
Diafiltration of Highly Concentrated
Suspensions with Fine Particles by Dynamic
Disk Filtration

A method for washing highly concentrated suspensions with fine particles by
using a filter with overlapping disks was studied. For the experiments, alumina
and titanium dioxide suspensions were used. It was demonstrated that the used
suspensions have non-Newtonian behavior. The viscosity is influenced by the type
of particle system, the solid concentration, and the shear rate. The washing pro-
cess is operated in a discontinuous and a continuous way. The rotation of the
disks and the shear flow across their surface prevents the formation of a filter cake
and facilitates the handling of suspensions. The shear stresses at the filter disk and
the rheology of the processed suspensions are both influenced by the type of parti-
cle system, the solid concentration, and the process parameters.
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1 Introduction

Washing of suspensions or filter cakes includes the removal of
the mother liquor surrounding the particles with a suitable
washing fluid. The mother liquor often contains solute sub-
stances. These can be undesirable pollutants in the final prod-
uct or a valuable byproduct which should be separated. The
washing occurs mostly in combination with concentration of
the suspension.

In the pharmaceutical industry, often minimal residual con-
centrations of the mother liquor in the concentrated suspen-
sion are demanded. Therefore, the choice of the correct wash-
ing procedure is of great importance. At this point, the
properties of the particle system and the mother liquor must
always be considered. Hoffner et al. give an overview of the
washing procedures and their optimal fields of application [1].

The washing of colloidal particle systems often causes multi-
ple difficulties. Erk [2] and Alles [3] showed that colloidal sys-
tems often form a compressible filter cake with high flow resis-
tance, entailing long filtration and washing times. Furthermore
Wiedemann and Stahl reported on the high risk of cracking in
compressible filter cakes, which leads to inhomogeneous flow
and high consumption of washing liquid [4]. If porous particle
systems are used, the difficulties increase, as mother liquor can
remain in the inner pores of the particles [5].

Heuser [6], who examined the jet washing of thin cakes with
low porosity, redispersed the filter cake during washing. Hieke
et al. [7] performed the filtration of colloidal particle systems
with thin filter cakes. Hoffner and Stahl [8] developed an appa-
ratus with one or several washing chambers connected in
series. The highly concentrated suspension moves through the
chambers like a bulk material.

Alternatively to these procedures, the washing process can
be performed directly with a concentrated suspension. This
method is called diafiltration [9]. Diafiltration can be imple-
mented in a continuous or discontinuous way. During a dis-
continuous diafiltration, the suspension is concentrated to a
certain degree. Afterwards, the volume of the removed mother
liquor is replaced by the washing liquid, and concentration of
the suspension is started again. This process is repeated peri-
odically. For the continuous implementation, the volume of the
removed mother liquor is replaced continuously by the wash-
ing fluid, so that the particle concentration of the suspension is
constant during the process.

In this work, the discontinuous and continuous diafiltration
of highly concentrated dispersed suspensions was studied with
dynamic filters with overlapping rotating disks. The disks are
arranged on hollow shafts [10–13] and form a gap between the
disks. In the gap, the wall shear stress is very high and dynamic
diafiltration with highly concentrated suspensions is realizable.

The rheology of suspensions with fine particles, which often
exhibit non-Newtonian behavior [14], significantly influences
the efficiency of the diafiltration process and the energy de-
mand. Therefore, the rheological properties of alumina and
titanium dioxide suspensions used in the diafiltration study
were obtained experimentally.
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Siegfried Ripperger

Kai Nikolaus

Sergiy Antonyuk

This is an open access article under
the terms of the Creative Commons
Attribution License, which permits
use, distribution and reproduction
in any medium, provided the
original work is properly cited.

–
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2 Theoretical Description of Filters with
Rotating Disks

Filters with rotating overlapping disks are arranged on two or
more hollow shafts and mutually overlap (Fig. 1). The disks
have open ducts on the inside for the radial filtrate discharge,
so that the filtrate can leave via the hollow shafts. The rotation
direction of the shafts is chosen such that the disks in the shear
gap move opposite to each other. Thereby, the suspension in
the gap is sheared and the buildup of a filter cake is hindered.
In the case of the same rotational speed of each disk, the rela-
tive speed in the shear gap is constant. Ceramic disks are avail-
able with a diameter up to 300 mm. The pore sizes are in the
range of microfiltration and ultrafiltration. Other disks are
made of stainless steel or can be coated with a polymer mem-
brane.

