THESIS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Filtration of Microcrystalline Cellulose

Electro-assisted filtration and the influence of surface properties

JONAS WETTERLING

Department of Chemistry and Chemical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2017



Filtration of Microcrystalline Cellulose

Electro-assisted filtration and the influence of surface properties
JONAS WETTERLING

ISBN 978-91-7597-578-8

© JONAS WETTERLING, 2017.

Doktorsavhandlingar vid Chalmers tekniska hogskola
Ny serie nr 4259
ISSN 0346-718X

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

SE-412 96 Gothenburg

Sweden

Telephone + 46 (0)31-772 1000

Chalmers Reproservice
Gothenburg, Sweden 2017



Filtration of Microcrystalline Cellulose
Electro-assisted filtration and the influence of surface properties

JONAS WETTERLING

Forest Products and Chemical Engineering
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

One of the main requirements for the sustainable usage of materials is the use of renewable
resources. This presents the Swedish forestry industry with the promising opportunity of using
wood to produce not only traditional paper products but also a range of new materials of high
value. The production of new types of materials introduces new challenges: a main one that
faces large-scale production processes based on bio-based resources is solid-liquid separation.

Thermal drying is often preceded by a mechanical dewatering technique, such as filtration, in
order to achieve an energy-efficient solid-liquid separation. However, conventional pressure
filtration operations can be impaired when employed for materials with high specific surface
areas due to the operation time and/or equipment size required. This is especially so for
materials that form compressible filter cakes. The use of assisted filtration techniques to
increase the dewatering rate could therefore play an important role for these types of materials.
The application of an electric field during pressure filtration, electro-assisted filtration, is one
option to improve the filtration behaviour of materials with charged surfaces.

In this thesis, the filtration behaviour of cellulosic materials with high specific surface areas
was studied, and the use of electro-assisted filtration as a method for mechanical dewatering
was investigated. The ways in which the surface properties, structure and charge of the solid
material affected the filtration behaviour were studied using experimental measurements of the
local filtration properties. The local filtration properties were also used to model the pressure
filtration operation.

Electro-assisted filtration was shown to increase the filtration rate of the cellulosic material
when compared to pressure filtration. The contributions made by electroosmosis and
electrophoresis on the filtration operation were described by an electrofiltration model. The
specific surface area of the cellulosic material had a large influence on the specific filtration
resistance, but was not found to have a major influence on the rate of electroosmotic dewatering.
The improvement obtained by electro-assisted filtration thus increased with increasing specific
surface area of the solid material.

Keywords: solid-liquid separation, filtration, dead-end filtration, local filtration properties,
compressible filter cakes, electro-assisted filtration, electrofiltration, electroosmotic
dewatering, modelling
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1. Introduction

1.1. Background

Modern society is dependent on having access to a large amount, as well as range, of materials
and energy. A main requirement for a sustainable usage of these is that the production originates
from renewable resources. However, a large fraction of the demand is currently filled through
the usage of fossil resources. Viable renewable alternatives for the production of energy are
plentiful: water, solar and wind power are merely a few of the most prominent examples. For
production of materials the main renewable sources are bio-based, such as agricultural and
forest-based products. A shift towards the production of more materials using biomass as a raw
material is therefore desirable, and even necessary, on a global scale.

The forest industry has long been, and remains, one of the most important industries in Sweden.
The need for materials produced from renewable resources thus present the Swedish forest
industry with promising opportunities: wood could be used as a raw material for production of
new materials with a higher value than the traditional use as a construction material or in paper
products (van Heiningen, 2006). The concept of a biorefinery, in which the different
constituents of wood, or another source of biomass for that matter, are separated and used to
produce a range of different products has therefore become a focus of research efforts in the
last few decades (Ragauskas et al., 2006). The main constituents of a wood-based raw material
are cellulose, lignin and hemicellulose; a number of different applications have been suggested,
such as lignin-based carbon fibres (Kadla et al, 2002), commodity chemicals and fuels
(Ragauskas et al., 2006).

The use of wood-based cellulose as a raw material in production of materials with high specific
surface areas, such as microfibrillated cellulose and cellulose nanocrystals, is one area that has
gathered significant research interest. This type of material combines a high mechanical
strength and toughness with biodegradability and a low density (Sir6 and Plackett, 2010). The
potential applications of nano-scale cellulosic materials are therefore wide in range: they
include films, hydrogels, foams, aerogels and as a component in composite materials (Isogai,
2013). However, scaling up from laboratory scale to production on a commercial level requires
process development in order to obtain methods of production that are industrially viable
(Oksman et al., 2016). One of the main challenges of scaling up the production of materials
with a high specific surface area is to obtain an energy-efficient solid-liquid separation.

In order to achieve an energy-efficient solid-liquid separation, thermal drying is often preceded
by a mechanical dewatering technique such as filtration. Mechanical dewatering through
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conventional pressure filtration may pose a challenge in the production of materials with high
specific surface areas due to high filtration resistances. In the case of materials forming
compressible filter cakes, as bio-based materials tend to do, this challenge becomes even more
pronounced. The operation time and/or equipment size required can thus be infeasible for
production on a commercial scale. The lack of efficient methods for mechanical dewatering
increases, in effect, the amount of energy required for thermal drying, and also possibly has a
prohibitive effect on the economy of the process. Assisted filtration techniques could, however,
be used to facilitate mechanical dewatering and improve the dewatering rate. The extent of
mechanical dewatering could therefore be increased which, in turn, would reduce the extent of
energy-intensive thermal drying required (Mahmoud ef al., 2011).

1.1.1. Assisted filtration techniques

The use of assisted filtration techniques has the potential to play an important role in the
production of materials with high specific surface areas by increasing both the dewatering rate
and the extent of mechanical dewatering obtained. Depending on the application, assisted
filtration techniques have been suggested that use either thermal effects (Clayton et al., 2006),
magnetic fields (Stolarski et al., 2006), acoustic fields (Muralidhara et al., 1985; Smythe and
Wakeman, 2000), electric fields (Barton et al., 1999; Iwata et al., 2013; Mahmoud et al., 2010),
or a combination thereof (Tarleton, 1992). For charged particles with high specific surface
areas, such as microfibrillated cellulose and cellulose nanocrystals, the use of electric fields to
improve the filtration operation is of particular interest: the charged particle surfaces could be
used to influence the filtration behaviour and provide a driving force for separation.

Electro-assisted filtration has been shown to have the potential of improving the dewatering of
materials such as wastewater sludge (Citeau et al., 2012; Mahmoud et al., 2011; Olivier et al.,
2015), biopolymers (Gozke and Posten, 2010; Hofmann et al., 2006; Hofmann and Posten,
2003) and hydrogels (Tanaka et al., 2014). The technique may also be used to improve the
dewatering rate during cross-flow filtration at lower solid contents by preventing fouling of the
filter medium (Henry et al., 1977, Wakeman and Tarleton, 1987) and to improve washing
operations (Kilchherr et al., 2004). The electric field influences the filtration behaviour by
utilising the surface charge of the solid material through a combination of electrophoretic and
electroosmotic forces. Dead-end electro-assisted filtration has been shown to possess the
potential of decreasing the overall energy demand of solid-liquid separation for a number of
systems by reducing the need for thermal drying (e.g. Larue et al., 2006; Loginov et al., 2013;
Mahmoud et al., 2011).

Although the industrial potential of dead-end electro-assisted filtration has been shown for a
variety of materials, large-scale industrial operations remain in the development stage (Citeau
et al., 2015). A number of different designs have been proposed to adapt existing industrial
technologies to include electro-assisted dewatering, including filter presses (Kondo et al.,
1991), drum filters (Yamaguchi ef al., 1993) and belt filters (Jones and Lamont-Black, 2012;
Miller et al., 2005). Equipment design where contamination of the filter cake from electrolysis
reactions is prevented, e.g. flushing of the electrodes (Hofmann et al., 2006; Hofmann and
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Posten, 2003), has also been suggested. So far, however, commercialisation of electro-assisted
filtration processes has been focused largely on dewatering of waste sludges, e.g. CINETIK®
Linear Electro-Dewatering (Ovivo) and ELODE® (ACE Korea Incorporation).

1.2. Aim

The aim of this thesis is to investigate the use of electro-assisted filtration as a method for
mechanical dewatering of cellulosic materials with high specific surface areas. In order to
design dewatering operations based on electro-assisted filtration effectively, the relationships
between the properties of the solid material, the suspension conditions, the filtration behaviour
and the effect of an applied electric field must be established. The work performed in this thesis
investigates the behaviour of the solid-liquid separation that occurs in pressure filtration as well
as in electro-assisted filtration.

1.3. Outline

The theoretical background to the work included in this thesis is given in Chapter 2. An
introduction to cake filtration and the use of local filtration properties are given, along with an
introduction to electrokinetic phenomena and electro-assisted filtration. Modelling of filtration
operations, both with and without the application of an electric field, is also discussed. The
experimental equipment and methods used are described in Chapter 3, as well as a
characterisation of the model materials used: microcrystalline cellulose for cellulosic particles
with a high specific surface area.

The results are reported in Chapter 4. The influence of the structure and charge of particle
surfaces on the behaviour of dead-end filtration is investigated Section 4.1. The resulting effect
on the filtration behaviour is described using a filtration model based on measurements of the
local filtration properties. The use of electro-assisted dewatering is discussed in Section 4.2
with regards to the properties of cellulose particles and the conditions of the suspension; a
filtration model is used to describe the effect of the electric field. The main conclusions are
presented in Chapter 5, whilst suggestions for future work are found in Chapter 6.

1.4. Wallenberg Wood Science Center

The research presented in this thesis has been performed within the Wallenberg Wood Science
Center. The mission of the research collaboration is to “create knowledge and competence
prerequisites for an innovative industrial value-creation of forest raw material . Research
undertaken at the Wallenberg Wood Science Center is aimed at developing new materials as
well as the process technology required to produce these materials on an industrial scale.
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2. Theory

2.1. Cake filtration

Dead-end filtration involves a pressure being applied to a suspension towards a filter medium.
The fluid phase passes through the filter medium whilst the solid material is retained and forms
a cake structure: the process is therefore often referred to as cake filtration. As the filtration
operation progresses, the filter cake grows as solid material is retained. The fluid phase thus
flows through both the filter medium and the filter cake being formed. The filtration operation
is thus twofold: the flow of fluid through the permeable structure of the cake and the build-up
of the filter cake itself must both be described.

2.1.1. Flow through permeable beds
The solid content of the filter cake is described by the solidosity, ¢, which is defined according
to Equation (2.1):

Vsoi 2.1
= lid 2.1

Vtotal

where V4 15 the volume of solid material in the cake and V;,,; the total volume of the filter
cake.

A fluid flowing through the porous structure of the cake subjects the solid particles of which it
is comprised to drag forces. The filter cake thus introduces a flow resistance, which gives rise
to a pressure drop. The flow rate through a porous bed can be related to this pressure drop by
the Darcy equation (Darcy, 1856), commonly written as:

1dv _ KdP, (2.2)

Adt  pdz

where u is the superficial fluid velocity relative to the solid material (in the z-direction, away
from the filter medium and into the filter cake), A the flow area, V the volume of the permeate,
t the time, K the permeability of the bed, u the viscosity of the fluid, P; the hydrostatic pressure
and z the distance from the filter medium.
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In cake filtration, permeability is often discussed in terms of the resistance to flow. The specific
filtration resistance of the filter cake, a, is calculated from its permeability and solidosity
according to Equation (2.3) thus:

1 (2.3)
“ T Kpso

where py is the density of the solid material.

The drag forces experienced by the solid particles during filtration are accumulated in the cake
structure, resulting in a compressive pressure, P, that increases in the direction of flow. For a
one-dimensional flow, the increase in solid pressure can be related to the hydrostatic pressure
through Equation (2.4), assuming that the compressive stress is transmitted through point
contact between particles (Tiller, 1953):

dP, + dP, =0 (2.4)

2.1.2. Incompressible filter cakes
The specific filtration resistance and the solidosity are both constant throughout the structure if
the filter cake is assumed to be incompressible. The total flow resistance of the filter cake can
then be derived from Equation (2.2). If the filter cake and the filter medium are considered as
being two separate resistances in a series, The total pressure drop over the filter cake and the
filter medium, AP, can then be described by Equation (2.5):
1av (2.5

AP =(R.+R -
where R, and R,,, are the flow resistances of the filter cake and filter medium, respectively. For
incompressible filter cakes, the cake resistance can be described by Equation (2.6):

h1 (2.6)
R, = f Edh = aavg¢avgpsh
0

where a4 is the average specific filtration resistance, ¢4, the average solidosity and h the
height of the filter cake. Combining Equations (2.5) and (2.6) results in the classical filtration
equation given in Equation (2.7) (Ruth, 1935):

dt  p(@apgcV + RpA) (2.7)
av A2AP

where ¢ denotes the mass of solids per volume unit of filtrate. This parameter is constant
provided that the solid content of the suspensions remains unchanged and the growth of the
cake is solely an effect of filtration.
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2.1.3. Compressible filter cakes
Most materials do not form incompressible filter cakes. Most filter cakes are, in fact, more or
less compressible as a result of rearrangement of particles, breakage of inter-particle structures
and/or deformation of particles. As a filter cake is being compressed, the solid material within
it has a velocity: vg,;;4. This velocity can be included in Equation (2.2) by using the relative
fluid velocity (Shirato ef al., 1969):

u=v-— (ﬂ> Usolid 29

where v is the superficial fluid velocity.

