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Filtration of Cellulosic Materials

The impact of ionic strength and electric field
ANNA LIDEN

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

It is crucial that dewatering technology is considered if an economically feasible production of
cellulosic materials is to be achieved. Cellulosic materials are often produced in dilute streams
and therefore require great amounts of water to be removed to allow for reasonable
transportation costs and/or further modifications. Although various types of drying techniques
are suitable for this purpose, they are rather energy intensive. One way of reducing the total
energy demand is to add an efficient mechanical dewatering step prior to the drying step:
filtration is the technique most commonly used. However, micro/nano cellulosic materials have
large surface areas, resulting in an extensive filtration resistance and thus requiring large filters.
It therefore becomes important to evaluate the impact of external factors, and ionic strength in
particular, as this is known to affect electrostatic interactions between cellulose particles and
may thereby impact the filtration behaviour. Another alternative is to use an electro-assisted
method where an electric field, applied across the filter chamber, introduces several
electrokinetic phenomena that can be beneficial to dewatering.

The work presented in this thesis examines the filtration of cellulosic material in the form of
microcrystalline cellulose (MCC) and microfibrillated cellulose (MFC). The influence of ionic
strength on the dead-end filtration of MCC was investigated by the addition of NaCl in the
range of 0-1 g/L. It was concluded that increasing the ionic strength improved the filtration
rate: the surface charges of the MCC particles were shielded which, in turn, promoted
agglomeration and reduced the total surface area subjected to the liquid flow. This confirms
the importance of electrostatic interactions between MCC particles during dead-end filtration.

The MFC was produced via 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated
oxidation and an electro-assisted filtration technique was employed to dewater the suspension.
Compared to conventional dead-end filtration, electro-assisted filtration significantly improved
the dewatering rate due to the electrokinetic phenomena it introduced. Three different levels of
electric field were used, and it was observed that the dewatering rate increased proportionally
to the strength of the electric field. In addition, molecular dynamic (MD) simulations were
performed to obtain an understanding of the dewatering mechanism on a molecular level.

Keywords: dead-end filtration, electro-assisted, ionic strength, microcrystalline cellulose,
microfibrillated cellulose
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Nomenclature and abbreviations

Greek letters

o
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AP

My
MNyo

Myl
My.s

Ps

®o

Area of filter cell [m?]

Mass of solids to volume of filtrate [kg/m?]
Average path length of y-radiation [m]
Permeability [m?]

Model parameter [-]

Solid pressure [Pa]

Hydrostatic pressure [Pa]

Model parameter [Pa]

Average resistance of filter medium [m™']
Time [s]

Superficial velocity [m/s]

Superficial velocity of the solids [m/s]
Volume of filtrate [m?]

Distance from filter medium [m]

Local filtration resistance [m/kg]

Model parameter [m/kg]

Average filtration resistance [m/kg]
Model parameter [-]

Porosity [-]

Pressure drop across the filter cake and filter
medium [Pa]

Number of counts [-]

Number of counts in empty filter cell [-]
Dynamic viscosity [Pa s]

Attenuation factor liquid phase [m™]
Attenuation factor solid phase [m™]
Density of liquid phase [kg/m?]

Density of solid phase [kg/m?]

Local solidosity [-]

Model parameter [-]
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ATR-FTIR Attenuated total reflectance-Fourier transform infrared spectroscopy
B.E.T. Brunauer-Emmet-Teller

EDL Electrolytic double layer

FBRM Focused beam reflectance measurement

High performance anion exchange chromatography with pulsed amperometry
HPAEC-PAD detection

MCC Microcrystalline cellulose

MD Molecular Dynamics

MEFC Microfibrillated cellulose

SEM Scanning electron microscopy
TEMPO 2,2,6,6-tetramethylpiperidinyl-1-oxyl






Introduction

There is a real urgency for industries based on finite resources to adapt to using renewable
resources. Valid feed stock that can replace finite resources has to be made available for this
shift to be feasible. Cellulose is an example of an outstanding candidate in this context: it is the
most abundant biopolymer on Earth and its hierarchical structure allows it to be employed in a
multitude of applications. Moreover, the infrastructure is already partly in place in the form of
pulp and paper mills.

Cellulose is found in cotton (almost pure cellulose), grass, tunicates, algae and wood; in the
latter, it constitutes 40-45% of the wooden matrix (depending on the species). Cellulose-based
products have been used for millennia; traditional applications include paper and packaging
material, viscose textiles and chemicals (such as carboxymethyl cellulose and hydroxyethyl
cellulose). The potential of cellulose does, however, reach further. In recent decades, the
intermediate structures of the cellulose fibre, known as nanocelluloses (i.e. fibrillated and
nanocrystalline celluloses) have received much attention because of their remarkable
mechanical properties, excellent capacity for surface modifications and large surface area.
Suggestions have been made, for example, for their use in applications such as nanocomposites,
hydrogels, films, barriers and aerogels. A recent Perspective by Li et al. [1] covered the
potential of fibrillated cellulose, with a very promising outlook. The authors do, however, also
acknowledge the challenges that must be overcome in making its production feasible on a
larger scale. One such obstacle that must be negotiated is the removal of water from the
suspensions.

The removal of water is, nevertheless, an essential operational step in the production of
cellulosic materials because the process streams are usually dilute: this is necessary to avoid
entanglement and too high a viscosity, for example. At the present, the techniques commonly
employed are based on drying, such as spray drying and freeze drying [2]. Unfortunately, these
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methods are energy intensive: the addition of a preceding mechanical dewatering step, which
usually requires considerably less energy, is a means of reducing the total energy demand.

The most common industrial dewatering technique employed is filtration. This method can,
however, be challenging in practice due to the extensive filtration resistance resulting from the
large specific surface area. Moreover, if the particle aspect ratio is large, the inherent
morphology enables interlocking and interactions between the fibrils, thereby affecting the
structure and compressibility of the filter cake. The challenges associated with the dewatering

and drying of nanocellulose are summarised further in a review by Sinquefield et al. [3] in
2020.

Interparticle interactions are important for filtration, and include electrostatic interactions.
Electrostatic interactions are highly influenced by the pH and ionic strength of the cellulose
suspension, e.g. agglomeration is promoted when the surface charges of the cellulose particles
are shielded efficiently, which affects the total surface area subjected to the liquid flow.
Consequently, the structure of the filter cake being formed is influenced. All this, in turn,
affects the filtration resistance.

Filtration can also be improved by the use of assisted filtration techniques, whereby additional
driving forces are introduced to enhance the filtration rate. One such technique is electro-
assisted filtration, where an electric field is introduced across the filtration chamber: this has
already been reported to improve the filtration rate of microcrystalline cellulose (MCC) [4,5]
and microfibrillated cellulose (MFC) [6]. Applying electro-assisted filtration to MCC has been
investigated thoroughly by Wetterling et al. [4,5]: it is also worth mentioning their study [7]
on the electroosmotic dewatering of cellulose nanocrystals (CNC), in which an electric field
alone was used to promote dewatering. Furthermore, only one patent [6] for the application of
electro-assisted filtration to MFC has been published thus far. Despite both MCC and MFC
being derived from cellulose, their inherent characteristics give rise to different filtration
behaviour. MCC has a short rod-like shape and a high degree of crystallinity, whereas MFC
has a higher aspect ratio, is flexible and has a great number of hydroxyl groups exposed.
Considering these disparities, it thus becomes important to study the electro-assisted filtration
of MFC further.

This thesis covers the findings of two papers on the dewatering of cellulose. The first paper
investigates the influence of ionic strength during the filtration of MCC and the second is a
study of using electro-assisted filtration as a means of improving the dewatering of MFC. The
second paper also includes molecular dynamic (MD) simulations with the aim of providing a
deeper understanding of the dewatering mechanism at a molecular level, something that has
not been reported previously.



1.1

Objectives

The main objective of this work was to explore the filtration of cellulosic materials. It can be
divided more specifically into two parts:

To investigate the influence of ionic strength on dead-end filtration of MCC

To investigate electro-assisted filtration as a means of improving the dewatering of
MFC

1.2 Outline

This thesis summarises the findings of two papers:

1.

Dewatering of microcrystalline cellulose: the influence of ionic strength

An experimental study, in which a suspension of MCC with varying concentrations of
NaCl, from 0-1 g/L, was filtered using a dead-end filtration set-up. This set-up allowed
for measurements of local solidosity and hydrostatic pressure to be made.

