In this
paper, we consider the nanosuspensions that are formu-
lated by braking up agglomerates in high-shear flows.

Disintegration processes play a significant role in chemi-
cal industry. There are many types of equipment (e.g.
rotor-stators, high pressure nozzles devices, stirred tanks)
that can be applied to generate stresses. There are, of
course different mechanisms involved in stress generation
and thus different mechanisms of deagglomeration. For
example, in the case of high-pressure system disintegra-
tion results from hydrodynamic and cavitation stresses, in
the case of the rotor-stator system, which is considered in
this work, only hydrodynamic stresses are active. For the
milling systems stresses are generated due to the milling
beads collisions. To choose the most suitable equipment
for the desired parameters of the final product one can use
relatively simple mechanistic modelling based on the rate
of energy dissipation and specific energy input calcula-
tions. The model applied in this paper includes the effects
of agglomerate structure and suspension rheology on the
disintegration processes.

STRUCTURE AND STRENGTH OF AGGLOMERATES

The strength of agglomerate depends on its structure,
which determines the mechanism of its breakage. A typi-
cal agglomerate structure is represented by the cluster-
fractal model! as shown in Fig. 1. Large clusters of size
L, consist of smaller primary aggregates of a size L,
which are composed of primary particles of size L,. They
are characterised by the fractal dimension D,. The pri-
mary particles, forming primary aggregates are connected

by strong chemical bonds. Such aggregates are strong,
stable and resistant to mechanical forces. They are char-
acterized by average fractal dimension Dy,. The clusters of
size L,, connected by adhesion forces, are relatively unsta-
ble and can be disintegrated by mechanical forces.

Figure 1. Structure of large agglomerates (clusters)

Alternatively to the cluster-fractal structure one can
consider agglomerates of size L, consisting of primary
particles of size L, that are connected by adhesion forces
and characterised by the fractal dimension D,. Then de-
agglomeration leads directly to primary particles of size
L,. Notice that the cluster-fractal model can be easily
reduced to the single fractal model, so in what follows the
cluster-fractal model is presented in detail and applied in
modelling. The model of agglomerate structure applied in
this work and presented in Fig.1 was published earlier by
Batdyga et al.2.

According to this model, the porosity of primary aggre-
gates,
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and the effective volume fraction of primary aggregates in
the suspension can be calculated using the fractal geom-

etry
L 3-Dyo
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where 6, is packing factor, &, and J, are the shape factors
of aggregates and primary particles, respectively and ¢, is
a true volume fraction of primary particles.

For the large clusters the effective porosity takes the

form
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and the effective volume fraction of agglomerates reads
I 3-D,
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The tensile strength of large agglomerates that results
from adhesion (intermolecular polar and electrostatic
forces) is then calculated using the model presented by
Tang et al.3
l-g, F
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where F represents the force of interaction between pri-
mary aggregates forming an agglomerate. The forces can
be calculated as the sum of the van der Waals attractive
force (F,) and the electrostatic repulsive force (F). Both
forces can be calculated using the classical DLVO theory:
F=F, + Fy (6)

The van der Waals and electrostatic forces act between
primary particles and are expressed for R, = L,/2 by:
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where Ha is an effective Hamaker constant, H is the sur-
face-to-surface distance, y static permittivity, kg, the
Boltzman constant, T denotes temperature, e electron
charge, and k the Debye-Hiickel parameter
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In eq.(9) N,y represents the Avogadro number and I,
is the ionic strength.

The surface potential, y;, can be measured as zeta po-
tential or can be calculated as the Nernst surface potential
using the so-called Gouy-Chapman-Stern-Grahame ap-
proximation

\I‘Oi:kB_Tlnln[ G j—% (10)
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where C,, is the inner layer capacitance per unit area, c,**
is ion concentration in the solution, ¢,”* ;, is ion concen-
tration at the isoelectric point and o represents the surface
charge. The charge and the surface potentials are con-
nected by the Poisson-Boltzman approximation that is
based on Boltzman expression* that for symmetrical z-z
charge electrolytes takes the form

c =—2zen, sinh sinh (z}:;‘l;?} (11)

B

where n,, is the concentration of each ion in the bulk
solution. For the asymmetrical electrolytes one can use

v, =kLT1n1n{CCx” ] (12)
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Notice that for the surface-to-surface distance, H, close
to zero, the ratio of repulsive to attractive forces that is
proportional to H, approaches zero, and the repulsive
forces are negligible as compared to attractive ones.
However, the repulsive forces can dominate particle inter-
actions when the distance between particles is large, which
can stabilize the suspension. This, however, cannot hap-
pen for the concentration of potential-controlling ions
close to the isoelectric point, when the surface potential
is equal to zero.