The local filtration properties of compressible filter cakes are dependent on the local
compressive pressure and are therefore not constant over the height of the filter cake (Tiller and
Cooper, 1960). The formation of compressible filter cakes can therefore result in a filter cake
with a high solidosity and a high specific filtration resistance close to the filter medium, where
the compressive pressure is high. Increasing the filtration pressure applied may result in further
compression of the filter cake’s structure which can increase the filtration resistance. The
compression thus counteract the flow through the filter cake; increasing the filtration pressure
applied may thus not have a major influence on the filtrate flow rate.

Should local measurements of the filter cake’s solidosity and the hydrostatic pressure profile
be available, then the filtration properties in the filter cake’s structure locally may be evaluated
locally. A general expression of the local specific filtration resistance can then be obtained by
combining Equations (2.2) and (2.3):

__1 4k (2.9)
uupsp dz

The average specific filtration resistance of a filter cake can then be calculated directly from
the local filtration properties using the definition of the average specific filtration resistance in
Equation (2.10):

1 1 (Fe1 (2.10)

=— | -—dP
Aavg AP )y a °

where AP, is the pressure drop over the filter cake.

2.2. Local filtration properties
2.2.1. Description of local filtration properties

2.2.1.1. Empirical relationships
The local solidosity and the local specific filtration resistance of compressible filter cakes
increase with the local compressive pressure in the structure of the cake. The pressure

7
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dependencies are often described by empirical relationships (e.g. Tiller, 1955). Several different
empirical equations have been used to do describe these relationships (Sedin ef al., 2003), one
such set of empirical equations is given below (Tiller and Leu, 1980):

b= go(1 +§z)ﬁ =10

PA\" 2.12
a = aq (1 + —S) (12
Fy
where P,, B and n are empirical parameters. The two parameters ¢, and a, can be interpreted
as the local solidosity and the local specific filtration resistance, respectively, at the top of the
filter cake where no compressible pressure has accumulated in the solid structure.

The solidosity of the filter cake at zero compressible pressure may be estimated as the average
solidosity after sedimentation: this gives a reasonable estimation for systems wherein the
compressible pressure in the sediment is low compared to the pressure applied during filtration
experiments. Another approach, applicable to systems were formation of a network structure
prevents settling, is to estimate ¢, as the solid content of the suspension: such a system is thus
described as lacking a clear transition between the filter cake and the suspension.

2.2.1.2. Permeability relationships

Empirical relationships are useful tools for describing the pressure dependence of the local
filtration properties. This approach does not, however, have the ability to predict how altered
material properties affect filtration behaviour. Several approaches attempt to describe the
relationship between the specific filtration resistance and the filter cake solidosity in terms of
particle properties; a selection of them are presented in the sections that follow.

2.2.1.2.1. The Kozeny-Carman equation

A classical approach to describing the permeability of a porous medium is to use the Kozeny-
Carman equation. If the porous medium is considered as being an assembly of capillary pores,
with a uniform size and geometry, then the corresponding pressure drop for laminar flow of an
incompressible fluid can be determined from the Hagen-Poiseuille equation thus:

dpl _ 321“7cap (2.13)
dz DZ,,

where v, is the average velocity of the fluid in the pores and D4, the hydraulic diameter of
a pore. By assuming flow in cylindrical capillaries, these parameters can be related to the local
filter cake solidosity and the superficial fluid velocity through Equations (2.14) and (2.15):

v =Y (2.14)
cap — 1 _ ¢
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41— ¢) (2.15)
cap — Sp¢

where S, denotes the specific surface area of the solid material. Combining Equations (2.2) and
(2.13) gives the Kozeny-Carman equation (Carman, 1937; Kozeny, 1927):

(1-¢)° (2.16)
K = W

where the empirical parameter k is known as the “Kozeny-Carman constant”. This can be
considered a correction factor that adjusts for the shape and tortuosity of the capillary pores.
The value of the Kozeny-Carman constant has been found to be dependent on the shape of the
particles that constitute the porous medium as well as the solidosity of the bed (Coulson, 1949).
A value between 4.8 and 5 is generally used to describe the flow through beds with mono-sized
spheres (Carman, 1937; Happel, 1958; Tien and Ramarao, 2013).

The Kozeny-Carman equation can be used to describe the relationship between solidosity and
permeability for flow through beds of solid particles. The approach is however insufficient for
porous particles, as the flow behaviour may differ significantly between the interior and exterior
of the particles. The equation can be modified for flow through beds composed of porous
particles with negligible permeability to include the solidosity of the particles, ¢;:

_ (-¢/¢)? 2.17)
k'sz%,ext((p/(pi)z

where S, . 1s the specific external surface area of the porous particles.

2.2.1.2.2. The impermeable sphere model

The relationship between permeability and solidosity can also be described as flow around
individual particles. A cell model proposed by Happel (1958) can be used to calculate the
permeability of a system described by a solid spherical particle in a concentric spherical fluid
cell. The dimension of the fluid cell is set so that the solidosity of the system corresponds to the
local solidosity of the filter cake. The boundary conditions of the model are no-slip at the
interface between the particle and the cell, and no tangential stress at the outer boundary of the
cell. The permeability can then be described by Equation (2.18) for creeping flow:

a? 2 —3y + 3y°> —2y° (2.18)
3y3 3+2y°

where a denotes the radius of the inner sphere and y describes the fraction of the cell volume
that is unavailable for flow, as given by Equation (2.19):

y® = (a/b)* = ¢/¢: (2.19)
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where b denotes the cell radius. The impermeable sphere model as published by Happel
assumed the inner sphere to be solid, i.e. ¢; = 1. A modified version that accounts for the
solidosity of the particle, as described in Equation (2.19), can be used to describe flow around
porous particles with negligible permeability.

2.2.1.2.3. The permeable sphere model

The boundary conditions in the impermeable sphere model described in Section 2.2.1.2.2 can
be changed to include the permeability of the inner sphere. The permeable sphere model can
then be used to describe flow both around and through permeable particles or agglomerates.
Deo (2009) described flow through the inner sphere by the Brinkman equation (Brinkman,
1947) and assumed velocity and stress components to be continuous at the interface between
the particle and the fluid cell. The permeability of the system could then be described by
Equation (2.20):

2a’ (1 + %{k1 —y+ (1 + 14k, + 30kf)y5}) (2.20)

K =
2 . 1
9y3 <1 + 375 + 10y (ks - §,1)>
2a% (M1 — 3(2 + 5kqy)y> + 5y°} — (1 + 15k,)y°)
2 1
9y3 <1 +375 + 10y (k1 - §A)>
in which y, A and k; are given by Equations (2.19), (2.21) and (2.22), respectively.
2.21
sinh <\/Lk_> ( )

A= 1 : 1

——=cosh <—> —sinh <—>

Ve Wk N
k, =k;/a? (2.22)

where k; is the permeability of the inner sphere. The permeability of the inner sphere can be
used as a model parameter directly or, alternatively, the permeable sphere model can be coupled
with e.g. the Kozeny-Carman equation to estimate the permeability the inner sphere:

-9 (2.23)

2 12
KSp,i¢i

where S, ; is the specific internal surface area of the particle.
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2.2.2. Measurement of local filtration properties

2.2.2.1. Compression-permeability cell

The relationship between solidosity, permeability and compressive pressure has traditionally
been determined using the compression-permeability cell (Ruth, 1946). A cake of uniform
solidosity is formed at a specified compressive pressure and the fluid flow through the cake is
measured, allowing the permeability to be calculated using the Darcy equation. The technique
thus allows calculation of local filtration properties to be made from average measurements
under the assumption that a homogeneous cake has been formed (Grace, 1953). Either a filter
cake is formed for each applied pressure investigated (Teoh ef al., 2002) or the pressure applied
to a filter cake can be increased during measurement to determine the pressure dependence
(Iritani et al., 2006).

Obtaining a uniform cake is, however, problematic due to friction between the cake and the cell
wall (Tiller et al., 1972). Several attempts have therefore been made to correct the local applied
pressure in compression-permeability cells (Shirato ef al., 1968; Tiller and Lu, 1972).The use
of compression-permeability cell measurements to determine local filtration properties has also
been questioned with respect to possible time dependence of the cake’s structure (Wakeman,
1978).

2.2.2.2. Local pressure measurements

The local hydrostatic pressure in a filter cake can be measured by inserting pressure probes into
the filtration cell: several different configurations of pressure probes have been used in previous
studies (Fathi-Najafi and Theliander, 1995; Johansson and Theliander, 2003; Okamura and
Shirato, 1955; Rietema, 1953; Shirato ef al., 1971). The design must be chosen so that the
effects on measurements from friction at the outer filter cell wall and disturbance to the
formation of the filter cake or the suspension flow are minimised. The compressive pressure in
the filter cake’s structure can be obtained from the local hydrostatic pressure, assuming that the
sum of the local hydrostatic pressure and the local solid compressive pressure equals the
filtration pressure applied, see Equation (2.4).

2.2.2.3. Local solidosity measurements

2.2.2.3.1. Cake dissection

The classical approach to studying the local solidosity of filter cakes is to dissect the cake that
is formed cake (Dell and Sinha, 1964; Meeten, 1993; Yim and Song, 2008; Young, 1911). The
filtration experiment is halted, and the cake is collected and requires physical division of layers
that are analysed separately. Apart from local solidosity measurements, the method may also
be used to measure variations in e.g. particle size distribution across the filter cake. The
destructive nature of the method does, however, require a large number of filtration experiments
in order to obtain a time resolution. A possible modification to the dissection method that avoids
the destruction of the cake is to use the cake colouration (Hutto, 1957) method, which feeds the
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filtration process with coloured suspensions. This allows the local solidosity of the filter cake
to be calculated from the height of the coloured bands observed within it.

2.2.2.3.2. Electrical conductivity

A non-destructive method for measuring the local solidosity of filter cakes is to use the local
electrical conductivity (Chase and Willis, 1992; Holdich and Sinclair, 1992; Rietema, 1953;
Shirato et al., 1971; Wakeman, 1981). Electrodes are placed in the filter cell and the voltage is
recorded during the filtration process. The relationship between the electrical conductivity and
the solidosity of a filter cake can then be determined by calibrating the conductivity
measurement with that of known solidosities of filter cakes.

2.2.2.3.3. Radiation attenuation

A less intrusive method for measuring the solidosity of a filter cake is through the usage of
radiation attenuation. Radiation passing through the filter cake in question is measured: the
difference in the attenuation coefficients of the solid material and the fluid phase is then used
to calculate the local solidosity. The attenuation of x-rays (Auzerais et al., 1990; Bierck et al.,
1988; Shen et al., 1994; Tiller et al., 1995) and y-radiation (Bergstrém, 1992; Johansson and
Theliander, 2003) has been used to study local solidosity during both filtration and
sedimentation experiments. The experimental error of the local solidosity calculated from
radiation attenuation measurements is largely dependent on three factors, namely the source of
radiation, the absolute and relative attenuation coefficients of the solid material and the fluid,
and the sampling time used for the measurements. A strong source of radiation and a large
difference in the radiation attenuation between the phases thus allow for a better time resolution.

2.2.2.3.4. Nuclear magnetic resonance

The solidosity profile can also be measured non-destructively using the nuclear magnetic
resonance (NMR) technique, which has the added advantage of distinguishing between free
water and water that is bound either physically or chemically (Kopinga and Pel, 1994). It has
been used to measure local solidosity during filtration in a number of studies (Dirckx et al.,
2000; Horsfield ef al., 1989; La Heij et al., 1996; Saveyn et al., 2006).

2.3. Modelling pressure filtration

2.3.1. Modelling approaches

A number of different approaches have been used to describe the flow through growing filter
cakes by combining the Darcy equation with the continuity equation: using either spatial co-
ordinates (e.g. Smiles and Kirby, 1987; Tien and Bai, 2003; Wakeman, 1978) or material co-
ordinates (e.g. Atsumi and Akiyama, 1975; Serensen et al., 1996). The relation between the
compressive pressure and the solidosity of a filter cake is required nevertheless, and is often
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described in filtration models with empirical relationships (Atsumi and Akiyama, 1975; Smiles,
1970; Tosun, 1986; Wakeman, 1978). Similarly, the relation between the permeability and
solidosity of a filter cake can be described either by empiricism or by one of the permeability
relationships given in Section 2.2.1.2.

The influence of interactions between particles on the compressibility of a filter cake has been
modelled for non-agglomerating particles in the colloidal size range (Bowen and Jenner, 1995).
The compressive pressure in the cake’s structure is assumed to equal the sum of the interparticle
forces according to DLVO theory. The solidosity of the filter cake is then estimated using the
interparticle spacing and assumes a closely-packed geometry. Another approach has been
suggested to account for the additional formation of structure in agglomerating systems
(Koenders et al., 2000; Koenders and Wakeman, 1997): a model where the compressive
pressure is balanced by the stiffness of the cake, which is dependent on the solidosity of the
filter cake as well as the double layer forces. Numerical simulations using DLVO theory to
describe the effect of electrostatic particle interactions on the formation of a filter cake have
also been performed (e.g. Fu and Dempsey, 1998; Schéfer et al., 2010).

