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Filtration of Microcrystalline and Microfibrillated Cellulose 

The impact of ions and electric field 
 

ANNA HJORTH 
Department of Chemistry and Chemical Engineering 

Chalmers University of Technology 
 

ABSTRACT 
 
Dewatering plays an essential role in the processing of microcrystalline cellulose (MCC) and 
microfibrillated cellulose (MFC), as their commercial attractiveness in many applications is 
limited by the high water content of the products. Filtration is the most common mechanical 
dewatering technique, but the filtration of these materials results in filter cakes with high filtration 
resistance. Therefore, the process needs to be modified to make a viable option; this thesis presents 
two types of such modifications.  
 
In one study, the electrostatic repulsive interactions between MCC particles were altered by the 
addition of NaCl (0.1-1.0 g/L) during dead-end filtration. The addition of ions resulted in the 
agglomeration of MCC, which was confirmed by focused beam reflectance measurements, and a 
reduction in the average as well as local filtration resistance. 
 
Electro-assisted filtration, in which an electric field is applied across part of the filter chamber, 
was used to dewater two types of MFC: one produced via 2,2,6,6-tetramethylpiperidinyl-1-oxyl 
(TEMPO)-mediated oxidation of dissolving pulp and one commercially available. Regardless of 
the MFC type, a clear improvement in the dewatering rate was observed when pressure and electric 
field were combined. This was also observed with molecular dynamic (MD) simulations, which 
related it to the electro-osmotic flow of water and the electrophoresis of the negatively charged 
MFC towards the anode. 
 
Filter cakes with a channelled structure were formed, which may have contributed to the 
accelerated dewatering rate. This structure was especially pronounced for the TEMPO-oxidised 
MFC, and it was found that the microfibrils were partially oriented in the direction of the electric 
field by studying the structures using X-ray scattering and scanning electron microscopy. 
 
After dewatering, a slight reduction in the water retention value and viscoelastic properties of the 
MFC was observed. This may be attributed to a reduction in the total surface area, plausibly due 
to aggregation of the microfibrils and/or reshaping of the microfibrils/fibril bundles. 
 
Keywords: filtration, electro-assisted, ions, microfibrillated cellulose, microcrystalline cellulose  



 
 

 

  



 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
  

Anna, 2004 



 
 

 

 
 
 
 



 
 

 I 

Foreword 
 
In this section, the author addresses the subject of “how it really happened” and, more 
importantly, presents the main outcome of her years of doctoral studies.  
 
More than four and a half years ago, I joined the Division of Forest Products and Chemical 
Engineering (SIKT) at Chalmers University of Technology when I wrote my Master’s thesis. I 
ended up at SIKT thanks to inspiring courses given by Associate Prof. Merima Hasani and Prof. 
Hans Theliander on the wonders of biorefineries, pulp and cellulose technology. 
 
After extensive Kraft cooking and acid hydrolysis of the pulp produced (“klasoning”) during my 
time as a thesis worker, I was eager to learn more. As luck would have it, Prof. Hans Theliander 
was looking for a Ph.D. student to work on something entirely different: filtration of cellulose 
materials. For some inexplicable reason, he thought of me, even though I had not expressed any 
passion at that time for flow through porous beds or the nature of compressible filter cakes.   
 
Whilst writing this thesis, almost four years has passed by, filled with filtration of various types of 
cellulose materials. Little did I know, when embarking on this journey, that it would also include 
the exploration of techniques such as X-ray scattering and rheology and – most surprisingly – how 
to make the most of working from home during the Covid pandemic. Ultimately, it is not only this 
but also the many hours spent analysing confusing data and the inescapable struggle with various 
equipment that shaped me into a researcher. 
 
I have found great pleasure in presenting my work in different formats; frankly, this has often been 
what I enjoyed the most, and I have been fortunate enough to do so at several conferences. 
Moreover, I also truly enjoyed teaching transport phenomena, and it made me realise how 
demanding I myself must have been as an undergraduate student. 
 
I will end this section with the following quote, which is from the thesis of my greatest source of 
inspiration when it comes to life in academia. It has provided me with a well-needed perspective 
during my final months as a Ph.D. student: 
 

“I believe that most Ph.D. students, especially those students who tend to do well on the exams, 
expect their theses to be far more outstanding than what they actually turn out to be.  