Many authors theoretically described the forces which act on
particles near the surface during suspension flow [15–24]. In
other works the forces were examined experimentally [25–29].
The permeate drag acts parallel to the movement direction of
the filtrate (Eq. (1)) [30].

FD ¼ FStokeslS xp;f
� �

¼ 3phf xPvf lS xP;fð Þ (1)

where hf
1) is the dynamic fluid viscosity, xp the diameter of the

followed particle, vf the velocity of the permeate flux, and ls the
hydrodynamic correction factor to the Stokes drag force FStokes,

which is dependent on the particle diameter xp and particle
volume concentration f.

The permeate drag causes accumulation of the particles close
to the disk surface. The accumulation is counteracted by the lift
force on the particles, which can be expressed according to
Saffman [22] as (Eq. (2)):

FL ¼ 0:761
t1:5

w x3
pr0:5

p

hf
(2)

The lift force is caused by the shear flow and is influenced by
the wall shear stress tw, xp, the particle density rp and the
dynamic fluid viscosity hf.

Therefore, a dynamic equilibrium of deposition and detach-
ment of particles occurs close to the surface. This equilibrium
is determined by the wall shear stress tw and the transmem-
brane pressure [31]. The size-dependent particle deposition
and its description using the equilibrium of hydrodynamic
forces were experimentally investigated in cross-flow filtration
in previous works [32, 33]. In contrast to the classical cross-
flow filtration, the wall shear stress does not exclusively depend
on the cross-flow velocity of the suspension. The wall shear
stress is primarily influenced by the rotational speed n of the
disks. Therefore, relatively high wall shear stresses can be real-
ized at low pressure differences.

This condition is desirable for particle systems which can
form compressible layers, as the flow rate exhibits a maximum
at a certain pressure difference [34]. The pressure and flow
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Figure 1. Forces and flow conditions in the gap between two overlapping disks.

–
1) List of symbols at the end of the paper.
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conditions vary along the disk radius r. Kracht [35], Tonhäuser
et al. [36], Daily and Nece [37], Cooper and Reshotko [38],
Ketola and McGrew [39], and Schiele [40] stated that the fluid
flow on rotating disks can have laminar and turbulent areas
due to the tangential velocity. The shear rate of filters with one
disk is dependent on the radius. Disk filters with overlapping
disks compensate the irregular fluid flow areas. In these filters,
the overlapping disks have the same direction of rotation. This
causes a shear of the suspension between the disks (Fig. 1). Due
to the same rotational speed of both disks, the shear rate _g in
the gap between disks (distance ss) is independent of the radius
and can be calculated by using the inner and outer radii ra and
ri (Eq. (3)):

_g ¼ v rað Þ þ v rið Þ
ss

(3)

For the description of the washed-out salt concentration in
the suspension, the dimensionless concentration c* can be used
(Eq. (4)):

c* ¼ cs

c0
(4)

where cs is the actual and c0 the initial concentration of the salt.
The washing process can be operated in a discontinuous and a
continuous way. In discontinuous diafiltration, the initial sus-
pension with volume V0 is concentrated to a certain volume
Vsus, and then, the mother liquor discharged through filtration
is replaced by the washing liquid. This procedure is repeated m
times. The concentration gradient of the removed substance
can be modeled by Eq. (5):

c* ¼ Vsus

V0

� �m

(5)

During continuous diafiltration, the concentration of par-
ticles in the suspension does not change. The discharged moth-
er liquor is continuously replaced by the washing liquid. There-
fore, a constant stream of washing liquid can be achieved.
Continuous diafiltration can be described by Eq. (6):

c* ¼ e
� Vw

Vsus

� �
(6)

where Vw is the added volume of washing fluid.
The washing process with rotating disk filter can be modeled

as a continuous diafiltration. Diafiltration in rotating disks at
small suspension volume can be modeled as a stirred tank reac-
tor. In this case, the volume of the washing fluid can be calcu-
lated from Eq. (7) independently of the operation mode.

