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Abstract

Flux decline due to concentration polarisation and membrane fouling is a serious
problem in membrane filtration. In this thesis the effect of an external DC
electric or ultrasonic field separately on the flux in cross-flow membrane
filtration of wastewater samples was studied.

Significant enhancement of the limiting flux compared with the flux with no
electric field was achieved in the filtration of model wastewater. The most
important parameters for the limiting flux enhancement were the electrophoretic
mobility and the applied electric field strength. The electric field especially
prevented the cake formation on the membrane surface. Its effect on other kinds
of fouling was minor. The critical electric field strength was determined both
theoretically and experimentally.

Electrofiltration was also studied in the industrial wastewater applications. The
average electrophoretic mobility of the charged particles and colloids in the
samples studied was usually only slightly negative. The best flux improvement
in electrofiltration was achieved when filtering a sample with the highest
electrophoretic mobility. In that case the limiting flux could be increased many-
fold. Gas was produced on the electrodes in the filtration of the wastewater
samples. The flux enhancement decreased significantly when the membrane
worked as an electrode and gas was produced on the membrane. The problem
did not exist when a non-conductive ceramic membrane was used and an electric
field was applied across the membrane. However, the high conductivity caused
high energy consumption, which is a problem in electrofiltration of industrial
wastewater.

Ultrasound irradiation also provided enhancement in cross-flow membrane
filtration. It increased the flux primarily by breaking the cake layer at the



membrane surface. Liquid jets produced by cavitation served as a basis for
ultrasonic membrane cleaning. There are several factors, which affect the
cavitation and thus influence the effectiveness of ultrasound in membrane
fouling prevention. In this thesis important factors were studied from the
literature and from experimental investigations. The experimental part was
focused on the suitable ultrasound propagation direction and the effect of the
transmembrane pressure, which previously have got little attention in the
research of ultrasound assisted membrane filtration. Also some aspects of the
effects of ultrasound frequency, particle size and cross-flow were studied
experimentally. According to these studies a low frequency ultrasound
irradiation during a short pause in filtration from the permeate side of the tight
membrane, an ultrafiltration membrane, is efficient and, at the same time, a
gentle method in membrane cleaning. For open membranes the ultrasound
propagation direction should be different or the irradiation from the feed side
should be combined with other cleaning techniques like backflushing.

Electrofiltration is not a universal method for the filtration of industrial
wastewater. It is a competitive method, when the average electrophoretic
mobility in the sample is high and the conductivity is low. Ultrasound assisted
filtration is less dependent on the feed properties and could be more useful in the
cleaning of membranes in industry. However, there are some factors, especially
the development of transducer technology for membrane filtration applications
and the control of membrane erosion caused by cavitation, which need further
development.
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Nomenclature

Particle radius

Average diameter

Electric field strength

Current density

Flux

Limiting flux

Distance between electrodes

Radial coordinate

Radius of outer electrode

Radius of inner electrode
Transmembrane pressure

Resistance of membrane
Electrophoretic mobility of a particle
Electrophoretic velocity of a particle
Velocity of a particle

Particle charge

Thickness of gel/cake layer
Electrolyte permittivity

Electric potential at the electrode

Electric potential at the outer electrode

Electric potential at the inner electrode

Viscosity
Conductivity

Zeta potential
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(m)

(m)

(V/m)

(A/m’)
(L/(m?h) or m/s)
(L/(m*h) or m/s)
(m)

(m)

(m)

(m)

(Pa)

(m™)
((m/s)/(V/m))
(m/s)

(m/s)
(N/(V/m))
(m)

(C*/(Jmy))

V)

V)

V)

(Pas)
(A/Vm, S/m)
V)



1. Introduction

In membrane processes the separation between two streams is always achieved
via a permselective barrier, a membrane. Transport through the membrane takes
place when the driving force is applied across the membrane. In most of the
filtration processes the driving force is a pressure difference across the
membrane. In this case the flux (J) can be calculated according to Darcy’s law:

J=P (1)
nR

m

where Ap is the pressure difference across the membrane (transmembrane
pressure), 77 is the viscosity of the permeate and R, is the resistance of the filter
medium.

During filtration the flux can decrease substantially with time. The flux decrease
occurs mainly due to concentration polarisation, i.e. the build-up of a
concentration boundary layer near the membrane, and membrane fouling. The
fouling includes many processes, such as blocking the pores by particles;
adsorption of substances on the filter medium surface and within the pores; and
the formation of a cake layer of particles or colloids on the top of the filter
medium. Many flux models have been developed, where fouling and
concentration polarisation have been taken into account. For example, in the
resistance in series approach, Eq. (1) is modified by replacing the resistance of
the filter medium with the total resistance.

Flux decline due to concentration polarisation and membrane fouling is a serious
problem in membrane filtration. New solutions for fouling prevention are
needed. It is well known that electrochemical effects are important in
conventional membrane filtration [Bowen 1993, Elzo et al. 1998, Huisman et al.
1998]. In general, both the membranes and the substances in the feed suspension
are electrically charged. Interactions between the surface charges have been
shown to influence membrane fouling. These results inspired researchers and
engineers to use an external electric field to improve the efficiency of
conventional membrane filtration. The application of an electric field to improve
the cross-flow membrane filtration, called electrically enhanced membrane
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filtration or electrofiltration, has been investigated from the seventies [Henry et
al. 1977]. In some of the reported results the electric field strength has improved
the performance of membrane filtration but often the improvement has been
minor. The theory of electrofiltration is complicated and there is still uncertainty
about which factors are important for successful electrofiltration. The technique
is not to my knowledge used in fouling prevention in industry, although there
have been some commercial attempts and solutions patented by companies
[Muralidhara 1990, Turner et al. 1996, Quigley and Wakeman 1998].

Another possibility to improve the performance of conventional membrane
filtration is to use ultrasound. Although ultrasound applications can be found in
several areas of industrial process engineering, e.g. in extraction processes,
cleaning, emulsification, cell disruption, and degassing, ultrasonically assisted
filters are still rare. However, some examples exist, e.g. Larox Corporation
manufactures industrial ceramic microfilters (CERAMEC) for cake filtration of
suspensions in the mining industry. Ultrasonic cleaning of the filter elements is
carried out periodically in a separate cleaning sequence. The development of the
ultrasonic treatment during filtration and cake dewatering has also been carried
out at pilot scale [Heikkinen et al. 2000, Pirkonen 2001]. Filtermat Oy has
developed an ultrasound assisted cross-flow microfilter (CERTUS) that has been
tested in industrial pilot scale runs [Rantala and Kuula-Viisédnen 1999].

In this thesis important parameters in DC (direct current) electric field or
ultrasound assisted micro- and ultrafiltration have been studied from the
literature and from experimental investigations. The potential of these
techniques in industrial wastewater applications has been discussed with respect
to these parameters. It is also possible to improve conventional micro- and
ultrafiltration with a combined electric and ultrasonic field. The combined
technique is not used in industry but some studies exist. In this thesis some
thoughts have been presented about the potential of combined field for industrial
wastewater applications from the basis of the literature and the experimental
studies with individual fields.
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2. Theory of electrofiltration

The theoretical treatment of cross-flow -electrofiltration is a subject of
considerable complexity. It may be treated theoretically as cross-flow membrane
filtration with a superimposed electric field [Bowen 1993, Bowen and Sabuni
1992]. The factors, which influence the cross-flow electrofiltration flux, are the
same as those that influence the flux in normal cross-flow filtration but, in this
case, the external electric field also causes electrical effects. The electrical
effects include electrokinetic phenomena, which in this case are electrophoresis
and electro-osmosis. The electrokinetic behaviour is based on the surface
charges as will be explained below. Other important electrical effects are the
occurrence of electrochemical reactions at the electrodes and Joule heating
[Jagannadh and Muralidhara 1996].

2.1 Origin of surface charge

Most substances acquire a surface electrical charge when brought into contact
with a polar medium such as water. Surface charge may originate typically from
ion adsorption, ionisation or ion dissolution [Bowen 1993, Shaw 1991]. Surfaces
in contact with an aqueous medium are more often negatively charged (negative
zeta potential in a liquid) than positively charged. This is because cations are
usually more hydrated than anions, and thus they have a greater tendency to stay
in the bulk medium, whereas the smaller, less hydrated and more polarising
anions have a greater tendency to be specifically adsorbed [Shaw 1991].
Hydrocarbon oil droplets and even air bubbles suspended in water have negative
zeta potentials due to adsorption of negative ions. Many solid substances contain
functional groups, which are readily ionizable, such as -OH, -COOH and
-PO4H,. For example, proteins have a charge mainly through the ionisation of
carboxyl and amine groups to give -COO™ and —NH;" ions. A third way of
acquiring surface charge is by unequal dissolution of the oppositely charged ions
of which the molecules are composed. For example, silver iodide particles are
negatively charged with an excess of I ions, and with a sufficient excess of Ag"
ions, they are positively charged.

The surface charge affects the distribution of nearby ions in the medium. lons of
opposite charge are attracted towards the surface and ions of like charge are
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repelled from the surface. This leads to the formation of the electrical double
layer. The electrical double layer consists of two regions. An inner region
includes firmly adsorbed ions and is called the Stern layer (Fig. 1). In an outer
region called the diffuse layer or the Gouy layer, ions are not bound to the
surface but distributed according to the influence of electrical forces and random
thermal motion. lons in the Stern layer move with the particle, while ions in the
diffuse layer are constantly changing as the particle moves through the
continuous phase. The potential decreases from the surface potential to the Stern
potential, and decays to zero in the diffuse layer. The electrical double layer
theory has been developed in many different directions but the principle as
stated by Shaw [1991] is still more or less the same today.

Particle surface

Stern plane
Surface of shear
[
o ® o
|
o O ©
0i® ©
@I ® ®
. Diffuse layer
\—igiern Icy:re

Potential

I

!

I

!
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Yd |
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i

0;—-—--——-
§ 1/x Distance

Figure 1. Schematic representation of the structure of the electric double
layer according to Stern’s theory [Shaw 1991].

The electrokinetic behaviour depends on the potential at the surface of shear
between the charged surface and the electrolyte solution. This potential is called

18



the zeta potential (¢) (Fig. 1). The exact location of the shear plane is unknown,
but with sufficient accuracy it is supposed to be located at a small distance
further out from the Stern plane. The zeta potential is thus a bit smaller in
magnitude than the Stern potential.

Electrokinetic measurements, such as electrophoresis, electro-osmosis and
streaming potential measurements, are often used when the zeta potential is
determined experimentally. The movement of charged surfaces, like particles or
colloids, plus attached material relative to the stationary liquid by an electric
field is called electrophoresis [Bowen 1993, Shaw 1991]. Electro-osmosis is the
movement of a liquid by an applied electric field relative to a stationary charged
surface, as a porous membrane. The electric field, which is created when liquid
is forced with hydrostatic pressure to flow through a charged porous membrane,
is referred to as the streaming potential. For electrofiltration the electrophoresis
measurement is the most important. The method is explained in Chapter 4.

2.2 Variation in zeta potential

The zeta potential is considered in this study only from the electrofiltration point
of view. Interactions between two particles, like attraction and repulsion, were
not examined.

