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METHOD AND DEVICE FOR MEMBRANE CLEANING IN ELECTRO-MEMBRANE
PROCESSES

The present invention relates to cleaning of membranes
in a device for performing electro-membrane processes. These
processes include electro-dialysis (ED), reverse electro-
dialysis (RED), membrane capacitive de-ionisation (CDI) and
microbial fuel cells (MFC).

Existing electro-membrane processes are provided with
ion exchange membranes that are membranes with fixed anionic
or cationic exchange groups able to transport cations or
anions. Specific properties of the ion exchange membranes of
these charged groups, like membrane resistance, have a large
influence on process performance, like the power output
obtainable in a reversed electro-dialysis operation, for
example.

In existing operations involving membranes, in use
electrochemical layers start to build up on the membrane
surface. These layers include a so-called electrical double
layer and diffusion boundary layers. These layers increase
resistance significantly, thereby, for example, reducing the
power output obtainable in RED and MFC processes and
increasing power consumption in other processes, like ED and
CDI. In a continuous operation after a few hours other
layers may become more pronounced, like fouling, scaling and
bio-fouling layers. Also these layers reduce process
efficiency significantly, like the power output obtainable
by the process. Cleaning of scaling layers comprising
calcium and magnesium salts is often performed using acid
cleaning. This disrupts operation of the electro-membrane
process for a time period, thereby reducing the overall

efficiency of the process. In addition, acid cleaning is
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relatively expensive and not a very sustainable method.
Organic fouling layers are formed by precipitation and/or
settling on a membrane surface of organic compounds, like
surfactants, colloidal silica and humid acid salts. After
some days of operation, bio-fouling layers start to appear
on the membrane surface. These layers increase the overall
resistance, and also increase the pressure drop over the
cell.

The object of the present invention is to improve the
overall efficiency of an electro-membrane process.

This object is achieved with the method for membrane
cleaning according to the invention, the method comprising
the steps of:

- operating a device for performing an electro-membrane

process; and

- applying inverse electrical pulses to the device.

RApplying inverse electrical pulses to the device for
performing electro-membrane process can arrange electro-
osmotic instabilities to the membrane surface. As a result
of these instabilities ions start to rotate and/or osculate
thereby promoting turbulence that leads to breaking the
undesired layers on the membrane surface. These undesired
layers involve electrical double layers, diffusion boundary
layers, scaling layers, organic fouling layers and/or bio-
fouling layers.

When a current passes through the ion exchange
membrane, charge is carried through the membrane by counter-
ions (ions with an opposite charge relative to the fixed
charge in the membrane) as a result of the Donan exclusion.
In the bulk solution, current is carried by both positive
and negative ions. The difference in ion transport number
between the solution phase and the membrane leads to the

building up of the diffusion boundary layer at the membrane
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surface. The resistance of this layer may, especially in
case of low salt concentrations, form a significant
contribution to the total system resistance thereby reducing
the power output obtainable in RED and MFC processes and
increasing power consumption in other processes, like ED and
CDI.

By applying inverse electrical pulses the undesired
layers decrease in size or can even be removed entirely,
thereby obtaining a clean membrane surface and improving the
overall efficiency of the electro-membrane processes. A
further effect of applying inverse electrical pulses is that
a cleaning effect is achieved without losing too much of the
energetic performance of the process, so that this method is
energetically favourable as compared to electrodialysis
reversal (EDR), for example. EDR requires changing of the
polarity of the electric field applied to the
electrodialysis stack during a time interval ranging from a
few minutes to several hours. In this reverse polarity mode
the hydraulic flow streams are reversed simultaneously, i.e.
the dilute cell becomes the brine cell and vice versa.
Therefore, EDR requires significant power consumption for
cleaning purposes, while applying inverse electrical pulses
according to the invention shows a more energy-efficient
effect on electro-membrane processes. Such electro-membrane
processes include electro-dialysis, reverse electro-
dialysis, membrane capacitive de-ionisation and microbial
fuel cells.

In a preferred embodiment according to the present
invention the inverse electrical pulses are applied to
electrodes of the device.

