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This study examines the general applicability of magnetic seeded filtration (MES) for the fractionation of complex particu-

late systems by multiple particle features. Experimental studies on a laboratory scale showed that especially the electro-

static interactions govern the separation process. Furthermore, a clear size dependency could be shown, as the separation

efficiency decreases with increasing size of target particles. Since MSF is both surface- and size-dependent, it is generally

applicable in a multidimensional fractionation. Finally, the challenges to be overcome are addressed as well.
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1 Introduction

Particle technology has made tremendous progress in re-
cent years with more and more possible applications. Engi-
neered nanoparticles (ENPs) are used in many industries
ranging from the incorporation in tires to medicine [1,2].
This naturally results in growing production figures which
are unlikely to decline in the future [3]. Therefore, ques-
tions regarding the release and toxicity of such ENPs in the
natural ecosystem arise and require addressing [4].

Particle separation technology has only been able to keep
pace with this progress to a limited extent, although it is
necessary both for the production and the recovery of such
particles from the environment. As the demand for highly
specific particle systems steadily grows, most separation
techniques are optimized for a single particle feature. For
example, filtration processes separate by size or classic mag-
netic separation apparatuses by susceptibility. In order to
fractionate a particle mixture by multiple particle proper-
ties, traditionally a series connection of multiple separation
steps is implemented, which increases costs and product
loss. These drawbacks motivate the search for new tech-
niques that are able to separate by multiple particle features
simultaneously and, therefore, can be called multidimen-
sional. This is a current field of research in separation tech-
nology [5], which is investigated by various groups, e.g. by
density separation [6, 7].
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This work focuses on multidimensional separation by
magnetic seeded filtration (MSF). MSF is a less known two-
step separation technology: In a first step, nonmagnetic
(NM) target particles are agglomerated with magnetic seed
particles. These heteroagglomerates can subsequently be
separated due to their newly acquired magnetic properties.
The multidimensionality lies in the first step, which is ex-
pected to be dependent both on surface properties and on
the size of the target particles. Fig. 1 illustrates the general
idea of magnetic seeded filtration in multidimensional sepa-
ration: In the first step, only small NM1 particles agglomer-
ate with the magnetic seed particles, while NM2 particles
are excluded due to their incompatibility of surface proper-
ties and large NM1 particles due to their size. In the second
step, the magnetic field is introduced resulting in the sepa-
ration of the formed agglomerates.

As already mentioned, MSF is a lesser known technique,
but has been implemented in some instances: It was used in
the treatment of chemical mechanical polishing [8] as well
as backside grinding [9] wastewaters and has achieved high
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Figure 1. Process scheme of magnetic seeded filtration.
A) (Selective) heteroagglomeration of magnetic and nonmag-
netic particles. B) Magnetic separation of heteroagglomerates.

separation efficiencies for oppositely charged particle sys-
tems. Also, the implementation on larger scales was studied
in the treatment of high turbid wastewater and showed
promising results [10]. In a recently published article, MSF
was used to separate microplastics from dilute suspensions
[11]. However, all of these studies did not investigate the
selectivity of the separation in a multicomponent suspen-
sion but intended the complete separation of nonmagnetic
particles. Gray et al. [12] investigated the recovery of fine
gold particles from mineral industry effluents by MSF and
could demonstrate selectivity of the process. Furthermore,
Forster et al. [13] found that nonmagnetic particles could
be separated by heteroagglomeration with magnetic par-
ticles during the magnetic separation of oils and that there
is a certain size dependency. However, the size dependency
required for a possible multidimensional implementation
has not yet been satisfactorily studied.

In the scope of this study, both the surface dependency as
well as the size dependency of MSF are investigated. Initial-
ly, it is performed in the simplified case with a two-compo-
nent suspension containing only one type of nonmagnetic
and one magnetic particle system. Furthermore, the chal-
lenges of and prerequisites for a truly selective and multidi-
mensional separation by MSF are critically discussed.