Electro-assisted filtration of microfibrillated cellulose: insights gained from
experimental and simulation studies

A combined experimental and simulation study. In the experimental work, a suspension
of MFC produced via 2,2,6,6-tetramethylpiperidinyl-1-oxyl (TEMPO)-mediated
oxidation was dewatered using a modified version of the dead-end filtration set-up, in
which an electric field was applied across the lower part of the filter cell. MD
simulations were performed to gain further insights into the dewatering mechanism on
a molecular scale.

The first two chapters to follow cover the theoretical background of cellulose and filtration,
respectively. The fourth chapter presents the materials and methods, whilst the results and
discussion follow in the fifth. The sixth, and final, chapter is the conclusions that are drawn
and suggestions for future work.






Cellulose - from fibre to fibril

“Cellulose is the most abundant polymer in nature...”

A large quantity of cellulose is derived from forests: depending on biological origin, cellulose
constitutes around 40-45 % of wood [8]. The majority of the remaining wooden matrix is
comprised of hemicelluloses and lignin. Wood presents a hierarchical structure (Fig. 2.1a),
spanning from the trunk (m) down to the monomeric structures (A). It is therefore important
that this hierarchical structure is studied in order to understand how cellulose, at its different
length scales, can be liberated and utilised.

The cellulose chain is formed of linear D-anhydroglucopyranose units linked together by [-
(1—>4)-glucosidic bonds. Three hydroxyl groups are located on C2, C3 and C6 on each
anhydroglucose unit, see Fig. 2.1b. It is the strong intra and inter hydrogen bonding between
the hydroxyl groups at the different anhydroglucose units that makes the cellulose chains form
sheets and provides cellulose with its stiff character.

The cellulose chains, which are extruded from cellulose-synthesizing hexametric complexes in
the plasma membrane, are stacked up as parallel sheets interacting through attractive van der
Waals forces and hydrophobic interactions to form elementary fibrils [9] with a diameter of 3-
4 nm [10]. Not all details of this process are known, and it is the subject of debate whether 18,
24 or 36 cellulose chains constitute the elementary fibril [11]. Another widely debated topic
is the development of the “twist” in the elementary fibril [12] that causes it to have both ordered
and disordered regions, where the latter are more prone to reactions.



Elementary fibrils are aggregated into so-called microfibrils* which, in turn, can aggregate to
form macrofibrils by interacting via van der Waals forces and hydrogen bonding.

Cellulose microfibrils are found in the wood cell, which is comprised of several layers: the
middle lamella (M), the primary wall (P) and the secondary layer that consists of three layers
(S1, S2 and S3). The middle lamella is rich in lignin and provides contact with the neighbouring
cell, whereas the other layers contain varying amounts of cellulose, hemicellulose and lignin
in a complex matrix. Cellulose microfibrils are found in a random pattern in the primary layer,
whereas they are located at alternating angles in the secondary layer: the microfibril angle
(MFA) is important for the flexibility of the cell wall [13].

a)

Cellulose chains Microfibrils

Secondary hydroxyl group

Figure 2.1 Overview of cellulose. a) Schematic diagram of the hierarchical structure. Cell wall model adapted
from Huang et al. [14]. b) Cellobiose unit, with hydroxyl groups encircled with dashed lines and the number of
the carbon atom given in red.

2.1 Nanocelluloses

Materials isolated from cellulose, with at least one dimension in nanoscale, are referred to as
nanocelluloses. This has been a hot research topic during the past 15 years or so, with a steadily
increasing number of publications as shown in Fig. 2.2. One reason behind this is associated
with the efforts being made to maximize the potential of sustainable raw materials such as
cellulose. Expanding knowledge of nanocelluloses makes it increasingly possible to use all
structures of cellulose efficiently and thereby ensure that none of these structures are neglected.
Nanocelluloses have been found to possess unique properties, such as a low density (around

! Although the terminology is under debate among scholars, some refer to microfibrils as elementary fibrils
whilst others claim that microfibrils consist of several elementary fibrils.
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1.6 g cm™), high aspect ratios, good mechanical properties, optical properties and a favourable
capacity for surface modifications. The different cellulose materials can, in turn, be used in a
variety of products with variable properties: mechanical, thermal, optical and rheological.

7000

6000

No. of publications
w B W
(=3 (=3 (=4
(=3 (=3 (=3
(=] (=] (=]

[3*]
[=3
[=3
(=]

1000

0

B Nanocellulose

2006 2008 2010 2012 2014 2016 2018 2020 2022

Year

Figure 2.2 Number of publications pertaining to "Nanocellulose" according to Scopus [2021-06-17, Search word=
"Nanocellulose"]. NB: The figure for 2021 is ongoing.

Nanocelluloses derived from wood include micro/nanofibrillated cellulose and nanocrystalline
cellulose, see Fig 2.3. The nomenclature for these materials is rather scattered within the
research field, with microfibrillated cellulose being referred to as MFC, nanofibrillated
cellulose as CNF or NFC and cellulose nanocrystals as CNC or NCC. Although the former
terms refer to fibrillated material, it is difficult to distinguish between the two terms [15]. Many
scholars claim the distinction is related to the degree of fibrillation: NFC is fibrillated into
elementary fibrils, whereas MFC is not as heavily fibrillated [16]. The present work employs
this same distinction between fibrillated materials, and the abbreviations used are therefore
MFC, NFC and CNC.

Mechanical treatment
+ pretreatment

Acid hydrolysis

AN

MFC/NFC CNC

Figure 2.3 Simplified flow chart illustrating the two methods used for producing MFC/NFC and CNC.



2.1.1 Fibrillated material

Microfibrils and elementary fibrils may be isolated from the cellulose fibre to obtain MFC and
NFC. The liberation of the cellulose fibrils is achieved by mechanical methods, e.g. high-
pressure homogenisers, microfluidizers and cryo-crushing. Such mechanical liberation is
energy intensive and various pre-treatments are therefore used as a means of reducing the
energy demand: chemical [17-19] and/or enzymatical [20].

Fibrillated materials are flexible and have a large aspect ratio with a large number of hydroxyl
groups exposed. These characteristics contribute to an excellent mechanical strength (tensile
strength of 4.9-7.5 GPa is reported [1]): the hydroxyl groups enable formation of intra- and
intermolecular hydrogen bonds and the fibrils may entangle thereby toughening the material.
However, the entanglement of the fibrils may also be disadvantageous as it may cause clogging
during the mechanical disintegration in the high-pressure homogeniser.

The tale of MFC began in the 1980s following the discoveries made by Turbak et al. [21] and
Herrick et al. [22]. They used high-pressure homogenisers to liberate the cellulose fibrils,
thereby obtaining the first samples of MFC. However, the energy demand of the liberation
process was extensive, and the process suffered from severe clogging issues [23]. Despite
continued research on the new fibrillated material during the late 1980s, e.g. by Wagberg et al.
[24] and Lindstrom and Winter [25], interest from industry was lacking.

New approaches that were taken to make the liberation process more energy efficient
nonetheless revived interest in MFC in the beginning of the 21™ century; in particular the work
by Saito and Isogai [19]. They introduced repelling forces through conversion of the primary
hydroxyls on the cellulose surface into carboxylate groups, via TEMPO-mediated oxidation,
as a means of facilitating the separation of fibrils.

Figure 2.4 presents the reaction scheme of the TEMPO-mediated oxidation of cellulose using
a TEMPO/NaBr/NaClO reactant mixture, where TEMPO has the role of the catalyst, bromide
is the co-catalyst and sodium hypochlorite is the primary oxidant. TEMPO, in its radical form,
is highly reactive and easily oxidised to a nitrosonium cation by the primary oxidant. The
nitrosonium ion reacts with the primary alcohol on the cellulose surfaces and converts them
into aldehydes, which are oxidised further into carboxylate groups. The kinetics are highly
dependent on the pH: an alkaline pH of around 10-11 has been reported as being optimal for
converting the primary hydroxyl group [10]. Sodium hydroxide must be added to maintain the
desired pH, since hydrogen ions are formed during the reaction.



I CH,OH
(0]
L
TEMPO 3 m
% NaClOl
OH
NaCIO~_ NaBr 7‘:§ j(
ke | CHO
\‘ O
| o§_)
I’I
S OH

NaCl* NaBrO NaBrO

NaCIlO
N

OH COOH COONa
NaOH
atpH 10
o) ——»0
OH OH

Figure 2.4 Reaction scheme of TEMPO-mediated oxidation. Reproduced from Isogai et al. [26] with permission
from the Royal Society of Chemistry.