The zeta potential is often strongly dependent on the pH of the electrolyte
solution. H" and OH" are called “potential-determining ions”, since the charge of
the particles is determined by these ions. Some substances change the sign of the
charge and thus the zeta potential from positive to negative, when pH is
increasing. The zeta potential is zero at the isoelectric point. Proteins have a pH-
dependent zeta potential (Fig. 2). At low pH a protein molecule is positively
charged, while at high pH it is negatively charged [Shaw 1991]. Also the
amphoteric groups of oxides, like titanium dioxide, are either negatively or
positively charged depending on the pH [Elzo et al. 1998]. Oil droplets have
negative zeta potentials at every measured pH but the magnitude is dependent on
the pH [Shaw 1991, Vergouw et al. 1998]. Some particles, as latex, have the
same zeta potential independently of the pH.
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Figure 2. Zeta potentials as a function of pH in acetate-veronal buffer at a
constant ionic strength of 0.05 mol/L. a) Hydrocarbon oil droplets. b)
Sulphonated polystyrene latex particles. c) Arabic acid (carboxylated polymer)
adsorbed on to oil droplets. d) Serum albumin adsorbed on to oil droplets [Shaw
1991].

With surface-active counter-ions the charge of the Stern layer can be reversed. It
is as an example possible to generate a strong cationic charge on the surface of
negatively charged silicate particles by using nonstoichiometric polyelectrolyte
complexes [Vergouw et al. 1998]. Adsorption of surface-active co-ions can
create a situation in which the zeta potential increases. With surface-active
agents it is thus possible to strengthen the negative zeta potential.

Many authors have confirmed the effect of multivalent ions and ion
concentration on the zeta potential [Huisman ef al. 1998, Shaw 1991, Rios et al.
1998]. Multivalent ions are the most efficient. They compress the double layer
with their greater charge concentration and decrease the zeta potential. For
example the specific adsorption of Ca*" cations on silica or o-alumina particle
surfaces causes a significantly less negative zeta potential at a salt concentration
of 10° M than when particles are suspended in NaCl solutions of the same
strength [Elzo et al. 1998]. The zeta potential of these particles is slightly less
negative when the ion concentration increases from 10~ M to 10" M. The same
effect is seen with the zeta potential of oil in water emulsions of commercial
cutting oils [Rios ef al. 1998]. The most significant effect on the zeta potentials
is achieved with AICI; salt having the highest valency. AICI; decreases the

20



negative zeta potential values (-60 - -80 mV) to close to zero. With MgCl, and
CaCl, salts the decrease of the absolute value of the zeta potential is clear but not
as significant as with AICl;. A minor effect is achieved with NaCl. Increasing
the salt concentration from 10* mol/L to 10 mol/L decreases the negative zeta
potential except with NaCl. With NaCl, slightly larger negative values can be
obtained due to the preferential adsorption of chloride ions on the surface of oil
droplets.

Oxidation and thus ageing can have a significant effect on zeta potentials of
metal concentrates. It decreases the absolute value of the negative zeta potential.
For example, a six-month storage of a Swedish copper concentrate can change
the isoelectric point from pH 3.5 to pH 7.6 [Kramer et al. 1997]. The variation in
isoelectric point of sphalerite is related to the sample origin, but the extent of
surface oxidation, i.e. the presence of ionic metal and sulphur-oxygen species, is
probably the key factor, which determines the isoelectric point [Ménttiri et al.
1996].

Microbial cells exhibit negative zeta potentials, but show significant differences
regarding to the type of organism and growth conditions [Bros and Kroner
1990]. E.g. cells of the yeast Saccharomyces cerevisiae have a high negative
charge under normal fermentation conditions due to the high phosphomannan
content of the outer layer of the yeast cell wall [Bowen 1993].

2.3 Electrokinetic behaviour

The charged particles move by an applied electric field. An external electric field
affects the trajectories of charged particles and colloids and can thus prevent them
from being deposited on the membrane. This is called electrophoresis. If the
membrane has charged pore walls, there will be an excess of counter-ions within
the pore. These counter-ions will move in an applied electric field and drag the
solvent (water) with them. The resulting water flux is called the electro-osmotic
flow. The electrokinetic behaviour depends on the potential at the surface of shear
between the charged surface and the electrolyte solution as told earlier.
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The effect of an electric field on the flux in membrane filtration is mainly based
on electrophoresis [Henry et al. 1977, Rios et al. 1988]. The electrophoretic
mobility, u,., describes the capability of particles to move in an electric field:

2

where v, is the electrophoretic velocity and E is the electric field strength. In
order to achieve improvements in the performance of membrane filtration, the
sign of the charge of all those particles or colloids, required to be kept away
from the membrane, must be same as that applied at the membrane.

If the active layer of the membrane is one of the electrodes, there is no net
electric voltage across the membrane pores. There is therefore no electro-
osmotic flow. However, if the support of the membrane is one of the electrodes
or if an external electrode is used, there is an electric voltage across the
membrane pores and electro-osmosis can be expected. The highest reported
values of flux enhancement due to electro-osmosis are 15 % of the flux
[Radovich and Behnam 1983] and 19 % of the flux [Radovich and Chao 1982].
In order for the flux to increase as a result of electro-osmosis the membrane zeta
potential must have the same sign as the particles (negatively charged in most
cases, which is true for most polymeric and ceramic membranes at high pH). If a
cake layer forms on the membrane, this cake may induce an electro-osmotic
flow, even if the membrane does not.

Many models have been published for the prediction of fluxes in electrofiltration
[Bowen 1993, Henry et al. 1977, Bowen and Sabuni 1992, Rios et al. 1988,
Radovich et al. 1985] as explained in more detail in App. I. These models can be
roughly divided into resistance-in-series models and film theory models. In the
resistance-in-series models the filtration flux is predicted at any stage using
Darcy’s law (Eq. 1). The limiting flux (Jj;,), i.e. the maximum steady-state flux
achieved by increasing the pressure in electrofiltration can be predicted using the
film theory.

In this study neither of the models is used directly, but a simple approach is
employed and the forces acting on one particle are considered. In cross-flow
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filtration with an external electric field, there is a balance between the electrical
force and the hydrodynamic force due to the permeate flow. Equating both
forces on the particle using the frictional resistance in the medium according to
Stokes” law, the following equation is obtained:

Qp-E:6-7r-77-a-ve:6-7r-77-a-(J—vp) 3)

where O, is the net charge on the particle, £ is the electric field strength, 7 is the
viscosity of the medium, « is the radius of the particle, v, is the electrophoretic
velocity of the particle, which can be calculated according to Eq. (2), J is the
flux and v, is the net particle velocity towards the membrane. The critical
electric field strength (E....) 1s defined as the electric field strength at which the
net particle migration towards the membrane is zero [Bowen 1993, Henry et al.
1977] (see App. I). Combining Eqs (2) and (3) gives the critical electric field
strength:

J
Ecritical = ; (4)

e

Eq. (4) can be used for the calculation of the limiting fluxes in an applied
electric field, when the electrical force determines the particle transport. In a real
system, there are also other mechanisms, such as Brownian diffusion, which
determine the limiting flux. Many equations are available for the calculation of
the limiting flux, when an electric field is not applied [Huisman 1998]. The flux
enhancement due to the electrical force is additional to the flux obtained without
an electric field [Radovich et al. 1985, Yukawa ef al. 1983] and therefore:

J = Jlim (E = O) + Eapplied ’ ue (5)

lim

According to Eq. (5) the limiting flux enhancement is dependent on the
electrophoretic mobility of the particles in the feed solution and the applied
electric field strength. Eq. (5) is similar to the one obtained from film theory.
When the limiting flux is estimated using these approaches, electro-osmosis is
not taken into account.
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2.4 Electrochemical reactions

Apart from electrophoresis and electro-osmosis, other effects occur in
electrofiltration, such as electrochemical reactions. An electrochemical reaction
is a chemical process involving the transfer of charge to or from an electrode. At
the cathode, otherwise stable species, are reduced by the transfer of electrons
from the electrode. Three additional types of basic reactions may occur:
chemical reactions, adsorption and phase formation [Pletcher and Walsh 1990].
The type of reaction is dependent on the circumstances and the substances in the
feed. A typical cathodic process in aqueous systems without noble metal ions is
the formation of hydrogen gas:

2H,0 + 2¢" - H,(g) + 20H" (cathode, -0.83 V) (6)

Conversely, at the anode, an otherwise stable substance is oxidised by the
removal of electrons from the substance to the electrode. A relevant example
could be:

2H,0 —> O(g) + 4H" + 4¢” (anode, +0.40 V) (7)

A high current density indicates a high degree of simultaneous oxidation and
reduction. The amount of gases produced can be calculated from Faraday's law.
If the conductivity of the liquid increases, the current density increases causing
more electrochemical reactions to take place at the electrodes. Gas formation
influences the performance of membrane filtration. This is studied in the
experimental part of this work.
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3. Theory of ultrasound assisted membrane
filtration

3.1 Origin of ultrasonically induced effects

In general, power ultrasound is characterised by an ability to transmit substantial
amounts of mechanical energy through small mechanical movements. The
passing of ultrasonic waves of a suitably high intensity through liquid and
gaseous media is accomplished by primary phenomena such as cavitation,
radiation pressure, acoustic streaming, and secondary phenomena of a
physicochemical nature such as: dispersion, coagulation, and change in liquid
properties [Ensminger 1988, Tuori 1998]. In many cases the effect of ultrasound
is due to a combination of many effects acting synergistically [Pirkonen 2001].

As with any sound wave, ultrasound is propagated via a series of compression
and rarefaction (decompression) waves induced in the molecules of the medium
through which it passes. At a sufficiently high power, the rarefaction cycle may
exceed the attractive forces of the liquid molecules, and cavitation bubbles
(empty, gas- and/or vapor-filled bubbles) will form. Cavitation occurs at
frequencies of roughly 20-1000 kHz. In aqueous systems, the collapse of the
cavitation bubble will have significant mechanical and chemical effects. Each
bubble acts as a localised "hot spot” generating temperatures of about 4000-6000
K and pressures of 100200 MPa. The implosions occur with lifetimes of
< 10 us [Mason and Cordemans 1996, Price 1992]. The bubble size can be as
large as 100-200 pm prior to implosion [Price 1992], but the most effective
bubble collapse occurs at a bubble size of several micrometers [Mettin et al.
1999]. The level of energy required to achieve cavitation is called the cavitation
threshold.

3.2 Effects in microl/ultrafiltration

The exact mechanism for particle detachment with ultrasound from fouled
membranes is still an open question. In a heterogeneous solid-liquid situation, a
collapse of cavitation bubbles near a surface produces a nonsymmetrical inrush
of fluid to fill the void, with the result that a liquid jet (microjet in Fig. 3) with a
speed of the order of 110 m/s is formed and targeted at the surface [Mason and
Cordemans 1996, Abramov 1998]. It is generally considered the collapse of
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cavitation bubbles and the following liquid jets serve as a basis for membrane
cleaning like other ultrasound cleaning processes. The collapse produces
sufficient energy to overcome the interaction between the foulant and the
membrane [Juang and Lin 2004, Li et al. 2002]. Apart from the liquid jets there
are other mechanisms, which can lead to particle release from a fouled surface.
Microstreaming and microstreamers (bubble chains), which are cavitational
mechanisms without a collapse of bubbles, have been found significant in
detaching particles from the membrane surface in dead-end filtration with model
particles [Lamminen et al. 2004]. Acoustic streaming, i.e. an acoustical
streaming effect without cavitation, has also appeared as an important addition
in the transport of particles away from the surface [Kobayashi et al. 2003,
Lamminen et al. 2004, Simon et al. 2000].