Vw ¼ �ln c*ð ÞVsus (7)

3 Experimental Investigations

3.1 Preparation of the Suspension

For the diafiltration experiments, suspensions of alumina
(Al2O3, Almatis GmbH, CT 3000) and titanium dioxide (TiO2,

Venator Germany GmbH, R 611) were used. To investigate the
washing progress, sodium chloride was used as model pollu-
tant. The suspension consisting of the continuous phase of
water and sodium chloride in molar ratio of 0.1 and the solid
phase of Al2O3 or TiO2 was prepared by using an Ultra Turrax
homogenizer and ultrasonication for 10 min.

The particle size distributions of the dispersed solids were
measured with a Horiba LA 950 laser diffraction spectrometer
(Retsch GmbH). The observed suspensions both had a pH of
8.5. Fig. 2 shows the particle size distribution of the prepared
Al2O3 and TiO2 suspensions. The particle size distribution of
Al2O3 ranged from 0.1 to 10 mm with mass-related modal value
x50,3 of 3.5 mm. The used TiO2 suspension contained substan-
tially finer particles in the range of 0.1 to 2.0 mm with an modal
x50,3 value of 0.4mm.

The rheology of the suspensions significantly influenced the
efficiency of the washing process. The rheological behavior of
the suspensions was characterized by using a HAAKE Rheo-
Stress 6000 rotational rheometer with a parallel plate shearing
geometry, which is preferred for high-viscosity liquids. The vis-
cosity measurements on suspensions were performed by vary-
ing solid volume concentrations between f = 0.1 and f = 0.37.
The measurements were performed with ascending and
descending shear rates. The shear rate was varied between
_g = 10 s–1 and _g = 500 s–1. The suspension temperature was
constant at W = 20 �C. Each measurement was repeated once.
Figs. 3 and 4 show the viscosity of Al2O3 and TiO2 suspensions,
respectively, in dependence on the shear rate _g and volume
concentration f.

The measurements indicate that highly concentrated Al2O3

and TiO2 suspensions have a non-Newtonian, pseudoplastic
behavior. The suspension viscosities increase with increasing
volume concentration of the solid phase and decrease with
increasing shear rate. Regarding the short measurement inter-
vals of each shear rate, an expectable thixotropic behavior
could not be observed and is therefore not relevant in regard to
the short washing intervals.
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Figure 2. Cumulative particle size distributions Q3 of the Al2O3

and TiO2 suspensions.
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The measured suspension viscosities can be approximated
by the model of Herschel and Bulkley [41].

t ¼ t0 þ K _gn* (8)

where t0 is the initial yield stress, K the consistency index, _g the
shear rate, and n* the flow coefficient.

Fig. 5 shows the shear stress in dependence on the shear rate
_g and volume concentration f for Al2O3 suspensions. The
Al2O3 suspensions exhibit an initial yield stress t0, which
increases with increasing volume concentration of the solid
phase.

Tab. 1 shows the obtained parameters of the Herschel-Bulk-
ley model for the measured Al2O3 suspensions. A higher vol-
ume concentration causes an increase of the initial yield stress
and the apparent dynamic viscosity. The flow coefficient

decreases with increasing volume concentration of the par-
ticles.

In filtration processes, low viscosities are desirable. Therefore
diafiltration experiments were conducted at a high shear rate of
_g = 3543 s–1. The rotation of the overlapping filter disks caused
high wall shear stress, which led to a low viscosity of the non-
Newtonian pseudoplastic suspensions. The high wall shear
stress led to high lift forces on the particles, which reduced the
deposition of particles on the filter surface. Furthermore the
centrifugal force reduced the formation of high deposition
layers.

3.2 Experimental Setup

The continuous and discontinuous diafiltration of Al2O3 and
TiO2 suspensions was conducted with a dynamic Krauss-Maffei
cross-flow filter DCF 152/0,14 from Andritz KMPT. This filter
consists of two horizontal hollow shafts on which six disks are
installed. Fig. 6 shows the arrangement of the filter disks in the
filter. The axial gap between the overlapping filter disks is
4 mm. To prevent the influence of uneven shear stress on the
outer disks, the two outer disks are made from steel and thus
impermeable and only ensure regular shear stress on the outside
of the inner disks. The four inner disks are ceramic membranes
with an average pore diameter of 0.2mm. The outer diameter of
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Figure 3. Viscosity of Al2O3 suspensions with W = 20 �C depend-
ing on the shear rate _g and the volume concentration f. Full
symbols: values measured with ascending shear rate. Empty
symbols: values measured with descending shear rate.

