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Abstract—The behavior of SiO,, TiO, and ZnO non-magnetic nanoparticles and the effects of processing parameters
on agglomerate sizes were investigated systematically in a magnetic fluidized bed (MFB) by adding coarse magnets.
A mathematical model is developed based on energy balance among the agglomerate collision energy, magnetic energy,
energy generated by turbulent shear and cohesive energy to predict the agglomerate sizes. The results showed that slugging
of the bed disappeared and the measured agglomerate sizes decreased, so that the fluidization quality of non-magnetic
nanoparticles was significantly improved by adding coarse magnets due to introduction of magnetic field. The average
agglomerate sizes predicted by this model are in agreement with the experimental data.

Key words: Non-magnetic Nanoparticles, Magnetic Fluidized Bed, Agglomerate Size, Energy Balance Model, Coarse Mag-

nets

INTRODUCTION

Nanoparticles have received much attention due to their increas-
ing potential for extensive industrial applications, such as advanced
materials, food, pharmaceuticals, and nanosize catalysts, etc. How-
ever, strong interparticle forces always result in undesired large ag-
glomerates, handling trouble and lower productivity. It is proved
that magnetic fluidization is an effective method to improve fluidi-
zation quality of nanoparticles [1-3]. Previous studies [4,5] showed
that the fluidization quality of microsized particles was significantly
improved due to addition of magnetic field. However, the absence
of study about agglomerate sizes seriously affects its industrial scale
application.

Agglomerate sizes and the agglomerate size distribution in gas-
solid fluidized beds of nanoparticles are the most important factors
influencing the fluidization quality of nanoparticles and can be meas-
ured by using the experimental methods, such as freezing-agglom-
erate method [6], high-speed digital charge-coupled device (CCD)
camera [7], laser-based planar imaging analysis [8], etc. The meas-
urement and prediction of agglomerate sizes based on a model of
force balance in a conventional fluidized bed of cohesive particles
(micron size) were reported and discussed by several researchers
[9-12]. Xu and Zhu [13] proposed a model to predict agglomerate
sizes of cohesive particles (micron size) on the basis of the energy
balance among the agglomerate collision energy, the cohesive en-
ergy and the energy generated by vibration. Matsuda et al. [14] devel-
oped a comprehensive model based on the energy balance model
with respect to energy consumption for disintegration of agglomer-
ates to predict agglomerate sizes of cohesive particles (micron size)
in a vibro-fluidized bed. Guo et al. [15] calculated the agglomerate
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sizes of the SiO, nanoparticles in the acoustic fluidized bed by assum-
ing the combination of collision energy and adhesive energy is equal
to sound energy. Wang et al. [16] estimated the agglomerate sizes
of nanoparticles in the vibro-fluidized bed based on the combina-
tion of Richardson-Zaki scaling law and Stokes law. Some studies
[17,18] used numerical simulations to investigate fluidization behav-
iors of ferromagnetic particles in a magnetically fluidized bed (MFB)
based on two fluid model and kinetic theory of granular flow. In
these works, some focused on prediction of agglomerate sizes of
micron size particles [7,11-13], and another is for forced field, such
as vibration filed [13,14,16] or sound field [15]. However, the work
of estimating agglomerate sizes of non-magnetic nanoparticles pre-
pared by liquid phase method in MFB by using energy balance model
has not been reported so far.

In this study, an experimental study is conducted to determine
the effects of processing parameters on agglomerate sizes of SiO,,
Ti0, and ZnO non-magnetic nanoparticles prepared by liquid phase
method in MFB. A model is developed based on energy balance
among the agglomerate collision energy, magnetic energy, energy
generated by turbulent shear and cohesive energy to predict the ag-
glomerate sizes of non-magnetic nanoparticles.

EXPERIMENTAL SETUP

A schematic diagram of the MFB is shown in Fig. 1. The cylin-
drical transparent column of organic glass with 50 mm inner diam-
eter and 1,200 mm height was used in the experiments. Sintered
porous distributor was used to introduce compressed air, prelimi-
nary dried by a silica gel column, into the fluidization chamber. The
superficial gas velocity and pressure drop were measured by a rota-
meter and U-type manometer, respectively. The fluidized agglom-
erates were taken out from the different axial and radial locations
of a bed (see Fig. 1) with a self-made sampling ladle and examined
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Fig. 1. Schematic diagram of experimental set-up.

