Journal of Membrane Science 612 (2020) 118431

Contents lists available at ScienceDirect

Journal of Membrane Science
journal homepage: www.elsevier.com/locate/memsci

Direct membrane heating for temperature induced fouling prevention
Theresa Lohaus a , Julia Beck a , Tobias Harhues a , Patrick de Wit b , Nieck E. Benes b ,
Matthias Wessling a,c ,∗
a

RWTH Aachen University, Chemical Process Engineering, Forckenbeckstr. 51, D-52074 Aachen, Germany
Films in Fluids, Department of Science and Technology, MESA+ Institute for Nanotechnology, University of Twente, P.O. Box 217, 7500 AE Enschede, The
Netherlands
c
DWI-Leibniz-Institute for Interactive Materials, RWTH Aachen University, Forckenbeckstrasse 50, D-52056 Aachen, Germany
b

ARTICLE

INFO

Keywords:
Heatable membrane
Joule heating
Inorganic porous hollow fibers
Fouling reduction

ABSTRACT
Particle deposition and fouling mainly hamper the applicability of porous membranes in filtration applications.
Temperature has rarely been investigated or even used to manipulate deposition behavior at membranes and
to increase membrane performances although strongly affecting the transport phenomena in and at membrane
surfaces. Temperature modulates the hydrodynamic properties, the interaction between solutes and surfaces,
and the molecular structure of particles. In this study, we present a novel approach to influence membrane
performances and particle deposition by direct membrane heating.
Novel inorganic porous hollow fiber membranes made from silicon carbide are directly heated by Joule
heating using the electrical resistance of the membranes. The direct heat supply is used during yeast filtration
for in-place membrane cleaning and advanced backwashing. Three different approaches are tested: (i) Power
application of 70 W m−1 during permeation in cross-flow operation, (ii) 30 W m−1 during permeation in deadend operation and (iii) 30 W m−1 during backwash operation after unheated dead-end permeation cycles. The
power application features temperatures of 50 ◦ C. The localized heating of the boundary layer at the surface of
the membrane reduces the energy requirement by 40% compared to complete feed heating for the cross-flow
configuration as the large feed stream remains partially unaffected. The viscosity-corrected fouling resistance
of the membranes during heated permeation can be decreased by 27–31% in dead-end and cross-flow filtration
through the heat treatment, respectively. We contribute the effect to small changes in shear induced cleaning
by the thermal treatment. Membrane heating during backwashing results in a 30% reduction of the resistance
over a course of 11 permeation–backwashing cycles compared with conventional backwashing.

1. Introduction
The industrial application of micro- and ultrafiltration membranes is
mainly impaired by particle deposition and fouling, which deteriorate
the membrane performance and can lead to complete failure of the
process. Fouling prevention and abatement methods are the main fields
of research on porous membranes with studies investigating novel lowfouling membrane materials, hybrid processes, design of membranes
and membrane modules and inserts, operating parameters, and cleaning agents or strategies [1]. Measures manipulating the hydrodynamic
flow profile inside the membrane module aim to increase shear forces
and flow instabilities near the membrane surface to enhance mixing
and impede deposition and polarization effects [2].
Especially inducing secondary flows such as small vortices at the
membrane surface proved to be effective since the mass boundary layer
is mostly smaller than the viscous boundary layer [2]. Taylor vortices

appear in the annulus of two cylinders, which rotate concentrically
while centrifugal instabilities like Dean vortices occur in curved channels. Helical ultrafiltration membranes were analyzed for enhanced
membrane performances [3–5] with flux increases by a factor of five
compared to fibers with a linear geometry [3]. Dean vortices have
also been induced by screw thread vortex generators in tubular membranes [4,6]. Vibrating membranes induce shear waves to repel solids
and foulants from the membrane surface [7,8]. Applying ultrasonic
waves agitates the aqueous medium and acts on the deposits while this
cleaning strategy is applicable without interrupting the value-added
permeation process [9,10]. Other means of distorting flow comprise
3D-printed spacers [11], gas evolution on a membrane’s surface by
electrochemical water splitting [12] and membranes with particular
geometrical topology [13].
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Table 1
Properties of the SiC membrane used in this study [30].