Table 1. Rheological parameters of Al2O3 suspensions.

f [%] t0 [Pa] K [Pa sn] n* [–]

10 1.2 0.12 0.57

15 2.0 0.55 0.42

20 29.0 2.35 0.39

27 41.8 3.08 0.37

37 429.5 46.41 0.31

Figure 4. Viscosity of TiO2 suspensions with W = 20 �C depend-
ing on the shear rate _g and the volume concentration f. Full
symbols: values measured with ascending shear rate. Empty
symbols: values measured with descending shear rate.

Figure 5. Shear stress depending on the shear rate _g and the
volume concentration f for Al2O3 suspensions with W = 20 �C.
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a disk is 152 mm, and the inner diameter is 40 mm. The total fil-
ter surface of the four permeable disks is Af = 0.14 m2. The max-
imum disk rotation speed is n = 1410 min–1.

Fig. 7 shows a detailed layout of the experimental setup. The
prepared suspension was added in a tempered and agitated
storage tank. The suspension was delivered from the storage
tank into the disk filter by a pump. The concentrated suspen-
sion exited the filter and returned to the storage tank. For the
process control, several sensors were installed:
– flow meters for the concentrated suspension (retentate) and

the filtrate (ABB miniflow),
– pressure sensors for the suspension (feed) and the filtrate

(PF2054, ifm electronic),
– a temperature sensor for the filtrate (ProMinent Dulcotest

PT100).

A conductivity measurement cell (ProMinent Dulcometer
DMTa with LMP 1) in the filtrate channel provided informa-
tion about the sodium chloride concentration and showed the

washing progress. The pressure difference between the filter
housing and filtrate channel was for all experiments Dp = 1 bar.

4 Experimental Results

For the investigations of diafiltration, Al2O3 and TiO2 suspen-
sions were washed periodically at a constant temperature of
W = 20 �C and rotational speed of n = 1400 min–1. From the
initial suspension volume of V0 = 10.5 L a filtrate volume of 2 L
was removed, which led to an increase of the particle concen-
tration in the the suspension from f0 = 0.14 to fsus = 0.17.
Afterwards, the filtrate volume was substituted by the washing
fluid. This procedure was repeated m times, depending on the
washing fluid volume, to reach a salinity of c* = 0.01.

Fig. 8 shows the filtrate flow rate during the washing time for
Al2O3 and TiO2. The filtrate flows increased during the first
200 s of the experiments and remained nearly constant during
the washing time tw. During the first seconds the deposition
layer was formed. Afterwards, the filtrate flow rate fluctuated
slightly during the washing time. The mean filtrate flow
remained relatively constant, which indicated that the deposi-
tion layer and its flow resistance also remained constant. The
fluctuation is noticeable in the pressure curve as well. This
fact was also observed by Steinke and Ripperger [43]. One pos-
sible reason contributing to the variation is the fact that the
disks have a slight inclination with respect to the hollow shaft
on which they are mounted. Therefore, a periodic backwash of
the filter media is possible. Steinke and Ripperger introduced
this procedure under the designation ‘‘autodynamic high-fre-
quency backwashing’’. The average filtrate flow rate of the
Al2O3 suspension was ca 320 L h–1m–2. With 113 L h–1m–2, the
average filtrate flow of the TiO2 suspension was significantly
lower. The difference in filtrate flows of Al2O3 and TiO2 can be
explained by the different particle size distributions of the par-
ticle systems. It can be assumed that the finer TiO2 particles
form a denser deposition layer. The smaller particle size and
porosity of the particles in the layer resulted in higher flow
resistance.

Chem. Eng. Technol. 2021, 44, No. 12, 2191–2198 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 6. Arrangement of the filter disks in the DCF 152/0,14 fil-
ter [42].

Figure 7. The experimental setup with measurement and con-
trol sensors.

