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bstract

Sedimentation based processes are widely used in industry to separate particles from a liquid phase. Since the advent of the “Nanoworld”
he demand for effective separation technologies has rapidly risen, calling for the development of new separation concepts, one of which lies
n hybrid separation using the superposition of a magnetic field for magnetic particles. Possible product portfolio of such separation consists of
igment production, nanomagnetics production for electronics and bio separation. A promising step in that direction is magnetic field enhanced
ake filtration, which has by now progressed from batch to continuous operation.

In sedimentation processes in a mass force field the settling behaviour of particles strongly depends on physico-chemical properties, concentration
nd size distribution of the particles. By adjusting the pH, the interparticle forces, in particular the electrostatic repulsion, can be manipulated. For
emanent magnetic particles such as magnetite, pre-treatment in a magnetic field could lead to a change of interparticle interactions. By magnetizing
he particles apart from van der Waals attraction and electrostatic repulsion, an additional potential is induced, the magnetic attraction, which could
asily dominate the other potentials and result in agglomeration in the primary minimum. By sedimentation analysis, a wide spectrum of parameters

First published in:
ike pH, magnetic field strength and concentration have been investigated. The results show a strong increase of sedimentation velocity by magnetic
occulation of the raw suspension. This leads to a rise in throughput due to the acceleration of sedimentation kinetics by imparting a non-chemical

nteraction to the physico-chemical properties in the feed stream of the separation apparatus.
© 2007 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences. Published by Elsevier B.V.

All rights reserved.
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. Introduction

Sedimentation based separation processes are broadly used in
odern production. For coarse particles gravity sedimentation is

sed as exemplified by the clarifier, while for fine particles sed-
mentation could be enhanced by supplementing gravity with a
entrifugal field. As we are entering the Nanoworld, the demand

or separating smaller and smaller particles increases, for which
onventional separation equipment has reached its limits.
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The cause for that usually lies in the forces acting on the
uspended particles. For particles of sufficiently small size,
heir residence time may well be too short for adequate sep-
ration from the liquid stream. This physical limitation is
ommonly overcome by flocculation, that is, by adding chem-
cal coagulants that affect the interparticle interactions, e.g.,
norganic electrolytes, organic polymers and synthetic polyelec-
rolytes with either anionic or cationic functional groups. These
lectrolytes directly influence the repulsive and attractive inter-
ctions between approaching particles by influencing the charge
istribution in the electric double layer.

For remanently magnetic materials, however, another option

or manipulating interparticle interactions is possible, that is,
remagnetization of the particles which would lead to very
trong attractive forces between particles, causing strong floc-
ulation without the injection of chemical additives, which

ngineering, Chinese Academy of Sciences. Published by Elsevier B.V.All rights reserved.

 – Scientific Articles Repository) 
te/1000008644 

mailto:mathias.stolarski@mvm.uni-karlsruhe.de
mailto:hermann.nirschl@mvm.uka.de
dx.doi.org/10.1016/j.cpart.2007.01.005


146 M. Stolarski et al. / China Partic

Nomenclature

a distance (m)
A Hamaker constant (V × C)
cF floc concentration (vol%)
cV particle volume concentration (vol%)
dF floc size (m)
[dp/dt]t1 slope of tangent at evaluation point (Pa/s)
g earth gravity (m/s2)
I ionic strength
k Boltzmann constant (J/K)
k floc building number, 1
M magnetization (A m2/kg)
p0 initial differential pressure (Pa)
p1 differential pressure at evaluation point (Pa)
pQ1 initial differential pressure at evaluation point (Pa)
q charge (C)
Q3 cumulative volumetric distribution, 1
s relative distance, s = 2(a + x)/x, 1
t1 time at evaluation point (s)
T temperature (K)
ufl,St Stokes single floc settling velocity (m/s)
uS Richardson–Zaki settling velocity (m/s)
uSt Stokes settling velocity (m/s)
Vel electrostatic potential (V × C)
Vges total potential (V × C)
Vmag magnetic potential (V × C)
VvdW van der Waals potential (V × C)
x particle size (m)
z valency of ion, 1

Greek symbols
εr dielectric number, 1
γ substitution parameter, 1
η viscosity (Pa s)
κ Debye–Hückel distance (m)
ρF density of floc (kg/m3)
ρl density of liquid (kg/m3)
ρs density of solids (kg/m3)
ζ zeta potential (V)

Constants
e0 charge of electron, 1.6 × 10−19 C
k Boltzmann constant, 1.38 × 10−23 J/K
ε0 dielectric constant in vacuum,

1.6 × 10−19 A s/(V m)
μ0 magnetic vacuum permeability,
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investigated by determining the sedimentation velocity distribu-
1.257 × 10−6 V s/(A m)

ight seriously affect product quality or downstream process-
ng.