Ultrasound irradiation does not influence the intrinsic permeability of the
membranes [Lamminen ef al. 2004, Muthukumaran et al. 2004]. There is no
ultrasound effect for clean water and only a small effect for low particle sized
colloids with insignificant rejection by the membrane, i.e. when there is no
concentration polarisation or cake near the membrane. On the other hand,
ultrasound seems to increase the flux of the colloids containing suspensions,
which are highly rejected by the membrane [Chai ef al. 1998]. This indicates that
when using ultrasound there is bulk mass transfer in the concentration
polarisation or cake layer near the membrane. Thus it is reasonable with
ultrasound to operate above critical flux, i.e. the lowest flux without ultrasound
that creates concentration polarisation. Ultrasound can break the cake layer and
decrease the solute concentration near the membrane, and as a consequence of
that the flux increases [Lamminen et al. 2004, Muthukumaran et al. 2004,
Kobayashi et al. 1999]. It has been suggested that ultrasound is not effective in
removing particles trapped in a membrane [Kokugan ef al. 1995].
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Figure 3. Possible mechanisms for particle removal/detachment observed with

ultrasonic cleaning [Lamminen et al. 2004].

3.3 Important parameters in ultrasound assisted filtration

There are several factors, which influence the effectiveness of the ultrasound
treatment in membrane cleaning. The examination of these factors leads almost
always to examination of the build-up of cavitation, which indicates its
importance in membrane cleaning. Ultrasound frequency and power intensity are
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the parameters characterising the ultrasound irradiation. Other parameters shown
here are important also in conventional membrane filtration, but ultrasound
produces some special features to the effects of these parameters in filtration.
The effects of the pore size of membranes, the particle size, the transmembrane
pressure and the cross-flow are presented in the experimental part of this study.

3.3.1 Ultrasound frequency

Ultrasound is transmitted into suspension at different frequencies. Frequencies
from 25 kHz up to 1 MHz have been used in membrane filtration experiments.
Lower ultrasound frequencies have had higher cleaning efficiencies than higher
frequencies [Lamminen et al. 2004, Kobayashi et al. 2003, Kobayashi et al.
1999]. Although higher frequencies may cause more cavitation bubbles
collapsing with time, the bubbles are smaller in size and collapse less
energetically. They may not be capable of detaching particles from the cake
layer as readily as bubbles formed at lower frequencies. At very high frequency
the rarefaction (and compression) cycles are too short to permit a bubble to grow
to a size sufficient to cause disruption of the liquid. Even if a bubble is to be
produced during rarefaction, the time required to collapse that bubble may be
longer than the time available in the compression half-cycle. The resultant
cavitational effects will, therefore, be less at the higher frequencies [Mason and
Lorimer 1988]. The efficiency of different ultrasound frequencies in membrane
cleaning is also dependent on the circumstances during membrane fouling as
will be seen in the experimental part of this work.

3.3.2 Ultrasonic power intensity

Power intensity is a measure of the sound energy the wave produces. The power
intensity used in cleaning varies between 0.5 and 6 W/cm® [Ensminger 1988]. In
general an increase in power intensity will provide an increase in the ultrasonic
effects. Increasing the power intensity to the system increases the number of
cavitation bubbles formed and increases the size of the cavitating zone due to the
higher pressure amplitude of the sound wave with an increased power intensity
[Lamminen et al. 2004]. Also, the hydrodynamic turbulence increases with
increased power intensity. The higher the power intensity during ultrasonic
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irradiation the better the membrane cleaning and the greater the flux obtained
[Kobayashi et al. 1999, Lamminen et al. 2004, Matsumoto et al. 1996,
Muthukumaran et al. 2004]. This is true both for cleaning of fouled membranes
and for on-line ultrasound treatment during filtration. Also, when the transducer
is brought closer to the membrane at constant power intensity the effect of the
ultrasound on improving filtration rates increases considerably [Wakeman and
Tarleton 1991]. However, the relationship between flux and power may not be
linear in the high power range. It is considered that the effect of ultrasonic
cavitation is limited and that part of the ultrasonic power is converted to heat
[Matsumoto et al. 1996].

At the higher frequencies cavitation bubbles, initially difficult to create (see
3.3.1), will develop by increasing the power intensity [Mason and Lorimer
1988]. The power intensity needed is also dependent on other operation
circumstances. A flux increase is possible in cleaning of latex particles fouled
ceramic membranes for all the frequencies from 70 to 1062 kHz, when
increasing the power intensity from 0.21 to 2.1 W/cm® [Lamminen et al. 2004].
On the other hand, a power intensity increase from 2.6 W/cm® to 3.4 W/cm” was
not sufficient for cleaning in dextran-UF at a frequency of 100 kHz [Kobayashi
et al. 1999].

3.3.3 Feed properties

The flux varies when filtering at different feed concentrations both in ultrasound
assisted membrane filtration and in conventional filtration. As the feed
concentration is high, the flux can be very small in the case with no ultrasound,
but the flux can be increased significantly with ultrasound. However, ultrasound
has less effect on flux at a very high concentration of feed than at a lower
concentration [Wakeman and Tarleton 1991, Kobayashi ef al. 1999]. It must be
noted that a higher particle concentration produces a greater attenuation of the
sound waves as they pass through the cross-flow suspension due to an increased
acoustic impedance. The degree of attenuation varies with different feed solids
and experimental conditions, and it is considered to be an important parameter
controlling the efficiency of the ultrasonic field [Wakeman and Tarleton 1991].
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The formation of voids or vapour-filled microbubbles (cavities) in a liquid
requires that the negative pressure in the rarefaction region must overcome the
natural cohesive forces acting within the liquid. It follows therefore that
cavitation should be more difficult to produce in viscous liquids, or liquids with
high surface tensions [Mason and Lorimer 1988]. When studying the percentage
gain in filtrate flux with ultrasound, the gain decreased rapidly when the
suspension viscosity increased from 1 cP to 4 cP [Wakeman and Tarleton 1991].
Thus the effect of ultrasound on flux would be reduced when the viscosity is
increased.

The effect of temperature in ultrasound assisted membrane filtration is not straight-
forward. According to Mason and Lorimer [1988] temperature is known to affect
the cavitation threshold. In general, the threshold limit has been found to increase
with a decrease in temperature. This may in part be due to increases in either the
surface tension or the viscosity of the liquid as the temperature decreases, or it may
be due to decreases in the liquid vapour pressure. On the other hand, the effects
resulting from cavitational collapse are reduced as the temperature is increased.
From the filtration point of view, an increase in temperature increases the flux due to
the decrease in viscosity. In cleaning processes the maximum cavitation is reported
to occur at about 60—70°C falling to about the half when temperature is either
lowered to 40°C or raised to 85°C [Quartly-Watson 1998]. In cleaning processes
higher temperatures also produce improved diffusion, higher solubility, increased
chemical splitting of soil, and increased Reynolds numbers due to the decreased
viscosity [Muthukumaran et al. 2005].

In the study by Li ef al. [2002] on ultrasound cleaning of nylon membranes
fouled by Kraft mill effluent, the authors observed that the flux decreases when
the cleaning temperature increases from 23 to 40°C. This was caused by a
change in the ultrasonic cavitation intensity as the temperature increased.
Ultrasonic cleaning of a microfilter is mainly caused by ultrasonic cavitation and
the acoustically excited bubble break-ups on the membrane surface. An increase
in solution temperature gives rise to an increase in the vapor saturation pressure
in the bubble so that the shock-wave intensity during the bubble break-ups
decreases. Also different results have been achieved in membrane cleaning. Chai
et al. [1999] studied permeate flux recovery of peptone fouled polysulphone
membrane at temperatures of 20, 30 and 40°C. They observed that ultrasonic
water cleaning was the fastest at the highest temperature. Muthukumaran ez al.
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[2005] obtained similar results when cleaning polymeric ultrafiltration
membranes fouled by whey. A higher cleaning efficiency was obtained when
using a temperature of 55°C than when using 25°C. The optimum temperature in
ultrasound assisted membrane cleaning is dependent on many factors and thus it
must be determined case by case.

3.4 Models for predicting flux

Analogous to electrofiltration the cross-flow filtration enhanced by ultrasound
may be treated theoretically as cross-flow filtration with a superimposed
ultrasonic field, which causes acoustical effects. From the above it is clear that
the acoustical effects are the combination of many effects, such as cavitation and
acoustic streaming. Thus ultrasonically assisted membrane filtration is
complicated and affected by many parameters. There is still no generally usable
model available. Apart from that a lot of empirical work is still required for
predicting fluxes using these models. From the models for conventional
membrane filtration the resistance-in-series model [Li ef al. 2002, Matsumoto et
al. 1996, Juang and Lin 2004] and the film theory [Kobayashi et al. 1999, Simon
et al. 2000] have been modified for ultrasonically enhanced membrane filtration
by some researchers. The models are explained in more detail in App. IV.

3.5 Membrane erosion

When considering ultrasound as a cleaning technique the lifetime of the
membranes has to be taken into account. Various results have been achieved
when studying the influence of ultrasound irradiation on the membrane. Damage
on the membrane surface has been discovered in some studies [Masselin et al.
2001, Sabri et al. 1997, Juang and Lin 2004] whereas in others a frequent use of
ultrasound did not affect the membranes [Lamminen et al. 2004, Muthukumaran
et al. 2004].

It is quite obvious that the influence of ultrasound irradiation on membranes is
dependent on the membrane material itself. Masselin et al. [2001] studied the
effect of ultrasound irradiation at a frequency of 45 kHz on different polymeric
membrane materials for two hours. They observed that polyethersulphone (PES)
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was affected by irradiation over its entire surface but the polyvinylidenefluoride
(PVDF) and the hydrophilic polyacrylonitrile (PAN) membranes showed no
significant changes. The power was not reported but was presumably the same
for all the membranes.

The power affecting at the membrane also naturally influences the erosion of
membranes. Juang and Lin [2004] observed a slightly destroyed structure of
regenerated cellulose membranes (Amicon YM10) when using a horn transducer
with a tip distance of 10 mm and with more than 80 W power. When using a
larger tip distance (> 20 mm) even a power of 240 W could be used without
destroying the membrane structure.

There are also other factors affecting the erosion of membranes in an ultrasonic
field. In a stagnant environment it is possible for a cavitation bubble to become
trapped at a certain point on the membrane surface and physically erode the
surface by repeated oscillations at this point. The presence of cross-flow during
ultrasonic irradiation reduces the likelihood of such an event occurring
[Muthukumaran et al. 2004]. In the studies by Muthukumaran et al. [2004]
lasting over a month with repetitive use of ultrasonic cleaning in a cross-flow
membrane module, which was immersed in an ultrasonic water bath, no
significant change in the clean water flux of the polysulphone (PS) membrane
was noticed, indicating that the ultrasonic treatment did not appear to damage
the membrane structure itself.
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4. Materials and methods

The materials and methods used in this study are described in detail in
Appendices II and III for electric field assisted filtration, and respectively in V
and VI for ultrasound assisted filtration. Below are only the materials and
methods mentioned, which are characteristic for electrofiltration or ultrasound
assisted membrane filtration.

4.1 Electrofiltration

4.1.1 Electrophoretic mobility measurements

The average electrophoretic mobility of particles or colloids in a feed was
determined for electrofiltration studies. The electrophoretic mobility (i) can be
determined by measuring the velocity of the particles (v.) in an applied electric
field using a known electric field strength (F). The zeta potential () is
transformed according to the so-called Smoluchowski equation. This equation is
valid when the particle size is large compared to the double layer thickness, thus
in most cases for particles in aqueous media [Bowen 1993, Shaw 1991]:

u,=—=—>=— ®)

where & 1is the electrolyte permittivity and 7 is the viscosity.