Table 1. Properties of nanoparticles and coarse magnets

Primary particle Bulk density Particle density

Nanoparticles size (nm) (ke/m’) (ke/m’)
Sio, 10 86.6 2560
TiO, 30 261 3850
Zn0O 16 341 5600

Coarse magnets 2 mm Steel spheres with density of 7,780 kg/m’

by positive position metallographic microscope. The properties of
non-magnetic nanoparticles and coarse magnets used in experiments
are summarized in Table 1.

Homogeneous axially magnetic field was generated by a 300 laps
solenoid (80 mm inner diameter, 200 mm outer diameter and height
of 35 mm) energized by a DC electric supply with a current (I) within
the range from 0 to 10 A. The magnetic field intensity (kA/m) was

4 2
calculated from H=Z&*IW with x=0, 0.1 m, 0.2 m and
0 T2 (R2+x) "
3m.

Where N=300 and R is solenoid geometric radius, defined as:

R=JRR,
MODEL ANALYSIS ON AGGLOMERATES IN MFB

In the MFB, the following simplified assumptions are made in
order to set up the model of energy balance: (a) agglomerates can
be represented as spheres with the same properties; (b) the size of
agglomerates is represented by a mean diameter of d,; (c) the wall
effect and elutriation are not considered; (d) the effect of electro-
static forces and liquid bridging forces is not considered as the air
is dried by a silica gel column. In a magnetic fluidized bed of non-
magnetic nanoparticles, the energy acting on agglomerate include
energy generated by turbulent shear E,,, collision energy E.,, cohe-
sive energy E,,, and magnetic energy E,,.. Accordingly, the fol-
lowing energy balance may be obtained at the breaking critical point
for the fluidized agglomerates.
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1. Collision Energy, E,,,
The collision agglomerates behave to accelerating or decelerat-
ing motion, and E_,, is obtained as the following:

E..= IO “Fda @

Based on the model of Zhou and Li [7], the agglomerates are as-
sumed as elastic bodies, and the relative collision velocity between
two agglomerates is V.

% ~0313V'7kp)d, &)
The collision force between two agglomerates is expressed by

F.,=na™ Q)

¢

Substituting the expression Eq. (3) and (4) into Eq. (2) gives
E. = 70, d2V? ®)
ol =51 Pala

Based on the correlation of Iwadate and Horio [11], the relative vel-
ocity V between the two agglomerates in collision can be estimated
as

1/2

V=(1.5P,.D,gs,) 6)

where P, ,~0.077 is the dimensionless average particle pressure of
nonsticky system; g, is the bed voidage, £~0.5; D, is the bubble
diameter in MFB and is given by [19]

D,=0.652[A (u—u,)** @]

Where A, is the cross-section area of the bed; the minimum fluidi-
zation velocity u,,-of agglomerates was from experimental data.
2. Magnetic Energy, E,, .

Previous studies showed that fluidization quality was improved
significantly due to introduction of magnetic field energy. It was
found that the introduction of the magnetic field energy could bring
two main effects in the experiments. First, the magnetic field lines
could break bubbles; and the second, the movement of adding coarse
magnets in MFB could break up the agglomerates. However, the
magnetic forces or energy in the magnetic field not directly act on
the non-magnetic nanoparticles. Therefore, the effective magnetic
energy is defined in order to characterize the acting energy of non-
magnetic nanoparticle agglomerates due to introduction of magnetic
field.

The comprehensive analysis on the experimental studies shows
that the parameters of influencing the effective magnetic energy
are as follows: magnetic field strength, H, amount of coarse mag-
nets, x, density of agglomerates, po,, diameter of agglomerates, d,,
relative velocity of agglomerate collision, V, and magnetic perme-
ability of the vacuum, z4. Therefore, the general variable function
can be written as follows:

Eﬂlang(I—IJ X‘) pll’ d(l’ \/’ /’4)) (8)
The above relationship can be expressed using the power function,
E,, =Ko g axsH xped V! ©)

According to the principle of dimensional consistency, it can be ob-
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Fig. 2. Linear fitting curves of values of s and K.