PROBLEM OF SUSPENSION VISCOSITY

The suspended particles can affect the suspension vis-
cosity and thus the flow pattern. Hence, the viscosity model
must be incorporated into the calculations.

The suspension viscosity can be expressed in the form:
W= M (13)
where w, is the suspending fluid viscosity and M is relative
suspension viscosity, which depends on the effective
volume fraction of particles. In the literature there are
many models that allow the prediction of particle concen-
tration effect on suspension viscosity. For example, Collins®
proposed to use the extended Krieger Dougherty model in
the following form:

d) =25
M= (1 - j)j (14)
where A for fractal aggregates takes the form
4=NO —(%—lj% (15)

with ¢" being the volume fraction for the close packing of
particles. A represents in eq.(15) the ratio of actual solid
volume fraction to the effective volume fraction associ-
ated with the solid and the screened fluid.

Buyevich and Kabpsov® considered the flows with strong
(Pe — 0) and negligible (Pe — «) effects of Brownian
diffusion in relation to shear effects, to finally formulate
the relation valid also for the intermediate Pe values. They
proposed the following relation for the narrow concentra-
tion range that adjoins ¢, ¢ —¢ << 4,4, being the close-
packed limit for particle volume fraction in suspension ¢.
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with C=z0"/2, where z is an effective ,coordination

number” of a sphere in the close-packed state. Using Eq.
(16) together with the empirical formula valid for the low
and moderate concentrations

p= H'I[qu[d (l_¢)75/2 for ¢ Sd)* _d) (17)

Buyevich and Kabpsov® developed the expression cov-
ering a whole range of concentrations and including both
mechanisms: the effect of shear and the effects of Brownian
motion. The expression valid at very low shear rates
(Pe<<1)reads
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and for the flows with high effect of shear (Pe>>1)
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with C = 2. The relation for the viscosity between M, and
M. depends on the value of the Peclet number defined as

2
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where a is the radius of spherical particles and Dy is the
Brownian diffusivity. For any Pe one has:
v = Mo+ M, Pe

1+ Pe

The model was applied earlier in the context of
deagglomeration, modelling by Batdyga et al.”.

In the works by Baxter®, Russel® and later Cichocki and
Felderhof!? the following equation was derived to account
for the effects of colloidal forces (cited after Reub and
Zukoski):
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where 7 characterizes the strength of attraction. This
expression is appropriate for the rather low solid volume
fraction values.

When the suspension concentration is so high that fractal
aggregates touch each other and overlap, then the over-
lapped volume fraction can be expressed by ¢,, —¢", the

number of contacts between primary particles of two
overlapping agglomerates of equal size should be propor-
tional to the square of the number of primary particles

a
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KL_] ] present in this volume, and the number of
0

contact points between the agglomerates of a similar shape

(spherical) in a concentrated suspension should be pro-
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for the high volume fraction limit the following equation
can be used:
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The combination of the equations (21) and (23) gives
the relation for a wide range of the volume fraction.

DISINTEGRATION OF AGGLOMERATES

The breakage kernels for agglomerate dispersion are
defined by comparing the tensile strength of the agglom-
erates with the stresses generated in the deagglomeration
devices. When the rapture force exceeds the aggregate
strength, the break up occurs with a characteristic fre-
quency proportional to the frequency characterizing the
phenomenon, which creates stresses, otherwise the rate of
breakage is zero. Depending on the process conditions
observed in different pieces of equipment, different mecha-
nisms are effective for agglomerate breakage. The hydro-
dynamic stresses play a significant role in the case of
systems with rotating elements and high-pressure devices.
For the turbulent flow they can be expressed using the
Kolmogorov theory. The frequency of breakup events, I
is then given by:
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where C, is a proportionality constant and A, =V * [t

represents the Kolomogorov microscale. The effect of the
suspended particles is taken into account by using the
effective viscosity. The rate of energy dissipation, &, is
defined as the average energy dissipation rate in the de-
vice, and if necessary, the local values are recalculated
from this average one using the information about the
distribution of the energy dissipation rate. For the systems
with rotating elements the average rate of energy dissipa-
tion is calculated from

. = P

Vo (26)
where P is the power input calculated from the operating
parameters, V' is the device volume and p is the suspen-
sion density.