Electro-membrane processes, like reverse electro-
dialysis, use electrodes to operate the process. By applying

the inverse electrical pulse to the electrodes the
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electrical field in the cell changes its direction as the
polarity of the electrodes is changed. This inverse
electrical pulse is preferably applied with a very high
current that is higher than the limiting current density.
Below this limiting current density there is an Ohmic
relation between voltage and current. Above this limiting
current density, at first, ions stop moving at a higher
rate, while with a further increase of the voltage the
migration of ions further increases in this over-limiting
region. Surprisingly, this over-limiting region shows an
improved mixing of the diffusion layer due to the provision
of electro-osmotic instabilities by the inverse electrical
pulses. This improves the cleaning of the membranes in the
electro-membrane processes.

In a preferred embodiment according to the present
invention the inverse electrical pulse is applied with a
frequency between 10°-10"" Hz and preferably between 3°107° -
1077 Hz.

The frequency of cleaning depends on a number of
parameters, for example the dimensions of the device, the
specific type of electro-membrane process, etc. Therefore,
an inverse electrical pulse should be applied when the
device is in use with a fregquency of every second to every
one day. Experiments have shown that the best effects on the
efficiency of the overall process is in the range of every
hundred seconds and one hour.

Preferably, the applied pulse is applied with a pulse
width in a range of 107°-10? seconds, and preferably between
1 and 10 seconds. This pulse width is the duration of one
electrical pulse. The pulse width depends on several
parameters, like the dimensions of the device and the type
of electro-membrane process. Furthermore, it depends on the

type of layer that is present at the membrane. This type of
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layer strongly depends on the solutions that are moved
through the cell. Experiments have shown that applying
pulses with a pulse width in the range of 1072 to 10? seconds
duration provides sufficient cleaning. Shorter pulse widths
do not appear to have a sufficient cleaning effect, while
longer pulse widths do not significantly contribute to this
cleaning anymore and, in addition, reduce the production
time of the device. Further experiments have shown that a
pulse width between 1 and 10 seconds is preferred for most
electro-membrane processes.

In a further preferred embodiment according to the
present invention applying the inverse electrical pulses
comprises providing periodic high frequency alternating or
fluctuating current and/or voltage.

Providing this high frequency alternating or
fluctuating current and/or voltage has shown a significant
effect on especially the bio-fouling layer. For the purpose
of this application fluctuating current is defined as an
alternating current over a direct current, so, in principle
without a polarity difference.

In addition, providing this high frequency alternating
or fluctuating current has an extra bonus effect on the
other layers, as it improves mixing and extracts particles
from the membrane. The periodic high fregquency alternating
or fluctuating current and/or voltage can in principle be
applied at any time during the process.

In one embodiment according to the present invention
this periodic high frequency is performed between applying
the inverse electrical pulses. This means that this
alternating or fluctuating current and/or voltage is applied
when the device performing an electro-membrane process is in

use.
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In a presently preferred embodiment according to the
present invention, the periodic high frequency alternating
or fluctuating current and/or voltage is performed when
applying the inverse electrical pulses. In this way, the
effect of this high frequency alternating or fluctuating
current and/or voltage is superposed on the effect of the
inverse electrical pulse. This periodic high frequency can
be applied during the entire electrical pulse width or a
part thereof.

Preferably, the periodic high frequency alternating or
fluctuating current and/or voltage is in the frequency range
of 1 kHz to 1 MHz. It is shown that this frequency range has
the largest effect on the killing rate of bacteria in the
bio-fouling layer. This high frequency can arrange vibration
of the ions, thereby killing the bacteria and viruses in the
bio-fouling layer. In addition, there is a bonus affect as
this vibration of ions increases breaking the scaling and
organic fouling layers. Furthermore, it is shown that this
high frequency is also acting as a preventive measure for
bio-fouling, scaling and organic fouling layers in all
electro-membrane processes.

The present invention also relates to a device for
performing electro-membrane process, the device comprising:

- a number of anode and cathode compartments provided
with a number of electrodes;

- a number of cation exchange membranes and a number of
anion exchange membranes, placed alternately between
the compartments; and

- function generator means capable of providing inverse
electrical pulses as described above.

Such device provides the same effects and advantages as

those stated with reference to the method.
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Further advantages, features and details of the
invention are elucidated on a basis of preferred embodiments
thereof, wherein reference is made to the accompanying
drawings wherein:

- figure 1 illustrates a cation exchange membrane with
additional layers;

- figure 2 illustrates an anion exchange membrane with
additional layers;

- figure 3 illustrates an application of an inverse
electrical pulse with a superposed high frequency
alternating current;

- figure 4 illustrates the effect of high current
densities on membrane surfaces;

- figure 5 illustrates an experimental setup of the
device according to the invention;

- figure 6 illustrates the inverse electrical pulse
applied to the device in figure 5; and

- figure 7 illustrates the measured potential as in time

during the electrodialysis process.