Figure 8. Filtrate flow rate for TiO2 and Al2O3 suspensions with
V0 = 10.5 L, f0 = 0.14, W = 20 �C, and n = 1400 min–1.
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For comparison of the continuous and discontinuous wash-
ing processes, the volume of the washing fluid and the washing
time were obtained. In the performed experiments, Al2O3 sus-
pensions with an initial volume of V0 = 14 L and a concentra-
tion of f0 = 0.2 were filtered to generate a constant deposition
layer. The temperature of the suspension and the rotation
speed were W = 20 �C and n = 1400 min–1, respectively. For both
operation modes, the suspensions were reduced to a volume of
Vsus = 12 L or Vsus = 8 L before the washing fluid was added.
This caused an increase of the initial volume concentration of
f0 = 0.2 to fsus = 0.23 and fsus = 0.33, respectively. Afterwards,
the continuous or discontinuous washing process was started.
The measured data were approximated by Eqs. (5) and (6).
Fig. 9 shows the measured and approximated washing fluid
volume depending on the dimensionless residual concentration
for continuous and discontinuous diafiltration.

The comparison shows that the initial concentration has
an influence on the volume of the washing fluid. For both
operation modes, the concentrated Al2O3 suspension with
Vsus = 12 L and fsus = 0.23 needed a washing fluid volume of
Vw » 55 L to reach a residual salinity of c* = 0.01. In the case
of a higher concentration of fsus = 0.33, a washing fluid volume
of Vw = 37 L was obtained. With a higher initial concentration,
it was possible to save 33 % of the washing fluid.

A different initial concentration causes a different filtrate
flow because of the different resistance of the built deposition
layer. The filtrate flow rate determines the kinetics of the wash-
ing process. With increasing filtrate flow, the replacement of
the mother liquor by the washing fluid occurs faster. This is
shown in Fig. 10 for the discontinuous and continuous washing
process of Al2O3 suspensions at W = 20 �C, n = 1400 min–1,
f0 = 0.2, and V0 = 14 L. For the discontinuous and continuous
washing, the first concentration step from f0 = 0.2 to fsus = 0.23
and f0 = 0.33, respectively, caused a decrease of the filtrate flow
rate. After the concentration increase and the layer buildup,
the continuous or discontinuous addition of
the washing fluid took place. In case of a discontin-
uous operation an increase of the initial concentra-
tion from f0 = 0.2 to fsus = 0.23 during the wash-
ing steps caused a small decrease of the average
filtrate flow rate from _Vf » 210 Lh–1m–2 to
_Vf = 200 Lh–1m–2. The duraton of the washing

steps was 300 s.
The discontinuous diafiltration of the initial

concentration from f0 = 0.2 to fsus = 0.33 sig-
nificantly reduced the filtrate flow rate from
_Vf � 170Lh–1m–2 to _Vf = 50Lh–1m–2. After
adding washing fluid the filtrate flow rate
increased again to _Vf = 170Lh–1m–2. This

occurred periodically every 1000 s.
For the discontinuous diafiltration, the filtrate

flow decreased during the concentrating step.
While continuously adding washing fluid, the fil-
trate flow increased steadily. Thus, the continuous
diafiltration required less washing time. A reason
for this increase is a higher wall shear stress, which
is affected by the amount of the continuous volume
stream of the washing fluid. These factors reduced
the thickness of the deposit layer.

The washing fluid volume can be calculated from the average
filtrate flow rate _V f , the surface area Af, and the washing time
tw as Eq (9):

Vw ¼ _V f Af tw (9)

The average filtrate flow rate was determined experimentally
from the approximately constant volume flow rate. With
Eqs. (7)–(9) the washing time can be calculated as a function of
the residual salinity (Eq. (10)):

tw ¼ �
ln c*ð ÞVsus

_V f Af

(10)

Chem. Eng. Technol. 2021, 44, No. 12, 2191–2198 ª 2021 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH www.cet-journal.com

Figure 9. Volume of washing fluid for continuous and discontin-
uous washing for an Al2O3 suspension with V0 = 14, f0 = 0.2,
W = 20 �C, and n = 1400 min–1.
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Figure 10. Filtrate flow rate in dependence on the operation mode for concen-
trated Al2O3 suspensions with fsus = 0.23 and fsus = 0.33.
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The calculated and measured washing times are compared in
Fig. 11 for the discontinuous washing processes of Al2O3 sus-
pensions at W = 20�C, n = 1400 min–1, f0 = 0.2, and V0 = 14 L.
The average filtrate flow rate for the discontinuous diafiltration
in which the volume was reduced to Vsus = 12 L was
_V f = 205 L h–1m–2 (see Fig. 10). The diafiltration with a reduced

volume of Vsus = 8 L had an average filtrate flow rate of
_V f = 110 L h–1m–2. Fig. 11 shows a good agreement between the

calculated and experimental results. During the washing pro-
cess the high concentrated Al2O3 suspension with Vsus = 12 L
reaches a residual salinity of c* = 0.01 at tw » 7000 s, which is
30 % faster than the Al2O3 suspension with Vsus = 8 L.