Such devices as Coulter Delsa 440 series instruments and the Malvern ZetaSizer
were used for measuring the electrophoretic velocity of the particles. With the
development of lasers, light scattering methods exploiting the Doppler effect
have become available to assess very accurately the speed of particles in
suspension [Langley Ford Instruments 1988]. The measurements were carried
out using a procedure of its own for each device. There are still some common
rules for electrophoretic measurements generally. First, the substances in the
electrolyte solution influence the zeta potential. A sample dilution without
changing the electrolyte is important and thus the dilution of industrial
wastewater samples was somewhat difficult. It was normally done by the
centrifuged particle free wastewater. Due to the viscosity-temperature
relationship, also temperature is an important parameter affecting the zeta
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potential. The temperature of a sample was adjusted during measurements to the
same 25°C as used in the filtration. Also, at the point where the electrophoretic
velocity was measured, i.e. the location of the laser beam, the electro-osmotic

velocity must be zero. The measured electrophoretic mobility (u,.) and the zeta

potential (&) as well as three other important parameters, pH, conductivity (4y)

and average particle size (Ds), of the samples studied here are shown in Table 1.

Table 1. Wastewater samples used in the electrofiltration experiments.

Wastewater (industry) pH Ao Dso (e u**
(mS/c| (pwm) (mV) | (um/s)/(V/c
m) m)
Model wastewater, oil emulsion 7.2 0.007 0.3 -55 -4.1
Model wastewater, cleaning agent 9.2 0.04| 0.02 negative negative
Model wastewater, mixture 8.8 0.04 0.3 -67 -5.0
(150 g/l oil and 0.1% cleaning agent)
Wastewater from grinding (metal) 8.7 1.8 22 -14 -1.1
8.8 0.8 22 -10 -0.8
8.6 2.2 55 -19 -1.5
Wastewater from DUO-grinding 9.5 3.0 7 -15 -1.2
(metal)
Oily wastewater (metal) 3.1 5.1 5 -7 -0.5
Soot-like wastewater (chemical) 9.4 1.7 36 -45 -3.5
Potassium formiate (chemical) 10.0 174
Ferric sulphate (chemical) 1.4 20* 1.5 -17and 9| -1.3 and 0.7
Ferric chloride sulphate (chemical) 0.6 20%* 7
Vegetable oil in water (food) 2.0 7.0 +20 1.6
Coating wastewater (paper) 7.5 0.5 8 =27 -2.1
Filtrate of thermo mechanical 4.1 0.7 47 -21 -1.6

pulp (paper)

* Very viscotic liquid, conductivity increased when diluted with distilled water.

** Complex industrial wastewater samples caused uncertainty to results.
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4.1.2 Electric field strength

In a flat sheet system the electric field strength, E, is easily calculated according
to its definition:

E= )

~ e

where ¢ is the electric potential (voltage) and L is the distance between the
electrodes. However, in a tubular system Eq. (9) must be modified. The electric
field strength distributions between two concentric cylinders can be calculated
according to Eq. (10) [Wakeman and Tarleton 1987]:

(¢0 _¢i)

_ 10
rlog, (/1)) {10

where ¢ is the electric potential at the outer electrode, ¢ is the electric potential at
the inner electrode, 7 is the radial coordinate, 7, is the radius of the outer electrode
and r; is the radius of the inner electrode. According to some authors [Bowen and
Sabuni 1992, Bowen and Ahmad 1997], the electric field strength may not be
calculated from the overall applied voltage, since the drop in voltage at the
electrode-solution interfaces (overpotential) is unknown. Hence, E is calculated
according to Ohm’s law from the unambiguous values of the current density (/),
the cell dimensions, and the known conductivity of the bulk solution (4):

E=— 1
A (11)

In this study primarily Eq. (11) was used.

4.1.3 Electric field assisted membrane module

Two different configurations have been reported for electrofiltration, as
explained with more details in App. I. An electric field can be applied across the
membrane with one electrode on either side of the membrane, which is the most
common way, or the electric field may be applied between the membrane and
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another electrode. When an electric field is applied across the membrane [Henry
et al. 1977, Bros and Kroner 1990, Rios et al. 1988, Radovich and Behnam
1983, Radovich and Chao 1982, Wakeman and Tarleton 1987, Bowen and
Ahmad 1997], the cathode is usually on the permeate side and the anode is on
the feed side. The cathode is often made of stainless steel. According to Bowen
[1993], one of the best anode materials is made of titanium, coated with a thin
layer of a noble metal such as platinum. The membrane material can either be
electrically conductive or non-conductive. When the membrane is made of
metal, carbon or another conductive material, it is possible to use the membrane
as an electrode [Turner et al. 1996, Bowen et al. 1989, Guizard et al. 1989]. The
electric field can be applied in tubular, flat sheet or spiral wound modules.

In this study the suitable tubular module configuration for industrial wastewater
samples was studied. First the conductive CFCC (carbon fibre carbon composite)
membranes (Carbonne Lorraine, France) with pore sizes of 0.05 and 0.1 pm were
used as cathodes (Fig 4a). The CFCC-membrane is composed of a thin carbon
filtration layer, which constitutes the inside surface of a fine asymmetrical support
tube, made of carbon fiber. Then an electric field was applied across the CFCC-
membrane (Fig. 4b). The electrodes used here were made of stainless steel. An
electric field was also applied across the a-alumina ceramic Membralox®
membranes (USF SCT, France), with a pore size of 0.1 pm. (Fig. 4c).

a) b)
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flow
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flow

Anode

Stainless steel

mombrans tubo as a
Feed Feed cathode
flow asa flow CFCC-

cathode membrane

c)
Permeate
flow

Feed 7 tube as a
flow cathode

Ceramic
membrane

Figure 4. Schematic illustration of the module configurations used in this study
[Hi].
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4.2 Ultrasound assisted filtration

4,21 Feeds

In ultrasound assisted filtration experiments only wastewaters from industry
were used. Bark press filtrates (Table 2) from paper industry were filtered in
most of the studies. Methods for characterising the feeds from paper industry are
described in App. V.

Table 2. Characteristics of feeds from paper industry [V].

Feed |Type D5 Dry solids |SS COD
(um)  |(gL) (g/L) (mg/L)
1 Bark press filtrate 16 20 59 37000
2 Bark press filtrate 9.0 18 5.7 38 000
3 Bark press filtrate 3.8 3.2 2.0 6 400
4 Bark press filtrate 6.4 14 4.8 31000
5 Fabric press filtrate 24 5.0 4 800

Oil emulsion from a hazardous waste treatment plant was characterised
measuring particle size, pH and oil contents (Table 3 and Fig. 5). The particle
size of the oil emulsion was increased using an electroflocculation method (App.
VI). The particle size distribution was determined using a Malvern 2600c
equipment. The distribution was obtained as a cumulative accumulation of the
volume share compared to the total volume. pH was measured using a Handylab
2 pH-meter. Oil contents were determined according to an SFS 3009 standard.

Table 3. Characteristics of oily wastewater samples.

Feed D5 pH Oil content | Total oil and

(um) (mg/L) grease (mg/L)
Gravity separated emulsion | 0.8 6.7 2140 3500
Electroflocculated 4.8 4.6 1340 1800
emulsion
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Figure 5. Particle size distributions of oily wastewater samples [VI].

4.2.2 Ultrasound equipment and frequencies

Ultrasonic transducers are designed to convert either mechanical or electrical
energy into high frequency sound. Electromechanical transducers are by far the
most versatile and widely used compared to mechanical transducers [Mason and
Lorimer 1988]. The two main types of electromechanical transducers are based
on either the piezoelectric or the magnetostrictive effect, the more commonly
used of which are the piezoelectric transducers. Although development and
optimisation of ultrasonic transducers has been done for ultrasound assisted cake
filters [Heikkinen et al. 2000, Heikkola and Laitinen 2005], there is not much
development of transducer technology for membrane filtration. This is one of the
main reasons for preventing the break-through of ultrasound assisted membrane
filters [Pirkonen 2001].

In this study the transducer elements were piezoelectric, wall-type made by
Vibraclean Oy (Finland) or self-made by VTT Processes (Finland). The
transducers operated with frequencies of 27, 40 or 200 kHz. 27 and 40 kHz
piezoelectric transducer elements were built up using four Langevin type
sandwich transducers side by side (Fig. 6). The transducer element of 200 kHz
was made using ten small sandwich type transducers. The face area of all the
transducers was 8 cm x 22 cm. A Martin Walter 1000 PCI ultrasonic generator
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containing a power adjuster was used for the transducers working at frequencies
of 27 or 40 kHz. A Tabor Electronic 8553 function generator was used for
adjusting the frequency of 200 kHz and in that case an ENI 1140LA power
amplifier was used for power adjustment.

27 or 40 kHz 200 kHz

e | | OO OO

+“— 22cm ———>

©OO0O0O0O0
©OO0O0O0O0

Figure 6. Schematic illustration of the transducers used in the study. The
diameter of the transducers of 27 kHz was 5.9 cm, of 40 kHz 4.5 cm and of 200
kHz 2.5 cm [V].

4.2.3 Ultrasound assisted membrane modules

There is little research done about the behaviour of different membrane materials
in ultrasonic field experiments except from the erosion point of view. Ultrasonic
cleaning is effective on sound-reflecting materials [Bayevsky 2004]. Alumina is
a good sound-reflecting material that offers the potential for facile cleaning by
ultrasound [Lamminen ef al. 2004].

Ultrasound can not keep the particles totally away from the membrane, like an
electric field, but it cleans the membrane. Thus the membrane properties, as pore
size, pore geometries, porosity and hydrophilicity, are important also from the
ultrasound treatment point of view. In this study the experiments were mainly
carried out using the same alumina-based membrane material with similar
properties but a varying pore size.

The flat-sheet membranes used in ultrasound assisted membrane filtration

experiments (Table 4) were alumina-based ceramic membranes with mean pore
sizes of 0.12 um (Tampere University of Technology, Finland), 0.19 pum
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(Tampere University of Technology, Finland) and 0.25 um (supplied by Larox
corporation, Finland), and a commercial polymeric PES-50H membrane (Nadir-
Filtration, Germany). Most of the studies were carried out using a 0.12 pum
ceramic membrane with a porosity of approximately 45 % [Levénen 2004]. An
alumina-based ceramic membrane (supplied by Larox Corporation, Finland)
with a pore size of 0.75 um and a porosity of 45 % [Smétt 2001] was also used
in preliminary dead-end filtration studies.

Table 4. Membranes used in the experiments [V].

Membrane | Pore size Method for pore size Pure water flux

(um) Measurement (L/(m*h))
1 0.12 Mercury porosimetry 420-490 (0.9 bar, 22 °C)
2 0.19 Mercury porosimetry 600-700 (1 bar, 20 °C)
3 0.25 Capillary flow porosimetry | 2000 (at 1 bar, 20°C)
4 0.75 Capillary flow porosimetry [ 6000 (at 1 bar, 20°C)
PES-50H Cut off 50 000 550 (at 3 bar, 20 °C)

Conventional membrane modules are very compact and there is not enough
space for transducers. In previous ultrasound assisted membrane filtration
studies presented in literature either ultrasonic baths were used or the ultrasonic
transducer element was integrated to the specially designed cross-flow
membrane module. In ultrasonic baths transducers were attached to the outside
surface of the water bath or a horn transducer was employed. In many studies the
whole membrane module was immersed in an ultrasonic water bath. The
ultrasound wave is able to pass through the membrane housing to the inside
without changing its frequency [Kobayashi et al. 2003]. However, the ultrasound
intensity of the sonic power decreases significantly by propagation through the
housing. The ultrasound power decline is 1/10 for propagation [Kobayashi et al.
2003, Kobayashi et al. 1999]. An ultrasonic bath, where a whole membrane
module is immersed, is only useful in laboratory studies because there is a high
waste of acoustic energy in the bath during the cleaning process [Li ef al. 2002,
Muthukumaran et al. 2005].
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In this study a special ultrasonically assisted cross-flow membrane filtration
module was built to avoid the loss of ultrasonic efficiency to the surroundings.
The transducer was assembled either on the feed or on the permeate side of the
membrane in the dead-end membrane module (Fig. 7) used in preliminary
experiments. The transducer was assembled on the feed flow side in the cross-
flow membrane module at a distance of 1 cm from the membrane, which was not
an optimised distance but proved to be efficient for membrane cleaning in cross-
flow conditions (Fig. 8).