Modelling can also be performed in terms of compressional rheology (Buscall and White, 1987)
that has been applied to describe filtration behaviour (e.g. Landman et al., 1991; Landman and
White, 1997; Stickland et al., 2006). In compressional rheology, the stability of the filter cake’s
structure is described by the yield stress of the network, whereas the drag between the solid and
fluid phases is described by a hydrodynamic interaction parameter. The yield stress and the
hydrodynamic interaction parameter can both be obtained from experimental measurements,
and the solidosity dependences of the parameters can be described by empirical relationships
(Buscall and White, 1987; Landman and White, 1992; Landman et al., 1995; Stickland and
Buscall, 2009).

2.3.2. Filtration model

The modelling approach used to describe the filtration operation in this thesis is described in
the following section. The model describes the growing filter cake in spatial co-ordinates; the
relationships between the compressive pressure, filter cake solidosity and cake permeability
were determined from measurements of the local filtration properties.

2.3.2.1. Governing equations
The continuity equations for the solid material and the fluid in the filter cake, expressed in
spatial co-ordinates, are given by Equations (2.24) and (2.25):

6_(].’) _ a_v (2.24)
ot 0z

6_17 - _ avsolid (2-25)
0z 0z
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The superficial velocities of the fluid, v, and the solid material, vg,;;4, are related to the
permeability of the filter cake and the local pressure drop by the modified Darcy equation given
in Equation (2.26):

1-¢ KdP (2.26)
V=——"Vsolia =~

¢ u dz

For systems with an incompressible fluid phase and an incompressible solid material, a local
mass balance states that the sum of the superficial fluid velocities is constant throughout the
filter cake. As the solid material is stationary at interface between the filter medium and the
filter cake, Equation (2.27) is valid at all distances from the filter medium during the filtration
operation:

K dP, (2.27)
UV + Vsolia = — ( )
z=0

; E —3
Combining Equations (2.26) and (2.27) allows the continuity equation given in Equation (2.24)
to be expressed as Equation (2.28) (Wakeman, 1978):

6_¢ _ov_d [ (K dPl)] N (E dPl) a_¢ (2.28)

ot 0z  dzl"\pdz)l " \pdz/),_ oz

The local permeability of the filter cake can be described by one of the permeability
relationships given in Section 2.2.1.2. Using the approach described in Section 2.2.1.2.2, the
modelling work used in this thesis described the solid material as impermeable porous spheres.
The local solidosity of the filter cake was described as a function of the solid compressive
pressure in the filter cake by the empirical relationship given in Equation (2.11).

2.3.2.2. Boundary conditions

The position of the interface between the filter cake and the suspension moves continually
during the filtration operation as the filter cake grows. This growth is given by the filtrate flow
and a mass balance of the filter cake:

dh bs (2.29)

E B _u(z B 0) ¢avg(t) - ¢s

where h is the height of the filter cake, ¢ the solidosity of the suspension and ¢y,4 (t) the time-
dependent average solidosity of the filter cake.

The solid compressive pressure at the top of the filter cake is assumed to be zero. The local
hydrostatic pressure at the boundary is thus:

P(z=h) = Papplied (2.30)
where Pyppiieq 1s the applied filtration pressure.
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The local hydrostatic pressure at the interface between the filter cake and the filter medium is
dependent on the filter medium resistance as well as the filtrate flow rate:

Pi(z=0) = —uR,,u(z =0) (2.31)

2.3.2.8. Numerical solution method

The governing equations were solved, subject to the boundary conditions, using COMSOL
Multiphysics® V.5.2. The system was set up as a one-dimensional problem with an expanding
mesh. The modelling was performed under the assumption that the filter cake had an initial
height of 10 um at the start of the filtration operation.

2.4. Electro-assisted filtration

Electrofiltration is an assisted filtration technique that uses an electric field to influence the
filtration behaviour. Charged colloidal particles move in an electric field through
electrophoresis; the electric field that is applied may therefore influence the growth of the filter
cake during electro-assisted filtration (Moulik, 1971). The electric field also gives an
electroosmotic flow, resulting in an additional driving force for separation (Kobayashi et al.,
1979; Yukawa et al., 1971; Yukawa et al., 1976). In addition to electrophoresis and
electroosmosis, the electric field also causes electrolysis reactions at the electrodes as well as a
temperature rise in the filter cell due to ohmic heating. A brief introduction to the various effects
of an electric field applied during electro-assisted filtration is given in the following sections.

2.4.1. Electrokinetic phenomena

2.4.1.1. Electrophoresis

A charged particle in an electric field experiences a force in the direction of the oppositely
charged electrode. Such a particle accelerates until either the electric force is balanced by the
viscous resistance of the fluid phase or it is constrained mechanically by e.g. a filter medium or
a filter cake structure. If this particle is of sufficient size that its curvature is negligible (i.e. the
surface is considered to be planar), the electrophoretic velocity of a non-conducting solid
particle is given by the Helmholtz-Smoluchowski equation (Hiemenz and Rajagopalan, 1997)
as:

E,cE 2.32
ve:rSOZE (3)

U

where v, is the electrophoretic velocity in the direction towards the cathode, &, the relative
dielectric constant of the fluid, &, the permittivity of vacuum, { the zeta-potential of the solid
material and E the strength of the electric field.
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Equation (2.32) is valid for any particle geometry provided that the radius of curvature is large
compared to the Debye length, k™1, i.e. ak > 1 (Delgado et al., 2007). The Helmholtz-
Smoluchowski equation is thus valid for large particles or for systems with a high electrolyte
content, as the Debye length is given by Equation (2.33) for monovalent electrolyte system:

o [ (2.33)
2N, €21,

where kg is the Boltzmann constant, T the temperature, N, the Avogadro constant, e the
elementary charge and I;; the ionic strength of the system.

An alternative way of describing the electrophoretic flow is to consider a non-conducting
spherical particle that gives no deformation of the electric field. This behaviour is valid if the
particle’s radius is small compared to the Debye length, i.e. ak < 1, and results in the Debye-
Hiickel equation (Hiemenz and Rajagopalan, 1997):

_ 288l (2.34)
3 u

Ve

The expressions of the electrophoretic velocity given in Equations (2.32) and (2.34) describe
the limiting cases for electrophoretic velocity for two fundamentally different assumptions valid
for particles of different size ranges. The electrophoresis behaviour may also be solved for the
transition between these regimes depending on the size and charge of the particles and the
electrolyte content of the suspension (Henry, 1931).

2.4.1.2. Electroosmosis

An electric field applied to a stationary charged surface results in a relative motion between the
solid and the fluid through electroosmotic flow. Electroosmotic flow arises as ionic components
in the electrical double layer are accelerated: this creates viscous forces which cause movement
of the bulk fluid. The velocity at the slip plane of the surface is zero, and the electroosmotic
flow velocity is the velocity of the bulk liquid away from the electrical double layer. As for the
electrophoresis in Section 2.4.1.1, the electroosmotic velocity can be described by the
Helmholtz-Smoluchowski equation (Lyklema, 1995):

_ Ers€o§ (2.35)

Veo = E

eo M
where v, is the electroosmotic velocity of the fluid in the direction towards the cathode. The
Helmholtz-Smoluchowski equation is valid when ax > 1.

For systems consisting of small particles and with low ionic strengths, the conductivity of the
electrical double layer (i.e. the surface conductivity) may have a significant influence on the
electroosmotic flow. For a cylindrical pore, the contribution made by the surface conductivity
to the overall conductivity of the system can be described by (Delgado et al., 2007):
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Keys = K, +2K°/a (2.36)

where K, is the conductivity of the system, Kj, the conductivity of the bulk liquid, K’ the

surface conductivity and a the radius of the pore. The influence of the surface conduction on
the electroosmotic velocity in a cylindrical capillary with an arbitrary radius can be described
by (Rice and Whitehead, 1965):

Ers€0¢ A.E[1 - G(ka)] (2.37)

Veo = —

where A, is the cross-sectional area of the capillary, k! the Debye length, a the radius of the
capillary and G (ka) is defined by:

_ 2L(ka) (2.38)
Gca) = kal,(ka)

where I, and I; are the zeroth-order and first order modified Bessel functions, respectively, of
the first kind.

2.4.1.83. lon migration
In addition to electrophoresis and electroosmosis, there will also be movement of ions in an
electric field. The ion migration velocity can be described by (Yu and Neretnieks, 1996):
Z.
Vg = —wE (2.39)
|z
where v, is the drift velocity of electromigration, z; the charge number and u; the ionic
mobility. The movement of ions in the system during electro-assisted filtration is therefore
influenced by a combination of ion migration, electroosmotic flow and fluid flow from the
filtration pressure applied (Kilchherr et al., 2004).

2.4.2. Electrolysis reactions

Electrochemical reactions take place at the electrodes when an electric field is applied to a
suspension. These reactions are influenced by the material that compose the electrodes as well
as by ions in the suspension (Lockhart, 1983a; Mahmoud et al., 2010). The electrochemical
reactions at the anode are given by Equations (2.40) and (2.41) for a water-based system:

2H,0 > Oy gy + 4H* + 4e” E, =123V (2.40)

M - M™ 4+ ne~ (2.41)
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whereas the electrochemical reactions at the cathode are given by Equations (2.42) and (2.43):
2H,0 +2e~ - 20H™ + H, Ey=-0.83V (2.42)
M +ne” > M (2.43)

where M is the electrode material and E is the standard electrode potential of the reaction at
298 K. The electrode material of the anode should be chosen so that its standard electrode
potential is higher than that of water electrolysis in order to prevent corrosion. Anodes used for
electrofiltration are therefore often either titanium meshes coated by mixed metal oxides (Citeau
etal.,2012; Raats et al., 2002) or made of noble metals (Rabie et al., 1994; Saveyn et al., 2006).

The amount of electrolysis reactions at the electrodes is proportional to the intensity of the
current according to Faraday’s law:

1
np=Fj1dt

where n,, is the amount of electrolysis products, F the Faraday constant and I the electrical

(2.44)

current. The electrolysis reactions result in acidic conditions at the anode and alkaline
conditions at the cathode; the resulting electrolysis products are transported by the bulk flow of
fluid during electro-assisted filtration. The ionic products formed also migrate in the filter cell
due to electromigration, giving a pH profile between the electrodes (Larue and Vorobiev, 2004;
Yoshida et al., 1999). The local pH in the filter cake may influence the filtration behaviour
during electrofiltration by affecting the surface charge of the particles. The surface charge has
a direct influence on the electrokinetic effects (Citeau et al., 2011; Hofmann and Posten, 2003;
Wakeman, 1982) and the effect on particle-particle interactions may also influence the specific
filtration resistance of the material. The products of the electrolysis reactions can be removed
from the system by flushing the electrodes: this approach has been used both on a laboratory
scale (Citeau et al., 2016; Hofmann and Posten, 2003; Larue et al., 2006) and pilot scale
(Hofmann et al., 2006).

2.4.3. Ohmic heating
Electric power is converted into heat by ohmic heating when an electric current is passed
through a conductor (Joule, 1841). Ohmic heating is expressed by:

Q=I’R (2.45)
where Q is the power dissipated by the resistance and R is the electrical resistance of the system.

In the case of electro-assisted filtration operations, the extent of ohmic heating is influenced by
the electric field that is applied as well as by the electrical resistance of the suspension. For
suspensions with a high ionic strength, the electrical conductivity of the system is high and a
higher current density is therefore required to maintain the electric field. The influence of the
ionic strength of the suspension on ohmic heating is thus very pronounced. Moreover, ohmic
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heating has been shown to have a significant influence on electro-assisted filtration operations
through the temperature dependence of the viscosity of water, depending on the process
conditions (Curvers et al., 2007; Loginov et al., 2013; Mahmoud et al., 2011; Navab-
Daneshmand et al., 2015; Weber and Stahl, 2002).

2.5. Modelling electrofiltration

The modelling of electrofiltration operations is often based on the classical filtration equation,
Equation (2.7), with additions accounting for the electrokinetic effects (e.g. Iwata et al., 2013;
Mahmoud ef al., 2010). The inclusion of an electrophoretic coefficient and an electroosmotic

pressure in the filtration equation allow the electrokinetic effects to be described by Equation
(2.46) (Yukawa et al., 1976) as:

av (Apy + Apg) A® (2.46)

e u (aavgc (ECE'C_T E) V+ Rm)

where Apy is the hydraulic pressure, Apg the electroosmotic pressure and E., the critical

electric field strength. Employing a modelling approach that includes the electroosmotic
pressure and the electrophoretic coefficient (E.,. — E)/E,, results in two model parameters for
each filtration condition and applied electric field (e.g. Weber and Stahl, 2002).

Different approaches have been suggested to describe the influence of the applied electric field
on the electroosmotic contribution to dewatering (e.g. Iwata et al., 2013). A modelling approach
based on the work of Saveyn et al. (2005) is used in this work: both the electrophoretic and
electroosmotic effects are described using the apparent zeta-potential as the only model
parameter for the electrofiltration experiments. The model approach is described in the sections
that follow.