2.1.2  Crystalline material

CNCs, in contrast to fibrillated cellulose, are produced by breaking the glucosidic bonds
between the less ordered parts of the cellulose microfibrils, thereby resulting in stiff rod-like
fractions. Such disintegration is achieved through hydrolysis with a mineral acid, which is
usually sulphuric acid although other acids can also be used. Following acid hydrolysis, the
suspension is diluted, and any remaining impurities are removed through centrifugation and

dialysis. Finally, the cellulose nanocrystals are dispersed into a stable suspension via sonication
[23].

It should also be mentioned that a milder acid hydrolysis of cellulose-rich material results in
the production of MCC in which some amorphous parts remain. After hydrolysis, the material
is neutralized and dried, commonly via a spray drying technique [27]. Avicel® is a well-known
example of MCC and is used in a variety of products ranging from toothpaste and
pharmaceuticals to cosmetics.
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Filtration

“Reaction engineering tells whether the process is possible or not:
the separation whether the process is profitable or not.”

-Prof. Ann-Sofi Jénsson
(Avancell 2019)

Filtration is a mechanical separation technique, commonly applied in solid-liquid separation.
It is used in a wide range of applications, from brewing coffee to dewatering sludge and
concentrating product streams. The filtration operation can, if needed, be followed by thermal
drying to further increase the dry content of the solid material. The cost of mechanical
dewatering is usually lower than that of thermal dewatering, so it is of the essence that the
former unit operation is as efficient as possible.

Conventional filtration (i.e. pressure driven) is, however, not always the most suitable option.
This is true, for instance, when handling suspensions in which particles of high specific surface
area are subjected to flow: in these cases, assisted filtration techniques are suggested. One such
technique is electro-assisted filtration, where an electric field is applied across the filtration
chamber. The application of an electric field introduces additional driving forces, such as the
electroosmotic flow of water and the electrophoretic movement of particles, which promote
dewatering and thereby modify the structure of the filter cake being formed.
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3.1 Theory of dead-end filtration

Dead-end filtration, also known as cake filtration, is a filtration method alongside depth
filtration and crossflow filtration. In dead-end filtration, the separating agent (i.e. the filter
medium) allows the liquid in a suspension to pass through but not the particles as a result of
the pressure difference between the side of the filtrate and that of the suspension: this is the
driving force. Consequently, a filter cake is built up as the liquid is removed from the
suspension.

The flowing liquid acts on the particles in the filter cake formed through skin friction, thereby
causing drag forces to be exerted. These stresses are accumulated via point connections through
the filter cake towards the filter medium, and is referred to as solid pressure, Ps(x,t). The
hydrostatic pressure therefore decreases during filtration at a given position in the filter cake
as it grows.

A local force balance across a thin section of the filter cake gives the following relationship
between the hydrostatic and solid pressures:

—dP, = dF; (3.1)
Given Eq. 3.1, the following can be used if gravitational forces are neglected:
Pcake (t) = Pl (X, t) + Ps(x' t) (32)

where / and s refer to the hydrostatic and solid pressure, respectively. In Eq. 3.2, it is important
to note that whilst P.u. varies with time, the hydrostatic and solid pressures vary with time and
position [28]. However, in the case of constant applied pressure and negligible pressure drop
across the filter medium, the latter is independent of time.

The flow of liquid through the filter cake can be seen as flow through a porous medium. Many
important discoveries on flow through porous medium were realised during the 19" century by
Darcy in his work on the fountains of Dijon [29]. Although Darcy himself did not include
viscosity in the original expression, the equation presented in Eq. 3.3 is often referred to as
Darcy’s law. The differential form of Darcy’s law is expressed as:

_Kak

v=—2 (3.3)

where v is the superficial flow velocity, K is the permeability of the bed, u is the dynamic
viscosity and dP/dz is the hydrostatic pressure gradient.

The relation between the permeability of the bed and the average filtration resistance is defined
according to Eq. 3.4 thus:

1
apsy

K =

(3.4)

where a is the specific filtration resistance, p; is the solid density and ¢ is the solidosity, which
is the volume of solids in relation to the total volume.

If Eq. 3.4 is combined with Eq. 3.3, the expression of the velocity is altered and the resulting
expression is as presented in Eq. 3.5:
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1 dP
v=————1t (3.5)
papse dz

It is actually rather inconvenient to include the height of the filter cake, as this may be difficult
to measure in industrial filters, and it is therefore more common to use the surface weight of
the cake, w, expressed as kg solid material/m? The expression of the surface weight of a thin
slice of the filter cake is expressed in Eq. 3.6 as:

dw = @p.dz (3.6)

Combining Eqgs. 3.5 and 3.6 gives, after a little rearrangement, Eq. 3.7:

— < = pudw (3.7)

3.1.1 Average filtration resistance

An important parameter in dead-end filtration is the average filtration resistance, which can be
calculated from the equation once proposed by Ruth ez al. [30]. He used an analogy to electrical
resistances in series to describe the flow through a filter cake and a filter medium, respectively.
The total pressure drop, 4P, expressed according to Eq. 3.8, is equal to the pressure drop across
the filter cake, Pcake, and over the filter medium, Puedium (Eq. 3.9). The pressure drop across the
filter cake is obtained by integrating Eq. 3.7 across the filter cake and is expressed in Eq. 3.10
thus:

AP = Pcake + Pmedium (38)
Pmedium = v.uRm (39)
Pcake = VUAXgyWeake (310)

where a,, is the average specific filtration resistance and R, is the resistance of the filter
medium.

Finally, the differential form of the classical filtration equation [30] (Eq. 3.11) is obtained by

/ . . _ 1av
replacing weake With cV/4 and expressing the velocity as: v = ——

dt _ pcagy URm 3.11
av AZAP AAP G.11)

where ¢ is the mass of solids per unit of filtrate volume, A4 is the area of the filter cell and V' is
the filtrate volume obtained at time t.

Plotting dt/dV versus V yields a linear plot, given constant applied pressure, from which oay
can be calculated from the slope of the line and Ry, from its intercept. The integrated form of
Eq. 3.11 can also be used, but the differential form is preferred as it uses instant values.

The classical filtration equation presented in Eq. 3.11 is developed using the following
assumptions, thereby restricting its use to incompressible filter cakes or filter cakes with limited
compressibility:
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The velocity of the solid is zero

The solidosity is constant throughout the cake

No blinding effects of the filter medium occur

The filtrate is only liquid, i.e. all particles are retained on the membrane side

3.1.2  Compressive cakes — the importance of local properties

In reality, however, the structure of most filter cakes (and thus its properties) varies throughout,
so the cake is not incompressible: the solid structure will, instead, collapse as a consequence
of the solid pressure increasing in the direction towards the membrane. The cake is therefore
regarded as being compressible, which means that its properties vary across the structure, e.g.
the velocity of flowing liquid increases as the pores become reduced in size towards the
membrane.

The compressible structure of filter cakes makes it important to study their local properties,
such as local solidosity, local hydrostatic pressure and local filtration resistance.

3.1.2.1 Solidosity
Solidosity, ¢, is defined as the volume of solids in relation to the total volume and is related to
porosity, €, according to Equation 3.12.

p=1-¢ (3.12)

The solidosity of a filter cake can be determined by several methods: cake dissection [31],
nuclear magnetic resonance [32], conductivity measurements [33] and y-ray attenuation [34].
The latter is a non-invasive method that allows the solidosity to be calculated using Beer-
Lambert’s law for two phases, as given in Eq. 3.13.

_l":TyO = Wyady + (Hys = W)@ (3.13)

where 7, is the number of counts recorded per time, 1nyo is the number of counts for the empty
filter cell, u, is the attenuation factor (/ and s equal liquid and solid, respectively), d, is the
average path length of the radiation and ¢ is the solidosity.

3.1.2.2 Local filtration resistance

In the case of compressible cakes, the modified Darcy’s equation developed by Shirato et al.
[35], and presented in Eq. 3.14, may be used to express the flow through the filter cake in one
dimension when the solid particles are not considered to be stationary. Combining Egs. 3.14
and 3.4 allows the local filtration resistance to be determined.

1-¢ K dP;

V= Tvsolid = (314)

_,udz

In practice, however, the velocity of particles is considered as being much less than that of the
flowing liquid and thus vseia is approximated as zero.

3.1.3 Semi-empirical relations

There are several models for evaluating the compressibility of a filter cake, although they
usually lack physical bearing and are merely empirical. Tiller and Leu [36] suggested the use
of semi-empirical relations when studying the relation between the solid pressure (Eq. 3.15)
and the solidosity and local filtration resistance (Eq. 3.16).
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0i =00 (1+ i—o)ﬁ (3.15)
o = a1+ f)’—o)n (3.16)

poand ap may be interpreted as the solidosity and local filtration resistance at zero compressible
pressure, respectively. Py f and n are mere empirical parameters, where the two latter are
related to the compressibility of the specific material. The five parameters may be determined
by simultaneous fitting of local experimental data.