The structure of the floc strongly depends on interparticle

nteraction, the collision frequency and effectiveness as well as
ossible shear stress to the floc. Interparticle attractive forces are
he necessary condition of flocculation. While increasing colli-
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ion frequency and effectiveness increases the floc size, shear
tress results in the opposite.

. Theory

Forces between particles in a liquid phase are usually
escribed by the classical DLVO-theory (Derjaguin & Landau,
941; Verwey & Overbeek, 1948), in which the particulate
ystem is reduced to that of two approaching particles, which
xperience attractive as well as repulsive forces. These forces
re electrostatic repulsion, van der Waals attraction and born
epulsion.

Depending on the actual particle system special potentials
ight occur. The total potential is calculated as follows:

ges = VvdW + Vel, (1)

n which the van der Waals potential VvdW and the electrostatic
otential Vel are calculated as follows in Eqs. (2) and (3):

vdW = −A

6

(
2

s2 − 4
+ 2

s2 + ln
s2 − 4

s2

)
, (2)

el = xε0εr

z2

4k2T 2

e2
0

γ2 exp(−κa), (3)

ith γ =
(

exp

(
I

2

)
− 1

) (
exp

(
I

2

)
+ 1

)
, (4)

nd I = ze0ς

kT
, as the ionic strength. (5)

In the case of magnetized particle suspensions an interpar-
icle magnetic potential occurs and the classical DLVO-theory
eeds to be modified (Chin, Yiacoumi, & Tsouris, 2001; Chin,
iacoumi, Tsouris, Relle, & Grant, 2000; Svoboda, 1982a,b;
voboda & Zofka, 1983) as shown in Eq. (7) by rewriting Eq.
1) with Vmag, the magnetic potential between two particles in
q. (6).

mag = πM2μ0x
3

144a3 , (6)

ges = VvdW + Vel + Vmag. (7)

The result for the modified DLVO-calculation for several val-
es of magnetization is shown in Fig. 1, using as input values
f the calculation data from experiments to be described later in
his paper. As can be seen in Fig. 1a for non-magnetized parti-
les, there is a strong repulsive interaction to overcome the van
er Waals force before agglomeration could take place. With
ncreasing magnetization, as shown in Fig. 1b–d, the attrac-
ive magnetic forces dominate interparticle interaction leading
ventually to the disappearance of the repulsive potential.

This strong and far-reaching attraction leads to aggregation
f the particles. To determine the influence of such interparti-
le interaction on flocculation, the sedimentation behaviour was
ion in a centrifugal field (Bickert, 1997).
For highly dilute particle slurries at small Reynolds numbers

n laminar flow, with small hindrance among neighbouring par-
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Fig. 1. DLVO potentials for different magnetizations. (a) M = 0 A m

icles, Stokes Law is applicable and the sedimentation velocity
f single particles can be calculated as follows:

St = (ρs − ρl)x2g

18η
. (8)

Mutual hindrance among highly concentrated particles in
edimentation leads to velocities lower than those calculated by
tokes Law, which could be differentiated by the three regimes of
ig. 2: “swarm sedimentation”, “zone sedimentation” and “com-
ression” as particle concentration increases. Richardson and
aki (1954) proposed a correction of the sedimentation velocity
pplicable to zone sedimentation in terms of the particle volume

raction cv as follows:

S = uSt(1 − cV)4.65. (9)

ig. 2. Freidinger’s chart for extrapolation to single floc settling speed and floc
uilding number.
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(b) M = 0.6 A m2/kg, (c) M = 1.4 A m2/kg and (d) M = 13 A m2/kg.

In their approach Richardson and Zaki considered the par-
icles more as discrete than as flocculated. The sedimentation
ehaviour of the floc was treated by Scott (1968) in terms of the
ollowing correction:

S = ufl,St(1 − cF)4.65, (10)

F = kcV, (11)

here the particle volume concentration is substituted by the
olume concentration of the floc, assuming the floc to be non-
orous and without inner liquid, that is, the floc concentration
as considered to be equal to the product of a flocculation num-
er k and the actual solids volume concentration cv as shown in
q. (11).