2.5.1. Electric field strength

For systems where the electrical properties of the solid material and the fluid differ, the electric
field strength is not constant throughout the filter cell. If the solid material is non-conductive,
and the surface conductivity is negligible compared to the electrical conductivity of the fluid,
then the electric field strength in both the filter cake and the suspension can be related through

their respective electrical resistances. The relation between the electric field strengths is then
described by:

E.(1—¢.) =E(1—¢s) (2.47)

where E, and E are the electric field strengths in the filter cake and suspension, respectively,
¢, the solidosity of the filter cake and ¢, the solidosity of the suspension. The strength of the
electric field can be found by considering the filter cake, the suspension above it and the filter
medium as being electrical conductors in series:
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Uapplied - Uopen =E.h+ E; (d—h) + IRm,e (2.48)

where Ugppiieq 18 the applied voltage, U, pen the open circuit voltage, h the height of the filter
cake, d the separation between the electrodes and R,, . the electrical resistance of the filter
medium. The open circuit voltage of the system used in this thesis was determined as being
543 V by measuring the electrical resistance at different applied voltages, and is in the same
range reported in previous studies using platinum electrodes (Rabie et al., 1994; Vijh, 1999).
The electrical resistance of the filter medium has been shown to have an influence on the power
demand of electrofiltration operations (Citeau et al., 2012; Yu et al., 2010), but was not found
to be significant for the systems used here.

2.5.2. Governing equations

The electrofiltration process can be described as a combination of filtrate flow generated by the
applied filtration pressure and electroosmotic flow. The filtrate generated by the applied
filtration pressure can be described by the filtration equation:

dv, _ ApyA (2.49)

dt U (aavgc (%) h + Rm)

where V), is the accumulated filtrate volume and a,,4c the average filtration resistance per
filtrate volume. The values of ag,4¢, Ry, and the average cake solidosity ¢, were determined
from pressure filtration experiments without the application of an electric field. Modelling the
local filtration properties of microcrystalline cellulose shows that the average filter cake
solidosity and the average specific filtration resistance remain fairly constant throughout the
filtration operation, even though the filter cake that is formed is compressible (Mattsson ef al.,
2012; Wetterling et al., 2017). The electrofiltration model can therefore be expected to describe
the overall filtration behaviour despite the fact that the use of a constant filter cake solidosity
will underestimate the solidosity and the pressure drop in the region close to the filter medium.

The rate of electroosmotic flow obtained at the cathode during the electrofiltration experiments
is described by the Helmholtz-Smoluchowski equation:

dVeo
dt

(2.50)

87‘580{
=— E.(1—¢)A
c( c)

where the apparent zeta-potential, {, is used as a model parameter. The filtrate flow rate during
the electrofiltration process can then be described as a combination of the filtrate generated by
the applied filtration pressure, V,, and the filtrate resulting from electroosmotic flow, V¢,. The
total filtrate volume is therefore given by:

V=V4+V, (2.51)
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The growth of the filter cake is determined by a mass balance between the particles deposited
on the filter cake from the flow of filtrate and the electrophoretic transport of solid particles. If
the particle size is assumed to be much larger than the thickness of the electrical double layer,
1.e. ak > 1, then the electrophoretic flow rate of solid material can be given by:

dvV, 2.52
Vs 5 g3 e

where V), is the volume of solid material transported by electrophoresis. For an electrofiltration

experiment with the cathode placed beneath the filter medium the filter cake growth can then
be determined by a mass balance of the solid material:

dv, dVeo) AV, (2.53)
S

* dt

dh
AZ (e =99 = (G2 +

The electrophoretic influence on the filter cake growth results in a suspension solidosity that is
not constant during the filtration operation. If the solidosity in the suspension above the filter
cake is assumed to be homogeneous, then the suspension solidosity can be described by:

(Vp + Veo)¢s,0 + Vcell¢s,0 - Ah¢c (2-54)
Vcell — Ah

Ps(t) =

where ¢, 1s the initial solidosity of the suspension and V,,,; the volume of the filter cell.

The temperature increase in the filter cell as a result of ohmic heating was included in the
electrofiltration model. The temperature in the filter cell was measured experimentally and was
used to account for the temperature dependence of the water viscosity with Equation (2.55)
(Fox et al., 2004):

U= 2.414 - 10—5 . 1024—7.8/(T—14-0) (255)

where T is the temperature in Kelvin.
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3. Experimental

3.1. Filtration equipment

3.1.1. Pressure filtration

Filtration experiments were performed using a bench-scale equipment designed for measuring
local filtration properties (Johansson and Theliander, 2003). A constant filtration pressure was
applied using a pneumatic pressure piston capable of delivering pressures up to 6 MPa. The
location of the piston was measured by a position sensor (Temposonic EP-V-0200M-D06-1-
V0) and the filtrate was collected and weighed.

The filtration cell is cylindrical, of diameter 60 mm and height 175 mm, with its lower section
being composed of a 115 mm high Plexiglas cylinder. The bottom of the filter cell is a
perforated plate that supports the filter medium. Eight water-filled capillary tubes of different
heights are mounted from the bottom of the filtration cell to measure the local pressure in the
filter cake being formed. These tubes are connected to pressure transducers (Kristal Instrumente
AGQG). Each tube has an opening of diameter 0.6 mm perpendicular to the direction of flow; the
openings are placed 0.5, 1, 2, 3,5, 7, 9 and 12 mm from the bottom plate.

The local solidosity in the filter cell is measured through the attenuation of y-radiation. The
y-attenuation can be evaluated for any selected 1 mm horizontal slice of the filtration using a
241 Am y-source (10° Bq) along with a Nal(TI) scintillation detector (Crismatec Scintibloc™,
ORTEC DigiBASE) placed on a moveable rack. The number of observations was recorded in
the energy range 33-83 keV for the microcrystalline cellulose studies and 36-91 keV for
titanium dioxide. The local solidosity of the filter cake was calculated from the y-attenuation
measurements using the Beer-Lambert law for two phases, as given in Equation (3.1)
(Bergstrom, 1992):

(3.1)

ny
_lna = Wy,d, + (ﬂ%s - ”V,l)dy‘p

where n, and n, o are the count number of radiation observations from the detector made during
measurement and for the empty filtration cell, respectively. The average path length of the y-
radiation in the filter cell is denoted d,, while u,; and u, s are the attenuation coefficients of

the liquid and solid phases, respectively, in the energy range studied. The attenuation
coefficients were determined through calibration with known filter cake solidosities:
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attenuation coefficients of 19.7m™ for water, 29.1 m™ for microcrystalline cellulose and
189 m™! for titanium dioxide were obtained.

3.1.2. Electro-assisted filtration

The filtration equipment described in Section 3.1.1 was modified in order to study local
filtration properties during electro-assisted filtration, see Figure 3.1. For the electro-assisted
filtration experiments, the internal diameter of the filter cell was reduced to 50 mm for the 30
mm closest to the filter medium by means of a supporting rack.

Pressure

Piston
Filter cell —» <4—Suspension
Th | - dos (P Power
ermocoupies ectrodes (Pt
P (Pt)| supply

Filter cake

Filtrate Pressure probes

Figure 3.1. Schematic diagram of the equipment used to study local filtration
properties during the electro-assisted filtration experiments.

The filter cell is equipped with two platinum electrodes connected to a DC power supply (EA-
PSI 5299-02 A, Elektro-Automatik). An expanded platinum mesh (Unimesh 300) is placed
beneath the filter medium and used as one of the electrodes. The other electrode is placed on a
support rack inside the filter cell so that the electrodes are separated by a constant distance of
25 mm. In order to minimize interference with the suspension, this second electrode is a coarse
mesh made of platinum wire, with a diameter of 0.127 mm, and has 10 mm square openings.
For electro-assisted filtration of materials with a negative surface charge the cathode is placed
beneath the filter medium. The voltage, current and power from the power supply is recorded
during the experiments.

The local hydrostatic pressure within the filter cell is measured using four water-filled tubes,
made of a non-conducting material (perfluoroalkoxy alkene, PFA), connected to pressure
transducers. The tubes are mounted at the bottom of the filter cell and have openings with a
diameter of 0.6 mm perpendicular to the direction of flow; the openings are placed 2, 4, 6 and
8 mm from the top of the filter medium. The temperature inside the filter cell is measured using
two PFA coated K-type thermocouples located 5 and 20 mm from the filter medium,
respectively.
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3.2. Experimental procedure

3.2.1. Model materials

A commercially available microcrystalline cellulose (Avicel PH-105, FMC Biopolymers) was
used to study the filtration behaviour of cellulosic particles. The material was subjected to
mechanical treatment so that it could act as a model material for cellulosic materials with high
specific surface areas. Additionally, a titanium dioxide (Acros organics) with an anatase content
of at least 98 % (according to the product specifications) was used to study how agglomeration
induced by an increasing ionic strength influences filtration behaviour.

3.2.2. Characterisation methods

The solid density of the microcrystalline cellulose was measured using a Micromeritics
Accupyc II 1340. The particle size distribution was measured by laser diffraction using a
Malvern Mastersizer 2000 with a detection range of 0.02-2000 pm (according to the equipment
specifications). The pH dependence of the surface charge of the microcrystalline cellulose
particles was  determined  through  titration with a linear pDADMAC
(polydiallyldimethylammonium chloride), using a Stabino 2.0 particle charge titration analyser
(Particle Metrix GmbH).

The specific surface areas of the microcrystalline cellulose particles were measured by the BET
method (8-point), using a Micromeritics Tristar 3000 with nitrogen as the adsorption gas.
Cellulosic materials may experience pore collapse during drying from water, which lowers the
specific surface area compared to the water-swollen state. The particles were therefore dried
using a solvent exchange procedure (Haselton, 1955; Stone and Scallan, 1965), during which
the water in the suspension was replaced sequentially by repeated displacement washing and
resuspensions: first by acetone and then by cyclohexane (5 steps for each solvent). The particles
were thereafter dried in a nitrogen stream at room temperature. The particles were also studied
using a Zeiss Evo HD 15 scanning electron microscope.

In addition to the characterisation methods used for microcrystalline cellulose, the
agglomeration behaviour of titanium dioxide was investigated at a suspension concentration of
1 % by volume using a Mettler-Toledo Focused Beam Reflectance Measurement (FBRM)
G400 probe. The FBRM equipment measures the chord length distribution and has a detection
range of 1-1000 um (according to the equipment specifications). The {-potential of the titanium
dioxide particles was determined using a Brookhaven Instruments ZetaPALS.

3.2.3. Suspension preparation

3.2.3.1. Modlification of the particles’ surface structure

The microcrystalline cellulose particles were suspended in deionised water to a solid content of
10 % by volume. The surface structure of the particles was modified through mechanical
shearing using an IKA Ultra-Turrax® T50 with a SSON—G45F dispersing element submerged
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in a baffled vessel with constant mixing conditions. Both the rotational speed of the dispersing
element and the treatment time exerted a large influence on the effect of the mechanical
treatment. The different treatments used in Articles I-IV were identified through
characterisation of the material (as well as through filtration behaviour) to correspond to four
different levels of mechanical treatment, see Table 3.1. Note that the rotational speed of the
dispersing element affected the effectiveness of the mechanical treatment: a higher rotational
speed required a lesser degree of treatment to obtain the same effect on the material being
treated.

Table 3.1. The mechanical treatments used on the microcrystalline cellulose suspensions, at
a solid content of 10 % by volume, in Articles I-1V.

Article | Article 11 Article 11 Article IV
Volume [dm?] 5 5 4.5 4.5
Rotational speed [rpm] 7000 10 000 10 000 10 000

Treatment Treatment Treatment Treatment

[rev/g] [rev/g] [rev/g] [rev/g]
No treatment 0 0 0 0
Treatment 1 269 - - -
Treatment 2 1077 269 269 269
Treatment 3 - - - 1186

3.2.3.2. Suspension conditions

After undergoing the mechanical treatment described in Section 3.2.3.1 the suspension
conditions were adjusted for each condition investigated. In the studies of the local filtration
properties of microcrystalline cellulose in Articles I and II, the filtration experiments were
performed at the solid content of 10 % by volume. This was chosen so that thick filter cakes
would be formed, thereby allowing measurements of the local filtration properties to be made
over a wide range of solid compressible pressures during each filtration experiment. The
suspensions were diluted to a solid content of 5 % by volume in the electro-assisted filtration
experiments in Articles III and IV that focused on the dewatering rate.

The pH of the microcrystalline cellulose suspensions was 6.3. In filtration experiments
performed at acidic conditions, it was adjusted to 2.9 by the addition of 1 M HCI and, for
alkaline conditions, to 10.0 by the addition of 1 M NaOH. In the electro-assisted filtration
experiments performed at different ionic strengths in Article IV, the ionic strength was adjusted
through the addition of either 0.125 g NaNOs/dm?® or 0.5 g NaNOs/dm’.

In the electro-assisted filtration experiments performed on buffered suspensions in Article IV,
0.1 g NaxCOs/dm® was added. The pH of the suspension after this addition was 9.0; the buffered
suspension had buffering ability to neutralise acidic electrolysis products.

The electrostatic interactions between the particles in the titanium dioxide suspensions studied
in Article V were controlled by the ionic strength. The particles were suspended in deionised
water; the pH of each suspension was 6.2. The ionic strength of the suspensions was adjusted
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by the addition of sodium chloride. Suspensions with a low ionic strength (i.e. with no sodium
chloride added) were compared with sodium chloride additions of 2 g/dm® and 10 g/dm?.

The prepared suspensions were left in a mixing vessel at constant conditions for a minimum of
12 hours before the filtration experiments were initiated. The ambient temperature and starting
temperature of the suspensions were constant, at about 23°C.