I am certainly no exception to this rule.”1 

  
 

1 G. Lidén, On-line Monitoring Techniques for the Study of Yeast Physiology – Some studies on the Yeast Pichia 
stipites and Saccharomyces cerevisiae, Chalmers University of Technology, 1993 
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Ps Solid pressure [Pa] z Distance from filter medium [m] 

Pl Hydrostatic pressure [Pa] 
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1 
INTRODUCTION 

 
This chapter begins by uncovering the motivation of the thesis and the objectives and ends with a 
presentation of the outline.  
 
The emerging shift from a finite fossil-based to a bio-based industry has led to a rapidly growing 
demand for renewable and bio-based resources. One bio-based resource with the absolute potential 
for replacing fossil-based resources is cellulose. Readily available in nature (e.g. in grass, tunicates 
and wood) and renewable, the hierarchical structure of cellulose makes it suitable for a wide range 
of applications. It is therefore of fundamental importance to explore the cellulose fibre so that all 
the structures may be used efficiently.  
 
Cellulose has been used by mankind for centuries in traditional applications such as paper and 
packaging, viscose textiles and specialty chemicals (e.g. hydroxypropyl methylcellulose). The 
potential of cellulose lies nevertheless beyond the scope of these traditional applications. For the 
past decade, this has led to a fascination of the nanoscale structures isolated from the cellulose 
fibrils, commonly referred to as “nanocelluloses”. This is not only because they are derived from 
cellulose, but also the fact that they possess valuable features owing to their low density and 
particularly large surface area to volume ratio, along with superior mechanical strength: together, 
these allow for the engineering of new materials.  
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Nanocellulose is typically divided into two subclasses, namely crystalline and fibrillated, with 
inherently different morphologies. The former has a higher degree of crystallinity and is composed 
of shorter, stiffer fractions (resembling grains of rice in shape) than the latter, which are longer 
and flexible (resembling spaghetti in shape). Achieving complete isolation to nanoscale is both 
challenging and expensive, so various qualities of the intermediate structures are therefore 
produced. For example, microcrystalline cellulose (MCC) is coarser and contains a higher fraction 
of amorphous parts compared to the nanocrystalline cellulose (CNC), and the microfibrillated 
cellulose (MFC) contains larger bundles of nanofibrillated cellulose (CNF) and presents a wide 
size distribution. 
 
A broad spectrum of potential applications of micro/nanocelluloses is continuously being 
expressed in research articles and reviews (e.g. [1–3]), but the big commercial success has yet to 
transpire. At present, a handful of companies produce different qualities of nanocellulose, albeit 
in relatively small quantities. One hinder in the commercial attractiveness of these materials is the 
bottleneck in their production: water and, more specifically, its removal. These types of materials 
are produced in dilute conditions (typically >95% of water [4], but it can be as much as 99%) and, 
consequently, the costs associated with its storage and transportation are steep. Moreover, certain 
applications do not allow for such high contents of water.  
 
Water removal can be achieved through various form of drying [5] and/or dewatering. The high 
energy demand of thermal drying, however, quickly makes this option economically unfeasible. 
In addition, drying is associated with difficulties related to the re-dispersibility of the material, and 
thereby places limitations on product applications [6]. One alternative for reducing the total energy 
demand is to add a preceding mechanical dewatering step, as this requires much less energy than 
thermal drying. Filtration is the most common method used for mechanical dewatering but, owing 
to the large surface area of these materials, there is excessive drag and hence high filtration 
resistance. This, in turn, results in the need for long operation times and/or large filter area, which 
could be problematic from an economical perspective. In other words, the filtration process needs 
to be modified if it to be a viable option for dewatering this type of material. Scholars have 
investigated various ways of enhancing the mechanical dewatering of micro/nanocellulose, e.g. by 
modifying the suspension and/or using assisted filtration techniques. This will be explored further 
in 3.3 DEWATERING MICRO/NANOCELLULOSE. 
 
One way of modifying the process is by tuning the chemical environment and thereby altering the 
electrostatic interactions between the particles, which play an important role during filtration. This 
can be achieved by the addition of ions, for example, resulting in the negative charges of the 
cellulose particles being shielded. There will be less particle repulsion and, instead, attractive van 
der Waals interactions, which promotes agglomeration. This reduces the surface area subjected to 
the liquid flow which, in turn, reduces the drag and filtration resistance.  
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Another way of modifying filtration is to employ assisted filtration techniques. These promote the 
dewatering of materials that are notoriously difficult to dewater, e.g. materials that tend to form 
highly compressible filter cakes. The filtration process could be enhanced by the application of an 
electric field, known as electro-assisted filtration. In this method, an electric field is applied across 
part of the filter chamber before various electrokinetic phenomena are introduced that could be 
beneficial to the dewatering process. Wetterling et al. [7, 8] showed this method to be efficient in 
dewatering MCC. Furthermore, they also studied the electro-osmotic dewatering of CNC, i.e. only 
applying an electric field [9]. The electro-assisted filtration of MFC is only mentioned in the 
literature, however, in a patent submitted by Heiskanen et al. [10]. The distinct discrepancies 
between crystalline and fibrillated celluloses in terms of morphology and surface properties make 
it both important and interesting to further investigate electro-assisted filtration as a means of 
dewatering MFC.  
 
