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bstract

Particle aggregation by magnetic seeding was proposed for removing the coal-fired PM10. To better understand the particle aggregation properties
y magnetic seeding, experiments on the fly ash particles in the size range of 0.023–9.314 �m were conducted in a uniform magnetic field by seeding
agnetic particles of Fe3O4 and �-Fe2O3. The fly ash particles were produced from combustion of bituminous coal originated in Dongshen, China.
dedicated fluidized bed aerosol generator was developed to disperse particles to generate aerosol at a constant rate. The fly ash particles mixed

ith magnetic seed particles, underwent agglomeration during passing through the magnetic field. The variation in particles number concentration
nduced by aggregation was measured in real time by an electrical low pressure impactor. Characteristics of particles aggregation by seeding
he two kinds of magnetic particles were examined. Experimental results show that particle removal efficiencies can be increased by increasing
he magnetic flux density, the mass ratio of magnetic seed particles/fly ash and the particle residence time in the magnetic field. The removal
fficiencies by seeding Fe3O4 are higher than those by seeding �-Fe2O3 under the same conditions. When particles are saturatedly magnetized,
urther increasing the magnetic flux density no longer has effect on particle aggregation. Both the single-sized and total removal efficiencies of fly
sh particles for seeding Fe3O4 are higher than those for seeding �-Fe2O3. Mid-sized particles removal efficiencies are higher than those of the

igger ones or the smaller ones. Particle number median diameter decreases during aggregation, and the decrement for seeding Fe3O4 is lower
han that for seeding �-Fe2O3. Numerical simulation results indicated that particle removal efficiencies increase remarkably with the increase in
otal particle mass concentrations. The total removal efficiencies reach 84% and 62% for seeding Fe3O4 and �-Fe2O3 respectively, and the particle
umber median diameter decrease from original 0.151 to 0.098 and 0.085 �m when total particle mass concentration is 40 g m−3.

2007 Elsevier B.V. All rights reserved.
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. Introduction

PM10 has been concerned increasingly for its associating with
ncreased mortality, morbidity and decreased lung function [1],
specially emitted from coal combustion source in China [2,3].
he emission sources of PM10 such as coal-fired power plants
ontribute significantly to the ambient aerosol loading in the
tmosphere [4]. Because of their tiny size, light weight and
normous number, conventional dust removal facilities are lit-
le effective on the fine fly ash particles from coal combustion.

here are two ways to remove the fine fly ash particles from
ue gas, one is to remove them with new-style facilities, and

he other is to aggregate the particles first to enable the particles
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arge enough, and then remove them with conventional facilities.
article aggregation is the process of particle merging induced
y their collision. Iron oxide is one of the main components con-
tituting fly ash particle [5–7], so the particle can be magnetized
asily in magnetic field [8]. In a magnetic field, the magnetized
y ash particles and magnetic seed particles come close and
dhere together under the inter-particle magnetic dipole force
nd other primary forces such as drag, Brownian, van der Waals
nd gravity. Thus, aggregation of the fine fly ash particles by
agnetic seeding in a magnetic field is a promising method of

emoving them from flue gas, and the project for investigating it
as launched as one of the National Basic Research Programs
f China.
The study on magnetic particle collision and aggregation has
ide interest because of its applicability to many practical sys-

ems. Magnetic separation has been suggested as a recovery and
ollution control process, such as for desulphurization of coal

mailto:cszhao@seu.edu.cn
dx.doi.org/10.1016/j.cej.2007.02.021
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Nomenclature

B magnetic flux density (T)
C mass concentration of particles (kg m−3)
dm number median diameter (�m)
dp particle diameter (�m)
n size distribution of particle (m−6)
R mass ratio of magnetic seed particles over fly ash
t residence time of particle in magnetic field (s)
u gas flow velocity (m s−1)
vmin, vmax minimum and maximum volume of particles

existing in gas flow (m3)

Greek letters
β aggregation coefficient (m3 s−1)
ηs single-sized particle removal efficiency (%)
ηt total particle removal efficiency removal effi-
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The fluidized bed aerosol generator [24], shown in Fig. 2, is
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9], for effluent from steel mills [10], for separation and concen-
ration of mining ores and waste [11] and for hybrid solid–liquid
eparation processes [12]. Aggregation of small dust grains also
esults in interesting structures of the aggregates such as single
hains and inter-connected web-like structures [13]. Aggrega-
ion process could be used to enhance the removal efficiency of
igh-gradient magnetic separations [14,15]. Particle aggregation
n magnetic field has also been used for delivering therapeutic
rugs [16] and purifying drinking water [17].