3.2.4. Filtration experiments and filter medium

The filtration behaviour of microcrystalline cellulose was studied using hydrophilic
polyethersulphone filters (Pall Corporation, Supor®) with a nominal pore size of 0.45 pm
(according to the product specification). Additional experiments were also performed using
hydrophilic polyethersulphone filters (Pall Corporation, Supor®) with pore sizes of 0.1 and 0.8
pum to investigate possible blinding of the filter medium. The filtration properties of titanium
dioxide suspensions were studied using regenerated cellulose membranes (Sartorius stedim,
Type 184, nominal pore size 0.2 um). All filtration experiments were performed using an
additional Grade 5 Munktell filter to provide mechanical support.

Additional experiments were performed during studies of the electroosmotic dewatering of
microcrystalline cellulose, without either the polyethersulphone filter or the support filter, in
order to verify that the filter medium setup being employed had no significant influence on the
dewatering rate or the electrical resistance of the system. The combined flow resistance of the
filter medium and the support filter used in the experimental setup was measured as being
1.4:10'° m™! for water without cellulosic particles.

The pH profile in the filter cake during electrofiltration was measured by dissecting cakes from
aborted filtration experiments. Each of these filter cakes was split into 4 equal segments before
the pH was measured using pH indicator paper.

3.3. Material characterisation
3.3.1. Microcrystalline cellulose

3.3.1.1. Particle properties

The microcrystalline cellulose was characterised using the methods described in Section 3.2.2.
When suspended in water, the microcrystalline cellulose particles are porous and water-swollen
(Luukkonen et al., 2001). Particles of the same grade and manufacturer as used in this study
have been found to have a water content of 0.47 + 0.02 g H>O/g at a neutral pH (Kdhnke ef al.,
2011), a content that corresponds to a particle solidosity of 0.58. The solid density of the dry
particles was measured as being 1560 kg/m>. Figure 3.2 is an image of the dry microcrystalline
cellulose particles obtained using SEM microscopy. Although the shapes of the particles vary
significantly, they can best be described as being somewhat cylindrical. Their surfaces can be
seen as being rather smooth, even if some fragmentation and pore openings can be detected.
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-

Figure 3.2. SEM photograph of dry microcrystalline cellulose particles.

The specific surface area of the microcrystalline cellulose particles as delivered from the
manufacturer was measured using the BET technique and a value of 2.1 m?/g was obtained.
Although affected by irregularities in the shape, as well as some pores and cracks, of the particle
this measurement is mainly attributed to the external surface of the particles. For filtration
purposes, it is important to differentiate between the external and internal surface areas of
particles because the contribution they make to the filtration behaviour differs. The total specific
surface area measured using BET (including both the external and internal area) was
43 + 1 m?/g for the microcrystalline cellulose particles that were suspended in water and then
dried after undergoing the solvent exchange procedure described in Section 3.2.2 to avoid
closure of the pores and preserve the swollen structure of the particles.

The surface charge of the microcrystalline cellulose was measured by titration with a linear
pDADMAC; the pH dependence is shown in Figure 3.3. The particles’ surfaces are charged at
neutral and alkaline conditions; at acidic conditions, the charge is close to zero due to the
neutralisation of acidic groups (Araki et al., 1999).
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Figure 3.3. The surface charge of microcrystalline cellulose particles measured by
titration with a linear pDADMAC.

3.3.1.2. Surface modification and specific surface area

The microcrystalline cellulose particles were subjected to different degrees of mechanical
treatment in order to modify their surface structure and thereby the specific surface area of the
material. The effect of this mechanical treatment is shown clearly in the SEM photographs
presented in Figure 3.4. Figure 3.4a shows the surface of a microcrystalline cellulose particle
not subjected to mechanical treatment: it is mostly smooth, with fragments of a few microns in
size observable. The surface structures of microcrystalline cellulose particles subjected to the
different degrees of mechanical treatment used in Article I are shown in Figure 3.4b and Figure
3.4c. The ruggedness of these surfaces increased as the particles were subjected to more
mechanical treatment: at the greatest degree of mechanical treatment, Figure 4.3¢, web-like
fibrillation covered large sections of the surfaces.
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Figure 3.4a. SEM photograph of the Figure 3.4b. SEM photograph of

surface of a microcrystalline cellulose microcrystalline cellulose subjected to the
particle not subjected to mechanical lower degree of mechanical treatment in
treatment. The sample was dried after Article I. The sample was dried after
undergoing a solvent exchange procedure.  undergoing a solvent exchange procedure.

3 um

Figure 3.4c. SEM photograph of
microcrystalline cellulose subjected to the
higher degree of mechanical treatment in
Article I. The sample was dried after
undergoing a solvent exchange procedure.
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Figure 3.4a-c show that mechanical treatment increases the surface ruggedness of
microcrystalline cellulose particles; the effect was quantified using the BET technique which
measured the specific surface areas. Suspensions subjected to the various degrees of mechanical
treatment described in Section 3.2.3.1 were dried from cyclohexane after undergoing a solvent
exchange procedure; the measured specific surface areas are presented in Table 3.2. If it is
assumed that the increase in the specific surface area is solely an effect of increasing the external
surface area of the particles, the specific external surface area at various degrees of mechanical
treatment can then be estimated, see Table 3.2.

Table 3.2. The effect of mechanical treatment on the specific surface area of the particles,
measured by the BET technique and calculated from the particle size distribution measured
by laser diffraction. An estimation of the external particle surface area, obtained from the
BET measurements, is also included.

Mechanical Aggpr® [m?/g] Ayt [m?/g] A,y [m?/g]
treatment®

No treatment 43+ 1 2+1 0.40
Treatment 1 48 +3 7+3 0.44
Treatment 2 50+4 9+4 0.49
Treatment 3 - - 0.55

2 Mechanical treatment reported in Table 3.1.

® BET specific surface area (95 % confidence interval) of particles dried using a solvent exchange procedure.
¢ Calculated from BET measurements under the assumption that the internal surface area is unaffected by the
mechanical treatment.

4 Calculated from laser diffraction measurements under the assumption that the particles are smooth spheres
with a solidosity of 0.58.

The effect of the mechanical treatment to which the particles were subjected is not, however,
isolated to their external surfaces. Figure 3.5 shows the particle size distribution of
microcrystalline cellulose particles subjected to mechanical treatment. Increasing the degree of
mechanical treatment resulted in a somewhat decrease in the particle size. The contribution
made by particle breakage to the external surface area was estimated from laser diffraction
measurements under the assumption that the particles are smooth, spherical and porous with a
solidosity of 0.58; the results are reported in Table 3.2. The estimated effect of mechanical
treatment on the specific surface area estimated from laser diffraction was found to be very
small compared to that observed by BET measurements. This indicates that the effect of
generating a greater surface area by breaking up particles is small compared to the effect of
increasing the roughness of the surface. The increase observed in the specific surface area from
BET measurements is thus mainly attributed to changes in the surface structure of the particles.
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Figure 3.5. Volume-based particle size distribution of microcrystalline cellulose
subjected to varying degrees of mechanical treatment. The particle size distribution
was measured by laser diffraction.

3.3.2. Titanium dioxide

The titanium dioxide particles used in Article V had a solid density of 3810 kg/m>. The specific
surface area, determined from BET measurements, was 9.8 m?/g and the {-potential of the
particles suspended in deionised water, at a suspension pH of 6.2, was -22 + 2 mV. Figure 3.6
shows a SEM photograph of a dry agglomerate of titanium dioxide particles.

Figure 3.6. SEM photograph of a dry agglomerate of titanium dioxide.

The agglomeration behaviour of titanium dioxide particles was investigated by altering the ionic
strength of the suspension. The particle size distribution measured at low concentrations using
laser diffraction is shown in Figure 3.7. Two separate size ranges were observed at low ionic
strengths, whereas only a narrow size distribution of agglomerates was obtained when the ionic
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strength was increased. A small difference was observed between sodium chloride additions of
2 g/dm® and 10 g/dm?: particles in the lower size range were still observed at additions of
2 g/dm*. Nevertheless, both levels of ionic strength were found to mitigate the influence of the
electrostatic interactions between the particles enough to allow extensive agglomeration to
occur.

The chord length distribution was evaluated by focused beam reflectance measurement
(FBRM) and is shown in Figure 3.8 for a suspension concentration of 1 % by volume. It was
unaffected by sodium chloride additions of 1 g/dm? at the measurement conditions, although
agglomeration was observed for sodium chloride additions of 2 g/dm?. Addition of sodium
chloride above 2 g/dm*® was found to further increase the chord length distribution. This
indicates that the electrostatic interactions have an effect on the stability of the agglomerates

formed.
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Figure 3.8. Chord length distribution of
titanium dioxide agglomerates at varying
ionic strengths, measured by FBRM.

Figure 3.7. Volume-based size distribution
of titanium dioxide suspensions of varying
ionic strengths, measured by laser

diffraction.
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4. Results and discussion

The filtration behaviour and electro-assisted dewatering of microcrystalline cellulose is
discussed in Chapter 4. This chapter is divided into two subsections: Section 4.1 discusses the
influence of particle properties and suspension conditions on the filtration behaviour and
Section 4.2 the use of electroosmotic dewatering and electro-assisted filtration.

4 1. Filtration behaviour

4.1.1. Influence of the surface structure of particles

The effect of particle surface structure on the filtration behaviour of microcrystalline cellulose
was studied for suspensions with an initial solids content of 10 % by volume and at a suspension
pH of 2.9: this study is presented in Article I. The particle surface roughness was increased
through mechanical shearing for characterisation of the particle surface, as described in Section
3.3.1.2. The influence of the particle surface structure on the filtrate volume obtained during
filtration operations at a constant applied pressure is given in Figure 4.1. Increasing the surface
roughness of the microcrystalline cellulose particles was found to decrease the filtrate flow rate
to a large extent.
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Figure 4.1. The influence of the particle surface structure on the accumulated
filtrate for filtration at an applied pressure of 0.3 MPa and a suspension pH of 2.9.
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The effect the mechanical treatment has on the local solidosity of the filter cake is shown in
Figure 4.2 as a function of the local compressive pressure. During the filtration experiments no
significant difference was observed between the two degrees of mechanical treatment. The
similar solidosities of filter cakes at the various degrees of mechanical treatment thus indicate
that the effect on the filtrate flow rate observed in Figure 4.1 is not primarily due to changes in
the filter cake solidosity but is, instead, caused by the flow behaviour around individual
particles. However, a difference in solidosity was observed during sedimentation experiments:
no sedimentation was observed for the mechanically-treated systems at a suspension solidosity
of 0.1 whereas the microcrystalline cellulose particles not subjected to mechanical treatment
settled with an average sediment solidosity about 0.2. Mechanical treatment thus appears to
increase the attractive particle interactions and results in an increasing network formation. As
the local solidosity of the filter cake was unaffected by the degree of mechanical treatment in
the pressure range investigated, the different network structures observed during the
sedimentation experiments were compressed in the early stages of the formation of the filter

cake.

The relationship between the local filter cake solidosity and the local specific filtration
resistance is shown in Figure 4.3. The degree of mechanical treatment can be seen to have a
large influence on the specific filtration resistance at the same filter cake solidosity. This effect
can be described by the specific surface area: particles with an increased surface ruggedness
have a larger external surface area that can be subjected to drag, thereby resulting in an
increased specific filtration resistance.
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Figure 4.2. The influence of the particle Figure 4.3. The influence of the particle
surface structure on the local filter cake surface structure on the relation between
solidosity at different degrees of mechanical the local filter cake solidosity and the local
treatment and a suspension pH of 2.9. specific filtration resistance at a pH of 2.9.

The cell model described in Section
2.2.1.2.2 is fitted to the experimental data
and included in the figure.
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As the surface structure of the microcrystalline cellulose particles is found to affect the specific
filtration resistance without having a significant effect on the filter cake solidosity, modelling
the effect on filtration behaviour is focused here on describing the relationship between these
two filtration properties. This relationship can be described by the permeability relationships
given in Section 2.2.1.2. The cell model shown in Figure 4.3, describing the system as flow
around an impermeable porous sphere, was fitted to the experimental data and was able to
accurately describe the relationship that had been determined experimentally. The two fitting
parameters in the model, i.e. the radius and the solidosity of a spherical particle, are reported in
Table 4.1 for the two degrees of mechanical treatment.

Table 4.1. The parameters of the cell model in Section 2.2.1.2.2 fitted to the local filter cake
solidosity and local specific filtration resistance at two degrees of mechanical treatment
and a suspension pH of 2.9. The corresponding specific surface areas subjected to drag,
and calculated from the parameters, are also included.

Mechanical treatment a [pm] b; [-] Sy [m?/g]
Low 1.12 0.576 3.0
High 0.58 0.484 6.8

At the low degree of mechanical treatment, the radius of the sphere was the only model
parameter used to fit the cell model to the experimental data; the solidosity of the sphere was
taken as the particle solidosity estimated from measurements of the fibre saturation point
(Kohnke et al., 2011). At the high degree of mechanical treatment, on the other hand, both the
sphere solidosity and the diameter of the sphere were used as model parameters. The cell model
describes the microcrystalline cellulose particles as having a lower particle solidosity when the
degree of mechanical treatment, and thus their surface roughness, is increased.