Dewatering plays an essential part in achieving a sustainable large-scale production of 
micro/nanocelluloses, making it essential to extend knowledge in this area. The work performed 
in this thesis aims at achieving precisely this.  
 
1.1 OBJECTIVES 
 
The main objective of the work conducted in this thesis was to extend current knowledge on the 
filtration of microcrystalline and microfibrillated cellulose, as this constitutes an important part of 
the challenges related to their large-scale production.  
 
This objective can be subdivided as follows:   

à To investigate the impact of ions on the dead-end filtration of MCC. 
 

à To investigate electro-assisted filtration as a means of improving the dewatering of two 
types of MFC and in order to: 

¨ Gain further insights on the dewatering mechanism by combining experimental 
work and molecular dynamic (MD) simulations. 

¨ Explore the filter cake structure in terms of the orientation of MFC in the electric 
field.  

¨ Study the impact of the mechanical degree of fibrillation of commercially-available 
MFC.  

¨ Evaluate how the product properties are affected after dewatering.  
 

Throughout this thesis, micro/nanocellulose are used when referring to the types of cellulose 
materials (MCC and MFC) studied. 
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1.2 OUTLINE OF THE THESIS 
 
A short theoretical background on filtration and cellulose to set the foundation for the following 
discussion of the research conducted is provided in Chapters 2 and 3, respectively. This is followed 
by a description of the materials and methods described in Chapter 4. In Chapter 5, the major 
findings from research, which involves the influence of ions during the filtration of MCC and the 
electro-assisted filtration of MFC (Figure 1.1), are presented and discussed. Chapters 6 and 7 
summarise the thesis, with concluding remarks and a suggestion for future work. 
 

 
Figure 1.1 Overview of the appended papers (I-IV), which provide the basis of this doctoral thesis. 
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2  
FILTRATION 

 
“Reaction engineering tells whether the process is possible or not,  

but the separation whether the process is profitable or not” 
 

Prof. Ann-Sofi Jönsson 
Avancell Conference, 2019 

 
This chapter presents the fundamentals of dead-end filtration and covers the important equations 
used in this thesis. Furthermore, the role of electrostatic interactions is highlighted, and the basics 
of electro-assisted filtration explained. 
 
2.1. DEAD-END FILTRATION 
 
Filtration, such as dead-end filtration, is a key unit operation in many industries, ranging from 
foodstuffs to refineries, and in the treatment of water and sludge. It is a classical method used in 
the separation of liquids and solids, for example, and may serve many purposes: separating the 
reaction medium from the product, purification and water removal. In the perfect scenario, this 
would be an effortless process and the separation would be complete: the filtrate would be devoid 
of solids and the filter cake would be free from liquid (if gas blowing is applied as a final step). 
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This is not, however, an accurate description of reality: the process is actually rather complicated, 
especially where compressible filter cakes are concerned.   
 
Dead-end filtration involves the suspension being subjected to a pressure difference whereby only 
the liquid passes through a filter medium: the suspension reaches a dead-end. The pore size of the 
filter medium only allows particles of a certain size to pass, thereby leading to the consequential 
build-up of a filter cake as liquid is being removed, so it could also be called cake filtration. Two 
important events thus transpire during the filtration process: the flow of the liquid through the 
porous bed, and the build-up of the filter cake.  
 
In order for separation to occur, the driving force, i.e. the pressure difference, must overcome the 
resistance of both the filter medium and the filter cake. The latter results from the drag forces that 
arise when the liquid flows through the interstices of the filter cake. When exposed to the liquid 
flow, the solid particles experience both frictional and form drag. Assuming that the particles are 
in point contact, these stresses are communicated through the particle bed towards the filter 
medium. The net solid pressure therefore increases in the direction towards the filter medium.  
 