Table 2. Values of s and K"’ for SiO,, TiO, and ZnO nanoparticles

Nanoparticles s K"
SiO, 0.8331 0.5846
TiO, 1.0722 0.4414
Zn0O 0.9436 0.5570
tained
2-5
E,ue=K " (4H* VY05V ©)

According to Eq. (1),
2 2-s

Eep—Ee—E,W=K" (1H’ xv) #(0.50,V°) (10)

The values of s and K" of SiO,, TiO, and ZnO nanoparticles can
be obtained based on linear fitting through the experimental data
based on Eq. (10) (see Fig. 2), as shown in Table 2.

3. Cohesive Energy, E,,,

In the gas-solid fluidization state, nanoparticles trend to agglom-
erate due to the action of the interparticle attractive force (van der
Waals force). To break up agglomerates, the tensile strength due to
cohesive forces within the agglomerates must be overcome, and
the energy required for this process has to be equal to or larger than the
cohesion energy, E. . Therefore, the cohesion energy is defined as

Ew=]) Jdods (1)

where ¢; is the tensile strength of the agglomerate; Jis the displace-
ment of the two parts of the agglomerate at the breakage or the dis-
tance between the two departing particles; Z, is the initial distance
between the two adjacent particles and Z is the maximum distance
which the tensile strength of the agglomerate remains in effect.

According to theories of Molerus [20] and Rumpf [21], inter-
agglomerate force transmitted through the particles collision, and
the tensile strength of the agglomerate can be calculated as

g F

2
& &

GI:

(12)

where ¢, is the agglomerate voidage and F, is the adhesion forces
at a single contact point.

According to the Israelachvili’s theory [22] of the intermolecular
and surface forces or Derjaguin [23] approximation, van der Waals
force is given by

L (13)

246°
where d, is the primary particle size diameter of the particles. A is
the Hamaker constant.

It can be found from the experiments that van der Waals force
dominates over other types of interparticle force. Considering the
number of contact points per particle, the actual adhesion forces F,
is as follows: [24,25]

Ad
F.=1.61—% 14
246 (9
Substituting Eq. (12) and Eq. (14) into Eq. (11), cohesion energy
can be presented as

,Ad &1 sA(l 9
Eop= [ Zd22% . 61-—-——-—d5— 7 21,61 —=) q@s
"L ATy & d 96" d,\Z, 15

As Z is much higher than Z,, cohesion energy can simplified as

-sA L
& d,Z,

eoh 96 (1 6)

According to the hypothesis of Zhou and Li [7], &, can be given as

LPa

&,=1 o 17
where p, is primary density and the agglomerate density o, of cohe-
sive particles is 1.15 times the bulk density for agglomerates bound
loosely. It is known by calculation that the agglomerate voidage of
SiO,, TiO, and ZnO nanoparticles is 0.961, 0.922 and 0.930, respec-
tively.

The distance between particles or agglomerates, o, is 1.5-4.0x
10" m and we choose 6=4.0x10""" m. Citing from the physical
properties handbook, the dielectric constant, index of refraction and
Hamaker constant of nanoparticles are shown in Table 3.

4. Energy Generated by Turbulent Shear, E,,,

According to two-phase flow model, the velocity of agglomer-
ates is closed to the minimum fluidization velocity in the emulsion
phase. At the minimum fluidization velocity, the kinetic or drag force
for particles or agglomerates in a fluidized bed in turbulent flow is
given by [26]:

F,.,.=0.055 70, dule (18)

Energy generated by hydrodynamics shear is obtained as

Table 3. The dielectric constant, index of refraction and Hamaker
constant of nanoparticles

Nanoparticles & N, Ax1072(])
SiO, 3.7 1.5442 8.221
TiO, 40-60 2.493 39.73
Zn0O 8.656 1.9 21.42

Korean J. Chem. Eng.(Vol. 30, No. 2)



504 L. Zhou et al.

Zyta

Edmgzz _[degd5 (19)
0

Substituting Eq. (18) into Eq. (19) gives

E,..=0.1170,duze™** (a+Z,) (20)
5 2/5
a= (Tgvz;fkp,,) d, @0

where k is a function of Poisson’s ratio and Young’s modulus E, k
is assumed as 3.0x107° Pa™' [27] in this model.