2 Material and Methods

2.1 Theory of Magnetic Seeded Filtration

As mentioned above MSF consists of two process steps: First,
heteroagglomeration between magnetic and nonmagnetic
particles is induced, which can be described by a reduced,
simplified agglomeration kinetic according to Eq. (1).
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N; and N; are the number concentrations of both agglom-
eration partners, Nj; is the number concentration of a re-
sulting agglomerate, 3;; is the so-called collision frequency
and «;; is the collision efficiency. The collision frequency
vividly describes the probability that two particles collide
and can either be flow- or diffusion-controlled. As a rough
estimate, particle systems larger than 1pm can be consid-
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ered flow-controlled [14]; however, this is dependent on
more parameters than just particles size. The collision effi-
ciency vividly describes the probability that two particles
agglomerate upon collision. Various models for calculating
collision efficiencies exist [15,16], which are not detailed in
this work. However, the underlying main principle is the
balancing of repulsive and attractive particle-particle inter-
actions. Commonly, the so-called DLVO interactions,
namely the electrostatic (repulsive) as well as van-der-Waals
(attractive) potentials, are regarded. The product of 8;; and
a;; can be combined to the agglomeration rate k;;.

Following agglomeration, the heteroagglomerates as well
as magnetic primary particles are separated by magnetic
separation. The driving mechanism of this subprocess is the
magnetic force, which can be described according to Eq. (2)
(17]

Fmag = ﬂoVPMVH (2)

where 1, is the vacuum permeability, Vp is the volume and
M the magnetization of the particles, while VH represents
the magnetic field gradient. The magnetic force is propor-
tional to the particle volume (~7p°) which limits the separa-
tion efficiency for small magnetic particles. This enables the
MSEF to perform a size-dependent classification, as increas-
ingly large nonmagnetic particles will be harder to separate
due to their increased drag. In order to still achieve any sep-
aration, high magnetic flux densities of B = 0.2T-0.5T are
necessary [18] that can be produced by permanent magnets
in order to reduce energy and cooling demands relative to
electromagnets. As shown in Eq.(2), a large absolute field
strength is not sufficient, as the field gradient is the decisive
parameter. In high gradient magnetic separation (HGMS),
the gradients are induced by a fine, ferromagnetic mesh that
is introduced into the suspension during separation.

2.2 Experimental Studies

Generally, the experimental studies presented in this work
are carried out in a two-component suspension in order
to gain first insights into the general applicability of mag-
netic seeded filtration for a multidimensional separation
approach. The relevant properties of the particle systems
used are summarized in Tab.1. Further details, including
the preparation of the stock suspensions, are given in the
Supporting Information (SI, Sect. S1).

Furthermore, the zeta potentials of the particle systems
are crucial for the agglomeration process. They were mea-
sured in triplicate with the ZetaSizer Nano ZS (Malvern
Instruments) at constant ionic strength and are shown in
Fig. 2 (see SI for further details).

It should be emphasized in particular that the zeta poten-
tials have different signs for low pH values, while both par-
ticle systems are strongly negatively charged for high pH
values. This fact will be further discussed in a later section.
The general experimental procedure is shown in Fig. 3.
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Table 1. Properties of used particle systems

Magnetic (M)

Nonmagnetic (NM)

Material Si0,-MAG
Manufacturer

Median diameter x5 3 [tm] 0.56/0.96
Dispersity
Particle shape spherical (see Fig. 4a)

Saturation magnetization Mg [A m’kg™'] 10

microParticles GmbH, Berlin Germany

monodisperse (see SI Sect. S1)

SiO,

Quarzwerke GmbH, Frechen Germany
2.49

polydisperse (see SI Sect. S1)
angular/irregular (see Fig. 4b)
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Figure 2. Zeta potential as function of pH for investigated
particle systems.

First, the relevant volumes of magnetic and nonmagnetic
stock suspension are added to a 25-mL snap-on lid vial.
Then, 2M analytic-grade sodium chloride (NaCl) solution
was added to regulate the ionic strength. The pH value was
adjusted by adding 0.5M hydrochloric acid (HCI) or
sodium hydroxide (NaOH). Finally, ultrapure water with a
residual ionic strength of 10° M was added until the total
volume of 25 mL was reached. The agglomeration step was
carried out on the laboratory shaker IKA Vortex 3 at con-
stant vibration intensity. This setup does not allow a clear

quantification of the energy input into the system; however,
the vibration intensity was neither varied nor its influence
fundamentally studied during the experiments. In the given
particle size range of <10 um, both flow-induced and diffu-
sive collision are likely to be important. After 15min of
agglomeration time, the vial was placed on a permanent
magnet and a ferromagnetic mesh was inserted. After the
separation time of 2min, the supernatant containing the
not separated particles was collected and further analyzed.
In order to quantify the concentration of nonmagnetic par-
ticles after the separation step, the samples were analyzed
by photometric analysis at A = 600 nm. The validity of the
Beer-Lambert law was ensured in previous studies so that
the measured absorbance values can be transferred into
concentration values through a calibration curve. Since the
concentration before the agglomeration step is known, the
overall separation efficiency can be calculated according to
Eq. (3):