The cell model describes the microcrystalline cellulose particles as decreasing in size as the
mechanical treatment is increased. The specific surface area subjected to drag is thus increased
and results in a higher specific filtration resistance. However, the specific surface area subjected
to drag is not only an effect of the size of a particle but also largely influenced by its surface
structure. The relevant interpretation of the particle radius parameter in the model is therefore
in terms of the effect the parameter has on the external specific surface area of the material. The
fitted parameters from the cell model can be used to calculate the specific surface area subjected
to drag, and the calculated values are included in Table 4.1. The specific surface areas of the
model are in the same order of magnitude as the external specific surface area of the particles
for both degrees of mechanical treatment; the external specific surface area is estimated from
experimental measurement in Section 3.3.1.2 and reported in Table 3.2.
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4.1.2. The influence of particle surface charge

4.1.2.1. Microcrystalline cellulose

The effect of the particle surface charge on the filtration behaviour of microcrystalline cellulose
was studied using suspensions with an initial solids content of 10 % by volume, and is presented
in Article II. The charge of the particle surfaces was modified through the pH of the suspension;
the pH dependence of the particle surface charge is given in Figure 3.3 in Section 3.3.1.1. The
influence of the particle surface charge on the filtration rate is given in Figure 4.4. The filtration
rate 1s much lower at neutral conditions, when the particle surfaces are negatively charged, than
at acidic conditions, where the particle surface charge is close to zero.
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Figure 4.4. The influence of particle surface charge on the accumulated filtrate for
filtration at an applied pressure of 0.3 MPa.

The influence of the particle surface charge on the pressure dependence of the local filter cake
solidosity is given in Figure 4.5. The filter cake appears to have a somewhat lower solidosity at
low compressive pressures for acidic suspensions, indicating that attractive particle interactions
increase the stability of the filter cake formed. At neutral conditions, when the particle surfaces
are charged, this stability is counteracted by electrostatic repulsion and the filter cake is more
readily compressed. The pressure dependence of the filter cake solidosity was described by the
constitutive relationship in Equation (2.11); the fitted model parameters for the two different
pH levels are given in Table 4.2. The fitted relationship is included in Figure 4.5 and the
relationship is extrapolated to a solid compressible pressure of 0.7 MPa (the maximum filtration
pressure applied in Article II) in order to cover the entire range of compressive pressure in the
filter cake.

Table 4.2. The parameters of the solidosity relationship given in Equation (2.11) fitted to
the filter cake solidosity measured in the experiments.

Suspension pH b0 [-] P, [Pa] B [-]
29 0.2 9070 0.150
6.3 0.2 1520 0.108
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The influence of the particle surface charge on the relationship between the specific filtration
resistance and the filter cake solidosity is shown in Figure 4.6. At neutral conditions, when the
particles surfaces are charged, the specific filtration resistance is an order of magnitude higher
than for uncharged particles at the same filter cake solidosity. This behaviour is similar to the
effect observed for particles with different surface structures discussed in Section 4.1.1. This
effect may be explained by electrostatic repulsion from the charged surfaces of the particles,
resulting in changes to the particle surfaces structure: close association between particles and
particle fragments are prevented, thereby increasing the surface area in the filter cake that is
subjected to drag forces from the passing fluid.
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Figure 4.5. Pressure dependence of the
local filter cake solidosity for mechanically-
treated microcrystalline cellulose
suspensions at various pH levels.

The constitutive relationship in Equation
(2.11) is fitted to the experimental data and
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Figure 4.6. Local specific filtration
resistance as a _function of local filter cake
solidosity for mechanically-treated
microcrystalline cellulose suspensions at
various pH levels.

The cell model described in Section 2.2.1.2.2

is fitted to the experimental data and
included in the figure.

included in the figure.

The relationship between the filter cake solidosity and the specific filtration resistance was
described as flow around impermeable porous spheres according to the cell model given in
Section 2.2.1.2.2. The cell model is included in Figure 4.6 and used to cover the entire solidosity
range given by the solidosity relationship in Equation (2.11), at a maximum applied pressure of
0.7 MPa. The model parameters are given in Table 4.3 along with the corresponding specific
surface area subjected to drag according to the cell model. The calculated specific surface area
subjected to drag at acidic conditions is in the range of the external specific surface area of the
microcrystalline cellulose particles that was estimated experimentally. At neutral conditions,
on the other hand, the calculated specific surface area subjected to drag starts to approach the
total specific surface area of the solid particles as measured by the BET technique, see Table
3.2 in Section 3.3.1.2. This behaviour may be interpreted as the charged particle surfaces
increase the specific surface area as a result of electrostatic repulsion by particle fragments on
the surface.
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Table 4.3. The parameters of the cell model described in Section 2.2.1.2.2 fitted to the local
filter cake solidosity and local specific filtration resistance at different pH levels in the
suspension. The corresponding specific surface areas subjected to drag, calculated from
the parameters, are also included.

Suspension pH a [pm] o [-] Sy [m%/g]
29 0.769 0.465 5.38
6.3 0.095 0.566 35.7

4.1.2.2. Agglomerating systems

The influence of the particle surface charge on the filtration behaviour was also studied using
titanium dioxide as a model material. The electrostatic particle interactions was modified
through the ionic strength of the suspension; the results are presented in Article V.

The local solidosity of the titanium dioxide filter cakes is shown in Figure 4.7 as a function of
the local compressive pressure. When the particles surfaces are charged, the titanium dioxide
is found to form filter cakes of low compressibility. When the repulsive particle interactions are
decreased by the addition of sodium chloride, however, the particles in the system agglomerate
and form more compressible filer cakes of lower solidosity. The filter cake solidosity of the
agglomerated systems remains lower than that of the non-agglomerated system throughout the
filtration operation: agglomeration thus contributes to the formation of a porous network
structure able to withstand significant compressive pressures.

The effect the ionic strength has on the relationship between the local solidosity and the local
specific filtration resistance is shown in Figure 4.8 and was described as flow around
impermeable solid spheres using the cell model given in Section 2.2.1.2.2. The model
parameters, along with the corresponding specific surface areas, are reported in Table 4.4. In
contrast to the behaviour of the microcrystalline cellulose discussed in Section 4.1.2.1, the main
influence of the decreasing electrostatic particle interaction is through the change of the
solidosity of the filter cake. The cell model does however describe the effect of agglomeration
by decreasing the specific surface area subjected to drag somewhat. This implies that the effect
of ionic strength observed on the local specific filtration resistance is not only an effect of the
solidosity of the filter cake but also of changes to its structure that, in turn, shields the surface
area from drag. This effect is, however, much more limited for the titanium dioxide than was
observed for the microcrystalline cellulose in Section 4.1.2.1.
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Table 4.4. Model parameter of the cell model described in Section 2.2.1.2.2 and the

corresponding specific external surface areas for titanium dioxide suspensions at different
ionic strengths.

NaCl addition [g/dm?] a[um] Sy [m?/g]
0 0.069 11.5

2 0.094 8.4

10 0.095 8.3

4.1.3. Modelling using local filtration properties

For filtration operations controlled by the flow resistance of the filter cake, the local filtration
properties can be used to model the system using the approach described in Section 2.3.2. The
use of experimental measurements of the local filtration properties means that a small number
of filtration experiments, in theory even a single experiment, is sufficient to describe accurately,
and even predict, the filtration behaviour at various applied filtration pressures and original
solid contents of the suspension. The pressure dependence of the filter cake solidosity is
described by an empirical relationship, Equation (2.11), and the relationship between the filter
cake solidosity and the specific filtration resistance as flow around an impermeable porous
sphere by the cell model given in Section 2.2.1.2.2.

The performance of the filtration model for microcrystalline cellulose in suspensions with
different pH levels is evaluated using the model parameters given in Section 4.1.2. The
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accumulated filtrate volumes taken from the model at two different applied filtration pressures

are compared with experimental measurements at a suspension pH of 2.9 in Figure 4.9 and 6.3
in Figure 4.10. The filtration model is able to describe the experimental data accurately for both
of the suspension conditions. The filtration model does not only give the filtrate flow rate but
also describes the local properties of the filter cake. The modelled local hydrostatic pressure in
the filter cake is compared with experimental measurements at different distances from the top
of the filter medium throughout the filtration operation in Figure 4.11 and Figure 4.12 for
suspensions with pH levels of 2.9 and 6.3, respectively. The modelled pressure profiles describe

the experimental measurements accurately.
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4.1.4. Summary of pressure filtration results

Increasing the surface roughness of microcrystalline cellulose particles resulted in a higher
specific filtration resistance without influencing the filter cake solidosity in any major way. The
relationship between the filter cake solidosity and the specific filtration resistance could be
described by a cell model as flow around porous impermeable spheres.

The filtration resistance of microcrystalline cellulose suspensions is much higher at neutral or
alkaline conditions, when the particles surfaces are charged, than at acidic conditions that give
a low particle surface charge. The effect is more a result of charged particle surfaces increasing
the specific surface area subjected to drag rather than of changes being made to the filter cake
solidosity. This behaviour differs from the effect of particle surface charge on the filtration
behaviour of an inorganic material such as titanium dioxide: for this type of material, the main
effect of the surface charge is its influence on the filter cake solidosity through agglomeration.

Dead-end filtration operations dominated by the filtration resistance of the filter cake can be
described accurately by a filtration model based on experimental measurements of the local
filtration properties. Using experimental measurements of the local filtration properties allows
the pressure dependence of a filtration operation to be determined from a small number of
experiments.
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4.2, Electro-assisted dewatering

The potential electro-assisted filtration has of facilitating the filtration of microcrystalline
cellulose is illustrated in Figure 4.13 by applying an electric field midway through a pressure
filtration operation. When the electric field is applied, a large increase in the filtrate flow rate
is observed almost instantaneously. Similarly, Figure 4.14 shows that when an electric field is
applied from the start of the filtration operation and removed midway through it, a rapid
response in the filtrate flow rate can also be observed. This behaviour shows that an electric
field has a potentially large influence on the dewatering of cellulosic materials.
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Figure 4.13. Filtrate volume and applied
voltage during the electrofiltration of a
mechanically-treated microcrystalline
cellulose.

Figure 4.14. Filtrate volume and applied
voltage during the electrofiltration of a
mechanically-treated microcrystalline
cellulose.

The suspension had a solid content of 5 % by The suspension had a solid content of 5 % by
volume and a starting pH of 6.3. The filtration volume and a starting pH of 6.3. The filtration
pressure applied was 0.32 MPa. pressure applied was 0.32 MPa.

In the following sections, the electrofiltration of microcrystalline cellulose suspensions with an
initial solids content of 5 % by volume is discussed. The effect of electroosmosis is isolated,
through the study of electroosmotic dewatering without an applied filtration pressure, in Section
4.2.1. The combined effects of electroosmosis, electrophoresis, ohmic heating and electrolysis
reactions during electrofiltration are then discussed in Section 4.2.2, along with the influence
of the specific surface area of the solid material and the ionic strength of the suspension. The
contributions made by electroosmosis and electrophoresis to the electrofiltration behaviour are
described by an electrofiltration model in Section 4.2.3 for a system at a low ionic strength in
which the contributions from ohmic heating and electrolysis reactions are limited.
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4.2.1. Electroosmotic dewatering

4.2.1.1. Electroosmotic flow rate

The filtrate volume obtained during the electroosmotic dewatering of microcrystalline cellulose
without an applied filtration pressure can be seen in Figure 4.15: suspensions with two different
levels of ionic strength and two different levels of constant applied voltage are shown. The
electroosmotic flow rate was found to increase with the strength of the electric field. The
electroosmotic dewatering rate of suspensions with an addition of 0.125 g NaNOs/dm® was
higher during the early stage of the dewatering operation compared to experiments performed
at lower ionic strengths. This is contrary to the behaviour expected from the Helmholtz-
Smoluchowski equation, Equation (2.35): increasing the ionic strength is expected to decrease
the absolute value of the zeta-potential and thereby decrease the electroosmotic flow rate. A
plausible explanation for the increase observed is that the surface conduction contributes to
decreasing the electroosmotic flow rate at the lower ionic strengths. This behaviour is in
agreement with previous studies that used bentonite and sodium kaolinite: the rate of
electroosmotic dewatering increased as the ionic strength increased for salt concentrations of
10 to 102 M, which correspond to the salt additions used in this study (Ju et al., 1991;
Lockhart, 1983b). The electroosmotic flow rate may therefore be better described by a model
that accounts for surface conduction.
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Figure 4.15. Obtained filtrate during
electroosmotic dewatering of
microcrystalline cellulose suspensions at
different ionic strengths achieved by the
addition of NaNOs.

Figure 4.16. Obtained filtrate during
electroosmotic dewatering of a
microcrystalline cellulose suspensions at the
higher degree of mechanical treatment.

The behaviour of a microcrystalline cellulose with a higher specific surface area during
electroosmotic dewatering is given in Figure 4.16: it is similar to that observed of the
microcrystalline cellulose of lower specific surface area given in Figure 4.15. The
electroosmotic flow rate is thus found not to be largely decreased by the change in the specific
surface area of the microcrystalline cellulose particles. This indicates that the specific surface
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area of the microcrystalline cellulose particles does not increase the surface conductivity of the
material in such a manner that it decreases the electroosmotic flow rate.