Lohaus et al. [14] show, that hydrodynamic instabilities and increased shear rates can be induced by heated membranes. Direct heating of membranes causes natural convective fluid displacement that
overlap with the filtration flow profile. Additionally, elevated temperatures of the feed fluid are already known to positively influence the
permeation rates due to decreased fluid viscosities [15]. Several studies
report elevated permeate fluxes at increased temperatures [16–18]
and increased membrane fouling at lower temperatures in membrane
bioreactors assessing seasonal temperature variations [19–21]. van de
Ven [22] observed a decreasing membrane resistance with increasing
feed temperature during ultrafiltration. The author states that the local
concentration of the foulant depends on the interplay between permeate flux and back diffusion. Aumeier et al. [23] and Peng et al. [24]
use hot water and steam as an environmentally friendly cleaning strategy for ultrafiltration membranes. Peng et al. [24] further show that
temperature modulation can be highly interesting for produced water
treatment. Viadero et al. [25] investigated the effects of temperature
increase in membrane filtration for the removal of fine solids from
aquaculture process water. The authors ascertained a flux increase of
17% greater than the predicted change in flux due to changes in the
viscosity of water.
As opposed to complete heating of the total feed and permeate
stream, direct heating of the membrane enables a local heat input at the
membrane. The local heat input can increase membrane fluxes without
heating the entire feed stream [26]. Direct membrane heating of liquid
systems has to the best of our knowledge only been applied to organic
solvent nanofiltration membranes by photothermal heating [26–29].
This study investigates the use of direct membrane heating during
filtration and backwashing to limit fouling of the porous ceramic
membrane. Direct membrane heating is achieved by Joule heating an
electrically conductive microfiltration hollow fiber membranes made
of silicon carbide (SiC) according to de Wit et al. [30]. These membranes when functionalized with polyetheyleneimine have recently
been used for CO2 sorption and temperature induced desorption [31].
The membranes are stable concerning their heatability and show no
loss in heateable performance when switching on and off [32]. SiC
also has proven to show a superb fouling resistance compared to other
inorganic and polymeric microfiltration membrane materials [33]. The
novel fouling prevention method is tested in three approaches: heating
during cross-flow permeation, during dead-end permeation, and for
temperature assisted backwashing using yeast suspension as a model
solution. Power application of 30 W m−1 for dead-end and backwashing
experiments and 70 W m−1 for cross-flow experiments are used to heat
the membrane. The heat induced fouling prevention is compared to
unheated experiments regarding resulting trans-membrane pressures
and viscosity-corrected resistances.

SiC hollow fibers were prepared by dry–wet spinning of a
PES/NMP/SiC mixture and subsequent thermal treatment at 1000 ◦ C
under an argon atmosphere. The details about the fabrication method
and a full characterization of the fiber can be found elsewhere [30,31].
In short, the spinning dope for the green body consisted of 36 wt% 𝛼Silicon carbide powder with a mean size of 0.4 μm to 0.6 μm, 50 wt%
NMP, and 14 wt% PES. The spinning dope was pressed through a spinneret with an outer diameter of 2 mm and an inner diameter of 0.8 mm.
After drying, the fibers were cut to a length of 10 cm and subsequently
thermally treated in a STF 16/610 tubular furnace (Carbolite). The
thermal treatment comprised heating for 60 min at 300 ◦ C for polymer
relaxation and for 180 min at 1000 ◦ C with a heating rate of 5 ◦ C min−1
each. These fibers have a sufficient mechanical strength and suitable
electrical conductivity to be used as a heatable membrane. Table 1
provides an overview of the key properties of the membrane.
Tin copper wire (ø 0.4 mm) was wrapped around both ends of the
fiber and fixed with tin-solder. The fibers were glued with two component epoxy resin into custom-made single-fiber modules (see Fig. 1)
made from perspex tubes connected with flexible tubings via shrinking
tube and push-in fittings. The modules can be used for dead-end, crossflow, and backwash filtration. A digital thermocouple was placed right
behind the permeate outlet to log the temperature of the membrane.
Before yeast filtration experiments, the membranes were flushed with
demineralized water for 10 min and the clean water permeability 𝑅0 of
each fiber was determined on three flux levels (0.1, 0.15, and 0.2 L h−1 )
𝑙𝑢𝑥
according to 𝑅0 = 𝑇𝐹𝑀𝑃
with TMP being the measured transmembrane
pressure.