Constructing a force balance over a thin section of the filter cake yields the following (neglecting 
gravitational and inertial forces):  
 

𝐴𝑃(𝑡) = 𝐴𝑃!(𝑧, 𝑡) + 𝐹"(𝑧, 𝑡)  (1) 
 
where P(t) is the applied pressure, Pl(z,t) is the hydrostatic pressure and Fs(z,t) refers to the 
compressive force on the solids due to accumulated drag. A fictitious pressure term, Ps(z,t), 
referred to as solid pressure, is defined as Fs/A. It is important to note that both the hydrostatic and 
solid pressures are functions of position as well as time, whereas the applied pressure is only a 
function of time.  
 
It becomes apparent that, when dividing the force balance in (Eq. 1) by the cross-sectional area 
and taking the differential with respect to distance at constant time2, the hydrostatic and solid 
pressures must be in balance if the applied pressure is constant: as the hydrostatic pressure 
decreases, the solid pressure increases. At the beginning of the filtration, either before a filter cake 
has been formed or at the surface of a filter cake, the hydrostatic pressure equals the applied 
pressure; at the bottom of the filter cake, i.e. at the filter medium, the solid pressure equals the 
pressure drop across the filter cake, see Figure 2.1.   

 
2 𝑑𝑃! + 𝑑𝑃" = 0 
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Figure 2.1 Schematic illustration of the filter cake including the hydrostatic pressure (Pl) and solid pressure (Ps). ΔPcake 
represents the pressure drop across the filter cake.  

The liquid flow through the filter cake can be modelled as flow through a porous medium. Many 
important discoveries on such flows were realised during the 19th century and presented by Darcy 
in his renowned work on the fountains of Dijon [11]. Although Darcy himself did not include 
viscosity in the original expression, the equation presented in Eq. 2 is often referred to as Darcy’s 
law. In the differential form, it is expressed as:  
 

𝑣 = − #
$
%&#
%'

  (2) 
 
where v is the superficial flow velocity (in direction from the filter medium into the cake), K is the 
permeability of the bed, µ is the dynamic viscosity and dPl/dz is the hydrostatic pressure gradient. 
 
The relation between the permeability of the bed (filter cake) and the filtration resistance is defined 
according to Eq. 3 thus: 
 

𝐾 = (
)*$+

  (3) 
 
where α is the specific filtration resistance, ρs is the solid density and φ is the solidosity, which is 
the volume of solids and the total volume.  
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The average filtration resistance, αav, is a parameter of certain importance when assessing the 
filtration performance, and is defined according to Eq. 4: 
   

(
)%&

≡ (
∆&'%()

∫ %&$
)

∆&'%()
-    (4)  

 
The average filtration resistance is commonly calculated from the general filtration equation3 (Eq. 
5) [12], in which both the resistance of the filter cake (in the first term on right hand side) and the 
filter medium (in the second term) are included:  
 

%.
%/
= $0)%&

1*∆&
𝑉 + $2+

1∆&
     (5) 

 
where A is the area of the filter medium, c is the mass of solids to filtrate, V is the volume of filtrate, 
Rm is the resistance of the filter medium and ΔP is the pressure difference across the filter cake and 
filter medium. In the case of constant pressure filtration, plotting dt/dV against V yields a linear 
plot from which the average filtration resistance can be calculated from the slope of the line. 
 
The general filtration equation is derived under the following assumptions:  

• The superficial velocity is uniform throughout the filter cake. 
• The filter cake structure is uniform and the solid particles are stationary. 
• All particles are retained in the filter cake. 
• No blinding of the filter medium occurs. 

 
2.1.1. Compressible filter cakes – the importance of local properties 
The nature of a filter cake is considered as “incompressible” if its structure, and thus properties, 
are the same in every position within the filter cake. This is, nevertheless, not true for most filter 
cakes and they are referred to as being “compressible”. The general structure of a compressible 
filter cake is not constant: it changes with time as the solid compressive pressure increases, which 
infers an increasingly higher solidosity towards the filter medium. It therefore becomes important 
to evaluate the local properties, such as local filtration resistance and local solidosity, when dealing 
with compressible filter cakes.  
 
The effective stress on the solid particles increases in the direction towards the filter medium. The 
particulate network cannot sustain this, and a structural collapse occurs. This means that it is not 
possible for the solid particles in the filter cake to be stationary. To account for the liquid velocity 
relative to that of the solids, Shirato et al. [13] modified Darcy’s equation (Eq. 6) accordingly:   
 

𝑣 − (3+
+
𝑣"4!5% = − #

$
%&#
%'

 (6) 

 
3 Sometimes referred to as Ruth’s equation. 
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Although it is important to take into consideration the velocity of the solids in highly concentrated 
suspensions that form highly compressible filter cakes it is regarded, in practice, as being much 
less than that of the flowing liquid, and vsolid is therefore often approximated as zero.  
 