4.2.1.2. Electrolysis reactions

Figure 4.15 and Figure 4.16 show that the dewatering rate decreases during the electroosmotic
dewatering operation. This effect is most pronounced at an increased ionic strength and at high
applied voltages. Figure 4.17 shows the filtrate flow rate during electroosmotic dewatering at
the applied voltage of 60 V/cm, and includes a suspension in which the ionic strength has been
increased through the addition of NaNOs3 as well as a suspension to which Na;COs3 has been
added to provide buffering ability. The buffered suspension neutralises the acidic electrolysis
products at the anode. The filtrate flow rate of the buffered suspension does not decrease during
the filtration operation in the same way as the suspension with NaNOj3 added to a similar ionic
strength. The dewatering also continues further than for the suspension at a low ionic strength,
without the addition of either salt, before the filtrate flow rate starts to decrease. This behaviour
indicates that the decreasing rate of electroosmotic dewatering during the experiments is an
effect of the electrolysis reactions lowering the pH in the filter cell, thereby decreasing the
charge of the microcrystalline cellulose particles and, consequently, the electroosmotic flow

rate.
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Figure 4.17. Electroosmotic dewatering rate at an applied electric field of 60 V/cm
for microcrystalline cellulose suspensions at varying ionic strengths, and for a
suspension buffered with the addition of Na>COj.
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4.2.1.3. Power demand

The power demand during electroosmotic dewatering is shown in Figure 4.18 for two levels of
ionic strength. It increases during the early stages of the filtration operation: a result of a
decreasing electrical resistance in the filter cell as ionic electrolysis products accumulate in the
filter cell. It decreases, however, later on in the filtration operation. The decreasing power
demand coincides with the decreasing rate of dewatering observed in Figure 4.17, and was not
observed for the buffered suspensions. The effect is most pronounced at the increased ionic
strength, when the current intensity is high and the electrolysis reactions are most prominent.
This behaviour is similar to the increasing electrical resistance that can be observed during
desiccation of filter cakes (Citeau et al., 2016). The decreasing power demand was not observed
during the electrofiltration experiments with an applied filtration pressure of 0.3 MPa, where
the applied mechanical pressure limited the decrease in the filtrate flow rate, see Figure 4.29.
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Figure 4.18. Power demand during the electroosmotic dewatering of
microcrystalline cellulose suspensions at varying additions of NaNOs and electric
field strengths.

4.2.2. Electrofiltration

The electrofiltration behaviour of a mechanically-treated microcrystalline cellulose was studied
for suspensions with an initial solids content of 5 % and a low ionic strength. The filtrate volume
obtained during the electrofiltration experiments at constant applied voltages are shown in
Figure 4.19. The filtrate flow rate can be seen to increase with the strength of the electric field:
the behaviour is similar to that of the electroosmotic dewatering in Figure 4.15. In addition to
electroosmotic dewatering, an electrophoretic force will also act on the solid material in the
opposite direction and influence the filter cake formation, thereby further influencing the filtrate
flow rate during electro-assisted filtration.
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Figure 4.19. Amount of filtrate accumulated during the electrofiltration of
microcrystalline cellulose at pH 6.3 and various voltages at an applied filtration
pressure of 0.32 MPa.

The influence of the applied electric field on the formation of the filter cake can be observed
through measurement of the local properties in the filter cell. The local hydrostatic pressure at
different distances from the filter medium cell is given for pressure filtration without an applied
electric field in Figure 4.20. The formation of a compressible filter cake results in a large
fraction of the pressure drop being located close to the filter medium: as the filtration operation
progresses and the filter cake grows, a pressure drop can be measured at a distance from the
filter medium. The local hydrostatic pressure at an applied voltage of 10 V/cm is shown in
Figure 4.21. No pressure drop can be measured by the pressure probes in the filter cell in the
electro-assisted filtration experiments: a rate-limiting filter cake has therefore not been formed
and the filtration rate is limited by the region close to the filter medium.
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Figure 4.20. Local hydrostatic pressure Figure 4.21. Local hydrostatic pressure
during the filtration of a microcrystalline during the electrofiltration of a
cellulose suspension at pH 6.3 and a microcrystalline cellulose suspension at pH
filtration pressure of 0.32 MPa. 6.3 and a filtration pressure of 0.32 MPa.

Voltage applied: 10 V/cm.
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The influence of the electric field on the growth of the filter cake can be seen in Figure 4.22,
where measurements of the filter cake’s local solidosity made 6 mm from the filter medium are
shown. In the filtration experiments without an electric field, the solidosity increased during the
filtration operation: a result of the filter cake’s growth as well as sedimentation in the filter cell.
When an electric field is applied, the solidosity did not increase to the same extent. When
voltages of 30 V/cm and 60 V/cm were applied, the measured solidosity corresponded to a
thickening in the filter cell rather than growth of the filter cake or sedimentation. At an applied
electric field of 10 V/cm the measured solidosity was found to be in between that of filter cake
formation without an electric field and the thickening observed when electric fields of higher
strengths were applied.
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Figure 4.22. Local solidosity measured 6 mm from the filter medium during
filtration experiments at various applied voltages and a filtration pressure of
0.32 MPa.

4.2.2.1. Influence of specific surface area

The pressure filtration behaviour, as discussed in Section 4.1.1, is greatly influenced by the
specific surface area of the solid particles. The electroosmotic dewatering rate (discussed in
Section 4.2.1.1), on the other hand, was found to be largely unaffected by the mechanical
treatment of the microcrystalline cellulose particles. The influence of the specific surface area
of microcrystalline cellulose particles on the electrofiltration behaviour is shown in in Figure
4.23 and Figure 4.24 by comparing the accumulated filtrate for two different degrees of
mechanical treatment. The electro-assisted filtration rate is similar for the two systems, whereas
the pressure filtration is largely dependent on the degree of mechanical treatment. The
improvement of the dewatering rate obtained by electro-assisted filtration thus increases with
the specific surface area of the solid material.

In Section 4.1.2 it was established that the specific filtration resistance of microcrystalline
cellulose was largely influenced by the pH of the suspension: at acidic conditions, the filtration
resistance was much lower than for neutral, or alkaline, conditions, where the particle surfaces
are charged. The results of the pressure filtration of microcrystalline cellulose at a pH of 2.9 for
the two degrees of mechanical treatment are included in Figure 4.23 and Figure 4.24. It can be
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seen that the application of an electric field can have a greater influence on the dewatering rate
than what could be achieved through modification of the suspension pH only: the difference
becomes increasingly pronounced as the specific surface area of the material increases.
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Figure 4.23. Filtrate obtained during
electrofiltration of microcrystalline cellulose
suspensions at the lower degree of
mechanical treatment using a filtration
pressure of 0.3 MPa.

Figure 4.24. Filtrate obtained during
electrofiltration of microcrystalline cellulose
suspensions at the higher degree of
mechanical treatment using a filtration
pressure of 0.3 MPa.

4.2.2.2. Influence of ionic strength
The influence of ionic strength on the behaviour of electro-assisted filtration was studied using
mechanically-treated microcrystalline cellulose suspensions with a solid content of 5 % by

volume. The ionic strength of the suspensions was modified through the addition of NaNOs or,
in the case of buffered suspensions, with the addition of NaxCOs.

The influence of ionic strength on the filtration behaviour of microcrystalline cellulose is given
in Figure 4.25. The filtration resistance decreases, to a large extent, as the ionic strength of the
suspension increases: this is an effect of the decreasing electrostatic repulsion between the
particles and fragments thereof, as the increasing electrolyte content shields the surface charge
of the particles. This is similar to the effect observed when the surface charge was modified by
adjusting the pH of the suspension, as discussed in Section 4.1.2. Increasing the ionic strength
of the suspension will thus not only influence the electrokinetic effects during electro-assisted
filtration but also have a large influence on the behaviour of pressure filtration.

50



RESULTS AND DISCUSSION

250 T T T T T T T T T T T T T T T T T T T T T T T T
0 g/dm?® ]
200 — — —0.125g/dm® -
S 0.500 g/dm® |
10 =T ]
s S -
5 P
£ 100 T -
sofi 77 !
;s ]
-
/
0 1 1 1 1 1 1 1 1 1 1 1 L L 1 1 1 1 1 1 1 1 1 1 1
0 2000 4000 6000 8000 10000

Time [s]

Figure 4.25. Filtrate obtained from suspensions with different ionic strengths,
achieved by the addition of NaNQOj3, using a filtration pressure of 0.3 MPa and a
suspension pH of 6.3.

The filtrate volumes obtained during electrofiltration at various applied voltages are shown in
Figure 4.26 and Figure 4.27 for microcrystalline cellulose suspensions of two different levels
of ionic strength. The filtration rate can be seen to increase with the strength of the electric field
for both ionic strengths. The maximum electric field applied in Figure 4.27 was limited to
30 V/cm due to the high power demand involved, see Section 4.2.2.3. Pressure filtration at a
pH of 2.9, without the application of an electric field, is also included in Figure 4.26 and Figure
4.27. The filtrate flow rate obtained during electrofiltration can be seen to be lower than that
obtained by lowering the pH of the systems. This behaviour implies that the specific filtration
resistances of the microcrystalline cellulose in Figure 4.26 and Figure 4.27 are sufficiently low
that the filtration pressure contributes considerably to the filtration operation, and also that
electrokinetic action does not dominate the operation at these suspension conditions.

The pH in the filter cakes during the electro-assisted filtration experiments in Figure 4.26 and
Figure 4.27 decreased as filtration progressed due to the electrolysis reactions at the anode. The
pH profile was measured through dissection of filter cakes collected at various stages of the
filtration operation. The pH in the filter cakes decreased in the direction of the anode (further
away from the filter medium), becoming increasingly acidic during the filtration operation. The
effect was more pronounced for systems with high ionic strengths and at high applied voltages.
Decreasing the pH in the filter cell has a diminishing effect on the electroosmotic flow rate, as
was discussed for the electroosmotic dewatering experiments in Section 4.2.1.
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Figure 4.26. Filtrate obtained during the
electrofiltration of a mechanically-treated
microcrystalline suspension with an
addition of 0.125 g NaNOs/dm’> and a
filtration pressure of 0.3 MPa. Pressure
filtration at pH 2.9 without an electric field
applied is included for reference.
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Figure 4.27. Filtrate obtained during the
electrofiltration of a mechanically-treated
microcrystalline suspension with an
addition of 0.5 g NaNOs/dm’® and a filtration
pressure of 0.3 MPa. Pressure filtration at
pH 2.9 without an electric field applied is
included for reference.

The effect of electrolysis reactions on the electrofiltration behaviour was counteracted by
performing filtration experiments on buffered suspensions. The filtrate volumes obtained
during electrofiltration of a buffered suspension, which neutralises the acidic electrolysis
products, are given in Figure 4.28. During electrofiltration operations, the flow rate of the
filtrate in buffered suspensions does not decrease to the same extent as in non-buffered systems
of similar ionic strength: the flow rate is, instead, more or less constant throughout the whole
filtration operation. This behaviour is similar to that observed in the electroosmotic dewatering
experiments shown in Figure 4.17. The formation of acidic electrolysis products at the anode
thus had a detrimental effect on the electro-assisted filtration of microcrystalline cellulose,
highlighting the importance of preventing the electrolysis products from decreasing the surface
charge of the solid material during the electrofiltration operation.
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Figure 4.28. Filtrate obtained during the electrofiltration of a buffered suspension with the
addition of 0.1 g Na>COs/dm’ and a filtration pressure of 0.3 MPa.

4.2.2.3. Power demand

The power demand for electro-assisted filtration of microcrystalline suspensions at various
ionic strength is shown in Figure 4.29 at a constant applied voltage of 30 V/cm. As the ionic
strength of the suspension is increased, so is the electrical conductivity of the system. A higher
power demand is thus required in order to maintain a constant electric field strength. The
relation between the ionic strength of the suspension and the power demand will therefore have
a large influence on industrial applications of electro-assisted filtration.

The power demand in Figure 4.29 can be seen to increase during the early stage of the filtration
operation, indicating that the electrical conductivity of the system increases during the
electrofiltration operation. The power demand during electro-assisted filtration of buffered
microcrystalline cellulose suspensions is shown in Figure 4.30. For the buffered suspensions
the power demand is instead decreasing during the early stage of the electrofiltration, a result
of the acidic electrolysis products consuming the buffer and lowering the electrical conductivity
of the system. In the latter stages of the filtration operation the power demand, and thus the
electrical conductivity, increase for the buffered suspensions as the buffer has been consumed
and a pH profile is establish in the filter cell. The observed increase in the power demand during
the electrofiltration operations in Figure 4.29 is thus mainly an effect of accumulation of ionic
electrolysis products in the filter cell.
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Figure 4.29. Power demand during the Figure 4.30. Power demand during the
electrofiltration of microcrystalline cellulose electrofiltration of suspensions buffered by
suspensions at different ionic strengths the addition of 0.1 g Na>COs/dm>. The
achieved by addition of NaNOs. The filtration pressure applied was 0.3 MPa.

filtration pressure applied was 0.3 MPa and
the electric field 30 V/cm.