The parameters in the semi-empirical relations mentioned above may be used to evaluate the
degree of compressibility. In his doctoral thesis, Leu [37] suggested a categorisation of n, 3

and ¢, as reported in Table 3.1.

Table 3.1 Categorization of the model parameters in Egs. 3.15 and 3.16 according to Leu [37]

Low compressibility | Medium compressibility | High compressibility
ao [m/kg] | 10° 10'° 10!
0o [-] 0.30 0.20 0.10
B[-] 0.05 0.15 0.30
n[-] 0.20 0.60 1.20

The average filtration resistance can be calculated from the semi-empirical correlations. The
definition of the average filtration resistance, shown in Eq. 3.17, should be revisited in order
to achieve the expression being sought.

1 _ 1 Pcake dPs

Xay Pcake ~ 0 a

(3.17)

Finally, the average filtration resistance (Eq. 3.18) can be calculated using local filtration data
by combining Eq. 3.16 with the definition of the average filtration resistance, i.e. Eq. 3.17
thus:

_ Prake
(1-m)~5

(3.18)

3.1.4 The influence of ionic strength
The interparticle interactions that occur during filtration can be altered, which may influence
the filtration process: these include repulsive electrostatic interactions, attractive van der Waals
forces, friction and interlocking of particles. The focus in this thesis is on the former, i.e. the
influence of electrostatic interactions.

Electrostatic interactions can be changed by, for example, adjusting the pH of the suspension,
as in a study on the dead-end filtration of MCC carried out by Mattsson et al. [38]. They
concluded that lowering the pH caused protonation of the carboxylic acid groups originating
from the chemical isolation process [39], which reduced the magnitude of the electrostatic
interactions between the MCC particles and thus promoted agglomeration. This, in turn,
resulted in a decreased filtration resistance, since the surface area of the MCC subjected to the
liquid flow decreased.
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Another way of altering electrostatic interactions is to vary the ionic strength of the solution.
The consequence of adding ions requires the electrolytical double layer (EDL) theory to be
explained. The EDL theory is well known: a particle in a polar medium is attributed with a
surface charge due to mechanisms that include ionisation and adsorption. A particle that carries
a surface charge will be surrounded by a double layer of counterions, referred to as EDL. Figure
3.1 shows the EDL model and is comprised of two layers: stern and diffusive. The former
represents a compact region of immobile counterions closest to the charged surface of the
particle whereas the latter contains mobile ions, with varying charge densities from the surface.

g + Cation

Anion

+! +

Stern layer Diffusive layer
Figure 3.1 The EDL theory shown schematically. Grey rectangle: a particle with negative surface charge.

The diffuse layer needs to be smaller in volume upon the addition of counterions because its
concentration of counterions increases, and the EDL is then said to be compressed.
Consequently, the repulsive electrostatic forces between the particles become less dominant at
a certain distance from the particle surface and the surface charges are shielded more
efficiently. If the reduction of the electrostatic interactions is sufficiently large, the attractive
van der Waals forces become predominant, and the particles start to agglomerate. When this
happens, the specific surface area subjected to the liquid flow will be altered and thereby affect
the filtration.

The effect that ionic strength has on filtration has been studied in a number of publications
[40—45]. Although different materials have been investigated, an increase in the rate of
dewatering upon the addition of ions has been reported in several publications. For example,
Sim et al. [44] reported that the dewatering of a suspension of nanofibrillated cellulose
increased with increasing concentration of NaCl, and Ruth ef al. [45] made similar observations
when adding 0.5 M NaCl to a Filter-Cel suspension.

3.2 Theory of electro-assisted filtration

Electro-assisted filtration has been used to improve the dewatering of various hard-to-dewater
materials such as sludge [46,47], clay [48,49] and biopolymers [50,51] by introducing
additional driving forces through the application of an electric field. Several electrokinetic
phenomena occur when an electric field is applied across the filter chamber, some of which
are beneficial for dewatering whilst others are not. These phenomena include electrophoresis,
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electroosmosis, ion migration, ohmic heating and electrolysis [52], the first three of which are
explained further for the dead-end filtration set-up shown in Fig. 3.2.

The phenomena are explained for a particle carrying a negative surface charge, as this is what
cellulose particles carry at standard conditions due to deprotonation of the acidic groups
originating from the pulping process [39]. In addition, surface modifications that are used to
aid mechanical disintegration commonly introduce negative surface charges on the surface of
the cellulose.

4 :
1 : pH
-y b E :
AR 4 &P eeedlee..
NI
I ¢ ,
pH

Figure 3.2. Schematic diagram of the electrokinetic phenomena that occur when an electrical field is applied in a
suspension with particles carrying a negative surface charge (white circles). Turquoise dots: cations. Pink dots:
anions. a) electrophoretic movement, b.) electroosmotic flow, c.) ion migration.

3.2.1 Electrophoresis

Electrophoresis, presented in Fig. 3.2a, is defined as the relative movement of negatively
charged particles in a solution towards the anode. When the cathode is placed beneath the filter
medium, the electrophoretic movement may counteract the build-up of a filter cake if it
surpasses the drag force on the particle: this reduces the filtration resistance, and can hence be
considered as being beneficial to dewatering [53]. The electrophoretic movement continues
until the particle encounters a hindrance, for example by being restricted by a filter cake or
encountering an electrode.

3.2.2 Electroosmosis

Upon the application of an electric field, the layer of cations surrounding the negatively charged
particles (see Ch. 3.1.4 The influence of ionic strength) is transported towards the cathode
along with the bulk water: this is known as electroosmosis and is presented in Fig. 3.2b. The
Helmholtz-Smoluchowski Equation (Eq. 3.19) is often used to express the electroosmotic
flow of a liquid [54]:

v _ £g¢
= (3.19)

where v is the electroosmotic velocity, E is the strength of the applied electric field, ¢ is the
relative dielectric constant of the fluid, €y is the permittivity of vacuum, ( is the zeta potential
and 7 is the dynamic viscosity of the dispersion medium.
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3.2.3 Jon migration

Ion migration is the transport of ions towards the oppositely charged electrode, see Fig 3.2c.
Ionic products formed in the electrolysis reactions (see Ch. 3.2.4 Electrolytic reactions) may
migrate to the filter cake through ion migration [55].

3.2.4 Electrolytic reactions
Electrolysis reactions, in which water is decomposed, take place at the respective electrode,
thus [56]:

Anode: 2H,0 (1) » 4H* + 0, (g) + 4e~
M™ +ne- - M

Cathode: 2H,0 (1) + 2e~ - 20H™ + H, (g)
M - M™ + ne~

where M is the material of the electrode and M"" its cation.

The decomposition of water results in the formation of a pH gradient between the electrodes,
as hydrogen ions are formed at the anode and hydroxide ions at the cathode. This causes a
reduction in the pH at the anode side and an increase in the pH at the cathode side, as indicated
in Fig. 3.2. A change in pH may influence the dewatering process as it could alter the zeta
potential of the particles in the suspension, thereby affecting the electrokinetic phenomena [57]
or promoting particle aggregation [58]. In addition, a non-conducting gas may be created via
electrolysis reactions at the electrodes, potentially causing an electrical resistance [59].

3.2.5 Ohmic heating
The passage of a current through the system causes ohmic heating (Eq. 3.20) thus:

Q = IR (3.20)

where Q is ohmic heating, / is the current (A) and R is the electrical resistance of the system
(ohm).

The temperature between the electrodes increases as a consequence; this, in turn, decreases the

viscosity of the liquid and filtration is thereby aided. Overheating can, however, lead to the
destruction of e.g. the electrodes and filter medium and thus have a negative effect [60].
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Materials & Methods

This chapter will describe the materials and methods used in the two papers included.

4.1 Materials

Microcrystalline cellulose (Avicel® PH-105) supplied by DuPont Nutrition was the model
material used. According to the manufacturer, it had an average nominal particle size of 19 um,
which was determined by a method based on laser diffraction. The concentration of NaCl in
the suspension was adjusted using 2 M NaCl (VWR GPR Rectapur).

MFC was produced by the TEMPO-oxidation of a dissolving pulp sourced from a
Scandinavian pulp mill. The material is referred hereafter as TEMPO-MFC. The chemicals
used were NaClO (10-15% available chlorine) from VWR, TEMPO (98%) and NaBr
(>99.5%), both from Sigma Aldrich. In addition, NaOH (Sigma Aldrich) was used to regulate
the pH during oxidation.