Substituting Egs. (5), (9), (16) and (20) into Eq. (1), the energy
balance model as the following:

2-s

T 2 1_8"éi_L 3y 72 " 2 % 32
96d,,1.61 s d,,Zo_247rp“d"V +K " (1eHXV) %(0.50,V")
+0.11 zpdluie **(a+Zo) (22)

The various parameters are substituted into Eq. (22), and the ag-
glomerate size can be calculated with the difference method.

RESULTS AND DISCUSSION

1. Agglomerate Sizes in a Conventional Fluidization Bed

The experiment results show that SiO,, TiO, and ZnO nanopar-
ticles are difficult to be fluidized in a conventional fluidization bed,
and there exist three stages: slugging, channeling and partial agglom-
erates fluidization. Visual observation reveals that the top-bed of
SiO, and TiO, nanoparticles gradually fluidized with increasing gas
velocity, albeit the larger agglomerates rest the bottom of the fixed bed
with maximum size around 2 mm. Differing from the two above-men-
tioned nanoparticles, ZnO nanoparticles are in formation of smaller
agglomerates.

In conventional fluidization bed, according to the experimental
observations, the three nanoparticle agglomerates sizes at the top-
bed showed a broad size distribution at 0.1132 mv/s. This wide distri-
bution was suggested as an indication of the existence of different
stages of aggregation. SiO, and TiO, agglomerates were larger than
Zn0O agglomerates with exhibiting a wide distribution. The aver-
age agglomerate size of SiO, nanoparticles is 199.5 um at the top-
bed and 264.5 um at middle-bed, respectively. For TiO, nano-par-
ticles, average agglomerate size is 170 pm and 245 pm at middle-
bed, respectively. For ZnO nanoparticles, average agglomerate size
is 102 pum at the top-bed and 158 um at middle-bed, respectively.
2. Agglomerate Sizes in Magnetic Fluidized Beds

Figs. 3-5 illustrate the variations in average agglomerate sizes
with processing parameters for SiO,, TiO, and ZnO nanoparticles
by adding coarse magnets. The experimental results showed that the
agglomerate sizes of SiO, and ZnO nanoparticles decreased with
increasing magnetic field intensity (see Figs. 3-4). However, it was
found that coarse magnets would condense at high magnetic field
intensity.

Measured agglomerate sizes of ZnO nanoparticles also decrease
with increasing the magnetic field intensity. When magnetic field
intensity is 8.36-11.14 kA/m, agglomerate sizes are significantly de-
creased. With increasing further the magnetic field intensity, decreas-
ing variety of ZnO nanoparticle agglomerate sizes tends to slow
down. This is because the bed has defluidization, and is a fixed-
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Fig. 3. Effect of magnetic field intensity on the top-bed agglomer-

ates size of ZnO nanoparticles at different amount of coarse
magnets and superficial gas velocity of 0.1132 m/s.
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Fig. 4. Effect of magnetic field intensity on the top-bed agglomer-
ates size of SiO, nanoparticles at different amount of coarse
magnets and superficial gas velocity of 0.1132 m/s.

bed in the bottom of the bed. With increasing magnetic field inten-
sity, the fluidization region increase. The agglomerates in the fixed-
bed stream to the dilute phase region of fluidized bed top, and the
agglomerate sizes decrease. The bed begins to fluidize at the mag-
netic field intensity of 16.71 kA/m. At the same time, coarse mag-
nets also begin condensing.

With increasing the magnetic field intensity, TiO, nanoparticle
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Fig. 5. Effect of magnetic field intensity on the top-bed agglomer-
ates size of TiO, nanoparticles at different amount of coarse
magnets and superficial gas velocity of 0.1132 m/s.

agglomerate sizes showed a trend of first increase and then stabi-
lized or slightly decreased (see Fig. 5). This is because when fluid-
ized beds have defluidization, a fixed-bed of large agglomerates is
formed in the bed bottom. With the increase in the magnetic field
intensity, part of large agglomerates begins to fluidize. Increasing
the amount of coarse magnets (the steel spheres) to 50% (wt) at the
magnetic field intensity of 13.93 kA/m, particle beds begin to fluid-
ize. At the same time, coarse magnets also happen condensing so
that agglomerate size became stable.
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3. Estimation of Agglomerate Sizes