15 mi
Tan=(1- CNM(—mm) . 100% (3)
enm (0 min)

Furthermore, the supernatant was analyzed in the analyt-
ical disc centrifuge DC24000 (CPS Instruments Inc.) in
order to gain information about the size dependency of the
process. The size-dependent separation efficiency is given in
Eq. (4) and is calculated for each particle size analogously to
Eq. (3). Instead of concentration values, the relative weights
yielded by the CPS measurements are used.

5

®®
o®
[

— =/
'SR
NaCl —

-/

rW(x, 15 min)
rW(x,0 min)

The general experimental parameters are sum-
marized in Tab. 2. x503 M represents the median
diameter of the used magnetic particle system,
vy and oy describe the volume concen-
trations of magnetic and nonmagnetic particles,

Y
HCl

NaOH [
—

CPS
uv
VIS

respectively. Ry and Ry represent the resulting
volume and number ratios (M/NM) and tgg,
the agglomeration time. As an agglomeration

Figure 3. Experimental procedure consisting of four steps: sample preparation,

agglomeration, separation, and analysis.
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event can only occur upon collision and the ab-
solute collision rate is dependent on particle
number concentrations as shown in Eq. (1), it is
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Chemie

Ingenieur  Research Article
Technik

269

Table 2. General experimental parameters.

Parameter Setup 1 Setup 2
Xs03.m [Um] 0.53 0.96

ey [vol %] 28-107° 1.39-1072
ey [vol %] 3.8-107° 3.8-107°
Ry = Vi/Vam [-] 0.74 3.65

Ry = Nj/Nuy [-] 14.77 14.77
tagglo [Min] 15 15

evident that the number ratio Ry between magnetic and
nonmagnetic particles plays a crucial role. Therefore, when
increasing the size of magnetic particles, this value and not
the volume ratio is held constant. Note that perfect spheres
and monodispersity are assumed for the calculation of Ry.

3 Results and Discussion

First, it had to be established that the separation is indeed
based on a heteroagglomeration between the magnetic and
nonmagnetic particles. In a first experiment, the superna-
tant was replaced by ultrapure water after the agglomera-
tion step and all separated particles and agglomerates were
redispersed. The redispersed sample was then examined us-
ing a scanning electron microscope (SEM). An example of
such a recording is shown in Fig.4a together with a SEM
image of pure SiO, particles in Fig. 4b for reference. Due to
the different particle shapes and sizes it becomes apparent
that the separation of the angular and irregularly shaped
SiO, particles can be retraced to the agglomeration with the
spherical and monodisperse SiO,-MAG particles. Further-
more, the small features on the surface of the SiO, particles,
are likely smaller SiO, fragments that agglomerated due to
the milling step in their production.

¥ o
3umv 3um
—

Figure 4. a) SEM image of a collected heteroagglomerate.
Spherical particles: SiO,-MAG; angular particles: SiO,. Experi-
mental setup 1 with /= 1M and pH = 11 (see Tab. 2). b) SEM
image of pure SiO, particles as reference.

Furthermore, the entire experimental procedure was car-
ried out without the addition of magnetic particles in a pre-
liminary study. In this case, no separation of SiO, could be
measured, which indicates that separation by sedimentation
is negligible for the investigated system. After this proof of
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principle, the process-relevant properties and dependencies
are investigated in the following sections.

3.1 Surface Dependency

The agglomeration of particles is known to be a surface-
driven process. As mentioned above, the agglomeration rate
ki; mainly depends on the interplay of repulsive double
layer and attractive van-der-Waals interactions. As such, the
repulsive electrostatic interactions impede an agglomeration
and should therefore be reduced. The surface potential as
well as the ionic strength play a crucial role and are, thus,
examined by the experimental studies. Fig. 5 shows the sep-
aration efficiency as a function of ionic strength and pH for
experimental setup 1.
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Figure 5. Separation efficiency as function of ionic strength
and pH for experimental setup 1 (see Tab. 2).