There have been some investigations on the collision and
ggregation of particles in magnetic field. Smoluchowski [18]
nvestigated the aggregation of airborne particles in static gas

edium, and developed the Brownian agglomeration model for
valuating the agglomeration coefficient between two interact-
ng particles. Based on the Brownian agglomeration model,
voboda [19] considered the flocculation of weakly magnetic
uasi-colloidal particles in suspensions, using an inter-particle
orce potential that includes electrical double layer, van der

aals and magnetic force. Chin et al. [20] studied the floccula-
ion kinetics of mixtures of magnetite and polystyrene in a stirred
ank under turbulent shear flow conditions. The results showed
hat the flocculation rate can be enhanced by increasing the agi-

ation speed. By making mathematical approximations, Prakash
nd Pratim [21] derived the expression of collision frequency
unction for particles whose dipoles are randomly oriented and

a
i
(

ig. 1. Schematic diagram of experimental system. (1) Nitrogen gas; (2) HEPA filter;
uidized bed aerosol generator for aerosolizing magnetic seed particles; (6) aerosol m
yclone; (11) Dekati diluter; (12) electrical low pressure impactor (ELPI); (13) extern
g Journal 133 (2007) 301–309

ligned in magnetic fields, neglecting all but the magnetic dipole
orce potential. Tsouris and Scott [22] carried out flocculation
xperiments of paramagnetic particles under the influence of
strong magnetic field. They found that aggregation is strong

ependence on particle size and on magnetic susceptibility.
Although extensive studies have been conducted on the

ggregation of magnetic particles, most of the studies were deal-
ng with magnetic particles with bigger sizes in liquid medium.
he investigation on aggregation of fine fly ash particles in
niform magnetic field in our previous paper [23] indicated
hat removal efficiency of the fly ash particles was lower than
esired due to low magnetization. However, the magnetization
f magnetic seed particles is much higher than that of fly ash
articles. Thus, magnetic seed particles can be used to aggre-
ate fine fly ash particles to heighten the removal efficiency
f fly ash particles. To better understand the aggregation prop-
rties of fine fly ash particles in uniform magnetic field by
eeding magnetic particles, and to provide a solid basis for the
pplication of the aggregation technology by external magnetic
eld, this paper presents aggregation experiments on fine fly
sh particles in the size range of 0.023–9.314 �m in a uniform
agnetic field by seeding magnetic particles. The effects of

article size, magnetic flux density, total particle mass concen-
ration, mass ratio of magnetic seed particles/fly ash, average gas
elocity and particle residence time in the magnetic field were
xamined.

. Experiments

.1. Lab scale setup and procedure

The particle aggregation experimental system is schemati-
ally shown in Fig. 1. It consists of two HEPA filters, two
uidized bed aerosol generators, a jar, an aggregating passage, an
lectromagnet and a measurement apparatus. One of the HEPA
lters was used to filter the nitrogen flowing into the fluidized
ed aerosol generator and the diluter; another was used to filter
he aerosol coming from the polycarbonate tube placed between
he two magnetic heads. The two aerosol generators were used
o generate the aerosols of fly ash and magnetic seed particles,
espectively. And the jar’s capacity is 0.001 m3, which is used
o mix aerosol particles of fly ash and magnetic seed particles.
relative simple apparatus for deagglomerating and aerosoliz-
ng fly ash particles. It consists of a dense bed, coarse particles
bronze beads) mixed with a solid powder (fly ash in this case).

(3) flow meter; (4) fluidized bed aerosol generator for aerosolizing fly ash; (5)
ixing jar; (7) aggregating passage; (8) magnetic poles; (9) sampling probe; (10)
al PC for data acquisition.
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ig. 2. The fluidized bed aerosol generator. (1) Nitrogen gas; (2) nitrogen plenum
hamber; (3) distributor; (4) bed; (5) vertical tube; (6) fly ash/bronze reservoir;
7) aerosol outlet; (8) overflow outlet; (9) fly ash/bronze collector.