Permeate
Compressed air
m US transducer
_
Permeate a) ))
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Ceramic
Ceramic support
membrane
Membrane module
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Balance Feed vessel ((
(«
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Figure 7. Schematic illustration of the dead-end filtration equipment and the
membrane modules used in preliminary experiments. a) Ultrasound irradiation
coming from the feed side of the membrane. b) Ultrasound irradiation coming
from the permeate side of the membrane [V].
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Figure 8. Schematic picture of the cross-flow membrane filtration equipment

[V].

4.2.4 Power intensities

In the strictest sense the power intensity is the amount of energy carried per
second per unit area by the wave [Mason and Lorimer 1988]. The usual unit of
sound intensity is W/cm®. The power intensity can be determined simply from
the input or output power of the sonicator per unit area of the transducer surface
[Kobayashi et al. 1999] or calorimetrically [Lamminen et al. 2004, Kobayashi et
al. 2003, Raso et al. 1999]. The intensity of the ultrasound field can also be
expressed as the ultrasonic power density gradient, Wem™cm™. The gradient can
be varied by using an ultrasonic source with a fixed power output and by
changing its separation distance from the membrane surface [Wakeman and
Tarleton 1991]. In this research the ultrasound power intensity was calculated
using the input power values and the areas of four (or ten) sandwich transducers.
The input power values and power intensities used in each experiment are told in
Chapter 5.

A continuous use of ultrasonic waves from the start of filtration has been very

effective in several studies [Matsumoto et al. 1996, Tarleton and Wakeman
1990]. In that case the cake layer formation on the membrane surface is

42



prevented from the beginning. However, the continuous use of ultrasound is
undesirable in term of energy consumption. The power intensity level affecting
on the membrane surface also affects the erosion of membranes. Apart from that
the intense continuous ultrasound treatment could decompose macromolecules
in the feed [Chai et al. 1998, Gronroos et al. 2004]. A short burst of ultrasonic
power or an intermittent ultrasonic field has been used in some studies as a cost-
effective method of membrane cleaning [Muthukumaran et al. 2004, Sabri et al.
1997]. Intermittent ultrasound irradiation was more often used in this study than
continuous irradiation. The flux obtained was the same in both cases but
intermittent ultrasound prolonged the lifetime of the membranes used.
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5. Results and discussion
5.1 Electrofiltration

5.1.1 Effect of an electric field on the limiting flux [Il]

In this study the effect of an electric field on the flux at different pressures was
studied in order to clarify the fouling prevention mechanism when using this
technique. This is described in detail in App. 1.

Fig. 9 shows the flux for a low flow rate with and without an electric field when
increasing the pressure in steps. For the experiment without an electric field, the
flux increased with increasing pressure until a cake started to form on the
membrane surface and it was no longer possible to increase the flux by
increasing the pressure. This pressure is called the critical pressure and the flux
the limiting flux. A cake started to form already at a transmembrane pressure of
0.5 bar. However, using an electric field it was possible to avoid cake formation
at the pressures studied. The flux-pressure curve bends slightly at low pressure,
but a plateau was not seen even at 4 bar (see also App. 11, Fig. 2). This means
that the limiting flux increased from 75 to over 350 L/(m’h), when an electric
field strength of 2.4 kV/m was applied. The enhancement in the limiting flux can
also be estimated by calculation. When calculated according to Eq. (5) generated
in this thesis (using u#, = 5.0 (um/s)/(V/cm), as the mean electrophoretic
mobility) the limiting flux was 430 L/(m’h). This is close to the value obtained
experimentally. When the feed flow was high, the limiting flux could not be
achieved for the 0.05 pm membrane due to the limitation in pressure of the
equipment (App. 11, Fig. 3).

When there was no cake on the membrane, the flux enhancement with an
electric field was minor. This was the case when the membrane worked as a
cathode. The flux could have been improved with an electric field also below the
limiting flux due to electro-osmotic flow, if an electric field would have been
applied across the membrane. However, the effect of electro-osmotic flow on the
flux has been minor or even negligible in the studies of other authors [Rios et al.
1988, Radovich and Behnam 1983].
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Figure 9. Fluxes at low flow rate in a constant pressure filtration of a mixture of
oil emulsion and cleaning agent. The pressure was increased in steps and
decreased again. The mixture was filtered using a 0.05 um CFCC-membrane.

The flux levels obtained when decreasing the pressure from the maximum value
were always lower than those obtained earlier, when increasing the pressure.
This indicates some degree of irreversible fouling (Fig. 9). The reversibility of
fouling was similar for filtration with and without an electric field. Irreversible
fouling was also seen as a decrease in the pure water flux after filtration,
compared with values before filtration. All fluxes in the filtration of the mixture
of oil emulsion and the cleaning agent were considerably lower than the pure
water flux already at low pressures. Adsorption or other kinds of fouling
occurred and it was not possible to prevent this decrease using an electric field.
However, when only the oil droplets were filtered the fluxes followed the pure
water flux curve up to 1 bar. The flux was then 750 L/(m*h) (Fig. 10). The
experimentally determined limiting flux increase was around 830 L/(m’h). It is
also close to the value, 880 L/(m*h), calculated using Eq. (5).

The flux when an electric field was applied was not influenced significantly by
an oil concentration in the feed in the range of 150 to 1660 mg/L (see App. II,
Fig. 8). The same flux decrease, when increasing the concentration, was seen in
the filtration without an electric field. Thus, the flux enhancement with an
electric field was not influenced by the studied oil concentrations.
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Figure 10. Limiting flux when only oil emulsion was filtered. The pore size of the
CFCC-membrane used was 0.1 um.

5.1.2 Critical electric field strength [I, I1]

In electrofiltration a sufficiently high electric field strength should be used in
order to prevent particle deposition on the membrane and to get flux increase as
shown above. The minimum value is the critical electric field strength (see
Theory of electrofiltration) which can be determined by calculation or
experimentally as will be shown next.

Eq. (4) generated in this study for the critical electric field strength was achieved
when the forces acting on one particle were considered. According to Eq. (4) the
calculated critical electric field strength for the mixture of the oil emulsion and
the cleaning agent is 1.1 kV/m at 2 bar when using the 0.05 pm CFCC-
membrane and 0.6 kV/m at 1 bar. The critical electric field strength can be
determined experimentally by increasing the electric field strength at different
cross-flow velocities [Radovich et al. 1985]. At the critical electric field strength
the flux starts to be independent of the cross-flow velocity. In this study the
value is determined experimentally by measuring the flux at different electric
field strengths. The flux increase changes clearly at the critical electric field
strength when the particles are not depositing any more on the membrane. At 2
bar, the experimental critical electric field strength was high enough to be
estimated from the curve shown in Fig. 11. It was found to be in the range
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0.6-2.4 kV/m, which is in agreement with the calculated value. When the
electric field strength was higher than the critical, a further increase in the
electric field strength did not significantly influence the flux. Thus in the case of
a cathodic membrane the electric field strength should not be much higher than
the critical electric field strength in order to minimise the energy consumption.
When the electric field is applied across the membrane the increasing electric
field strength can linearly increase the flux also above the critical electric field
strength. It is, however, not economical to run electrofiltration above the critical

pressure.
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Figure 11. Critical electric field strength as a function of flux in the filtration of
a mixture of oil emulsion and a cleaning agent using 0.05 um membrane [11].

When an 850 mg/L oil emulsion was filtered using a 0.1 pm CFCC-membrane,
the experimentally determined critical electric field strength was around 5 kV/m.
This is close to the calculated value 4.5 kV/m. If pressure or membrane pore size
were increased in an attempt to increase the flux, the critical electric field
strength increased and a higher voltage was needed. This can also be seen
theoretically from Eq. (4).

5.1.3 Cross-flow velocity [ll]
High cross-flow velocities are used in conventional membrane filtration in order

to minimise fouling and achieve higher fluxes. However, a high cross-flow
velocity increases the axial pressure drop, which can cause problems on an
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industrial scale. In this study the possibilities to use low cross-flow velocities in
electrofiltration are studied.

The effect of cross-flow velocity on flux was examined in the case, when the
feed consisted only of oil emulsion and when the feed was a mixture of an oil
emulsion and a cleaning agent. In both cases high fluxes compared to the fluxes
without an electric field were achieved at low cross-flow velocity (see App. II).
When the oil emulsion particles in the feed were larger than 100 nm, the flux
increased from 460 L/(m’h) to 530 L/(m’h) when the cross-flow velocity was
decreased from 2.8 m/s to 0.2 m/s (Fig. 12). This is because above the critical
electric field strength, the particles were drawn towards the central electrode.
This resulted in a high particle concentration in the centre of the membrane tube.
Increasing the cross-flow velocity led to an increase in diffusive transport of the
particles towards the membrane and to lower fluxes. When filtering a mixture of
small cleaning agent particles together with large oil particles the cross-flow
velocity had no effect on the flux in electrofiltration. For the small particles,
diffusion was high already at low cross-flow velocities due to Brownian motion.
Diffusion caused by the concentration gradient is important for particles smaller
than 50 nm but not for particles larger than 100 nm in diameter [Huisman 1998].
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Figure 12. Steady-state fluxes at low and high flow velocity with and without an
applied electric field, when the feed consisted of only large oil emulsion
droplets. The pure water flux at 3 bar was 560 L/(m’h) [11].
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The use of high flow rate and an electric field are optional methods, which both
move particles away from the membrane surface. There was no need to use high
flow velocity in electrofiltration. Very low cross-flow velocity could be used
when an electric field was applied.

5.1.4 Membrane selectivity [lI]

The charged particles or molecular aggregates, which one wants to retain,
migrate away from the membrane independently of the pore size, if the electric
field strength is higher than the critical value. Thus, the membrane selectivity
should be improved using an electric field. However, the membrane pore size is
usually smaller than the size of the charged substances, and therefore the solute
retention is usually not affected significantly by the application of an electric
field, although the permeate flux is significantly enhanced [Akay and Wakeman
1997]. In this study the same phenomenon occurred with the CFCC-membrane
and the model wastewater as will be seen below.

When a CFCC-membrane with a pore size of 0.1 um was used, the application
of an electric field improved the permeate quality when the wastewater
contained only oil emulsion. Oil and COD retentions after a 3 h filtration were
85% without an electric field at 2.8 m/s and 1 bar, and 98% with an electric field
at 0.2 m/s and 1 bar. After a 5 h filtration the flux was 350 L/(m’h) without an
electric field and 620 L/(m’h) with an electric field. When treating the oil
emulsion without an electric field above the critical pressure with the 0.1 pm
membrane, the permeate quality was significantly worse when a velocity of 0.2
m/s was used instead of 2.8 m/s. This was not the case when an electric field was
applied. The permeate quality was improved when the cross-flow velocity
decreased because more diffusion towards the membrane occurred due to
turbulence.

When only the oil emulsion was filtered with a 0.05 um membrane, the COD
retention was 94% even without an electric field, and no significant
improvement was achieved by applying an electric field. When the feed
consisted of both small cleaning agent particles and large oil emulsion droplets
the permeate quality with the 0.05 pm membrane was slightly better with an
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electric field than without. The oil retention increased from 90 to 94% and the
COD retention from 70 to 78%. (see also App. II).