For the purpose of explaining the behavior of the
membranes in electro-membrane processes a possible
configuration of a cation and anion exchange membrane with
different layers will be discussed briefly. In the
illustrated embodiments the different layers are represented
by seperate layers. It will be understood that this is a
simplification of reality.

A cation exchange membrane 2 (figure 1 with Ry the
membrane resistance, Rpr, the double layer resistance and Rper
the diffusion boundary layer resistance) is in use covered
by an electrical double layer 4 and a diffusion boundary
layer 6 on the cation exchange membrane surface. The

electrical double layers 4 are very thin, typically in the
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order of nanometers. The diffusion boundary layers 6 have a
thickness in a range of 20-400 pm depending on the system
and process conditions.

An anion exchange membrane 8 with scaling/fouling
layers occurring at the anion/cation exchange membrane and
in the layer adjacent to the membrane (figure 2 with Ry the
membrane resistance, Rge the scaling layer resistance, Rer the
organic fouling layer resistance and Rzr the bio-fouling
layer resistance) is in use covered by a scaling layer 10,
fouling layer 12, and bio-fouling layer 4 on the membrane
surface.

An inverse e-pulse (figure 3) with a reverse polarity
of the electrodes can be combined with high frequency
alternating current. In the illustrated embodiment the high
frequency alternating current is applied at the same time as
the inverse electrical pulse. It will be understood that
other shapes and values for the inverse e-pulse according to
the invention are possible.

Applied voltages or currents obtaining inverse
electrical pulses are preferably higher than limiting
current density, and are preferably in the overlimiting
region. The alternating current applied in addition to the
inverse e-pulse preferably is in frequency range of 1 kHz to
1 MHz.

An ion exchange membrane 16 (figure 4) illustrates in
use the electrical field lines 17 which generate electro-
osmotic instabilities 18 at the membrane surface and in the
solution adjacent to the membrane at high current densities
(preferably in the overlimiting region). The layer thickness
typically is about 20-500 um, depending on the system,
including spacer design and solution velocity, and the

applied current and/or voltage.



10

15

20

25

30

WO 2010/143945 PCT/NL2010/050335

9

A device 19 (figure 5) is made of PMMA poly(methyl 2-
methylpropenoate) and comprises six separate compartments
20,22,24,26,28,30 with a total solution volume of 2 dm’ per
compartment. Device 19 further comprises a membrane 32 with
an effective area of 2.835 cm’. For the experiments discussed
later, membrane 32 was equilibrated with the measuring
solution for at least 24 hours. Using a smaller membrane
area prevents membrane 32 bulging out and reduces the two
current densities applied on the planar auxiliary
electrodes, one acting as an anode 34 and the other acting
as a cathode 36. The other four membranes 38,40,42,44 were
auxiliary ion exchange membranes produced by Mega a.s.
(Czech Republic). Membranes comprise cation exchange
membranes (CEM) 38,40,44 and anion exchange membrane 42
(AEM) . The area of the auxiliary membranes in the cell was
23.8 cm’.

To enable measurements with the various sodium chloride
concentrations with a potentiostat/galvanostat apparatus 46
(Iviumstat, The Netherlands) a fixed current density is
applied. Simultaneously apparatus 46 measures the voltage
drop over membrane 32. Both compartments 24,26 adjacent to
central membrane 32, are provided with a solution 48 with a
concentration in a range of 0.017 M to 1 M NaCl (analytical
grade, Boom B.V., The Netherlands). For comparison, the
standard concentrations we use to represent sea water 50
and/or river water are respectively 0.5M NaCl (sea water)

and 0.017M NaCl (river water).

Experiments

Current-voltage curves and chronopotentiometry data
were obtained with device 19 presented in Figure 5.
Inverse electrical pulses were applied during RED

process and ED process. Figure 6 shows inverse electrical
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pulses in RED process and shows the measured potential as a
function of time during the RED process with only one cation
exchange membrane Neosepta CMX, and V being the potential
difference over the Haber-Luggin capillaries (mV).

During the process as sea water we used 0.5M NaCl and
as river water 1g/l NaCl. The open circuit potential over
the membrane was 80mV. The maximum power density in reverse
electrodialysis is obtained when the resistance of the
external load equals the resistance of the stack (1/2 OCV
condition).