itrogen passing through the bed via the gas distributor fluidizes
he bed. The bronze beads move and mix freely, grinding up the
y ash agglomerates. The smaller fly ash particles subsequently
ecome entrained in the nitrogen flow, while the heavier bronze
eads and the larger fly ash particles settle back to the bed. At
he same time, the fresh bronze/fly ash mixture is added to the
ed continuously through the vertical tube connected with the
eservoir. In order to ensure that the bed maintains a relatively
onstant height, an overflow outlet is located at the higher part
n the wall of the bed so that the excess mixture can be with-
rawn continuously. The output of particle concentrations can
e adjusted by changing the mass ratio of bronze beads/fly ash,
he nitrogen flow rate through the bed, or the feed rate of the

ixture.
An electromagnet (SB-100, China) generates a uniform mag-

etic field between its two magnetic heads. Diameter of both the

agnetic heads is 100 mm, and the maximum magnetic flux den-

ity is 1.4 T. A transparent plexiglas tube, with an inside diameter
f 50 mm, was placed between two magnetic heads as a passage
or aerosol particles.

M
d
�

able 1
mpactor properties

mpactor stage no.

2 3 4 5 6 7

erodynamic D50% (�m)
0.023 0.030 0.050 0.098 0.211 0.317 0.576

erodynamic Di (�m)
0.026 0.039 0.070 0.144 0.259 0.427 0.716
g Journal 133 (2007) 301–309 303

An electrical low pressure impactor (ELPI, Dekati Ltd., Fin-
and) was employed to monitor particle size distribution and
oncentration in real time. The ELPI consists of 13 stages (12
hannels), and the cut off diameter (D50) of each stage and
eometrical mean diameter (Di) of each channel are shown in
able 1. Operating principle of the ELPI is based on inertial
lassification of electrically charged particles and the particle
umber is determined according to the electrical charge car-
ied by different sized aerosol particles. To shield magnetic
eld so that the external magnetic field has no effect on the
articles inside the sampling probe, a ferrite foil was adhib-
ted on the surface of the sampling probe. The distance from
he boundary of magnetic field to the sampling point can be
hanged by adjusting the position of the sampling probe along
he axial direction of the polycarbonate tube. To remove parti-
les larger than 9.314 �m from the sample gas flow, a cyclone
as laid between the sampler and the Dekati dilutor. The dilu-

or enables sampling from high particle concentration over a
ong period of time. The dilutor has a constant dilution ratio
f 8.18.

Fly ash particles and magnetic seed particles were aerosolized
y the fluidized bed aerosol generators and came into the jar to
ix fully. The mixed aerosol were transported into the plexiglas

ube by gas flow and aggregated in magnetic field. The num-
er concentrations of the fly ash particles both before and after
ggregation were measured by the ELPI online.

.2. Particles

One kind of fly ash particles and two kinds of magnetic seed
articles were used in the study. The fly ash was sampled from
he hopper of the fourth electrical field of electrostatic precipita-
ors (ESP) for a tangential bituminous coal-fired utility boiler in
alateqi Power Plant of China. The coal fired in the boiler is from
ongsheng, China. The two kinds of magnetic seed particles
ere �-Fe2O3 and Fe3O4, respectively. Fig. 3 shows the parti-

le size distributions measured by ELPI for the fly ash particles
nd magnetic seed particles aerosolized by the aerosol genera-
ors. Distinct difference among the fly ash particles and magnetic
eed particles in size distribution can be seen. Fig. 4 illustrates the
ysteresis loops of fly ash particles and magnetic seed particles.
he hysteresis loops were measured by the Vibrating Sample

agnetometer (Lake Shore, 7400). At any given magnetic flux

ensity, the magnetization of Fe3O4 is the highest, followed by
-Fe2O3, and then fly ash.

Table 2 gives the rest of experimental conditions employed.

8 9 10 11 12 13

0.891 1.505 2.243 3.758 6.285 9.314

1.158 1.837 2.903 4.860 7.651
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Table 2
Experimental conditions

Density of fly ash (kg m−3) Density of Fe3O4 (kg m−3) Density of �-Fe2O3 (kg m−3) Gas viscosity (Pa s) Experimental temperature (K)

2200 4950 5180 1.83 × 10−5 293 K

Fig. 3. Histograms of particle size distribution. (a) Fly ash particles, (b) magnetic
seed particles of �-Fe2O3 and (c) magnetic seed particles of Fe3O4.

F
p

3

3

n
p
p

ig. 4. Hysteresis loops of particles. (a) Fly ash particles, (b) magnetic seed
articles of �-Fe2O3 and (c) magnetic seed particles of Fe3O4.