5.1.5 Intermittent electric field [lI]

For the purpose of reducing the power consumption, some studies about pulsed
electric fields are seen in literature [Bowen et al. 1989, Wakeman and Sabri
1995]. According to Wakeman and Sabri [1995] both continuous and pulsed
fields reduce fouling in membrane filtration, but a continuously applied electric
field leads to a more effective utilisation of energy. In electrofiltration usually
the limiting flux is increased with an electric field. This means, that particles
above the critical pressure start to deposit on the membrane immediately after
switching off the electric field. The higher the pressure and the electric field
strength the faster the flux decreases. The question is, if the flux recovery
(reversibility) is achieved at high pressure when switching on the electric field.
The flux recovery should be close to hundred percent in order not to loose flux
efficiency. In this study the effect of an intermittent electric field on the flux
recovery was studied in the case of three different model wastewater samples.

Upon switching off the electrical field, and restoring it after half an hour, the
flux recovery was rather poor for both the oil emulsion and the mixture of oil
emulsion and the cleaning agent (Fig. 13). The higher the pressure above the
critical pressure, the lower the flux after restoring the electric field. In the case of
the mixture it was possible to recover 90% of the original flux at 1 bar but only
55% at 3 bar. Thus, when a high pressure was used and the effect of the electric
field was substantial, it was not possible to use an intermittent electric field
without losing efficiency. The best flux recovery was achieved when only
colloids consisting of cleaning agent were filtered. In this case, 98% of the
original flux was recovered at 2 bar but at 3 bar the flux recovery was 93%.

50



400

p =2 bar -&- Oil emulsion, 150 mg/L
v=0.2m/s —=— Cleaning agent
300 C -#- Mixture
;E et
£
= 200
X
3 ZF A e
m
100 ~
u=10V
0 I I T T
0 20 40 60 80 100

Filtration time (min)

Figure 13. The flux recovery in the filtration of three different kinds of oily
wastewater with a 0.05 um CFCC-membrane. The electric field strengths were
3.5 kV/m for the oil emulsion, 3.4 kV/m for the cleaning agent and 2.4 kV/m for
the mixture. The pure water flux at 2 bar was 406 L/(m’h) [11].

When using a pulsed electric field there is every likelihood to foul the membrane
irreversibly during switching off the electric field, because the pressures used in
electrofiltration are high. Thus it is probable that the pulsation leads to a less
effective energy consumption.

5.1.6 Effect of conductivity on process design [lll]

In a typical industrial wastewater the conductivity is higher (> 500 puS/cm) than
in the model wastewater samples studied (7-32 pS/cm). According to some
authors [Bowen ef al. 1989, Wakeman and Sabri 1995], the effective operation
of electrofiltration is limited to the same conductivity range as for electro-
osmotic dewatering, which is from 0.10 to 10 mS/cm. However, it is possible to
achieve many-fold flux enhancements at very low conductivity values, < 10
puS/cm, as seen above. The high conductivity, actually, caused problems in
electrofiltration and inspired to find a suitable module configuration for the
industrial wastewater samples. In this study the effect of conductivity on flux in
three different module configurations (Fig. 4) was studied (see also App. I1I).
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First the conductivity of the model wastewater was increased in the simplest
electrofiltration module, where the conductive CFCC-membrane worked as the
cathode (Fig. 4a). The increased conductivity affected the flux negatively. The
flux in the model wastewater electrofiltration decreased from 740 to 220
L/(m*h), when the conductivity of the oil emulsion increased by NaOH to a more
realistic value of 800 puS/cm (Fig. 14). Conversely, the flux decreased when a
conductive membrane was used and the conductivity of the model wastewater
was increased by NaCl. A low flux was detected also, when an industrial
wastewater was filtered using this module configuration.

The decreased electrophoretic mobility could not be the reason for the decreased
flux. Emulsified oil has a pH-dependent charge and increasing the conductivity
with NaOH the mean absolute electrophoretic mobility increased from -4.1 to -
5.8 (um/s)/(V/cm) due to the changed pH (see also Fig. 2). According to Eq. (5),
a higher electrophoretic mobility increases the flux. The increased conductivity
increased the current density causing more electrochemical reactions to take
place at the electrodes. Thus more hydrogen gas (Eq. 6) was produced at the
membrane. This could have influenced the electric field strength. When
increasing the conductivity the decrease of the electric field strength was,
however, minor calculated using the conductivity of the bulk and the current
density measured during filtration (App. III). The flux was thus most likely not
decreased because of the decreased electric field strength, but because of the
space taken by the hydrogen gas in the pores of the membrane. Hydrogen
bubbles at the electrodes could also be regarded as foulants in the system.
Bubbles, when formed, might have been stuck in the membrane, and therefore
fouled the membrane temporarily. The pressure needed to push the bubbles
through the membrane is dependent on their size. The diameter of hydrogen gas
bubbles, for instance, is dependent on factors such as cathode surface
morphology, current density and temperature [Koren and Syversen 1995].
Reported bubble diameters at constant current density at atmospheric pressure
are 20 um. To get an idea of the pressure needed it is about 7 bar according to
the bubble point method for a membrane pore diameter of 0.1pum.
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Figure 14. Effect of conductivity on flux in electrofiltration when using different
module configurations. The electric field strength was 4—6 kV/m except when U
=0 v/l.

An attempt to solve the gas production problem on the membrane was made by
using a separate cathode around the CFCC-membrane (Fig. 4b). However, the
flux decreased exactly in the same way as it did when the membrane worked as a
cathode (Fig. 14). The conductive membrane seemed to work as part of the
cathode in an aqueous system, although the electrode did not touch it. The gas
formed on the membrane caused the decreased flux. The distance between the
membrane and the electrodes was short. Increasing the distances, however,
would most likely not have reduced the problem. The membrane would still
work as part of one of the electrodes.

Next the membrane material was changed to a non-conductive ceramic and an
electric field was applied across the membrane with one electrode on either side
of the membrane (Fig. 4c). The flux did not decrease by increasing the
conductivity (Fig. 14) in this module configuration. The flux increased instead.
When the pH of the feed was increased the electrophoretic mobility of the oil
droplets increased. This gave a higher flux at the same electric field strength due
to an otherwise too low electric field strength for keeping the particles away
from the membrane. The fluxes achieved, 1 400 L/(m’h), were even a bit higher
than the pure water fluxes when electro-osmosis occurred. The electric potential
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across the membrane was not zero in this module configuration as it was when
the CFCC-membrane worked as a cathode.

The best fluxes were achieved using the non-conductive membrane with
separate electrodes. According to Wakeman and Tarleton [1991] an electrode
should be located downstream of the membrane support in order to carry the
bubbles away with the permeate flow. The other electrode can not be placed
closer than about 3 mm from the membrane surface. Gas evolving from this
electrode is flushed out of the module by the cross-flow stream. In the module
configuration studied the outer electrode was 2 mm from the outer diameter of
the membrane. The inner electrode was 2.4 mm from the membrane surface.
These distances seemed to be sufficient. The avoidance of the gas problem on
the feed side is also a question of cross-flow velocity, which can not be too low.

5.1.7 Suitability of industrial wastewaters for electrofiltration [llI]

More than ten industrial wastewater samples were studied for electrofiltration
(Table 1). In a typical industrial wastewater the mean electrophoretic mobility
was only slightly negative. The values were different from the values of the
model wastewaters used. The electrophoretic mobility is the most important
parameter, which affects the flux enhancement and thus characterises the
suitability of a sample for electrofiltration. The conductivity of a sample is
related to the electric field strength and the energy consumption and thus to the
suitability of the sample for electrofiltration. The next chapter will deal with
energy consumption.

The absolute electrophoretic mobility should be as high as possible. In one
sample studied the electrophoretic mobility was clearly higher, -3.5
(um/s)/(V/em), than in other samples. In this case the flux increased
significantly from 300 to 1200 L/(m’h) when an electric field was applied (Fig.
15). The flux after three hours of filtration was 1070 L/(m’h), and it showed a
small decrease with time. This was because the pressure of 1.5 bar was too high
for the electric field strength, 3.3 kV/m as calculated using Eq. (11). The
permeate quality was the same with and without an electric field, because the
pore size of the membrane was sufficiently small for particle retention. The
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electric field seemed to be very useful in the treatment of this wastewater, but
the circumstances need to be optimised further.
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Figure 15. Filtration of an industrial wastewater with a high average
electrophoretic mobility [111].

In other samples the average electrophoretic mobility was usually only slightly
negative. When the average electrophoretic mobility is close to zero the sample
can contain both negatively and positively charged particles or colloids. In the
cases studied the flux was somewhat higher with an electric field than, when no
electric field was applied or the flux had a clear decreasing trend and reached a
lower level than with no electric field. The reason for the decreased flux can be
the particles or colloids having no charge or a different sign than the average
electrophoretic mobility. In this study sodium hydroxide or a commercial
dispersing agent was used for increasing the negative electrophoretic mobility.
The best result was achieved for particles from metal grinding. With dispersing
agent the mobility could be changed from -1.5 to -2.1 (um/s)/(V/cm). The
electrophoretic mobility was still not very high, but the treatment increased the
flux from 100 to 400 L/(m*h). The flux increase was significant. However, the
amount of dispersing agent needed, 0.2 % for the whole mass of wastewater,
was much too high for industrial use. On the whole, the change of the
electrophoretic mobility of an industrial wastewater, which contained a lot of
different ions and particles, was not easy in practice.
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Electrofiltration has the best possibility to be successful when the electrophoretic
mobility in the feed is high without any modification. This, unfortunately, is
seldom the case, which makes the electrofiltration technique less attractive for
the equipment manufacturer.

5.1.8 Energy consumption in electrofiltration [, IlI]

Apart from the electrophoretic mobility, the electric field strength plays a main
role in flux enhancement. The electric field strength is inversely proportional to
the conductivity of the sample (Eq. 11). If the conductivity increases, the current
increases, when the same electric field strength is needed. This means higher
energy consumption. The conductivity of the industrial wastewater samples
studied varied from 0.5 up to 174 mS/cm. It was 1.7 mS/cm in the sample with
which the best flux enhancement with an electric field was achieved. It is not
very high and still when only the electric field was taken into account the energy
consumption was 22 kWh/m’. The continuous application of an electric field
typically requires energy more than 10 kWh/m® of permeate [Bowen et al.
1989]. Thus 22 kWh/m’ is normal in electrofiltration but, however, too high for
industrial purposes.

Energy consumption can be decreased linearly by decreasing the electric field
strength or the distance between the electrodes. If both of them can be decreased
the effect is exponential. If the electric field strength could be decreased, in the
case of the best flux enhancement, from 3.3 — 2.2 kV/m, and the distance
between the electrodes could be halved, the energy consumption would then be
6.4 kWh/m’. This is more realistic for industrial use. The higher energy
consumption due to the longer distance in a non-conductive membrane filtration
module is needed when the membrane works as an electrode. However, the
conductivity of the industrial wastewater is hardly ever sufficiently low as would
be needed for the conductive membrane filtration module.

In electrofiltration a clearly lower cross-flow velocity could be used compared to
conventional microfiltration and thus less energy is consumed for pumping. The
possibility of using larger pores would decrease the pressure needed and thus
also the energy consumption due to pumping. However, the normal pumping
energy for microfiltration is still low, 2 kWh/m’ [Bowen et al. 1989], compared
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to the energy consumption shown above. In electrofiltration the running costs
can thus be competitive only if the conductivity is low.