In the case of high-pressure systems the rate of energy
dissipation is calculating from the operating pressure drop,
Ap:

_ApQ

= W 27)

where Q is the flow rate. The residence time in any system
is calculated from the device volume and the flow rate.

Bead mills represent another type of equipment, where
the stresses are generated by the collisions of the milling



beads. While using the theory of Batchelor and Green12,
one can estimate the maximum stresses created during the
contacts of beads:

5
Tmax = 49“0’}, |:5 + 76(P:| (28)

where @ represents the concentration of the milling beads
and 7 is the rate of shear. The breakage kernel in this case
is proportional to the number of binary collisions per unit
time per unit volume!?:
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where 7 = nd’ 1S the bead number concentration, d, rep-
b

resents the milling bead diameter, and © is granular tem-
perature. Since not every collision of two particles is ef-
fective the equation contains the constant § that can be
fitted to the experimental data. In ref' is it shown that the
collision efficiency strongly depends on the volume frac-
tion of the milling beads. The resulting general relation
for the collision frequency reads:

I'= 0.5amdn’ v, (30)

A comparison of eq.(29) with eq.(30) enables_to ex-
press the average relative velocity between beads, v,, as a

function of granular temperature and bead volume frac-
tion. For the particles with the diameter around 1.8 mm,
and the particle number density n, = 5:10° m? for the
volume fraction equal to 0.015, the experimental results
show that the collision rate is proportional to (n;)*** so

that the collision rate can be expressed as:
r=26-10°d2n"%, (31)

which shows that the efficiency of collisions f3 is propor-
tional to n, 0%,

To calculate the granular temperature and the related
rate of energy dissipation at micro-scale one can use the
model described by Eskin et al.’,

The ultrasonic devices are another type of the
deagglomeration systems. The main mechanism of gener-
ating stresses in ultrasonic devices is based on the cavita-
tion bubble collapse. Cavitation occurs when pressure p
falls sufficiently low to form vapour bubbles. When the
bubbles are conveyed to the regions of higher pressure,
they collapse generating at the same time very high-local-
ized pressure. Surface damage and deagglomeration result
from shock waves and microjets generated during such
collapse. The semi-empirical relation for the stresses gen-
erated during bubble implosion can be estimated from the
following relation'é:

T, =0pcu, (32)

where o is an empirical constant, ¢ is the velocity of
compressional wave in the liquid and u; is the microjet
velocity

1/2
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In eq.(33) p, is the saturated vapour pressure. The kernel
for the frequency of deagglomeration takes the form:

_ |G, if o <7,
= {0 ifo, 21, (34)
where v represents here the frequency of ultrasonic field.

The mechanisms describing the disintegration of ag-
glomerates are erosion, rapture and shattering. In what
follows we consider the erosion and rupture. If the ero-
sion is the dominant breakup mechanism, it occurs on the
periphery of the agglomerate. The number of primary
aggregates or primary particles (depending on the agglom-
erate structure, cluster-fractal or fractal) eroded from the
agglomerate surface is equal to the number of breakage
events that happen during the deagglomeration time:

N, =T (35)

where 7is residence time in the deagglomeration device.
The relation for the new size of agglomerate based on the
conservation of mass considers the fractal structure of
agglomerate:

/D
Li,new = (Lf(gld - Nthj ) / (36)

For the rapture as the main mechanism in the simplest
case there are two fragments of agglomerate of the same
size per each breakage event:

L

i

Li,new - % (37)
2 I

The examples of the calculations using this simple model
are shown in the following figures.