4.2.2.4. Ohmic heating

The temperature in the filter cell, measured 5 mm from the filter medium during electrofiltration
of microcrystalline cellulose in suspensions of different ionic strengths, is shown in Figure 4.31
for an applied voltage of 30 V/cm. The temperature rise caused by ohmic heating is influenced
strongly by the ionic strength of the suspension: it is a result of the increasing power demand
of'the electrofiltration operation at a constant voltage as the electrical conductivity of the system
is increased. The influence of the electric field strength is shown in Figure 4.32 for a
microcrystalline cellulose suspension with addition of 0.5 g NaNOs/dm?. Increasing the electric
field strength increases the ohmic heating. The temperature in the filter cell can also be seen to
increase towards the filter medium. In electrofiltration experiments with a high ionic strength,
the temperature rise in the filter cell was found to be substantial and, consequently, influences
the filtration behaviour by affecting the viscosity of the fluid.
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Figure 4.32. Temperature in the filter cell
during the electrofiltration of
microcrystalline cellulose suspensions with

the addition of 0.5 g NaNOs/dm>. The
filtration pressure was 0.3 MPa.

Figure 4.31. Temperature measured 5 mm
from the filter medium during the
electrofiltration of microcrystalline cellulose
suspensions of varying ionic strengths by
addition of NaNOs. The electric field
applied was 30 V/ecm and the filtration
pressure (0.3 MPa.

4.2.3. Modelling electro-assisted filtration

The way in which the electric field influenced the electro-assisted filtration of microcrystalline
cellulose was described using the electrofiltration model outlined in Section 2.5. The
electrofiltration model uses a number of input parameters all of which, with the exception of
the apparent zeta-potential, were estimated from either literature data or filtration experiments
performed without an electric field, see Table 4.5.

The model was used to describe the electrofiltration behaviour of systems with a low ionic
strength in which the amount of electrolysis reactions was limited. The electrolysis reactions
resulted in a pH profile between the electrodes; the pH in the filtrate was measured at 10 when
the cathode was placed beneath the filter medium and 3.5 when the direction of the electric field
was reversed so that the anode was beneath the filter medium. The pH profile was verified by
dissecting cakes from filtration experiments aborted at different stages during the filtration
operation. During the electrofiltration experiments, the cathode was placed beneath the filter
medium; the pH in the filter cell was such that the particles were charged in the rate-limiting
region close to the filter medium. The electrolysis reactions are therefore assumed to have no
major influence on the electro-assisted filtration behaviour for the suspension conditions used
in these experiments.

The input parameters of the electrofiltration model are reported in Table 4.5. The average
specific filtration resistance and the filtration resistance of the filter medium were determined
by pressure filtration experiments for each filtration pressure. The apparent zeta-potential was
the only model parameter used to fit the model to the electrofiltration experiments; the same
value was used to describe electrofiltration experiments at different filtration pressures as well
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as for electroosmotic dewatering without an applied filtration pressure. The influence of the
measured temperature on the filtration behaviour was included in the electrofiltration model
through the temperature dependence of the viscosity of water. The increase in temperature that
occurred during the electro-assisted filtration experiments at the low ionic strength in the
suspension was limited, see Figure 4.31, and was not found to have a strong influence on the

filtration rate.

Table 4.5. Input parameters of the electrofiltration model.
Filtration properties:

Apy [MPa] 0 0.13 0.32
b0 [-] 0.05 0.05 0.05
beare [-] 0.30 0.30 0.30
A apgC [/m’ filtrate] - 2.29-10'5 2.99-1015
Ry, [m™'] - 10.1-10' 8.07-10'

Fitting parameter:
Apparent zeta-potential [mV] -18

The amount of filtrate obtained during electroosmotic dewatering of the suspension without a
filtration pressure being applied is shown in Figure 4.33 for two different levels of constant
voltage applied. The behaviour could be described by the Helmholtz-Smoluchowski equation,
with the apparent zeta-potential being the only model parameter: the fitted value is given in
Table 4.5. The difference in the electroosmotic dewatering rate between the two voltages
applied is described accurately during the early stages of the operation, but deviates somewhat
when the electroosmotic dewatering rate decreases during the latter stages of the operation, as

discussed in Section 4.2.1.

250 T T T T
200 B
=150 | -
)
o
ic 100 [ i
A Exp: 30 Vicm
50 ®  Exp: 60 Vicm
Model
0 1 1 1 1 1 1 X 1 1 1 1 1 X " 1 1 1 1 X 1 X 1 1 1
0 1000 2000 3000 4000 5000

Time [s]

Figure 4.33. Electroosmotic dewatering of a mechanically-treated microcrystalline
suspension with pH 6.3 and low ionic strength, with different applied electric fields.
The electrofiltration model is included.
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The electrofiltration model is compared with experimental measurements of the accumulated
filtrate at various applied voltages at an applied filtration pressure of 0.13 MPa in Figure 4.34
and 0.32 MPa in Figure 4.35. The model gives a good description of the behaviour at different
applied electric fields and filtration pressures.
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Figure 4.34. Electrofiltration of a Figure 4.35. Electrofiltration of a
mechanically-treated microcrystalline mechanically-treated microcrystalline
cellulose suspension at pH 6.3 with an cellulose suspension at pH 6.3 with an

applied filtration pressure of 0.13 MPa and  applied filtration pressure of 0.32 MPa and
various levels of applied electric fields. The  various levels of applied electric fields. The
electrofiltration model is included. electrofiltration model is included.

The height of the filter cake according to the electrofiltration model is shown in Figure 4.36 for
an applied filtration pressure of 0.32 MPa. It is in good agreement with the experimental
measurements of the solidosity in Figure 4.22, as the growth of the filter cake is below the
measurement height of 6 mm when an electric field is applied. The contribution made by the
electrophoretic force suggested by the electrofiltration model can describe the electrofiltration
process even though the transition between the filter cake and the suspension is simplified in
the electrofiltration model by the assumption that the filter cake is incompressible.
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Figure 4.36. Height of the filter cake, according to the electrofiltration model, at
different applied voltages and an applied filtration pressure of 0.32 MPa.

4.2.4. Summary of the electro-assisted filtration results

Electro-assisted filtration can be used to improve the dewatering rate of cellulosic materials
with high specific surface areas. The specific surface area of the cellulosic materials studied in
this thesis was not found to have a major influence on the rate of electroosmotic dewatering:
the improvement obtained by electro-assisted filtration thus increases with increasing specific
surface area of the solid material.

Electrolysis products formed during the electro-assisted filtration operation may influence the
pH in the filter cake unless they are removed. The formation of acidic electrolysis products at
the anode had a detrimental effect on the electro-assisted filtration of microcrystalline cellulose.
Increasing the ionic strength of a system increased the amount of electrolysis products as well
as the power demand during electro-assisted filtration to a large extent.

The influence of an electric field on the filtration behaviour of microcrystalline cellulose could
be described by an electrofiltration model for systems with a low ionic strength in which the
amount of electrolysis reactions was limited. The electrofiltration model was based on the
average filtration properties determined from pressure filtration experiments. Only one model
parameter, the apparent zeta-potential, was used to describe the influence of the electric field
through electroosmosis and electrophoresis.
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5. Conclusions

Electro-assisted filtration can be used to improve the dewatering rate of cellulosic materials
with high specific surface areas. The specific surface area of the mechanically-modified
microcrystalline cellulose particles studied in this thesis was not found to have a major influence
on the rate of electroosmotic dewatering: the improvement obtained by electro-assisted
filtration thus increases with increasing specific surface area of the solid material.

Increasing the ionic strength of a system increases the power demand during electro-assisted
filtration. The major potential for industrial application of electro-assisted filtration is therefore
for systems of limited ionic strength. The ionic strength of the system involved also influences
the amount of electrolysis products that form during the filtration operation. In the case of the
microcrystalline cellulose used in this study, the electrolysis products had a detrimental effect
on the electro-assisted filtration behaviour by decreasing the surface charge of the solid material
in the filter cake.

The surface roughness of microcrystalline cellulose particles has a large influence on the
pressure filtration behaviour: a rugged particle surface increases the specific surface area
subjected to drag. The filtration resistance of microcrystalline cellulose suspensions was also
much higher for neutral or alkaline conditions, where the particle surfaces are charged, than at
acidic conditions, where the surface charge is low. The effect is mainly a result of charged
particle surfaces increasing the specific surface area subjected to drag, and not an effect of
changes to the solidosity of the filter cake.

Dead-end filtration operations that are dominated by the filtration resistance of the filter cake
can be described accurately by a filtration model based on experimental measurements of the
local filtration properties. The use of experimental measurements of the local filtration
properties allows the pressure dependence of a filtration operation to be determined from a
small number of experiments.
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6. Future work

The experimental work undertaken in this thesis has shown that electro-assisted filtration can
be used to improve the filtration rate of cellulosic materials with high specific surface areas.
Before electro-assisted filtration can be implemented successfully in biorefinery applications,
however, a number of questions remain to be answered.

An improved understanding of the influence of electrophoresis on the growth of filter cakes is
required if electro-assisted filtration operations are to be designed adequately and properly.
While the electroosmotic dewatering rate of a system can be controlled by the strength of the
electric field applied, the effect of electrophoresis is influenced by both the electric field and
the filtration pressure. If the electrophoretic effect influences the formation of a filter cake in
such a way that the filtration resistance of the cake is decreased, then the energy demand could
be reduced to below that of operations dominated by the electroosmotic dewatering. Controlling
the electro-assisted filtration operation of a system in this manner requires an understanding of
how the properties of the solid material, the conditions of the suspension, the filtration pressure
and the electric field combine to influence the growth of the filter cake. Experimental
measurements of the properties of the filter cake, such as its height, local solidosity and local
cohesive strength, could be very beneficial towards fulfilling this goal.

The power demand of electro-assisted filtration operations is influenced strongly by the
electrical conductivity of the system, so the main potential industrial application is therefore for
systems with a limited ionic strength. Industrial processes that include an electro-assisted
dewatering step could therefore benefit from including a measure of decreasing the ionic
strength of the system prior to dewatering: one interesting option here is washing with crossflow
filtration. It could even be possible to employ this operation as an electro-assisted washing step,
since crosstlow filtration can be more effective at lower applied voltages than dead-end electro-
assisted dewatering.

In the production of materials where contamination of the filter cake cannot be tolerated, the
electro-assisted filtration equipment must be designed in such a way that the electrolysis
products can be removed. Flushing the electrodes is a promising method, although it increases
the complexity of the filtration equipment required. Identifying a suitable equipment design for
the removal of the electrolysis products is a key step towards utilising electro-assisted filtration
not only in traditional applications, such as sludge handling and wastewater treatment, but also
in the production of materials.
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7. Nomenclature

Latin letters

90 S Q
8 a
=

QU
<

gr TSmO M Em
=

= =

Ny0
B,

Papplied

wo

O

Filter area [m’]

Cross-sectional area [m?]

Radius [m]

Cell radius [m]

Mass of solids per unit of filtrate volume [kg/m?]
Hydraulic diameter of a pore [m]

Electrode separation [m]

Average path length of radiation [m]

Electric field strength [V/m]

Electric field strength in the filter cake [V/m]
Critical electric field strength [V/m]

Electric field strength in the suspension [V/m]
Elementary charge [C]

Faraday constant [C/mol]

Height of the filter cake [m]

Current [A]

Ionic strength [mol/m’]

Permeability [m?]

Conductivity of the bulk liquid [S/m]
Conductivity of the system [S/m]

Surface conductivity [S]

Kozeny-Carman constant [-]

Boltzmann constant [J/K]

Particle permeability [m?]

Avogadro constant [mol]

Empirical parameter [-]

Electrolysis products [mol]

Number of y-detector observations [-]
Number of y-detector observations for the empty filter cell [-]
Empirical parameter [Pa]

Applied filtration pressure [Pa]

Hydrostatic pressure [Pa]

Compressive pressure [Pa]

Power [W]

Electrical resistance [Q]

Filter cake resistance [m™]
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Greek letters
a

Qavg

Qo

B

AP

AP,

Apg

¢s,0
bo

Filter medium resistance [m™']
Electrical resistance of the filter medium [Q2]
Specific surface area [m™!]

Specific external surface area [m™!]
Specific internal surface area [m™']
Temperature [K]

Time [s]

Applied voltage [V]

Open circuit voltage [V]

Superficial fluid velocity relative to the solid material [m/s]
Tonic mobility of species i [m?/sV]
Filtrate volume [m®]

Filtrate from electroosmosis [m’]
Filtrate from pressure filtration [m’]
Volume of the filter cake [m]
Superficial fluid velocity [m/s]
Average fluid velocity in a pore [m/s]
Electromigration velocity [m/s]
Electrophoretic velocity [m/s]
Electroosmotic velocity [m/s]
Superficial velocity of solids [m/s]
Distance from the filter medium [m]
Charge number of ionic species i [-]

Specific filtration resistance [m/kg]
Average specific filtration resistance [m/kg]
Empirical parameter [m/kg]

Empirical parameter [-]

Pressure drop [Pa]

Pressure drop over the filter cake [Pa]
Electroosmotic pressure [Pa]

Hydraulic pressure [Pa]

Relative dielectric constant of the fluid [-]
Permittivity of vacuum [F/m]

Zeta potential [V]

Reciprocal Debye length [m™!]

Viscosity of the fluid [Pa-s]

Attenuation coefficient of the liquid phase [m™]
Attenuation coefficient of the solid phase [m™']
Density of solid material [kg/m"]

Solidosity [-]

Solidosity of the filter cake [-]

Particle solidosity [-]

Solidosity of the suspension [-]

Initial solidosity of the suspension [-]
Empirical parameter [-]
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