2. Experimental

2.3. Experimental set-up and procedure

2.1. Model solution

The experimental set-up was designed for reverse-flow diafiltration [34] which enables long-term stable operation at low transmembrane pressures and fluxes. The setup runs under constant flux conditions. Fig. 2(a) shows a schematic drawing of the experimental set-up in
cross-flow mode and Fig. 2(b) a picture of the set-up during operation.
The set-up consists of a cross-flow pump (Ismatec, type ISM 1079B)
pumping the stirred feed solution (400 rpm) through the membrane
module and back into the feed tank. Two peristaltic pumps (Ismatec,
type ISM 831C) are used as a feed pump and a backwash pump, respectively. Two scales logged the fluxes for the permeate and backwash
stream, respectively, to check for the constant flux condition. Two
pressure sensors were used to monitor the pressure in the feed and
the permeate line. For logging the temperature, a k-type thermocouple
(PeakTech, Germany) is placed in a 4-way connector directly at the
permeate outlet of the module where the temperature is the highest (see
Fig. 1). The experimental set-up enables automated flow procedures via
LabVIEW.

Parameter

Value

Pore diameter
Inner diameter
Outer diameter
Conductivity
4 point bending strength

500 nm
0.8 mm
1.8 mm
750 kS m−1
35 MPa

tau digital correlator (ALV-5000/EPP). A sample of 50 μL yeast suspension diluted with 1 mL water (HPLC grade) was measured with a
wavelength of 632.8 nm and an angle of 90◦ . Each data point is based
on three consecutive runs of 90 s each. The hydrodynamic radius is
calculated with the Stokes–Einstein equation based on a second-order
cumulant fit.
2.2. Membranes and membrane modules

Yeast suspension was used as a model solution for fouling experiments. 84 g of commercially available baker’s yeast (FALA GmbH) were
mixed with 2 L of demineralized water and continuously stirred at
400 rpm. A new yeast suspension was prepared every second day.
The temperature dependent viscosity of the yeast suspension was
measured using Discovery Hybrid Rheometer HR-3 (normal force sensitivity 0.005 N; TA Instruments) with a heatable double wall concentric
cylinder geometry for DHR/AR Rheometer. The following measurement
procedure was applied: viscosity was measured three times at every
temperature step with a shear rate of 40 s−1 in a temperature range
from 20 ◦ C to 60 ◦ C in intervals of 5 ◦ C. A heating rate of 5 ◦ C min−1
was employed.
Measurements of the particle size distribution of the yeast suspension were performed via dynamic light scattering (DLS) system
(ALV/DLS/SLS-5004, ALV-GmbH, Germany) equipped with a multiple
2
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Fig. 1. Module of an electrically heated hollow fiber membrane with attached electrical connections and a temperature sensor. The module can be operated outside-in in cross-flow
or dead-end mode and enables backwashing.

Fig. 2. Experimental set-up.