Fig. 2 shows the results of modeling obtained for the
system with rotating elements, the Rotor-Stator Mixer,
Silverstone type. The analysis of the experimental data’
leads to a conclusion that erosion is the mechanism of
breakage in the rotor-stator mixer. Hence, this mecha-
nism of deagglomeration is applied in the present work.
The experiments and the present calculation were per-
formed using the test rig consisting of an in-line Silverson
rotor-stator mixer and the stirred tank arranged in the
loop, so that the slurry was kept suspended off the tank
base and was flowing through the rotor-stator many times.
The experiments were performed by means of varying the
rotor speed (3000 — 9000 rpm) and Aerosil 200 V was
used as a test material. Comparison of model predictions
with the experimental data shows that the agreement is
good: in the experiments the mean value of the agglom-
erate diameter for 3000 rpm decreased from 35 um to 15
pm, for 5000 rpm further to 10 wm, for 7000 rpm to 8 um
and for 9000 rpm to 5 um.

Fig. 3 shows the results of the calculations obtained for
the high-pressure system, APV Gaulin 25 Homogenizer.
Here, due to the much higher energy input the mechanism
of breakage is rapture. For the initial agglomerate size
equal to 35 um, the experimental data show the variation
of the agglomerate size after deagglomeration between
7um and 1um for the operating pressure varying between
100 and 500 bar for a different time of the
deagglomeration process, which is related to the number
of passages through the disintegrating nozzle.

Fig. 4 shows the results for the Stirred Media Mill for
erosion as the deagglomeration mechanism. The efficiency
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Figure 2. The effect of the rotor speed and deagglomeration time on the agglomerate size; the working volume of the rotor-
stator mixer, V=4.8-10° m3, the flow rate through the system, Q=6-10* m3s
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Figure 3. The effect of the operating pressure on the size
of agglomerates for a different number of passages
through the high-pressure system. APV volume,
V=4.35-10% m3, flow rate, Q=16.5-10° m?/s

for the frequency of breakage was fitted to the experimen-
tal data as mentioned above (see the comment below
eq.(31)). The constant  for the process parameters:
@ = 0.3 and d, = 0.001 m is equal to about 108. There
is a difference in the value of the constant 3 between the
one used in ref' and the value given above; this results
from the strong influence of the bead milling volume
fraction, @, that is different in both considered simulations.
The granular temperature for the power input
P = 210 W/m?® was calculated to be © = 0.2481 m?%s’.
For the power input P = 2-10° W/m? the process time
shown in Fig. 4 corresponds to the specific energy value
between 10 and 50 MJ/m3. The particle sizes observed in
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Figure 4. The effect of deaggregation time on the size of
aggregate. The collision efficiency 3=10"*

the simulations for the initial agglomerate size equal to
about 35 um agree with the literature experimental data'’.

The comparison of the effects of energy input on the
agglomerate size in different deagglomeration devices is
shown in Fig. 5. The high-pressure system and the stirred
media mill generate much higher values of specific energy
in comparison with the rotor-stator system. Higher values
of energy result in smaller size of agglomerates in the
product suspension.

CONCLUSIONS

The effects of the deagglomeration processes result from
different mechanisms, depended on many process and
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Figure 5. The effect of energy input on the size of the
aggregates for different deagglomeration systems

product parameters. However, as shown in this paper,
deagglomeration can be described while using relatively
simple mechanistic models. The results of the simulation
produce good agreement with the experimental data, at
least provide a prediction of the trends observed in the
experiments. The algorithm of the computations presented
in this paper can be very useful in the selection of the
equipment for the deagglomeration processes.
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NOMENCLATURE

c — velocity of compressional wave, m s’
D,  —fractal dimension of agglomerates
Dy, —fractal dimension of primary aggregates
F — particle interaction force, N

H — surface-to-surface distance, m

Ha - Hamaker constant, J

I — ionic strength, kmol m™

L — agglomerate size, m

L, - primary aggregate size, m

L, — agglomerate size, m

L, - primary particle size, m
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p — pressure, Pa

R, - bubble radius, m

T — temperature, K

z — valence of ions

r — breakage kernel, s

4 — shape factor for agglomerates

o} —shape factor for aggregates

€ — rate of energy dissipation per unit mass, m?’s>
& — porosity of agglomerates

& — porosity of primary aggregates

6, —packing factor for aggregates in agglomerate

0, —packing factor for primary particles in aggregates
A — Kolmogorov microscale, m

v — effective kinematic viscosity, m?s™!

v — frequency of ultrasonic field in eq.(34), s!
Or — tensile strength of agglomerates, Pa

& — true volume fraction of primary particles

&  — effective volume fraction of agglomerates

vy - surface potential, V
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