A higher concentration of the Al2O3 suspension saved up to
33 % of the washing fluid. This caused an increase of the wash-
ing time of up to 30 %.

5 Conclusion

The washing process with a rotating disk filter was investigated
for highly concentrated suspensions. The rheology of the used
suspensions and its dependence on the particle concentration
significantly influenced the efficiency of the washing process.
The rheological characterization of the Al2O3 and TiO2 suspen-
sions performed with a rotational rheometer showed that they
had a pseudoplastic behavior at volume concentrations of sol-
ids between 0.1 and 0.37. This flow behavior was described by
the model of Herschel and Bulkley. The suspension viscosity
increases with increasing volume concentration of the solid
phase. Since in the filtration process a low viscosity is desirable,
high shear rates facilitate the handling of highly concentrated
suspensions. The rotation of the disks and thus the shear flow
across their surface prevent the formation of high deposition
layers. The average filtrate flow rate of the Al2O3 suspension
was approximately 320 Lh–1m–2. This was three times higher

than the average filtrate flow rate of the TiO2 suspension. This
difference can be explained by the different particle size distri-
butions of the particle systems. TiO2 is finer and forms a
deposit layer with a higher flow resistance.

The washing process with the rotating disk filter was studied
for discontinuous and continuous operation. Both processes
can be modeled as continuous diafiltration. A higher particle
concentration of the suspension caused a lower filtrate flow
rate for continuous or discontinuous operation. The model
reveals that a more highly concentrated suspension with a
smaller fraction of the mother liquid reduces the volume of
washing fluid needed to reach a defined residual salinity. The
more highly concentrated suspensions saved 33 % of the wash-
ing fluid for a residual salinity of c* = 0.01. This increased the
washing time by up to 30 %.

The washing time to reach a residual concentration was cal-
culated. Continuous diafiltration requires a shorter washing
time than discontinuous diafiltration. The reason for the short-
er washing time is the higher wall shear stress, which is due to
the continuous volume stream of the washing fluid and there-
fore a constant viscosity of the suspension.
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Symbols used

Af [m2] filter surface area
c* [–] residual salinity
cs [mol L–1] concentration of the

substance washed out
c0 [mol L–1] initial concentration of the

substance washed out
FD [N] permeate drag force
FL [N] lift force
FStokes [N] Stokes drag force
K [Pa sn] consistency index
m [–] number of washing steps
n [min–1] rotation speed
n* [–] rheological exponent
Dp [bar] transmembrane pressure
Q3 [–] cumulative particle size

distribution
r [mm] radius
ra [mm] outer radius
ri [mm] inner radius
ss [mm] axial gap between two disks
tw [s] washing time
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Figure 11. Filtrate flow rate in dependence on the operation mode for concen-
trated Al2O3 suspensions with fsus = 0.23 and fsus = 0.33.
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vf [m s–1] velocity of the filtrate flow
_Vf [L h–1m–2] filtrate flow rate
_V f [L h–1m–2] average filtrate flow rate

Vsus [L] volume of the concentrated suspension
Vw [L] volume of the washing fluid
V0 [L] initial volume of the suspension
xp [mm] particle diameter
x50,3 [mm] median of the particle size distribution

Greek letters

_g [s–1] shear rate
h [Pa s] dynamic viscosity
hsus [Pa s] dynamic viscosity of the fluid
W [�C] temperature of the suspension
ls [–] hydrodynamic correction factor to the

Stokes drag force
rp [kg m–3] particle density
tw [N] wall shear stress
t0 [N] yield point
f [–] volume concentration
fsus [–] volume concentration of the

concentrated suspension
f0 [–] initial volume concentration
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