The experimental procedure comprised four steps. During all steps,
the cross-flow pump pumped the feed solution through the shell of the
membrane module with a flow rate of 0.6 L h−1 which results in a crossflow of 0.017 m s−1 . In dead-end experiments, the cross-flow pump did

not operate. Table 2 lists the flow rates for backwash and permeate
pump during each of the four steps. The four steps were executed as
follows:
3
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Table 2
Flow rates of backwash pump (BW) and permeate pump (Perm) for each step of
an experimental cycle during the three experimental procedures of cross-flow (CF),
dead-end (DE), and backwash (BW) experiments.
Step

BW pump

Backwash
Emptying
Permeate
Flushing

Perm pump

DE & CF
[L h−1 ]

BW
[L h−1 ]

DE, CF & BW
[L h−1 ]

0.14
−0.14
0
0.14

0.05
0.14
0
0.14

0
0
0.09
0.26

Table 3
Duration of each respective time step during cross-flow (CF), dead-end (DE), and heated
membrane backwash (BW) experiments for each step of an experimental cycle.
Step

Backwash
Emptying
Permeate
Flushing

Time

Heating

CF
[s]

DE
[s]

BW
[s]

CF
W m−1

DE
W m−1

BW
W m−1

60
60
9000
60

60
60
3600
60

300
60
4200
60

0
0
70
0

0
0
30
0

30
0
0
0

Fig. 3. Viscosity of the yeast solution as a function of temperature compared to
the viscosity of pure water. The logarithmic fitting function was used for viscosity
correction of the experimental data. The water viscosity is obtained from literature [35].

3. Results and discussion
(1) During the backflushing step, the backwash pump pumps demineralized water into the lumen of the membrane while the permeate
pump is turned off and by that the permeate pump acts as a valve.
The backwash solution passes the membrane from inside to outside
removing the cake layer on the feed side.
(2) During the emptying step, the backwash pump runs in the
opposite direction removing water from the membrane lumen. As the
permeate pump is still turned off, the backwash pump evacuates the
permeate side and creates a sub-ambient pressure inside the membrane.
(3) In the permeate step, the backwash pump stops and the permeate pump transports the permeate from the outside of the membrane to
the inside at a sub-ambient pressure.
(4) During flushing, filtration stops and permeate and backwash
pump transport water into the lumen for the backwash step.
Three different heating experiments were performed: heating during
the permeate step in cross-flow filtration (1), in dead-end filtration (2),
and heating only during the backwash step (3) while permeation was
operated in dead-end.
Table 3 lists the duration of each time step for the respective
experiments. For the experiments with heated membrane backwash,
the backwash step was extended from 1 to 5 min to reach the required
temperatures during the backwash step since the membrane needs
approximately 2 min to reach a stable temperature.
The membrane was connected to a power source (Manson, HCS3404) by the copper wires from the module. To conduct comparable experiments, the same specific power was applied to compensate
variabilities in length and electrical resistance from fiber to fiber. A
power of 70 W m−1 was used for cross-flow, 30 W m−1 for dead-end, and
30 W m−1 for backwash experiments. Three cycles were conducted in
cross-flow and dead-end each while heat was only applied during the
second permeate cycle. The first and third cycle served as unheated
references to the heating approach. The fibers were cleaned in-between
runs being backwashed with deionized water with a TMP of 0.5 bar
in crossflow for 15 min For backwash experiments, 11 cycles were
performed with each heating during the backwash step and compared
with fibers where 11 cycles were performed without heating during
the backwash step. The hydraulic resistance gained from flux and
TMP measurements is denoted as 𝑅𝑡𝑜𝑡𝑎𝑙 in the figures and corrected
against the initial membrane resistance 𝑅0 measured by clean water
permeation. 𝑅𝑡𝑜𝑡𝑎𝑙 at the end of a permeation cycle is denoted 𝑅𝑐𝑦𝑐𝑙𝑒 or
by the specific cycle number e.g. 𝑅1 is the hydraulic resistance at the
end of the first cycle.