It is evident that the separation for pH = 3 is almost inde-
pendent of ionic strength and exhibits a constantly high effi-
ciency of Tym = 90 %. This phenomenon can be explained
by the different signs of zeta potential, as shown in Fig. 2. At
this pH, no repulsive interaction is present and the agglomer-
ation between the particles is solely limited by collision.

In contrast, the separation at pH = 11 shows a strong de-
pendency on the ionic strength: At low ion concentrations,
no separation can be achieved. The marginally negative
values can be explained by a small amount of magnetic
particles that are not separated and increase the absorbance
value. With increasing ionic strength, the separation effi-
ciency also increases until Ty & 90% for I = 1M is
achieved again. This effect can be explained by the Debye
length k! detailed in Eq.(5) [14]:

1 EkB("D

~\2eN, ®)

The Debye length represents the distance to the surface,
at which the surface potential is reduced in magnitude to
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1/e times its value and can, therefore, be regarded as a
measure for the range of the electrostatic interactions. For
I1=10"M, k" is approx. 10 nm, while for I = 10" M, k™" is
already reduced to ~ 1nm. This reduction in range of the
electrostatic repulsion results in an increased collision effi-
ciency and overall separation efficiency at pH = 11.

3.2 Size Dependency

In order to achieve multidimensional separation, the heter-
oagglomeration further needs to be dependent on another
particle property. This section covers the size dependency of
the process. Therefore, the particle size distribution is mea-
sured before and after the experiment in the analytical disc
centrifuge. In general, the separation efficiency is calculated
as shown in Eq.(4). For further information on the CPS
measurement and an exemplary evaluation please refer to
SI Sect. S5. The first two curves are measured with experi-
mental setup 1 for varying ionic strengths, while the third
curve results from the experimental setup 2 with larger
magnetic seed particles (see Tab.2). The pH was held at 11
in all experiments. The chosen measurement range is X, =
1 im < X < Xmax = 10 pm, as the drop in separation efficien-
cy is expected for large SiO, particles. Each of the three ex-
periments presented in Fig. 6 was conducted three times. In
addition, each sample was measured in triplicate and aver-
aged by the built-in function of the CPS. The separation
efficiencies for each experiment were averaged, however, the
error bars representing the standard deviation are only dis-
played for every 200th data point, as there are many discrete
x-values (> 10%). The scaling of the x-axis is determined by
the above-mentioned measurement range of the CPS.

100 : : : : : : : :

— — —T=1M, s34 =053um
77777 I = 0.06M, 25051 = 0.53um
I=1M, s34 =0.96pm

80 TS
N

Separation efficiency Twar(z) / %

Particle size x / pm

Figure 6. Separation efficiency as function of particle size for
pH = 11. For clarity, the error bars are only shown for every
200th data point.

It is apparent that in all experiments the separation effi-
ciency decreases significantly with increasing particle size of
SiO,. This effect might be due to two reasons: First, the

www.cit-journal.com
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magnetic force acting on the small magnetic particles is not
sufficient to separate heteroagglomerates with large non-
magnetic particles. This implies that agglomeration is suc-
cessful, but separation is not. Secondly, it is possible that no
heteroagglomeration is taking place between small magnetic
and large nonmagnetic particles. Such an effect could be
explained by a decreasing collision frequency due to flow-
controlled effects between these particles. Comparing both
curves with experimental setup 1, the effect of ionic strength
shown in Fig.5 can be substantiated: An increase in ionic
strength improves the overall separation efficiency without
altering the general shape of the curves. As a logical conse-
quence, the question arises whether it is possible to pur-
posefully influence the size dependency. For this reason, the
experiments were repeated with larger magnetic particles
shown by the third curve in Fig. 6. Generally, the same trend
of decreasing separation efficiency for larger nonmagnetic
particles is observed, while the overall values are lower than
for the corresponding experiment with smaller magnetic
particles. This drop in separation efficiency may be retraced
to the varying concentration ratios in the experiments. The
assumption that the number ratio Ry is the governing
factor and that for constant Ry the separation efficiencies
will also be identical was shown to be inaccurate, although,
the overall separation efficiencies are in a similar range. It
can be challenging to discuss the effect on size dependency
solely from Fig. 6. Therefore, the smoothed finite difference
approximation for the derivative ATy (x)/Ax is given in
Fig.7.