. Results and discussions

.1. Particle aggregation mode
Aerosolized particles aggregate under the effect of the exter-
al magnetic field during passing through the aggregating
assage. The resulting particles sampled at the outlet of the
assage were observed by field emission scanning electron
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ig. 5. SEM micrographs of aggregated particles. (a) Fly ash particles, (b) ma
articles seeding �-Fe2O3 and (e) fly ash particles seeding Fe3O4.

icroscope (Model FEI SIRION 200). Fig. 5 shows the SEM
icrographs of the aggregates composed by fly ash particles,
-Fe2O3, Fe3O4, fly ash particles seeding �-Fe2O3 and fly ash
articles seeding Fe3O4. It indicated that particles with differ-
nt sizes aggregate together to compose bigger aggregates, and
he aggregates composed by irregular �-Fe2O3 and Fe3O4 are

ighter than that those composed by spherical fly ash particles,
hown in Fig. 5(a–c). For the aggregates of fly ash particles seed-
ng �-Fe2O3 and Fe3O4, the fly ash particles are connected by
agnetic seed particles and aggregate tightly together, which

t
c
b

c seed particles of �-Fe2O3, (c) magnetic seed particles of Fe3O4, (d) fly ash

s typical bridging aggregation [25] (Fig. 5(d and e)). Thus, it
s a feasible way to aggregate fine fly ash particles by seeding

agnetic particles.

.2. Removal efficiency and number median diameter
Binary collision–aggregation is the dominating mode of par-
icle aggregation, which results in variation of particle number
oncentration [26]. General dynamic equation (GDE) [27] can
e used to predict the varying rate of particle number concen-



3 eering Journal 133 (2007) 301–309

t

w
p
b
(
i
m
t
t
r
g
r
c

l
m
n
e
c
i
o
r

n
t
a
p
c
T
i
c
t

p
p
t
t
S
r
t
c
t
t
r
s
h
i
d

Fig. 6. Effect of magnetic flux density on fly ash particle aggregation at
C = 0.96 g m−3, t = 1.2 s, R = 0.013, u = 0.08 m s−1. (a) Single-sized particle
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ration:

∂n(v, t)

∂t
= 1

2

∫ v

vmin

β(u, v − u)n(u, t)n(v − u, t) du

︸ ︷︷ ︸
aggregation gain

−n(v, t)
∫ vmax

vmin

β(u, v)n(u, t) du

︸ ︷︷ ︸
aggregation loss

(1)

here β(u, v) is the aggregation coefficient (m3/s) between two
articles whose volumes are u and v. n(v, t) is the size distri-
ution function. n(v, t) dv is the particle number concentration
particles per m3) in the volume range v, v + dv at time t. vmin
s the volume for the smallest particles to occupy in the gas

edium at time t, and vmax is the volume for the largest par-
icles to occupy in the gas medium at the same time. The first
erm on the right-hand side of Eq. (1) represents the conversion
ate of particles with volume u and volume v − u into aggre-
ates of volume v. The second term represents the conversion
ate of particles of volume v to particles with larger size through
ollisions with particles of all sizes in the system.

During particle aggregating, the resulting particle aggregates
arger than 9.314 �m will be removed by the cyclone before
easurement. As a result of the aggregation, fly ash particle

umber concentration decreases. Single-sized particle removal
fficiency (ηs) is the percentage of the decrease in number
oncentration of the certain sized particles over a certain time
nterval. Total particle removal efficiency (ηt) is the percentage
f the decrease in total particle number concentration in the size
ange of 0.023–9.314 �m.

Eq. (1) indicates that particles aggregation coefficient and
umber concentrations are the main factors in their aggrega-
ion. The physical meaning of the aggregation coefficient is
n effective collision volume between two interacting particles
er unit time [28]. For magnetized particles, their aggregation
oefficients increase with the increase in inter-particle forces.
hus, particle removal efficiency can be raised by increasing the

nter-particle forces. Furthermore, higher particle number con-
entration also results in higher particle removal efficiency due
o higher particle collision frequency.