In the RED process the first 150 seconds indicate
building up the double and diffusion layer on the membrane
surface until the plateau is reached. After 150 seconds a
first 50mA inverse electrical pulse was applied. By doing
this the double layer and the diffusion boundary layer were
diminish/eliminated. Application of the pulse obtained
energy indicated with the marked area in figure 6. We can
observe again the formation of these layers on the membrane
surface. Moreover, the second inverse pulse was maintained
for two seconds and the third inverse pulse was maintained
for three seconds. Also for these pulses the energy obtained
by applying the pulses is marked in figure 6.

Figure 7 shows the potential as a function of time (in
seconds) under the direct current condition in ED process,
with only one cation exchange membrane Neosepta CMX with a
surface area of 2.835 cm?’, and V being the potential
difference over the Haber-Luggin capillaries (V).

The process was operated between 1 g/l NaCl and 1 M
NaCl. The inverse electrical pulse value was set to 100 mA
and the time of the pulse was 1 second. We applied constant
current (8 mA) to desalinate river water. During the first
18 seconds ions were transported through the membrane, but

after this time a significant voltage drop was observed.
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This voltage drop indicates that on the membrane surface
salt concentration reached zero. To enhance mass transfer by
breaking the double layer and the diffusion boundary layer
(concentration polarization layers) the inverse electrical
pulse according to the invention was applied. The energy
obtained by applying the pulses is marked in figure 7.

Surprisingly, the pulses into the region of ion
dpeletion induce hydrodynamic instabilities. These
instabilities are beneficial for membrane cleaning.
Furthermore, if the pulse is provided with a high freguency
fluctuation the pulse surprisingly can have a disinfecting
effect.

The experimental results show that an inverse
electrical pulse surprisingly lowers the overall resistance
against mass transport, thereby breaking (removing) the
electrical double layer and the diffusion boundary layer on
the membrane surface during RED process for certain period
of time. By breaking these layers the process efficiency and
mass transfer increases. Moreover, inverse electrical pulses
applied in combination with high frequency alternating
current will be beneficial for breaking scaling/organic
fouling and biofouling layers in all electro-membrane
processes. Therefore, the inverse electrical pulse, in this
case in combination with an alternating/fluctuating current,
without requiring operation of the process in a reversed
mode removes the layers fast and simultaneously from the
membrane surface.

The present invention is by no means limited to the
above described embodiments thereof. The rights sought are
defined by the following claims, within the scope of which
many modifications can be envisaged. For example, the method
and device of the present invention can also be used for

cleaning of electrodes, possibly in combination with
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cleaning of membranes. Furthermore, the alternating or
fluctuating high frequency current and/or voltage can also
be applied over the normal process current and/or voltage,
so without an inverse electrical pulse, to achieve a

disinfecting effect.
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CLAIMS

. Method for membrane cleaning, comprising the steps of:

- operating a device for performing an electro-membrane
process; and

- applying inverse electrical pulses to the device.

. Method according to claim 1, wherein the inverse

electrical pulses are applied to electrodes of the device.

. Method according to claim 1 or 2, wherein the inverse

electrical pulse is applied with a frequency between 10 °-

107" Hz, and preferably between 3 - 107* - 10 “Hz.

. Method according to claim 1, 2 or 3, wherein the applied

pulse is provided with a puls width in the range of 107% to

10? seconds, and preferably between 1 and 10 seconds.

. Method according to any of the claims 1-4, wherein

applying the inverse electrical pulses comprises providing
periodic high frequency alternating or fluctuating current

and/or voltage.

. Method according to claim 5, wherein applying periodic

high frequency alternating or fluctuating current and/or
voltage is performed between applying the inverse

electrical pulses.

. Method according to claim 5 or 6, wherein applying the

periodic high frequency alternating or fluctuating current
and/or voltage is performed when applying the inverse

electrical pulses.
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8. Method according to claims 5, 6 or 7, wherein the periodic
high frequency alternating or fluctuating current and/or

voltage is in the frequency range of 1 kHz to 1 MHz.

9. Device for performing an electro-membrane process, the
device comprising:

- a number of anode and cathode compartments provided
with a number of electrodes;

- a number of cation exchange membranes and a number of
anion exchange membranes, placed alternately between
the compartments; and

- function generator means capable of providing inverse

electrical pulses according to any of the claims 1-8.
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