5.2 Ultrasound assisted filtration

5.2.1 Ultrasound propagation direction [V]

The suitable propagation direction of ultrasound was primarily studied using the
dead end —filter module and bark press filtrate. The studies were carried out with
ceramic membranes, the mean pore sizes of which were 0.12 pm (membrane 1
in Table 4) and 0.75 pum (membrane 4). The membranes are called
correspondingly ultrafiltration and microfiltration membranes in the present
study. The transmembrane pressure in the experiments was 0.9 bar. Ultrasound
was focussed to the membrane from the permeate side or from the feed side of
the membrane using a frequency of 40 kHz and an input power of 200 or 400 W.
With the wultrafiltration membrane the highest flux was obtained with both input
powers studied when the ultrasound propagation direction was from the feed
side of the membrane (Fig. 16a). Ultrasound irradiation from the permeate side
resulted in a slightly higher flux than without ultrasound. However, different
results were achieved in dead-end filtration with the microfiltration membrane.
Ultrasound propagation from the feed side of the membrane resulted in fouling
of the membrane (Fig. 16b) and the flux decreased to the same level as without
ultrasound (20 L/(m*h)). Ultrasound propagation from the permeate side resulted
in a steady state flux of 120 L/(m*h).
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Figure 16. Flux as a function of filtration time when filtering bark press filtrate
(feed 1) with different membranes and ultrasound propagation directions. a)
Ultrafiltration membrane (membrane 1). b) Microfiltration membrane
(membrane 4) [V].

A similar trend was also seen in cross-flow membrane filtration when applying
ultrasound from the feed flow side of the membrane. The microfiltration
membrane (membrane 3) was fouled readily with bark press filtrate when
irradiating ultrasound with an input power of 400 W and a frequency of 40 kHz
(Fig. 17). On the other hand, with the ultrafiltration membrane (membrane 1) a
steady state flux was achieved with the same input power and frequency (Fig.
18). The flux with ultrasound was double compared to the flux without (35
compared to 70 L/(m’h)). However, the fluxes with the membranes studied were
far from the pure water fluxes of the membranes.
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Figure 17. Ultrasound propagation from the feed flow side of the microfiltration
membrane (membrane 3). Flux as a function of time when filtering bark press
filtrate (feed 3) using a pressure of 1 bar and a cross-flow velocity of 0.45 m/s.
a) Intermittent ultrasound (40 kHz, 400 W) was irradiated for 5 s every 30 s. b)
No ultrasound. c) Continuous ultrasound (40 kHz and 400 W) [V].
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Figure 18. Ultrasound propagation from the feed flow side of the ultrafiltration
membrane (membrane 1). Flux as a function of filtration time when filtering
bark press filtrate (feed 3) using a pressure of 3 bar and a cross-flow velocity of
0.45 m/s. Intermittent ultrasound (40 kHz, 400 W) was irradiated for 5 s every

305 [V].
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According to these results cake formation could be prevented at the membrane
surface when irradiating ultrasound from the feed flow side of the membrane if
the membrane was tight enough, like ultrafiltration membranes, to prevent
particles of the feed to penetrate inside the membrane. With more open
membranes, like microfiltration membranes, ultrasound could not increase the
flux at the pressure studied if ultrasound was irradiated from the feed flow side
of the membrane. The results are in agreement with the studies of other
researchers [Kobayashi et al. 1999, Matsumoto et al. 1996]. However,
ultrasound irradiated from the feed flow side has been successfully used
simultaneously with backflush pulsing during filtration in a CERTUS-microfilter
[Rantala and Kuula-Viisdnen 1999]. Thus, for open membranes the ultrasound
propagation direction should be different or the irradiation from the feed side
should be combined with other cleaning techniques. The effect of different
membrane porosities with same pore size were not studied in this thesis but the
ceramic membranes used had similar porosities, approximately 45 %.

5.2.2 Effect of particle size [IV, VI]

Having a smaller mean size the particle movement in the sound field follows
more closely that of the suspending fluid than having a larger mean size [Tuori
et al. 1993, Wakeman and Tarleton 1991]. In the case of small particles the
ultrasonic field could possibly promote sufficient motion at or near the fouling
layer surface to cause the particles to stay in suspension or to resuspend. Thus
with a suspension containing smaller sized particles less fouling occurs at the
membrane surface in ultrasound assisted membrane filtration than when
containing larger sized particles. Alternatively smaller particles in suspension
may cause less attenuation of the sound field. On the other hand, large particles
follow better lower frequencies (1 kHz) than higher frequencies (100 kHz) and
all sizes of particles (1-1000 um) follow easily the ultrasonic vibration when the
density is near to that of water [Tuori et al. 1993].

The experiments in this study, however, showed that there are more important
feed properties than the particle size, which affect the efficiency of the ultrasonic
treatment. The ultrasound irradiation was more effective in cross-flow
membrane filtration of oily wastewater when the oil emulsion was pre-treated
and significantly larger particles were formed. During pre-treatment the charges
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of the feed particles were reduced in order to make the flocculation possible. The
flux increased only from 13 to 20 L/m’*h when using a very high input power
(600 W) and decreased to the level of 4 L/m’h during filtration. A higher
permeate flux and an improved quality were achieved with electroflocculated
particles. The flux increased from 20 to 50 L/m’h (Fig. 19) when using
ultrasound and only an input power of 230 W was required instead of 600 W.
The effect of particle size was also affected by the relation of membrane pore
size to particle size. When bigger particles were filtered they were not able to
penetrate inside the pores and thus were easier to be taken away from the
membrane surface using ultrasound than smaller particles from the pores. Also
ultrasound was not able to push the particles inside the pores (see Chapter 5.2.1).
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Figure 19. Flux as a function of filtration time when flocculated oily wastewater
was filtered with and without ultrasound [VI].

5.2.3 Effect of pressure [V, VI]

A foulant containing feed (high COD) fouled the membranes severely in the
study because of a strong compaction of the cake layer due to the high
transmembrane pressure used. The cleaning of the membranes required an
efficient ultrasonic treatment. One problem in ultrasound aided experiments was
the wear of the membranes, which has also been seen by some other researchers
(see Chapter 3). Membranes irradiated by ultrasound, using frequencies of 27 or
40 kHz, became damaged at some spots of the membrane surface (Fig. 20). The
wear of the surface was especially seen with polymeric membranes but with the
ceramic 0.12 pm membrane as well. This made us look for more gentle
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ultrasonic treatment conditions for membranes without loosing any efficiency of
the treatment.

Figure 20. Damaged PES-50H polymeric membrane irradiated by ultrasound.

Pressure is known to affect the ultrasonic cavitation. The cavitation threshold
rises with pressure. Once the threshold is exceeded at high pressure, the
cavitation bubbles collapse more violently and rapidly but the number of bubbles
decreases more than at low pressures [Mason and Lorimer 1988]. The effect of
pressure was studied using copper plates painted with silver paint, which were
directly irradiated by ultrasound in water with an input power of 400 W and a
frequency of 40 kHz. The pressure varied from zero to three bars. At a pressure
of zero bar the plate wore evenly (Fig. 21). The silver paint layer was not
broken. Holes were already seen at one bar, and the higher the pressure the
bigger the holes were in the silver paint layer. On the other hand, the unevenness
of the ultrasonic field was clear at high pressure and the higher the pressure the
larger the areas of intact regions. This indicated that cleaning of membranes
using ultrasound would be more difficult at pressurised conditions than at
atmospheric pressure. Same results were obtained using 27 kHz and 120 W.
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Figure 21. Erosion of silver paint when using ultrasound at pressures from zero
to three bar. Copper plates painted with silver paint were directly irradiated for
4 min with 40 kHz ultrasound at an input power of 400 W [V].

The ultrasonic cleaning at atmospheric pressure succeeded in membrane
filtration experiments when using 0.19 pm ceramic membranes (membrane 2),
27 kHz frequency and 120 W input power (power intensity of 1.1 W/cm?®). The
ultrasonic treatment was carried out normally during filtration (1.9 bar and 0.6
m/s) of bark press filtrate and when the filtration system was on an intermission
pause (0 bar and 0 m/s). When the membrane was treated for ten seconds with
ultrasound during filtration the flux increased from 14 L/(m*h) up to 30 L/(m*h).
The flux was 127 L/(m*h) without an effect of intermittent pumping after ten
seconds of ultrasound irradiation during a pause in filtration (Fig. 22). Even two
seconds of irradiation was sufficient to clean the membrane surface. However,
the irradiation should have been repeated every few minutes in order to keep the
flux at a higher level than without any treatment. This was because the feed
contained a lot of colloids (COD = 31 000 mg/L). The results were similar in the
study of ultrasonically enhanced microfiltration of electroflocculated oily
wastewater (App. VI) except for that the flux stayed much longer at a higher
level after irradiation compared to the bark press effluent filtration.

63



300

250 +

200 —+

150 +

Flux (L/m®h)

100 +

50 +

365 370 375 380 385
Filtration time (min)

Figure 22. Flux when filtering bark press filtrate (feed 4) with a membrane of a
pore size of 0.19 um using a pressure of 1.9 bar and a cross-flow velocity of 0.6
m/s. a) No ultrasound. b) 10 s ultrasound (120 W) irradiation at the beginning of
the filtration period. ¢) 10 s ultrasound (120 W) irradiation during a pause in
filtration. d) Effect of intermittent pumping. e) 5 s irradiation during a pause. f)
2 s irradiation during a pause [V].

Matsumoto et al. [1996] studied a filtration method in which a feed pump and an
ultrasonic generator were operated alternately. They found that intermittent
driving of the feed pump alone greatly increased the rate of filtration compared
to that obtained in continuous pumping operation. However, backwashing with
ultrasound waves was more effective. In our studies, the peak of the flux due to
intermittent pumping was of very short duration and lower compared to the flux
increase obtained from ultrasound irradiation (Fig. 22).

The change of permeate quality due to the ultrasound irradiation was not
systematically examined in this study. On the other hand, the ultrasound
treatment during a pause in filtration could not affect the permeate quality. Table
5 shows the reductions of different parameters of bark press filter using a 0.19
um membrane (membrane 2) without ultrasound (see also App.V).
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Table 5. Feed and permeate qualities when using 0.19 um membrane in
the filtration of bark press filtrate [V].

Feed (feed 4) |Permeate |Reduction (%)
Microbes (number/mg) 9x 10° 02x10° |98
SS (mg/L) 4820 16.8 99
COD (mg/L) 31100 16 900 46
Chloride (mg/L) 79.5 65.2 18
Total phosphorous (mg/L) 43.9 20.0 73
Total nitrogen (mg/L) 21.0 7.0 67

The ultrasonic irradiation during a short pause in filtration turned out to be an
efficient and at the same time also a gentle method for membrane cleaning.
There was a more even field at atmospheric pressure, which reduced the
ultrasonic power intensity and the ultrasonic irradiation time (duration in
seconds) needed. This method could work as an on-line cleaning method of
membranes and lengthen chemical-cleaning intervals. However, a lot of
development work, e.g. apparatus design, should be done until it is applicable on
an industrial scale.

The effect of pressure in ultrasound assisted membrane filtration is not studied
extensively. Bayevsky [2004] has developed a method in his patent, where an
applied vacuum reduces a cavitation threshold avoiding damage to sensitive
membrane filters. Moreover, vacuum may also reduce the energy consumption,
and be used to provide some flow through the permeate channel to improve the
cleaning of contaminants clogging the membrane pores. The fluxes obtained
with this technique were not shown.