Fig. 6 shows the effect of magnetic flux density on fly ash
article removal efficiency and number median diameter at total
article mass concentration C of 0.96 g m−3, particle residence
ime in magnetic field t of 1.2 s, mass ratio of magnetic seed par-
icles/fly ash R of 0.013 and gas flow velocity u of 0.08 m s−1.
ingle-sized and total particle removal efficiencies rise as a
esult of the increase in magnetic flux density. This is because
he magnetization of magnetic seed particles and fly ash parti-
les increase with the increase in magnetic flux density before
hey attain saturation. The increase in magnetization results in
he enhancement of inter-particle magnetic dipole force so that
emoval efficiencies rise. After particles magnetization becomes

aturated, the further increase in magnetic flux density no longer
as effect on particle aggregation. The magnetization of Fe3O4
s higher than that of �-Fe2O3 under the same conditions, and the
ifference between them increases with the increase in magnetic

r
a
r
m

emoval efficiency and (b) total particle removal efficiency and particle number
edian diameter.

ux density before saturatedly magnetized (Fig. 4). Therefore,
nder the same conditions, fly ash particle removal efficiency
or seeding Fe3O4 are higher than that for seeding �-Fe2O3, and
heir difference increases with the increase in magnetic flux den-
ity before particle magnetization attains saturation. For fly ash
articles and magnetic seed particles with different size, both
he inter-particles force and particle number concentration are
ifferent. Under the combined effect of aggregation coefficient
nd particle number concentration, removal efficiency of mid-
ized particles are higher than that of the smaller or the bigger
nes, and the particle size corresponding to the highest single-
ized removal efficiency decreases slightly with the increase in
agnetic flux density (Fig. 6(a)). Because removal efficiencies

or different sized particle are different, the size distribution of
y ash particles varies continuously during aggregating, which
an be evaluated by particle number median diameter dm. dm is
ommonly used to describe the particle size distribution, which
eans that 50% of the particles are smaller than dm and 50%

f the particles are bigger than dm. Fig. 6(b) shows that par-
icle number median diameter decreases with the increase in

agnetic flux density and the decrement for seeding Fe3O4 is
maller than that for seeding �-Fe2O3.

The mass ratio of magnetic seed particles over fly ash is
nother factor in particle aggregation. Higher mass ratio will
esult in higher collision frequency between the fly ash particles

nd the magnetic seed particles. Therefore, the fly ash particle
emoval efficiency can be increased by raising the mass ratio of
agnetic seed particles over fly ash (Fig. 7). The increment in
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Fig. 7. Effect of mass ratio of magnetic seed particles over fly ash on fly ash
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Fig. 8. Effect of gas flow velocity on fly ash particle aggregation at B = 0.47 T,
C = 0.96 g m−3, R = 0.013, t = 1.0 s. (a) Single-sized particle removal efficiency
and (b) total particle removal efficiency and particle number median diameter.
article aggregation at B = 0.47 T, C = 0.96 g m , t = 1.2 s, u = 0.08 m s . (a)
ingle-sized particle removal efficiency and (b) total particle removal efficiency
nd particle number median diameter.

emoval efficiency for the smaller particles is higher than that for
he bigger ones. Also, both the single-sized and total removal
fficiencies for seeding Fe3O4 are higher than those for seed-
ng �-Fe2O3 under the same conditions. The particle number
edian diameter decreases with the increase in mass ratio, and

he decrement for seeding Fe3O4 is smaller than that for seeding
-Fe2O3.

Besides above factors, average gas velocity and particle
esidence time in the magnetic field affect the aggregation.
ncreasing average gas velocity will result in higher gas velocity
radient. Therefore, under the constant particle residence time in
agnetic field, shear-induced aggregation will be intensified as

he average gas velocity increases (Fig. 8) [20]. Prolonging par-
icle residence time in the magnetic field, particle collision time
ises. However, the physical dimension of the electromagnetic
eads limits the maximum gas flow distance (equals u × t) in the
agnetic field. So the maximum particle residence time in the
agnetic field decreases as the average gas velocity increases.
ig. 9 shows the effect of particle residence time on aggregation
nder the condition of maximum gas flow distance. It indi-
ates that longer residence time in the magnetic field intensifies
article aggregation and increases particle removal efficiency.
oreover, Figs. 8 and 9 also indicate that the higher the total
article removal efficiency is, the smaller the particle size cor-
esponding to the maximum particle removal efficiency is. The
emoval efficiency for seeding Fe3O4 is higher than that for seed-
ng �-Fe2O3 under the same conditions. Particle number median

Fig. 9. Effect of particle residence time in magnetic field on fly ash particle
aggregation at B = 0.47 T, C = 0.96 g m−3, R = 0.013, u × t = 0.1 m. (a) Single-
sized particle removal efficiency and (b) total particle removal efficiency and
particle number median diameter.
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iameter decreases with the increase in residence time or aver-
ge gas velocity, and the decrement for seeding Fe3O4 is lower
han that for seeding �-Fe2O3.