5 — . ‘ ‘ ‘
| = — —T=1M, s = 053um
————— I =0.06M, 25033 = 0.53pm
0 I=1M, Ty = 0.96um |
g
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=2
_— 1
]
<
=
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=
3
15 ]
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1 2 3 4 5 6 7 8 9 10
Particle size x / um

Figure 7. Numerical derivative of the separation efficiency as
function of particle size.

Fig. 7 vividly describes the slopes and, thus, the general
form of the curves in Fig. 6. First, it is evident that the varia-
tion of the ionic strength did not influence the size depend-
ency, as both curves for small magnetic particles are nearly
identical. However, it can be seen that for larger magnetic
seed particles, the drop in separation efficiency occurs at
larger particles (x = 5pm) than for smaller seed particles
(x = 4um). This can easily be harmonized with the explan-
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ations given above: Both the absolute number of collisions Tami

(fixed Ry) and the collision efficiency (fixed I and pH) were §=1- (TNM2> (6)

kept approximately constant, which should lead to a com-
parable occupation of the nonmagnetic particles with mag-
netic particles. However, larger magnetic particles corre-
spond to an increased magnetic volume per nonmagnetic
particle and, thus, to stronger magnetic forces in heteroag-
glomerates explaining the improved separation of larger
nonmagnetic particles. In summary it could be shown that
not only a clear size dependency exists in MSF, but also that
this size dependency can be specifically controlled and regu-
lated by careful selection of magnetic seed particles.

3.3 Thoughts on Selectivity

When transitioning to the three-component case shown in
Fig.1 by adding another nonmagnetic particle system, the
selectivity of the process becomes the main parameter of
interest. However, a selective separation based of surface
charge is difficult, as an agglomeration process generally is
not limited to one step. This is illustrated by the following
example given in Fig. 8: Consider the nonmagnetic system 1
(NM1), which does not agglomerate with the magnetic sys-
tem (M) due to similar surface charge and further, the non-
magnetic system 2 (NM2), which attaches to the magnetic
particles due to opposing charge. In a second agglomeration
step A2, the formation of three-component agglomerates is
generally possible, since both nonmagnetic particles also
tend to agglomerate with each other. The agglomeration
rates k;j shown in Fig. 8 are defined in Eq. (1) and indicate
the probability of the respective agglomeration step.

NM1 will be separated through three-component ag-
glomerates, resulting in a reduced selectivity towards NM2.
In the following section, a rough calculation is performed
under simplifying assumptions in order to gain first insights
into the selectivity of the presented model case, which can
be defined according to Eq.(6). Please note that the size
dependency is not investigated in this model calculation.

Since NM2 is the target system in the presented case,
selectivity reaches 1 when no NMI is separated and 0 when
NMI1 and NM2 are separated equally. Furthermore, it is
assumed that Ty, > Tymg > 0 resulting in 0 < S < 1. A
selective separation of NM2 can generally be accomplished
if the agglomeration between NM1 and NM2 can be sup-
pressed. Therefore, the ratio between both agglomeration
rates Ry = kj 3/k; , is assumed to be of major importance. Ry
vividly describes the agglomeration tendency of NM2:
Ry > 1 means that NM2 prefers to agglomerate with NMI,
while R < 1 means that NMI prefers to agglomerate with
M. Furthermore, the kinetics of A2 are closely linked to the
kinetics of Al and especially limited in the beginning of an
agglomeration process. Thus, the total agglomeration time
could be another key factor for achieving selectivity.

Previous work [16] established the calculation on the
basis of a validated discrete population balance equation. In
this work, the model is extended to the 3D case, but also
simplified, since the primary agglomeration efficiencies are
predefined and held constant. In the following, the main
assumptions necessary for understanding the results are
outlined, but the used equations, indexing as well as model
parameters are presented in detail in the SI, Sect. S6.