4.2 Preparation of the suspensions

4.2.1 MCC — the influence of ionic strength

A sample of MCC was suspended in 2 L of deionized water to a concentration of 10% by
volume before being treated mechanically with an IKA Ultra-Turrax® T50 with a dispersing
element (S50 N-G45F). It was then diluted further to a concentration of 5% by volume and
stirred continuously overnight. The ionic strength of the suspension was varied by adding a
calculated amount of 2 M NaCl to 1 L of MCC suspension under simultaneous stirring 1 h
prior to the filtration experiment. The ionic concentrations used were 0.0, 0.10, 0.15, 0.20, 0.50
and 1.0 g/L NaCl, respectively.
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4.2.2  Production of TEMPO-MFC

NaBr (1 mmol/g pulp) and catalytic amounts of TEMPO (0.1 mmol/g pulp) were added to a
suspension containing 40 g (dry basis) of dissolving pulp and deionised water in a baffled
vessel under constant stirring with a four-pitch blade impeller. The reaction was initialised by
the dropwise addition of NaClO, carried out at a pulp concentration of 1 wt.% and at ambient
temperature. A pH of 10.1 + 0.1 was maintained throughout the reaction by the addition of 0.5
M NaOH; it was quenched using 200 ml 99 % EtOH after 70 minutes had lapsed.

The oxidised fibres were separated by vacuum filtration. Smaller fibre fragments were retained
by recirculation of the first volume of filtrate. The oxidised fibres were washed repeatedly with
deionised water and the resulting conductivity of the filtrate was <20 uS/cm. The oxidised pulp
was stored in plastic bags at 4 °C until required for further treatment and analysis.

TEMPO-MFC was produced by treating a 1 wt.% suspension of the oxidised pulp
mechanically, using an IKA Ultra-Turrax® T50 with a dispersing element (S50 N-G45F)
operating at 10 000 rpm for 4 min/g TEMPO-oxidised pulp. A solids content of 1 wt.% was
used to limit the viscosity.

4.3 Characterisation

Thorough characterisation of the cellulose material is important because of the inherent
differences of the raw material and the methods used for their production. The characterisation
methods employed in the two papers are summarized in Table 4.1 below.

Table 4.1 Summary of the different characterisation methods employed on the cellulose material in the two papers.

MCC Dissolving pulp TEMPO- TEMPO-MFC
oxidised pulp

Compositional Compositional

analysis analysis
Conductometric Conductometric
titration titration
ATR-FTIR ATR-FTIR

Zeta potential Zeta potential

Focused Beam
Reflectance
Measurement
(FBRM)

Density
B.E.T. surface area B.E.T. surface area

SEM (Morphology) SEM (Morphology)
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4.3.1 Compositional analysis

A method based on the work of Theander and Westerlund [60] was utilised to determine the
composition of the raw materials in terms of monosugars and lignin. In brief, the raw material
is disintegrated into a solution of monosugars and acid soluble lignin (ASL) through acid
hydrolysis with sulphuric acid. Not all the lignin is solubilised in this process: some remains in
the form of a precipitate, and is referred to as Klason lignin (KL).

The monosugars were quantified using a high performance anion exchange chromatography
with pulsed amperometry detection (HPAEC-PAD) system (Dionex ICS-5000 equipped with
CarboPac PA1 columns), with fucose as an internal standard. The eluents used were
NaOH/NaAc (aq.) and NaOH (aq.). The ASL was quantified by measuring the absorbance with
UV at 205 nm (Specord 205, AnalytikJena) using an absorptivity constant of 110 dm3g-'cm™!,
whereas the amount of KL was determined gravimetrically.

4.3.2 Carboxylate content
Qualitative and quantitative measurements of the carboxylate content were performed by ATR-
FTIR and conductometric titration, respectively.

The sample of pulp, which had been dried at 60 °C for at least 24 h to remove any moisture,
was placed on top of an Attenuated Total Reflectance (ATR) crystal and clamped in place to
ensure that an even pressure was applied. The infrared spectrum was recorded in transmittance
mode, with a resolution of 4 cm! recording from a wavenumber of 400 to 5000 ¢cm™!, using a
PerkinElmer Frontier.

The method of conductometric titration employed for the TEMPO-MFC is based on the work
by Mautner et al. [61]. A sample of 0.15 g (dry weight) TEMPO-MFC was diluted to 60 ml
with deionised water and 5 ml of 10 mM NacCl solution. It was then left to stabilise before the
pH was adjusted to 2.5-3 using 0.1 M HCI. Titration with 40 mM NaOH at a dosing rate of 0.1
ml/min was carried out, with subsequent monitoring of the conductivity performed using a
digital conductivity meter (model CO 301, VWR). Nitrogen was bubbled through the system
throughout the titration process to limit the influence of CO». The carboxylate was calculated
according to Eq. 4.1 thus:

— (Ul_VO)CNaOH (4 1)

m

n

where 7 is the carboxylate content (mmol/g TEMPO-MFC), v, and v, are the volumes of NaOH
(mL) at the intersection points between the plateau and the linear regions and is determined
graphically, cx.on 1s the concentration of NaOH (mmol/mL) and m is the mass of TEMPO-MFC
(g). Titration was performed in duplicate.

The carboxylate content of the unoxidised pulp was determined using the SCAN-CM 65:02
protocol. Approximately 1 g of pulp (dry basis) was washed with 0.01 M HCI until a
conductivity of below 5 uS/cm was obtained. 5 ml of 0.1 M HCl and 10 ml 0.01 M NaCl was
added to the washed fibres in a total volume of 500 ml. The suspension was then titrated with
0.05 M NaOH. The carboxylate content was calculated from Eq. 4.1, in which m is changed to
equal the mass of pulp, so n equals mmol/g pulp.
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4.3.3 Zeta potential

The zeta potential of 5 vol.% MCC suspensions with a concentration of 0.06-1 g/L NaCl was
measured using DelsaMax PRO (Beckman Coulter). Furthermore, the zeta potential of the
polyethersulphonate (PES) membrane was measured using an Anton Paar SurPASS streaming
potential analyser for planar geometry.

The zeta potential of the TEMPO-MFC was measured using a Zetasizer Nano ZS (Malvern
Instruments); a 0.05 wt.% solution with a background concentration adjusted to 5 mM NaCl
was used to ensure a finite double layer thickness around the fibrils [62].

4.3.4 Focused beam reflectance measurement (FBRM®)

The way in which the agglomerate/particle size of the MCC varied under the influence of
increasing concentration of NaCl was studied using FBRM® (Mettler Toledo). This involves
passing a focused beam of laser light through a sapphire window located at the end of the
FBRM probe. The laser light scans in a circular path and, when it scans across a particle, the
back-scattered light is directed back to the probe. Using the time required for the laser beam to
cross through the particle, along with the scanning rate of the laser beam, allows the
particle/agglomerate chord length (reported as #/s in the iC FBRM software) to be calculated
which, in turn, can be related to the particle size.

4.3.5 Density

The solid density of the MCC was ascertained by a gas pycnometer (AccuPyc II 1345,
Micromeritics®), using helium as the displacement gas. This method is non-destructive: the
solid density of the material is determined from knowledge of the mass of the sample and its
volume, which is obtained through a method based on gas displacement.

4.3.6 Surface area

Nitrogen adsorption at 77 K, using the Brunauer—Emmett—Teller (B.E.T.) method, was used to
evaluate the specific surface area. MCC and TEMPO-MFC were both subjected to a solvent
exchange procedure in order to preserve the water-swollen state. In the method used, adapted
from Wang et al. [63], water is first replaced by acetone and followed by displacement
washing. This is repeated 5 times, whereafter the same procedure is repeated with cyclohexane.
The material is then dried in a nitrogen atmosphere overnight.

4.3.7 Morphology

Scanning Electron Microscopy (SEM) using FEI Quanta200 ESEM was used to investigate the
morphology of the MCC (after undergoing the aforementioned solvent-exchange, see Ch. 4.3.5
Surface area) and the TEMPO-MFC (a droplet of 0.005 wt.% TEMPO-MFC was allowed to
air-dry overnight on top of a polished SEM stub). A low voltage was used (3 kV) to prevent
the samples from burning.

4.4 Filtration Equipment

4.4.1 Dead-end filtration

The filtration set-up was a pneumatically-driven piston press (Fig. 4.1) capable of handling
pressures up to 60 bar.