In practical dust removal systems, the mass concentrations of
y ash particles are much higher than those in this study. For the
y ash particles with higher mass concentration, the removal effi-
iency and number median diameter can be predicted by solving
he general dynamic equation numerically.

. Model prediction of particle removal efficiency

The particle size distribution can be measured by the ELPI.
he binary collision-aggregation model [23] can be used to
stimate the aggregation coefficient. When the particle size dis-
ribution and the aggregation coefficient are known, the general
ynamic Eq. (1) can be solved by sectional method [29].

The single-sized and total particle removal efficiencies are
redicted at B = 0.47 T, R = 0.013, t = 1.2 s, u = 0.08 m s−1. It is
ound that the predicted removal efficiencies of fly ash particles
re much higher in comparison with those of measurements in
he experiments (Figs. 6–9). The total particle removal efficien-
ies increase remarkably as the total particle mass concentrations
ncrease and they reach 84% and 63% for seeding Fe3O4 and
-Fe2O3 when the total particle mass concentration is 40 g m−3.

oreover, Fig. 10 shows that the particle number median diam-

ter decreases more rapidly with the increase in total particle
ass concentration compared with those of measured results

hown in Figs. 6–9.

ig. 10. Effect of particle mass concentration on fly ash particle aggregation at
= 0.47 T, R = 0.013, t = 1.2 s, u = 0.08 m s−1. (a) Single-sized particle removal

fficiency and (b) total particle removal efficiency and particle number median
iameter.
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It is evident that it is a more effective way to seed Fe3O4 than
o seed �-Fe2O3 for aggregating fly ash particles due to higher
agnetization of Fe3O4 than that of �-Fe2O3. Although increas-

ng the magnetic flux density can intensify particle aggregation,
urther increase in the magnetic flux density has no effect after
articles are saturatedly magnetized. Saturated magnetization
f the particles can be reached at magnetic flux density more
han 0.42 T, which can be easily realized by permanent mag-
et with smaller geometry than the electromagnet. Thus, for the
ame magnet geometry, especially designed permanent mag-
ets enables a long particle residence time in magnetic field to
ncrease removal efficiency. Also, permanent magnets are much
heaper in comparison with electromagnets and do not produce
urther energy cost. However, in this paper the electromagnet is
sed for better understanding the effect of magnetic flux density
n particle aggregation. Higher mass ratio of magnetic seed par-
icles over fly ash enables particle removal efficiency to increase,
ut it suffers higher operation cost at the same time. Therefore, it
s desirable to aggregate particles by seeding magnetic particles
ith high magnetization in permanent magnet field for removing

he coal-fired PM10.

. Conclusions

Submicron sized fly ash particle aggregation by magnetic
eeding was shown to offer high potential in the field of coal-fired
M10 removing from flue gas. Due to inter-particle magnetic
ipole force and other forces such as drag, Brownian, Van der
aals and gravity, fly ash particles come close and adhere

ogether to form aggregates with bigger sizes so that they can
e removed by conventional dust removal facilities. Experimen-
al results indicated that removal efficiency of fly ash particles
an be raised by increasing magnetic flux density, mass ratio
f magnetic seed particles over fly ash, particle residence time
n magnetic field. The increasing in the magnetic flux density
o longer has effect on particle aggregation when particles are
aturatedly magnetized. Both the single-sized and total removal
fficiencies for seeding Fe3O4 are higher than those for seeding
-Fe2O3. In the size range of 0.023–9.314 �m, removal efficien-
ies of mid-sized particles are higher than those of the bigger or
he smaller ones. As a result of the aggregation, particle number

edian diameter decreases during aggregating, and the decre-
ent for seeding Fe3O4 is smaller than that for seeding �-Fe2O3.
redicted results demonstrated that particle removal efficiency

ncreases remarkably with the increase in total particle mass con-
entration. The total removal efficiency reaches 84% and 62%
or seeding Fe3O4 and �-Fe2O3, respectively, and the particle
umber median diameter decreases from original 0.151 to 0.098
nd 0.085 �m when particle mass concentration is 40 g m−3.

In order to further increase the removal efficiency of submi-
ron sized fly ash particles, seeding magnetic particles with high
agnetization in permanent magnet field is suggested.
cknowledgements
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