3.1. Characterization of the model suspension
Viscosity is the most relevant thermodynamic property to assess
during microfiltration at varying temperatures [15] as it strongly influences the permeate flux. The permeate flux 𝐽 of a porous membrane
is, according to Darcy’s law, linked to the viscosity 𝜂 of the fluid by
𝐽=

𝛥𝑝
𝜂 ⋅ 𝑅𝑚

(1)

where 𝛥𝑝 is the transmembrane pressure (TMP) and 𝑅𝑚 the hydraulic
membrane resistance. To compare fouling rates at varying temperatures
it is meaningful to use the viscosity-independent membrane resistance
𝑅𝑚 to assess whether a positive effect of the permeate flux only originates from the decreasing viscosity or if further hydrodynamic effects
are involved.
To correctly evaluate the effect of viscosity, we measured the viscosity of the yeast model suspension in a temperature range from 20 ◦ C to
60 ◦ C. Fig. 3 presents the mean values of the measured suspension and
the standard errors of three measurements compared with literature
data on the clean water viscosity [35]. The yeast suspension has a
slightly higher viscosity than water. With increasing temperature, the
viscosity of yeast suspension and water decrease proportionally. The
logarithmic fitting function displayed in Fig. 3 was used for viscosity
correction of the experimental data according to Eq. (1). A suspension
of bakers yeast in distilled water shows a shear thickening behavior
especially at high yeast concentrations [36]. At the low concentrations
used in this study, the fluid behaves quasi Newtonian-like.
The mean particle diameter of the yeast suspension was measured
to 2.3 μm by dynamic light scattering. To assess whether the yeast suspension degenerates under heat treatment, the mean particle diameter
was also measured after heat treatment up to 60 ◦ C where it decreases
to 1.8 μm. The decrease is small and does not show a significant decomposition of the yeast cells. While the yeast model suspension is
highly turbid, the permeate is clear and contains no visually perceptible
particles as illustrated in Fig. 4. We therefore assume full retention of
yeast.
3.2. Validation of the experimental set-up
A reliable and accurate temperature measurement is essential to correctly assess if only viscosity affects the filtration process or if there are
other effects that go beyond. To validate that temperature is measured
4
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Fig. 4. Photo of feed and filtrate.

Fig. 6. Temperature achieved by Joule heating during dead-end and cross-flow
permeation in the experimental set-up.

while the direct membrane heating only requires 7 W leaving the larger
feed stream partially unaffected [26]. The direct membrane heating
consequently reduces the energy requirement by 40% compared to
complete feed heating for the module configuration used here.
3.3. Cross-flow experiments
Cross-flow filtration is a continuous and initially dynamic process.
The membrane surface is overflowed by the feed stream and deposits
on the membrane surface can be loosened and flushed away. Deposition
and removal of particles balance after a certain time reaching a steady
state. Experiments are carried out for 2.5 h in order to reach a steady
state or come close. In order to compare the influence of membrane
heating on the membrane performance, the experiment was performed
in three cycles. During the first cycle (run 1) and the third cycle (run 2)
no power was applied, while power was applied during the whole
permeate step of the second cycle with 70 W m−1 . Fig. 7(a) presents
the course of the TMP of one fiber as a function of the filtrated mass
overlapped for the three successive cycles. All three cycles start at the
same TMP. During the first half hour, the TMP of the unheated runs
shows a strong increase due to the formation of a filtration cake while
the heated run starts off much slower. In the end of the cycle, the TMP
of the heated run is 17% lower compared to the unheated experiments
(0.61 bar versus 0.73 bar) at a temperature difference of 17 ◦ C between
the heated and the unheated runs. The two unheated runs 1 and 2
conducted before and after the heated run closely overlap indicating
that the decreased TMP of the heated run is not an effect of fouling
history but temperature. However, the fouling rate, the increase of the
TMP course, levels off in the unheated runs, indicating that deposition
and removal of particles reach a steady state, while the fouling rate
does not level off equally during the heated run.
Corrected against the effect of viscosity, Fig. 7b shows the mean
of the fouling resistance of three different membranes. To compare
the fibers excluding fiber to fiber differences, the clean water resistance 𝑅0 was subtracted from the total resistance 𝑅𝑡𝑜𝑡𝑎𝑙 rating just the
fouling resistance from the yeast filtration. Interestingly, the fouling
resistance during heat treatment lies below the resistance of the unheated membranes, even though viscosity is expected to contribute
most to the effect of decreased TMP. At the same filtrated mass, the
heated membrane show a decreased fouling resistance by 27%. Other
effects that could account for the additional resistance drop during
heating are most presumably hydrodynamic effects during filter cake
build up. Viadero et al. [25] attribute the additional influence (apart
from viscosity) on the permeate flux to small changes in shear due