Substituting various parameters into Eq. (22), the estimated ag-
glomerate sizes can be obtained. Figs. 6-8 show examples of the
comparison of measured and estimated agglomerate sizes for SiO,,
Zn0 and TiO, non-magnetic nanoparticles (all non-magnetic nano-
particle agglomerates were fluidized) at the superficial gas velocity
of 0.1132 m/s. It can be seen from Fig. 6 that the agglomerate sizes
of SiO, nanoparticles calculated by this model are in reasonable
agreement with the experimental values when magnetic field inten-
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Fig. 8. Experimental and model predicted values with 40% (wt)
of coarse magnets and a superficial gas velocity of 0.1132
m/s.
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sity is in the range of 13-17 kA/m and the adding amount of 40%
(wt) coarse magnets. For ZnO nanoparticles, the agglomerate sizes
calculated by this model are in agreement with the experimental
values only when magnetic field intensity is in the range of 15-16
kA/m and the adding amount of 50% (wt) coarse magnets (see Fig.
7). This is because nanoparticles have different optimal operating
conditions due to different physical and chemical properties. For
TiO, nanoparticles, the agglomerate sizes calculated by this model
are in agreement with the experimental values when magnetic field
intensity is in the range of 15-16.5 kA/m and the adding amount of
40% (wt) coarse magnets (see Fig. 8). It can be concluded that non-
magnetic nanoparticles can be fluidized in the form of smaller ag-
glomerates if the suitable operating conditions, including magnetic
field intensity, adding amount of coarse magnets and superficial
gas velocity, etc. are chosen.

CONCLUSION

A mathematical model to predict agglomerate sizes in MFB of
non-magnetic nanoparticles was developed based on the balance
of the agglomerate collision energy, magnetic field energy, energy
generated by hydrodynamics shear and cohesive energy. The ag-
glomerate sizes of non-magnetic nanoparticles can be estimated by
this model. The agglomerate sizes calculated by this model are in
reasonable agreement with the experimental values at the suitable
operating conditions. Experimental and model analysis showed that
the agglomerating fluidization quality of non-magnetic nanoparticles
can be improved significantly with increasing magnetic intensity
and adding amount of the coarse magnets.
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NOMENCLATURE
A :hamaker constant [J]
A, :cross-section area of the fluidized bed [m?]
B :boltzmann constant (=1.381x 107 J/K)
d, :diameter of agglomerate [pum]
d,. :the calculated diameter of agglomerate [pum]
d,, :themeasured diameter of agglomerate [um]
d, :diameter of agglomerate i, (i=1, 2) [um]
d,  :diameter of primary particles [pm]
D, :diameter of bubbles in the fluidized bed [m]
E  :Young’s modulus [Pa]
E., :cohesion energy of agglomerates [J]

E., :collision energy between agglomerates [J]

E, :energy generated by turbulent shear [J]

E,. :magnetic energy [J]

F.  :the interparticle forces at single contact point [N]
F., :collision force between agglomerates [N]

F,.. :the van der Waals force [N]

February, 2013

: Planck’s constant (=6.626x 107" Jes)

: magnetic field strength [kA/m]

: current [A]

: function of Poisson’s ratio and Young’s modulus [Pa™']

: mass of agglomerate i, (i=1, 2) [kg]

: index of refraction of particle (i=0, 1)

: solenoid laps

: dimensionless average particle pressure

: solenoid geometric radius [m]

: solenoid inner diameter [m]

: solenoid outer diameter [m]

: superficial gas velocity [m/s]

: minimum fluidization velocity [m/s]

: the amount of coarse magnets [%]

: relative velocity of agglomerate [m/s]

: initial distance between two agglomerates [m]

: displacement within which the tensile strength of the agglom-
erate remains in effect [m]

S~ =

~zZ

NN<*EEmmR;

Greek Letters

a  :compression displacement [m]

Q.. :maximum compression displacement [m]

o0  :the displacement of the two parts of the agglomerate at the

breakage [m]
g, :agglomerate at the breakage [m]
g  :average bed voidage, dimensionless

M, :gas viscosity [Pa-S]

M,  :magnetic permeability of the vacuum

v :Poisson’s ratio

v, :main electronic absorption frequency in the UV region
o, density of agglomerate [kg/m’]

0, :bulk density of bed [kg/m’]

p,  :density of primary particle [kg/m’]

o :tensile strength of the agglomerate [Pa]

0,.. :maximum tensile strength of the agglomerate [Pa]
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