The filter cell has an inner diameter of 0.06 m and a total height of 0.175 m; the lower part,

which is made of Plexiglas (h=0.115 m), is placed upon a perforated bottom plate. The pressure
capillaries are mounted through the bottom plate and have circular holes of 0.6 mm located
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perpendicular to the flow at a distance from the bottom plate of 0.5, 1, 2, 3,5, 7, 9 and 12 mm,
respectively. The pressure capillaries have conical tops to minimise disturbance to the flow.
Prior to the filtration experiments, the capillaries are flushed thoroughly with degassed water
to remove air, which would cause entrapment of the suspension and thereby provide inaccurate
measurements. The pressure capillaries are connected to pressure transducers (Kristal
Instrument AG, accuracy of 10 kPa) and the absolute hydrostatic pressure is recorded in
LabVIEW™ (Software Version 15.0, National Instruments) every other second. LabVIEW is
also used to record the position of the piston and the mass of the filtrate using a balance (Mettler
Toledo SB 32000) with an accuracy of 0.5 g.

A y-emitting 2*! Am source of 10° Bq was the origin of the radiation used for the solidosity
measurements. The attenuation of the y-radiation in a 1 mm thick slice of filter cake was
measured using a Nal(Tl) scintillator (Crismatec™ , ORTEC DigiBASE) and recorded in
MAESTRO ®-32 (Software Version 6.0, ORTEC). The source of radiation and the scintillator
are mounted on a movable rack. The number of counts for the empty filter cell was measured
for 10 min. The recording time was set to 30 s for the filtration of suspensions with additions
of NaCl due to the short filtration time needed; the time was increased to 3 min for the
suspension without the addition of ions. The absolute deviation of the solidosity was estimated
as being +0.02-0.05, with the error between individual measurements being lower than 0.03.

____________

7 0.00g

Figure 4.1 Schematic diagram of the filtration unit. 1: Piston press with its position recorded. 2: Plexiglas filter
cell, with 8 pressure capillaries located at different heights. 3: 2*! Am source of 10° Bq. 4: Nal(TI) scintillator. 5:
Pressure transducers. 6: Data acquisition unit. 7: Balance.

4.4.2 Electro-assisted filtration

The filtration set-up was modified [5] to allow for electro-assisted filtration, see Fig. 4.2. The
metallic bottom plate and piston head are replaced by plastic materials. A supporting rack is
added to the lower part of the filter cell (height of 0.03 m), thereby reducing the internal
diameter to 0.05 m. Four pressure capillaries of perfluoroalkoxy alkene (PFA) are mounted
through the bottom plate; these have circular holes of 0.6 mm located perpendicular to the flow
at a distance from the filter medium of 2, 4, 6 and 8 mm, respectively.

Two electrodes, separated at a constant distance of 0.025 m, are connected to a DC power
supply (EA-PSI 5299-02 A, Elektro-Automatik). The bottom electrode is comprised of a
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platinum mesh (Unimesh 300) placed on the bottom plate, beneath the support filter and the
filter medium; the upper electrode is comprised of a mesh (1x1 cm) of platinum wire of
diameter 0.25 mm and is placed on the supporting rack inside the filter cell.

The temperature in the filter cell is measured by two PFA-coated K-type thermocouples placed
at a distance of 5 and 30 mm, respectively, from the filter medium.

H, 3

Figure 4.2. Schematic diagram of the filtration unit. 1: Piston press with its position recorded. 2: Plexiglas filter
cell, with 4 pressure capillaries located at different heights. 3: Close up of anode mesh. 4: Thermocouples. 5:
Power supply, current, voltage and power supply recorded. 6: Pressure transducers. 7: Balance. 8: Data acquisition
unit.

4.5 Experimental conditions

4.5.1 Dead-end filtration of MCC

All experiments were performed at ambient temperature (i.e. 22 °C) and with an applied
filtration pressure of 3 bar. The filter medium used was a hydrophilic PES filter (Supor®, PALL
Corps.) with a nominal pore size of 0.45 um, according to the supplier. Grade 5 filter paper
from Munktell Ahlstrom was used as an underlying support in addition to the PES filter
medium.

4.5.2 Electro-assisted filtration of TEMPO-MFC

The electro-assisted filtration experiments were run at constant voltage, examining three levels:
6, 12 and 24 V/cm. The applied pressure was kept constant at 3 bar. In addition, dead-end
filtration experiments were performed where no electric field was applied, as well as electro-
osmotic dewatering where only an electric field of 24 V/cm was applied.

The filter medium used was a hydrophilic PES filter (Supor®, PALL Corporations) with a

nominal pore size of 0.1 um, according to the supplier. Grade 5 filter paper from Munktell
Ahlstrom was used as an underlying support.
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Results & Discussions

This chapter presents the main findings of the two papers appended in this thesis.

5.1 Dewatering MCC: The influence of ionic strength

Cellulose and ions interact in varying ways whilst cellulose-based products are being
processed. It is a well-established fact that ionic strength plays an important role in controlling
electrostatic interactions between the particles in the suspension, although the full extent of its
effect on dead-end filtration of cellulose remains unknown. Thus, one aim of the present work
was to investigate this using MCC as a model material for cellulose and NaCl to alter the ionic
strength.

5.1.1 Characterisation of MCC

The SEM micrograph shown in Fig. 5.1 reveals aggregated structures of water-swollen MCC,
of which most are somewhat cylindrical in shape. The particle size of the MCC was determined
by laser diffraction, from which it was observed that 50 vol.% of the particles had an estimated
particle diameter < 20.5 + 0.9 pm. A specific surface area of 39 = 2 m?/g was obtained using
nitrogen adsorption and the B.E.T. method; the particle size distribution and surface area are
tabulated in Table 5.1. The carbohydrate composition of the MCC in question was 97%
glucose, 1% mannose and 2% xylose, and its solid density was 1560 kg/m?.
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Figure 5.1 SEM micrograph of mechanically-treated MCC after the solvent-exchange procedure.

Table 5.1. Summary of particle size distribution in the mechanically treated plain suspension determined by laser
diffraction and specific surface area measured by the B.E.T. method. The subscripts 10, 50 and 90 indicate that x
vol.% of the particles are smaller than the value stated.

Dio [um] Dso [um] Doo [um] Aper. [m*/g]
8+04 20.5+0.9 457 +£3 3942

To evaluate the influence of the ionic strength on the MCC suspension, the zeta potential (Fig.
5.2a) as well as particle/agglomerate size were determined. The absolute value of the zeta
potential was observed to decrease with an increasing concentration of ionic strength: from
34.6 t0 2.9 mV when 0.2 g/L NaCl was added. At ionic concentrations higher than 0.2 g/L, the
effect was rather modest. A lower absolute value of the zeta potential indicates that the surface

charges become more shielded as a consequence of the added ions, which can be explained by
the EDL theory.

The findings from the zeta potential measurements agree with the results from the FBRM
analysis (Fig. 5.2b); increasing the ionic strength led to an increased number of counts at a
higher chord length, indicating the formation of MCC agglomerates. However, between 0.5-1
g/L NaCl, no significant difference can be observed, which is in line with the reported zeta
potentials.
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Figure 5.2 A.) Zeta potential vs. concentration of NaCl. B.) Counts (#/s) vs. chord length at varying concentrations
of NaCl.
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5.1.2 Dead-end filtration

Fig. 5.3 presents the filtrate volume obtained versus time for varying concentrations of NaCl.
As can be seen, it is clear that increasing the ionic concentration causes an increased filtration
rate. The reason behind the increased filtration rate when NaCl is added may be related to the
agglomeration of MCC: upon agglomeration, the total surface area of the particles subjected to
the liquid flow is reduced, there is less skin friction and the filtration resistance is thereby
reduced. Once again, a minor difference is noticed between the two highest concentrations of
NaCl: this could be partially explained by the FBRM results, which indicate that the
particle/agglomerate size does not vary much between these two concentrations.

[g/L NaCl]
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Figure 5.3 Filtrate volume vs. time at varying concentrations of NaCl.

A very low filtration rate was observed for the MCC suspension devoid of ions. This was
associated with the probable formation of a highly resistant skin, as reported previously by
Mattsson et al. [65], which may be related to particle-particle or particle-membrane
interactions. The MCC particles in the suspension devoid of ions are hindered from forming
agglomerates due to their negative surface charges (cf. zeta potential), so the initial layers of
MCC particles deposited on the membrane may be densely compacted. Clogging of the filter
medium, either internally or by various degrees of surface blocking, can also occur. However,
the nominal pore size of the membrane is 0.45 um, which is considerably smaller than the
MCC particles and makes internal blocking unlikely. Nevertheless, the possibility of
interactions occurring between the MCC particles and the filter medium is not rejected: partial
surface blocking may have been the root cause of the formation of a skin.