The numerical values of the primary collision efficiencies
are @ ; = 0 (no agglomeration occurring) and ¢; , = 1 (com-
plete destabilization). The remaining primary collision effi-
ciency is varied through Ry according to c; 3 = Ryt 5. All col-
lision efficiencies of higher order (a,;,055,...) can be
estimated with the collision case model described in [16].
This model was previously validated and is only reliant on
primary particle properties (a,1,0t12,21,3) and agglomerate
composition. The collision frequency depends on the mean
shear rate in the system. Therefore, a scaling factor f* is
introduced and varied on two levels 8,* = 10°s™ and
Bg* = 10*s™". Tt is assumed that both nonmagnetic particle
systems have the same size and all particle systems have the

same initial volume concentration ¢y = 107> vol %.

A1) A2)
© ©

k2,2

For simplification, all agglomerates containing

® NMm1 at least one magnetic particle are assumed to be
® nNm2 separated. This assumption seems to be in con-
Ry trast to the results of Sect. 3.2, where it has been

@ @ 00 © — 00®
® © 6@ © — B0

shown that a certain size-dependent minimum
occupation of nonmagnetic with magnetic par-
ticles is necessary for separation. However, as
these results aim to investigate the general selec-
tivity, it appears to be more important that this
assumption applies equally to all agglomerates
rather than that the absolute value for this mini-
mum occupation is correct. Furthermore, it is
assumed that the dispersion step of the not sepa-

Figure 8. lllustration of selectivity issues in surface charge induced agglomera-
tion. A1 refers to the initial agglomeration step of primary particles. A2 shows
further agglomeration leading to three-component agglomerates.

Chem. Ing. Tech. 2020, 92, No. 3, 266-274
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rated suspension breaks up all nonmagnetic
agglomerates after the process. The results of the
calculations are shown in Figs. 9 and 10.
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Selectivity § / — agglomeration time is limited, since the forma-
1 08 08 02 o0 tion of thee-component agglomerates can only
occur after a sufficient amount of primary parti-
85— 100! cle agglomeration. Increasing the value of f§*
10" 10" and, thus, the agglomeration rates in general

-
o
[=]

Agglomeration rate ratio By, / —

leads to higher overall separation efficiencies,
but also to a reduction in selectivity at lower ag-
glomeration times.

3.4 Outlook and Challenges

As shown above, magnetic seeded filtration
exhibits both a clear surface as well as size

107
0 5 10 15 0 5

Agglomeration time t4g,, / min

-
o
kN

Agglomeration time t 44, / min

15 dependency and is, thus, generally applicable to a
multidimensional separation problem. A multi-

Figure 9. Selectivity S as function of agglomeration time tagq, and agglomera-
tion rate ratio Ry. Results are shown for two levels of §*. Left: fo* = 10°s™, right:

component system might be divided into classes
of defined particle size as well as surface proper-
ties. However, the actual measurement of such
multidimensional separation functions poses dis-

tinct challenges. By introducing a second non-
magnetic particle system, the suspension after the
agglomeration step needs to be analyzed in such a
way that size- and material-dependent concentra-
tion information can be accessed. Currently, this

(=]

problem is addressed by transitioning from a sin-
gle wavelength absorbance measurement to a
UV-Vis spectral analysis, which should allow for
material distinction given the materials exhibit
different optical properties. However, as the opti-
cal properties are also known to be size-depen-
dent, parallel size analysis will be crucial.

Model calculations indicate that selectivity can
be achieved by adjusting the agglomeration time

Bax=10%s7".
Separation efficiency Twam [/ %
100 80 60 20
; 8y =101 , By =107
| 10 ;10
— —
g e
E E
2 <
= 10 = 10
g =
= =
'éc é@
107" 107
0 5 10 15 0 5
Agglomeration time gy, / min Agglomeration time £y, / min

and/or the agglomeration rate between the two
nonmagnetic systems. The latter may obviously
be difficult to vary purposely as the nonmagnetic

15

Figure 10. Separation efficiency of NM2 Ty, as function of agglomeration
time taggi0 and agglomeration rate ratio Ry. Results are shown for two levels of

B*. Left: Ba* = 10°s7", right: Ba* = 10%s7".