From the above, Freidinger (1985) recommended the charting
f the relative sedimentation velocity raised to the power of
/4.65 versus the volume concentration, as shown in Fig. 2. Such
orrelation is linear in the region of zone sedimentation.

When extrapolating the linear zone sedimentation region
owards a concentration of 0 and towards higher concentrations,
he intersection with the y-axis is the single floc settling rate
fl,St to the 1/4.65 power and the intersection with the x-axis is
he flocculation number k. From those two characteristic values,
fl,St and k which may be obtained by fitting experiment data
ased on Eqs. (10) and (11), the floc density and floc size can
e calculated:

F = ρs − ρl + ρl, (12)

k

F =
√

18ηufl,St

(ρF − ρl)g
. (13)
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Table 1
Properties of Bayoxide E8709 (Fe3O4)

Particle size, xpredominant (producer) (�m) Density, ρ (g/cm3) Magnetization Potential, ζ (slurry) (mV)

MS (saturation) (A m2/kg) Mr (remanent) (A m2/kg)

0.3 4.98 90 13.1 −34
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non-magnetized and magnetized samples. Low-concentration
slurries show higher settling rates due to lower interactions and
hindrance. With increase in concentration from 3 to 5% the
settling rate is reduced by a factor of 2.15.
ig. 3. Manometer principle to measure settling rate distributions via differen
valuation method.

. Experimental

.1. Materials

Experiments were carried out using Lanxcess Bayoxide
8709, which is a ferromagnetic iron oxide that consists mostly
f Fe3O4 with properties shown in Table 1.

.2. Methods

Sedimentation velocity distribution was measured in a cen-
rifugal field by using the so called manometer principle (Beiser,
ickert, & Scharfer, 2004) as shown in Fig. 3. This measurement

s based on the change of mixture density due to the sedimen-
ation of particles out of the measurement zone (Fig. 3b). The
easurement zone spans two connections of a differential pres-

ure sensor. The measured differential pressure is proportional
o the concentration of the particles between the upper and the
ower connections. In case of particles passing the lower connec-
ion the concentration in the measurement zone is reduced and
he pressure difference decreases. From this the sedimentation
elocity distribution can be calculated and analysed by a tangen-
ial method as shown in Fig. 3c. By using the given equation and
stepwise tangent method the settling rate distribution is calcu-
ated as a cumulative volumetric distribution (Q3-distribution)
rom the slope of the tangent, whereby one tangent results in
ne point of the distribution curve. By stepwise processing of
he whole differential pressure curve a complete distribution is

F
g

ressure in centrifugal field. (a) Apparatus, (b) measurement principle and (c)

btained. The experiments were performed at different concen-
rations and centrifugal accelerations.

. Results and discussion

Fig. 4 plots the settling rate distribution of slurries of different
oncentrations at pH 12 and 135 × g centrifugal acceleration for
ig. 4. Settling rate distributions for several concentrations at 135 × g centrifu-
ation acceleration.
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Further experiments are necessary to confirm this assumption.
By applying shear to the floc a restructuring takes place that leads
to a reallocation of the particles and results in a less porous floc
Fig. 5. Settling rate distribution for several centrifugation accelerations.

With magnetization the same rule of reduction in settling rate
ith increase in concentration applies, though more importantly,

s the increase of settling rate due to magnetization for the same
oncentration. For example, in case of a volume concentration
f 3% the settling rate after magnetization is increased by a
actor of 1.74, and for 5% by 1.53. The cause for the increased
ettling velocity lies in the flocculation of the particles under
agnetization as shown in Fig. 1.
Fig. 5 shows the dependence of the settling rate on the mag-

itude of centrifugal acceleration, which varies from 1 × g on
he left through 34 × g to 135 × g on the right. The symbols
ndicate the experimental results. As expected the experiments
or the highest centrifugal acceleration show the highest settling
ates while gravity sedimentation unassisted by centrifugation
hows the slowest velocity.

To directly compare the differences caused by flocculation
f particles the settling rate distributions have to be related to
he centrifugal acceleration. On the abscissa the settling rate
s therefore divided by the experiment specific centrifugation
umber in order to enable comparison of the change of settling
elocity due to coagulation or structure modifications as under
r over proportional change in settling rate. For single particle
xperiments at different centrifugal velocities all experimental
ata would fall on one curve if the assumption of similar flow
egimes is valid for the chosen set of conditions. In case the
articles or flocs do not change due to shear stress at different
entrifugal speeds, all experimental results will fall on the 1 × g
xperimental result.