Fig. 5. Validation of the temperature measurements. The viscosity corrected resistance
is measured at room temperature and during heat treatment of 20 W m−1 during
dead-end (DE) and 50 W m−1 during cross-flow filtration (CF).

correctly, we performed clean water flux measurements during heating
and without heating and corrected the measured fluxes against viscosity by calculating the temperature-independent membrane resistance
according to Eq. (1).
Fig. 5 shows the hydraulic resistance of the fiber during the heated
permeate step in dead-end and cross-flow filtration and without heat.
The resistance of the heated and unheated measurement strongly correlate for both dead-end (DE) and cross-flow (CF) experiments indicating that the temperature measurement represents the membrane
temperature correctly.
Fig. 6 shows the temperatures that evolve during dead-end and
cross-flow filtration in the experimental set-up when applying different specific powers. In order to operate at comparable temperatures
for dead-end and cross-flow filtration, 30 W m−1 during dead-end and
70 W m−1 during cross-flow have been applied reaching a temperature
of 52 ◦ C and 50 ◦ C, respectively.
A calculation of the resulting temperature from an energy balance
(𝑄 = 𝑉 ⋅ 𝜌 ⋅ 𝑐𝑝 ⋅ 𝛥𝑇 with Q the respective energy input, 𝜌 the density of
water, 𝑐𝑝 the heat capacity of water, and 𝛥𝑇 the temperature increase
through heating) yields a temperature of 52.7 ◦ C for the dead-end
configuration. The measured and calculated values closely overlap.
Applying the energy balance to the cross-flow configuration, a heat
input of 11.8 W would be required to heat the entire cross-flow to 50 ◦ C
5
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Fig. 7. TMP (a) and fouling resistance (b) during cross-flow experiments for two unheated runs (run 1 and 2) and a heated run in between. The fibers were cleaned in between
the individual runs. The experiment was conducted on three different fibers. Each data point of the hydraulic resistance represents the mean of the three measurements, error bars
indicate the standard error. TMP data (a) is temperature-dependent while resistance data (b) is corrected against temperature by the viscosity.

to increased temperature. Little is known on the effect of a heated
surface on the morphology of the deposition layer during filtration.
Accessing this challenging question would require optical methods
such as confocal microscopy [37] or particle based computation fluid
dynamics simulations [38].

3.5. Heated membrane backwash experiments
Backwashing is the most commonly applied cleaning strategy for
fouling removal in micro- and ultrafiltration. The reversed flow through
the membrane loosens and removes foulants from membrane to restore
most of the initial membrane permeability.
Here, the backwash stream during the backwash step is combined
with direct membrane heating, in order to investigate whether heating can increase the efficiency of the backwash. The backwash step
was prolonged to 5 min since the membrane requires already 2 min to
achieve a stable temperature during membrane heating with 30 W m−1 .
To assess the backwash efficiency, 11 subsequent cycles with each
70 min of permeation were carried out on three different fibers. No
heating was applied during permeation. To quantify the effect on
fouling control, each experiment was additionally carried out without
power input.
Fig. 9 shows the normalized final hydraulic resistances at the end of
a permeation cycle. The data is normalized to the resistance of the first
cycle to exclude fiber to fiber differences and to assess the increase in
fouling resistance over the conducted cycles. Backwashing without heat
leads to a strong increase in the fouling resistance within the first cycles
while the slope levels to be more moderate after four cycles. Using
heat seems to be especially effective during the first cycles where the
increase in final fouling resistance is lower but more steadily over the
whole course of the conducted cycles. After 11 cycles and hence 14 h of
run-time of the experiment, the heated membrane backwash reaches
a 30 % lower resistance compared with the regular backwash. Hence,
temperature not only influences permeate fluxes during permeation but
also helps to loosen foulants and to increase efficiencies of backwashes.