First, it must be stated that no negative selectivity values
are calculated, meaning that always more NM2 is separated
than NM1 (T > Tmi)> which is to be expected as ky ; =
0, while k; , > 0. Furthermore, Fig. 10 shows that the overall
separation of NM2 is only influenced by the agglomeration
time and the value of 5%, but not by Ry. Fig.9 shows that
high selectivity is achieved both for low values of Ry as well
as for short agglomeration times t44g,. This can readily be
explained by the basic thoughts given above: Low R, means
low agglomeration between both nonmagnetic particles,
which is initially responsible for selectivity issues. However,
Ry is generally given by the surface properties of the non-
magnetic particle systems and is, therefore, not freely
adjustable. Nevertheless, the calculations show that high
selectivity independent of Ry can be achieved when the
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particles are predefined in real world problems.
It may also be worth investigating other attrac-
tive interaction potentials that may be better
suited for a selective agglomeration. In particu-
lar, hydrophobic interactions represent a promising path,
since the agglomeration between both nonmagnetic par-
ticles and, therefore, also the problematic three-component
agglomeration events might be inhibited entirely. However,
it is difficult to find or modify suitable particle systems in
order to investigate the problem profoundly.

Another focus of current research is the breakage of
separated agglomerates, which is crucial for a recovery of
magnetic particles as well as the separated nonmagnetic frac-
tion. Nevertheless, it has been shown above that the
agglomeration characteristics can be influenced drastically
by simple adjustment of the suspension conditions (ionic
strength, pH). Therefore, the process reversal and the break-
age of agglomerates should also be possible if understood
properly.

Chem. Ing. Tech. 2020, 92, No. 3, 266-274
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4 Conclusion

This study was concerned with the general applicability of
magnetic seeded filtration as a multidimensional fractiona-
tion technique. On a laboratory scale, the crucial parameters
for a surface-induced heteroagglomeration were clearly
identified. In particular, the pH and ionic strength played a
dominant role in the investigated particle systems. For
oppositely charged particles, an almost complete separation
of nonmagnetic particles could be achieved mainly indepen-
dent of other parameters. However, the adjustment of the
ionic strength also yielded high separation efficiencies for
equally charged particles. As a second separation criterion,
the particle size could be clearly identified as relevant. For
magnetic seed particles of given size, the separation efficien-
cy decreased for increasingly large nonmagnetic target par-
ticles. This was attributed either to a flow-induced reduc-
tion of collision frequency or to the fact that the magnetic
force was insufficient to separate these large target particles.
Furthermore, it was exemplarily shown that the size de-
pendency can be specifically controlled and adjusted by the
correct selection of magnetic seed particles. Due to the lack
of analytical methods for a three-component system, model
calculations were performed to provide insight into the
selectivity of the process. It could be shown that especially
the agglomeration time is a decisive factor for the selective
separation in charge-controlled agglomerating systems.

The combination of both surface and size dependency
should generally allow selective and multidimensional frac-
tionation. However, this work also discussed general
obstacles that have to be overcome. In particular, the selec-
tivity of the surface charge-induced agglomeration requires
further experimental investigations, as a compromise has to
be made with the overall separation efficiency.

In conclusion, this work shows that magnetic seeded
filtration is able to achieve high separation efficiencies in
two-component suspensions and offers the prerequisites for
an application in multidimensional fractionation.

The research project is funded by the DFG (German
Research Foundation) in the priority program 2045
Highly specific and multidimensional fractionation of fine
particle systems with technical relevance.

I Symbols used

cy [vol %] volume concentration
e [As] electron charge

F [N] force

H [Am™] magnetic field strength
I [molm™] ionic strength

k (-] agglomeration rate
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kg K] Boltzmann constant
M [Am™] magnetization
N, [mol™] Avogadro constant
N; [m™] number concentration
Ry [-] agglomeration rate ratio k; 3/k; »
Rn [-] number ratio magnetic/nonmagnetic
Ry (-] volume ratio magnetic/nonmagnetic
S (-] selectivity
T (%] separation efficiency
tagelo L8] agglomeration time
1% [m?] volume
x [m] particle diameter
X503 [m] median diameter (weight)

I Greek letters

a [m~ collision efficiency

B [m’s™'] collision frequency

¢ V] zeta potential

® [K] temperature

k! [m] Debye length

Lo [NA™? vacuum permeability
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