Compressibility was evaluated by fitting the local data to the semi-empirical relations presented
in Egs. 3.15 and 3.16, see Fig 5.4 and Table 5.2. It is suggested, after classifying the model
parameters according to the classification proposed in Table 3.1 (Ch. 3.1.3 Semi-empirical
relations) [37], that the fitted parameters  and n in Table 5.2 correspond with high to moderate
compressibility. No clear trends with respect to B can be observed, however, as the difference
with respect to ionic concentration is rather modest. The values of n and oo indicate a slightly
reduced compressibility with increasing ionic concentration in the range investigated. The
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parameters of 0.1 g/L NaCl should nevertheless be interpreted with caution, as this data did not

present a good fit.
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Table 5.2 Model parameters obtained by fitting the local filtration data to Eqs. 3.15 and 3.16

[¢/L NaCl] Qo [-] Py [kPa] B[] ao* 107! [m/kg] n [-]
0.10 0.21 31.6 0.13 14 0.87
0.15 0.22 31.6 0.15 2.5 0.89
0.20 0.23 31.6 0.15 1.9 0.79
0.50 0.23 31.6 0.15 1.3 0.69

1.0 0.23 31.6 0.14 1.3 0.71

A slightly different pressure dependency can be observed in Fig. 5.4 for the lowest
concentration of NaCl: a more pronounced pressure dependency compared to the higher ionic
concentrations. This may be related to the stability of the agglomerates formed and/or the
distribution of particle/agglomerate size at the lower ionic concentrations. Surface charges that
are not shielded as efficiently can result in the electrostatic repulsion between the particles
remaining rather high, which can give rise to a different compactisation mechanism. Intricate
details of the mechanism are, however, not yet fully understood.

In summary, the findings can be divided into three categories thus:

1. Suspensions devoid of ions: A high filtration resistance is observed. This may be related
to the highly dense compactisation of the initial layers of particles deposited on the
filter medium and/or partial surface blocking of the filter medium, the underlying cause
of which remains to be established.

2. A concentration of 0.1 g/ NaCl: The MCC particles start to agglomerate, disturbing

the formation of skin. The agglomerates formed are, however, rather weak. A higher
pressure dependency is observed compared with the higher ionic concentrations.
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3. Between 0.15-1 g/L NaCl: As the surface charges of the MCC become shielded more
efficiently with increasing ionic concentration, the particles form agglomerates that
continue to increase in size. This, in turn, leads to a reduction of the total surface area
subjected to the liquid flow and the filtration resistance therefore decreases with
increasing ionic concentration. At levels > 0.5 g/L NaCl, however, no clear difference
is observed in terms of filtration rate, zeta potential and chord length distribution.

The findings of the study confirmed the importance of electrostatic interactions during the
dead-end filtration of MCC, as identified previously by Mattsson et. al [38]. In their study,
however, the electrostatic interactions were altered by adjusting the pH of the suspension: a
reduction in pH caused the carboxylic acid groups present to protonate which, in turn, affected
the surface charge of the MCC. In similarity with their study, an increased filtration rate was
observed when the surface charges of the particles were more shielded efficiently, i.e. when
ions were added.

5.2 Electro-assisted filtration of TEMPO-MFC

The challenging dewatering of microfibrillated cellulose impedes its commercialisation.
Filtration, which is the most common mechanical dewatering method employed, is not a
suitable option: the fibrils being subjected to the flow not only have a large surface area but
also are long and flexible, allowing them to slide over each other to create a compact cake.
Assisted filtration techniques may therefore be an appropriate way of enhancing dewatering.
An example of such a technique is electro-assisted filtration, which was investigated in this
work (Paper II). The experimental work is combined with molecular dynamics (MD)
simulations to deepen understanding of the complicated dewatering mechanism on a molecular
scale.

5.2.1 Characterisation

The pulp was oxidised successfully, as verified by a
visible peak around 1603 cm™ in the ATR-FTIR
spectra, which confirms stretching of COO™ in the
sodium form [66], see Fig. Al in the Appendix. The
carboxylate content of the TEMPO-MFC was 1.08 + M=
0.02 mmol/g TEMPO-MFC, which is considerably |
higher than that of the unoxidised pulp (0.025 + 0.002
mmol/g pulp). The introduction of carboxylate groups
resulted in a negative zeta potential of 42.3 + 1.5 mV.

SEM micrographs of the TEMPO-MFC revealed a
highly fibrillated network, as presented in Fig. 5.5.

Mag | HV |Det| WD | 3/19/2021 |Temp Pressure

The fibrillated material had a large surface area of HEAEYNIEEETERIFIeTy
218 + 12 m%*g, determined by nitrogen adsorption
after undergoing a solvent-exchange procedure. The
B.E.T. surface area and other characteristics of the

Figure 5.5 SEM micrograph of TEMPO-MFC.

TEMPO-MFC are summarised in Table 5.3.

Table 5.3 Summary of the characteristics of the TEMPO-MFC including zeta potential, carboxylate content and
B.E.T. surface area.

Zeta potential Carboxylate content ABET.
[mV] [mmol/g TEMPO-MFC] [m?/g]
-423+ 1.5 1.08 £0.02 218+ 12
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5.2.2 Electro-assisted filtration

Figure 5.6 displays the dewatering rate versus time for cases in which only pressure (P), only
an electric field (E) or a combination of the two (low (L), medium (M), and high (H)) were
applied. It is apparent that more efficient dewatering is achieved by combining pressure with
an electric field than using them separately. In addition, the dewatering rate is proportional to
the strength of the electric field.
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Figure 5.6 Dewatering rate vs. time, including standard deviation as shaded area from duplicate measurements.
H=24 V/ecm, M= 12 V/cm, L = 6 V/cm, P= 0 V/cm; all with an applied pressure of 3 bar. E= 24 V/cm, but no
applied pressure.

Electro-assisted filtration clearly improved dewatering of the suspension of TEMPO-MFC.
The electrokinetic phenomena thereby introduced aid filtration by disturbing the formation of
a resistant cake, whilst the electroosmotic flow of water enhances dewatering. In addition,
ohmic heating results in a temperature rise (Fig. A2) which, in turn, reduces the viscosity of
the liquid in the suspension [52] and aids dewatering. Furthermore, an interesting observation
was made with regard to the dewatered structures formed: a channelled structure, which may
provide good over-all permeability, see Figs. 5.7a and b, and was more pronounced at the two
highest electric field strengths. A plausible explanation for this particular structure is that it
stems, in part, from the electrophoretic movement of cellulose fibrils towards the anode. The
design of the electrode creates an uneven electric field (see insert in Fig. 5.7¢.), i.e. a localised
electric field in connection with the anode wires, at which the TEMPO-MFC aggregate.
Moreover, it is possible that the cellulose fibrils become aligned in this electric field, as has
been reported in several studies [67—69]. In addition, the liquid flows through the square
openings of the anode mesh, at which stage it drags along the TEMPO-MFC. The structure is
then stabilised in pillars as a result of the electrophoretic movement of the fibrils towards the
anode mesh and hypothetical alignment in the electric field. An example of a flow channel is
indicated by a red arrow in Fig. 5.7b.
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Figure 5.7 Top: Photographs of the structure formed at 12 V/cm and 3 bar with the locations of the electrodes (+
= anode; — = cathode). a.) frontal view and b.) overhead view, as seen from the cathode. Red arrow: example of a
flow channel. c.) Schematic diagram of the suggested development of the channelled structures. Grey arrows:
liquid flow through some of the square-openings. Pink arrow (FE): electrophoretic force. Turquoise arrow (Fp):
drag force on the TEMPO-MFC. Insert: close-up of the lower part of the filter cell, as seen from the front. The
gradient shows the electric field: the darker colour, the higher its intensity.

Conventional dead-end filtration of the TEMPO-MFC suspension resulted in a very low
filtration rate, with virtually non-existent dewatering early on (cf. Fig. 5.6), in agreement with
Amini et al. [70]. One reason for the slow dewatering rate could be the large surface area of
TEMPO-MFC being subjected to the liquid flow, possibly in combination with the formation
of a highly dense skin at the filter medium (as discussed above for MCC).
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When an electrical field alone was applied, however, dewatering stopped after a short period
of time. Based on the current density profile presented in Fig. 5.8, a great electrical resistance
appears to have developed in the system, which is apparent from the steep decline. The full
reason behind the development of the said resistance is yet to be understood.
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Figure 5.8 Current density vs. mass of filtrate, including standard deviation as shaded area from duplicate

measurements. H= 24 V/cm, M= 12 V/cm, L = 6 V/cm,; all with an applied pressure of 3 bar. E= 24 V/cm, but no
applied pressure.