Fig. 6 shows the settling behaviour of the different sam-
les independent of centrifugal acceleration. The 1 × g (earth
ravity) non-magnetized experiment is the slowest, followed
y the 135 × g non-magnetized and then the 1 × g magnetized
xperiment. The fastest is the 34 × g magnetized experi-
ent.
Fig. 7 shows the Freidinger’s chart mentioned earlier, which

lots the relative settling rate raised to the 1/4.65 power
gainst volume concentration from experiments, for swarm sed-

mentation (particles concentrations < 2%), constant-velocity
edimentation (2–5% particles) and compression (5% or higher).
y linear regression and extrapolation to 0% particle concentra-

ion and to zero settling velocity the Stokes settling velocity
ig. 6. Centrifugation acceleration related settling rate distributions for volume
oncentration of 3%.

f the single floc and the so called floc building number were
etermined as shown in Table 2.

As stated before, mean settling velocity decreases with
ecreasing centrifugal acceleration. Fig. 6 shows the highest
elated settling velocity within the chosen centrifugal values to
e measured at 34 × g for the magnetized samples. Calcula-
ions show a high value of floc density and a maximum of the
oc size at 34 × g. Here the floc size exceeds those calculated
t higher as well as lower centrifugal-values by around 20%.
his combination of properties results in the fast settling veloc-

ty observed. The non-magnetized samples show more or less
onstant floc densities under centrifugal acceleration but reach
maximum density in earth gravity field. The contrary are the

xperiments performed with magnetized samples with a mini-
um density in earth gravity field, where the floc settles at lowest

elocity and therefore experience a minimum shear stress. Due
o the lack of shear stress flocs form freely and undisturbed
hich leads to branchlike agglomerate structures observed by

everal authors (Chantrell, Bradbury, Popplewell, & Charles,
982; Ozaki, Egami, Sugiyama, & Matijevic, 1988). The devel-
ping branchlike structures are supposed to result in a loose
etwork formation which rapidly transmits solids bulk stress.
Fig. 7. Freidinger’s chart for several centrifugation accelerations.
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Table 2
Calculated floc densities and floc sizes

Experiment Floc building number, k Single floc settling rate (m/s) Floc density (Eq. (12)) (kg/m3) Floc size (Eq. (13)) (�m)

135 × g 7.7 4.2 × 10−3 1522 10.4
135 × g magnetized 6.5 5.6 × 10−3 1619 11.1
76 × g 7.4 2.6 × 10−3 1542 10.7
76 × g magnetized 5.7 3.0 × 10−3 1701 10.1
34 × g 7.0 1.9 × 10−3 1575 13.2
34 × g magnetized 5.8 2.1 × 10−3

1 × g 5.3 1.7 × 10−5

1 × g magnetized 7.6 3.2 × 10−5
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ig. 8. Flock density as a function of centrifugal acceleration for magnetized
nd non-magnetized sample.

tructure. Due to the inaccuracies caused by the geometric inter-
retation and its use in a power law the experiments have to be
erformed multiple and very carefully.

Flocculation is influenced by several factors. Besides the
nteraction potential between the particles of the slurry, other
actors are the collision frequency, the collision effectiveness and
he shear stress to the flocs, which is on one hand very useful as an
mpellent potential for collision and structural modifications, but
n the other hand counter productive, because of floc destruction.
t higher centrifugal acceleration the collision between particles

s increased, therefore floc size increases at higher velocities in
omparison to earth gravity sedimentation. The non-magnetized
amples show only a 6 �m minimum floc size at 1 × g due to
ow collision frequency; this can be increased to 10 �m by pre-

agnetization as the interaction radius is increased according to
ig. 1, which directly leads to increased throughput.

Fig. 8 shows the floc density as a function of centrifugal
cceleration. Due to the magnetization of the sample the density
ncreases and stagnates at higher level in comparison to the non-

agnetized one.

. Conclusions

Superposition of a magnetic field to remanent magnetic par-
icles induces strong interparticle magnetic forces to result in

occulation which leads to the formation of compact flocs and

nfluences the structure of the aggregates. In combination with
ertain flow and shear stress conditions high floc densities can
e reached, that result in strong sedimentation velocity increase.

S

V

1686 12.9
1755 6.5
1528 10.6

he pre-magnetization of remanent magnetic particles therefore
eads to increased throughput in sedimentation-based separation
rocesses like settling or centrifugation.
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