3.4. Dead-end experiments
In dead-end filtration, the particles of the feed remain in the membrane module building up a filter cake, which is only removed during
backwash steps. Due to the continuous build up of a filter cake, filtration generally reaches no steady state in dead-end mode. Dead-end filtration is particularly interesting for the proposed heatable membrane
concept as no thermal energy is lost to the cross-flow stream.
Experiments were again carried out in three cycles for each 60 min
with in between cleaning by backwashing with deionized water: the
first cycle (run 1) before heat treatment, the second cycle with applied
power, and the third cycle (run 2) again without membrane heating.
Fig. 8(a) displays the course of the TMP during the three permeate steps
for a representative module. The TMPs of the cycle before and after
membrane heating show the same behavior indicating no irreversible
deposition of yeast. The TMP of the heated cycle increases very slowly
deviating by 34 % from the TMP of the unheated cycles (0.47 bar versus
0.72 bar).
The viscosity-independent fouling resistances plotted in Fig. 8(b)
show a similar behavior. The resistances of the unheated runs increase
significantly compared with the heated run. The resistance of the
heated membrane differs by 30 % (8.0 ⋅ 1012 versus 11.5 ⋅ 1012 m−1 )
from the unheated cycles. The effect of membrane heating in the TMP
course as well as for the hydraulic resistance is more pronounced during
dead-end than during cross-flow filtration, which might be attributed
to higher temperatures in the dead-end runs (50 ◦ C versus 40 ◦ C).
Higher temperatures feature shear effects as stated for the cross-flow
experiments. Additionally, hydrodynamic instabilities can evolve better
under less forced convection increasing the Richardson number [14].

4. Conclusion
This study investigated the use of direct membrane heating for heat
induced fouling prevention and cleaning of microfiltration membranes
during yeast filtration. While it is generally stated that elevated temperatures mainly influence the viscosity during aqueous filtration and
6
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Fig. 8. TMP (a) and fouling resistance (b) during dead-end experiments for two unheated runs (run 1 and 2) and a heated run in between. The fibers were cleaned in between
the individual runs. The experiment has been conducted on three different fibers. Each data point of the hydraulic resistance represents the mean of the three measurements, error
bars indicate the standard error. TMP data (a) is temperature-dependent while resistance data (b) is corrected against temperature by the viscosity.

application of 70 W m−1 during permeation in cross-flow operation and
30 W m−1 during dead-end operation feature temperatures of 50 ◦ C.
For the cross-flow configuration, the direct membrane heating reduces
the energy consumption by 40% compared to complete feed heating.
With the applied power reduction of the fouling resistance up to 27%
could be achieved during cross-flow. In dead-end operation membrane
fouling was reduced by 30%.
The thermal treatment not only shows to be effective during permeation but also when applied during backwashing resulting in 30%
less fouling over a course of 11 permeation cycles. Overall, temperature
and direct membrane heating have beneficial effects on the filtration
performance. Further studies on the interplay of hydrodynamics and
particle fouling should elucidate how temperature can be used most
effectively. Directly heatable fibers in multi-fiber modules with a geometric design that favors convective movements would be highly
favorable for filtration application with severe fouling challenges.
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