5.2.3 The dewatering mechanism

MD simulations were employed to study the dewatering mechanism at the molecular level: the
velocity profile of interfibrillar water was studied and a simulation set-up that replicated a
microscopic part of an electro-assisted dead-end filtration cell. Comprehensive details of the
systems investigated are given in Paper II. The TEMPO-oxidised cellulose (TOC) oligomers
used in the latter simulation set-up were modelled according to Fig. 5.9, where every other
hydroxymethyl group is replaced by a carboxylate group.

TEMPO-oxidised
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/

reducing end
carboxylate group

non-reducing end

Figure 5.9 Model of TOC, where alternate hydroxymethyl groups are replaced by a carboxylate group.

5.2.3.1 Velocity profile of interfibrillar water

The electric field affects not only the fibrils but also the water in the system, since the cation
movement towards the cathode causes water molecules to be transported in the same direction
by hydrodynamic drag. This, in turn, improves dewatering. It is therefore interesting to observe
the effect had by an electric field and/or pressure on interfibrillar water that will, upon leaving
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the interfibrillar space, contribute to the free water in the system and may thus improve
dewatering. The simulation set-up used is shown in Fig. 5.10a; the simulated pressure effect
and/or electric field were applied in the positive x-direction.

The velocity profiles presented in Fig. 5.10b show a parabolic pressure profile typical for that
of a Poiseuille flow: the maximum velocity is in the middle of the channel for the cases
involving pressure, whereas the application of electric field alone showed a plug flow profile
typical of electroosmotic flow. It should be noted that both pressure and electric field affect the
water flow, but the effect of an electric field is significantly greater than that of pressure.
Furthermore, the greatest maximum velocity in the cases investigated was caused by the
combined effect of pressure and an electric field, and is therefore expected to contribute the
most to the amount of free water in the system.
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Figure 5.10 A.) Set-up used to study the flow of water trapped between the fibrils. The simulated pressure effect
and/or electric field were applied in the positive x-direction. B.) Velocity profile of the water molecules trapped
between the TOC fibrils. 20B corresponds to a simulated pressure effect of 20 bar.

5.2.3.2 Electro-assisted filtration

Finally, a simulation set-up was created that allowed for the simultaneous study of both the
movement of fibrils and the flow of water molecules during electro-assisted filtration. A net
simulated applied pressure effect was in the direction towards the filter medium and the electric
field was applied in the same direction, see Fig. 5.11. It should, however, be stressed that this
set-up is merely for studying the phenomena in a microscopic part of the filtration chamber for
a time span of nanoseconds: it does not correspond to the experimental set-up used in the study
because it would be impossible to include all of the time and length scales. Moreover, as it is
impossible to account for the electrolysis reactions that occur at the electrodes, both the
presence of a pH gradient and its associated consequences are not included. In addition, neither
mechanical interlocking nor friction between the TOC fibrils was taken into account.
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PISTON I WATER FILTER GRAPHENE
(cellulose) SODIUM ION TOC (cellulose) WALL

Figure 5.11 Schematic diagram of the set-up used to study electro-assisted dead-end filtration. A graphene wall
is imposed on the filter end of the system to prevent water molecules from escaping and also to apply a negative
pressure on the system, guaranteeing the filtration pressure desired. Pink spheres: sodium ions. Blue spheres:
water molecules. Piston and filter medium: uncharged cellulose walls.

The dewatering rate (water molecules/ns) after 0.5 ns of filtration simulation is compared in
Fig. 5.12a with solely applied pressure effect (10 and 20 bar), solely applied electric field (0.5
and 1 V/nm) and a combination of both. It is evident that a combination of an electric field and
applied pressure results in the highest dewatering rate, as was also observed in the experimental
results (cf. Fig. 5.6). Unfortunately, further comparisons cannot be made between the
experimental and simulation results due to the limitations of the simulations stated previously.

Several reasons lie behind the improved dewatering rate resulting from electro-assisted
filtration. One can be found in Fig. 5.12b, where the movement of negative TOC fibrils towards
the anode under the effect of varying strengths of electric field can be observed: the stronger
the electric field, the faster the movement. This means that the build-up of a flow-resistant filter
cake is hindered. In addition, electroosmotic flow of water contributes to the enhanced
dewatering rate and increases with increasing magnitude of electric field.

Another reason is that the interfibrillar water and cations are expelled more efficiently (cf. Fig.
5.10b), which contributes to the amount of free water in the system that can be removed upon
the application of pressure and an electric field.
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Figure 5.12 A.) Dewatering rate after 0.5 ns of simulation. B.) COM distance vs. time for electro-assisted filtration
simulations with an applied pressure effect of 20 bar and an electric field of 0.5 V/nm (red) and 1 V/nm (black).
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Conclusions and Future Work

This chapter presents the conclusions drawn from the two studies, along with suggestions for
future work.

6.1 Conclusions

In this work, the dewatering of cellulose has been investigated in two studies employing a dead-
end filtration technique to dewater microcrystalline cellulose at different ionic strengths and
microfibrillated cellulose under the influence of an electric field. Although the two studies were
based on cellulosic materials, it is difficult to draw any parallels between them due to
differences related to the differing morphologies of the cellulosic material used. What can be
concluded, however, is that filtration of the cellulosic materials investigated resulted in the
occurrence of extensive filtration resistance when no modifications were made.

Regarding the dewatering of MCC, it was found that the addition of ions shielded the surface
charges of the MCC particles and promoted agglomeration which, in turn, affected the filtration
rate since the total surface area subjected to the liquid flow was reduced. Ionic strength was
shown to be a highly influential parameter during the filtration of MCC: both the local and the
average filtration resistance decreased as the ionic strength increased from 0-1 g/L NaCl. The
influence was not linear: the largest change in terms of agglomerate size or filtration properties
was in the lower concentration range (0-0.2 g NaCl/L): at the higher end (0.5-1 g NaCl/L),
almost no noticeable differences were observed. The findings indicated that electrostatic
interactions play an important role during the dead-end filtration of MCC, which is in
agreement with earlier study by Mattsson ef al. [38] where the electrostatic interactions were
altered via changes in pH.
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Electro-assisted filtration was found to be an efficient method for improving the dewatering of
TEMPO-MFC. Dewatering was very slow when only pressure was applied but, upon the
application of electric field, it was greatly enhanced due to the electrokinetic phenomena
thereby introduced. Furthermore, a channelled structure, with a high overall degree of
permeability, was formed, which may also have contributed positively to the improvement in
dewatering.

Experimental as well as simulation results implied that a combination of an electric field and
pressure was necessary to dewater the MFC suspension efficiently. It should be noted,
however, that further comparisons between the experimental and simulation results cannot be
made here: the time and length scales vary, and the MD simulations have certain limitations,
including the electrolysis reactions not being accounted for, as well as mechanical interlocking
and friction between the fibrils.

The simulation results suggest that the improved dewatering rate during electro-assisted
filtration may be due to electroosmotic flow of water as well as electrophoretic movement of
the fibril towards the anode, which may counteract the build-up of a filter cake and thereby
reduce resistance to filtration. The MD simulations suggest another reason for the improved
dewatering rate: interfibrillar water may be expelled more efficiently upon the application of
both an electric field and pressure. This, in turn, contributes to the bulk water in the system
which can be separated more easily from the suspension by either pressure or an electric field.

6.2 Future work

Much remains to be uncovered on the subject of the electro-assisted filtration of MFC and
nanocellulose in general. Future research should, for example, focus on the impact of the
channelled structure that was observed forming during the electro-assisted filtration of
TEMPO-MFC in more detail. The further study of electroosmotic dewatering of MFC, i.e.
applying only an electric field and without additional mechanical pressure, would also be of
great interest.
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Appendix

ATR-FTIR spectra

The spectra presented in Fig. A1 show the following peaks, in addition to COO" stretching in
the sodium form at around 1603 cm™ (red dashed line): C-O stretching at around 1020
cm! (orange dashed line), C-H stretching at around 2880 c¢cm™ (green dashed line) and O-H
stretching at around 3330 cm! (pink dashed line).
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Figure A1 Overlapping ATR-FTIR spectra from TEMPO-oxidised (blue) and unoxidised (black) pulp. The dashed
lines correspond to the stretching of various functional groups, where pink = OH, green = CH, red = COO" and

orange = CO.
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Figure A2 Temperature measured 5 mm from the filter medium. H= 24 V/ecm, M= 12 V/cm, L = 6 V/cm, all with
an applied pressure of 3 bar. E=24 V/cm but with no applied pressure.
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