5.2.4 Effect of cross-flow [IV, V]

The feed concentration near the membrane is dependent on the cross-flow
velocity of the feed solution. The flux increases in proportion to the feed flow
velocity when ultrasonic waves are not used, but the flux can be high regardless
of the feed flow velocity when ultrasonic waves are used [Muthukumaran et al.
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2005, Matsumoto et al. 1996]. This is because the cake layer is removed by the
shearing action of the ultrasonic waves and continually carried away from the
membrane surface by the feed flow.

In this study the effect of cross-flow on cavitation effects on surfaces was briefly
examined at 3 bar using the same silver paint coated plates as above. The
presence of cross-flow during ultrasonic irradiation diminished the area of holes
in the silver layer. Thus, the effects of cavitation on the membrane surface
decreased due to cross-flow. The cross-flow velocity in the experiment was 0.2
m/s (Re 4 800). Muthukumaran et al. [2004] proposed that in a stagnant
environment it is possible for a cavitation bubble to become trapped at a point on
the membrane surface and physically erode the surface by repeated oscillations
at this point. The presence of cross-flow during ultrasonic irradiation reduces the
likelihood of such an event to occur. Thus, it could be suggested that a higher
cross-flow velocity than the one used in the membrane filtration experiments
(0.6 m/s, Re 12 000) could have reduced the damage on the membrane surface.
However, increasing the cross-flow velocity might not be an energy saving
method. On the other hand, there was no need to have cross-flow during
ultrasonic irradiation under atmospheric pressure in the circumstances studied.

Divergent results on the effects of cross-flow have also been obtained.
Kobayashi et al. [1999] studied the effect of cross-flow velocities of 0.2, 0.29
and 0.38 m/s on the flux in ultrasound (40 kHz) aided ultrafiltration. When no
ultrasound was used the limiting flux was not influenced by the feed flow rate,
but when ultrasound was irradiated the highest limiting flux was obtained with
the highest cross-flow velocity. Li et al. [2002] obtained similar results when
studying ultrasound assisted water cleaning of nylon membranes fouled by Kraft
paper mill effluent. These studies indicate that the cleaning effects of ultrasound
irradiation at the membrane are not decreased by a higher cross-flow velocity.

5.2.5 Effect of frequency [IV, V]

The effect of frequency on the efficiency of ultrasonic treatment during a short
pause in filtration was examined by filtering the fabric press filtrate with a
polymeric PES-50H ultrafiltration membrane. An ultrasound irradiation for five
seconds was carried out using either a frequency of 27 or 200 kHz at an input
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power of 200 W (1.8 W/ecm® or 4.1 W/cm®). The influence of ultrasonic
irradiation on the flux was minor when 200 kHz was used compared to 27 kHz
(Fig. 23).
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Figure 23. Flux as function of filtration time when filtering fabric press filtrate
(feed 5) with a PES-50 membrane. Ultrasound was irradiated using different
frequencies during a pause in filtration [V].

Kobayashi et al. [1999] got similar results when studying cross-flow filtration of
dextran irradiating the membranes using 28, 45 and 100 kHz at a power intensity
of 2.7 W/em® (the output power of the sonicator per unit area of the transducer
surface). They got minor effects when using a frequency of 100 kHz and
significant effects when using frequencies of 28 or 45 kHz. Kobayashi et al.
[2003] got nearly no effect on the flux in milk microfiltration with cellulose
membrane and only a slight effect in peptone ultrafiltration with polysulphone
membrane, when using a frequency of 100 kHz although the power intensity was
23 W/em® (measured calorimetrically). Lamminen ef al. [2004] studied the effect
of frequency at a constant power intensity of 0.21 W/cm® (measured using
calorimetry) when cleaning fouled membranes in a dead-end filtration system. In
their study sulphate polystyrene latex particles with a diameter of 0.53 pm were
removed well from the ceramic 0.2 um membrane surface at a frequency of 200
kHz. This differs from the results obtained in the present study but also the
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filtration circumstances were different, e.g. the membranes were fouled with
model particles which may have loosened easier from the membrane surface
than the colloids in fabric press filtrate. Lamminen et al. [2004] obtained some
effect on the flux even at a frequency of 1062 kHz.

In the present study the vibration of transducers was examined using a Polytec
PSV-200 Scanning Laser Vibrometer when the transducer was working at 200
kHz or 27 kHz. The field produced by the transducer working at 200 kHz was
even but the amplitude at the input power showing the intensity of an ultrasonic
wave was many-fold less compared to the amplitude produced by a transducer of
27 kHz. Because the cavitation threshold is more difficult to obtain using a
frequency of 200 kHz than 27 kHz [Mason and Lorimer 1988], it was very likely
that there was poor cavitation at an input power of 200 W and a frequency of
200 kHz, and the minor increase of the flux was because of that. At high COD
and at high transmembrane pressure cavitation would have been needed to
reduce the fouling layer on the membrane.

5.2.6 Ultrasound combined with electric field

In this study some preliminary attempts of both ultrasound and electric field
assisted membrane filtration were also carried out. The circumstances were not
optimal for the combined technique and it should be studied more thoroughly.
However, some thoughts have been put forth from the basis of the literature and
the experimental studies with individual fields.

Wakeman and Tarleton [1991] examined the combined effects of ultrasonic and
electric fields on microfiltration of china clay or anatase suspensions. The filter
was specially designed to include mesh electrodes on both sides of the planar
membrane and ultrasonic transducers in contact with the suspension on the
upstream side of the microfiltration membrane. The effect of the electric field
proved to be dominant compared to that of the ultrasonic field. When the two
fields were applied simultaneously the flux was better than the additive effects
of the individual effects. The synergism was greater with the more problematic
suspensions and in particular at higher feed concentration. On the other hand, if
an electric field operates well during membrane filtration, i.e. the formation of a
cake layer and concentration polarisation are prevented on the membrane
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surface, there is no need to use an ultrasonic field. Ultrasound primarily breakes
the cake or decreases the concentration on the membrane surface. A combined
field could be useful if part of the colloids are not affected by the electric field
but are able to be detached from the membrane surface by ultrasound. Thus in
order to achieve improvements in the performance of membrane filtration, the
combined technique, as also electrofiltration, requires suitable feed properties.
They are, however, seldom realised in industry.
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6. Conclusions

In this thesis was shown that an external DC electric field provides significant
enhancement in cross-flow membrane filtration when the conditions are suitable
for particle migration away from the membrane. The electric field was observed
to influence especially the cake formation, and thus the limiting flux. In order to
achieve improvements in the performance of membrane filtration, the
electrofiltration technique requires suitable feed properties, which restrict the
wider use of this technology. The sign of the charge of those particles or
colloids, required to be kept away from the membrane must be the same and the
same as that applied at the membrane. Limiting flux enhancement was shown
both in theory and practice to be dependent on the electrophoretic mobility (or
zeta potential) and the electric field strength applied. The electric field strength
applied should be a little above the critical electric field strength in order to
obtain the maximum benefit from the energy used.

According to this work, apart from the flux enhancement an electric field gives
other benefits to the performance of membrane filtration. The quality of the
permeate can be improved with an electric field, if the membrane pore size is too
large to retain particles or colloids. However, if the membrane pore size is
smaller than the size of the charged substances, the solute retention is not
affected by the application of an electric field. Also, low cross-flow velocities
are possible in electrofiltration. It was proven in this thesis that decreasing the
cross-flow velocity above the critical electric field strength has no harmful effect
on the flux or even increases it.

The conductivity was shown to be an important parameter in electrofiltration of
industrial wastewaters. In these wastewaters the conductivity is often high, which
increases the gas formation at the electrodes. This causes a negative effect on the
flux, when conductive membranes are used. This problem was shown in this thesis
to be overcome by using a non-conductive membrane. The high conductivity due
to high salt concentration is one of the reasons for having low average
electrophoretic mobility of particles, which can foul the membrane. The increase
of the electrophoretic mobility of industrial wastewater samples is not easy in
practice. The conductivity affects also the energy consumption in electrofiltration.
If the conductivity is low, a sufficiently high electric field strength can be obtained
with lower energy consumption than when the conductivity is high. The energy
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consumption can be decreased by shortening the distance between the electrodes,
optimising the electric field strength applied, and pulsating the electric field.
Unfortunately, these methods are often impractical.

Ultrasound irradiation was also shown to provide enhancement in cross-flow
membrane filtration. It increases the flux primarily by breaking the cake layer at
the membrane surface and decreasing the solute concentration near the
membrane. Thus there is no need to use ultrasound in electrofiltration, where an
electric field prevents the cake formation or concentration polarisation on the
membrane surface. Cavitation produced liquid jets serve as a basis for ultrasonic
cleaning processes. There are several factors, which affect the cavitation and
thus influence the efficiency of ultrasound irradiation in fouling prevention.

From the ultrasound propagation point of view the pore size of the membrane is
important. It was proven in this thesis that if the membranes are tight enough,
like ultrafiltration membranes, ultrasound irradiated from the feed side of the
membrane can increase the flux significantly. It was also shown that the more
open the membrane the easier the membrane is fouled with wastewater particles
when irradiating ultrasound from the feed flow side of the membrane. For open
membranes, like microfiltration membranes, the ultrasound propagation
direction should be different or ultrasound irradiation should be combined with
other cleaning techniques like backflushing.

Although small particles follow the ultrasonic vibration more readily than large
particles there are more important factors influencing the efficiency of
ultrasound assisted membrane cleaning. It was observed in this work that
ultrasonic irradiation can be more effective for pre-flocculated larger feed
particles than for particles without pre-treatment. During pre-treatment the
charge of the feed particles was reduced in order to make the flocculation
possible. This makes the particle removal from the membrane surface easier
during ultrasound irradiation, and the flocculated particles are removed from the
membrane surface with less power intensity. Also, bigger particles were not able
to penetrate inside the pores and thus were easier to be taken away using
ultrasound.

This work confirmed that the lower ultrasound frequencies have higher cleaning
efficiencies than higher frequencies. On the other hand, an increased power
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intensity provides an increase in ultrasound effects. In membrane cleaning at
high COD and at high transmembrane pressure the power intensity needed
during filtration was observed to be so high that the membranes became
damaged. Increasing the pressure leads to an increase in the cavitation threshold,
an increase in the intensity of bubble collapse and a decrease in the amount of
collapsing bubbles. Thus at pressurised conditions the unevenness of the
ultrasonic field is increased compared to the conditions at atmospheric pressure.
It was shown in this thesis that increasing the pressure during irradiation leads to
an increase in both the amount of damages and in untouched regions on the
membrane surface. The more even ultrasonic field at atmospheric pressure
reduces the ultrasonic power intensity and the irradiation time needed. Also, a
high flux enhancement is obtained with an intermittent ultrasonic field. It was
proven in this work that a low frequency ultrasound irradiation during a short
pause in filtration is efficient and, at the same time, a gentle method in
membrane cleaning. This method could lengthen the chemical cleaning intervals
when filtering industrial wastewater.

In ultrasound aided filtration the flux can be high regardless of the cross-flow
velocity. However, it was shown here that the effects of cavitation and thus the
damage on the membrane surface may decrease due to cross-flow. Increasing the
cross-flow velocity is, however, not an energy saving method. On the other
hand, there is no need to have cross-flow during ultrasonic irradiation at
atmospheric pressure.

The change of permeate quality due to the ultrasound irradiation is not
systematically examined. The ultrasound treatment during a pause in filtration
may not affect the permeate quality.

Electrofiltration is not a universal method for the filtration of industrial
wastewater. It is a competitive method, when the average electrophoretic
mobility in the sample is high and the conductivity is low. Ultrasound assisted
filtration is less dependent on the feed properties and is a possible method for
membrane cleaning in industry. However, there are some factors, especially the
development of transducer technology for membrane filtration applications and
the control of membrane erosion caused by cavitation, which need further
development.
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