The permeability, and thus the properties, of a compressible filter cake varies in the direction of 
the flow because of its inability to withstand the increasing compressive pressure: e.g. the 
solidosity increases as the compressive pressure increases towards the filter medium. The 
solidosity can be related to the porosity according to Eq. 7.  
 

𝜑 = 1 − 𝜀   (7) 
 
There are several methods, direct and indirect, that can be used to measure local solidosity, such 
as cake dissection [14], nuclear magnetic resonance [15], conductivity measurements [16] and γ-
ray attenuation [17]. The latter, which has been used in this work, is a non-invasive method that 
allows it to be calculated using Beer-Lambert’s law for two phases, as given in Eq. 8.  
 

−𝑙𝑛 6,
6,-

=	𝜇7,!𝑑7 + (𝜇7," −	𝜇7,!)𝜑  (8) 

 
where ηγ is the number of counts recorded per time, ηγ0 is the number of counts for the empty filter 
cell, µγ is the attenuation factor (l and s denoting liquid and solid, respectively), dγ is the average 
path length of the radiation and φ is the solidosity. 
 
Furthermore, the non-uniformity of the filter cake leads to variations in the local filtration 
resistance. This can be calculated by combining Eqs. 2 and 3, and expressed by Eq. 9 thus: 
 

𝛼 = − (
$9*$+

%&#
%'

  (9) 
 
Fitting the experimental data to models allows the degree of compressibility of different conditions 
to be compared. There is, however, a lack of suitable models bearing physical relevance and they 
are, instead, merely empirical. Tiller and Leu [18] have put forth an important set of semi-empirical 
relations for compressible filter cakes, Eqs. 10 and 11. In the doctoral thesis of Leu [19], it was 
suggested that the values of n, β and 𝜑- be categorised as reported in Table 2.1. 
 

𝜑5 = 𝜑- :1 +
&$
&-
;
:

  (10) 

𝛼5 = 𝛼- :1 +
&$
&-
;
;

  (11) 
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Here, φ0 and α0 may be interpreted as the solidosity and local filtration resistance at zero 
compressible pressure, respectively. P0, β 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. 
 
Table 2.1 Categorisation of the model parameters in Eqs. 10 and 11 according to Leu [19]. 

 Low compressibility Medium compressibility High compressibility 
α0 [m/kg] 109 1010 1011 
𝜑- [-] 0.30 0.20 0.10 
β [-] 0.05 0.15 0.30 
n [-] 0.20 0.60 1.20 

 
 
2.2. ELECTROSTATIC INTERACTIONS AND THE IMPACT OF IONS 
 
The interaction between solid particles plays an important role in the filtration process. 
Understanding how these interactions can be altered, and the consequences of doing so, is therefore 
of significant value. Interparticle interactions are mainly comprised of repulsive electrostatic 
interactions, attractive van der Waals forces, friction and interlocking of the particles. The focus 
of this thesis is on the former, i.e. the influence of electrostatic interactions. 
 
One way of altering electrostatic interactions is by modifying the ionic environment of the 
suspensions. In order to explain this effect, the well-known electrolytic double layer (EDL) theory 
must be clarified first. When a solid particle is submerged in a polar medium, it gains a surface 
charge due to mechanisms involving ionisation, ion adsorption and ion dissolution [20]. To achieve 
electroneutrality, the charged particle is surrounded by a double layer of counterions in appropriate 
concentrations: these two regions are known as the “stern layer” and the “diffusive layer” (Figure 
2.2). The stern layer is thin and has a fixed layer of almost immobile counterions, whereas the 
diffusive layer is comprised of mobile ions with charge densities that vary with distance from the 
surface of the solid particle.   
 
Upon the addition of ions, the diffusive layer of the EDL will be compressed because of the 
increasing concentration of counterions. This, in turn, means that the repulsive electrostatic 
interactions will diminish at a certain distance from the surface of the particle: the surface charges 
become shielded. If the repulsive electrostatic interactions become sufficiently weaker, the 
attractive van der Waals forces will be predominant instead and particle agglomeration promoted. 
Should this occur, the total surface area subjected to the liquid flow will be reduced, as will be the 
drag forces. Such agglomeration could also affect the structure of the filter cake.  
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Figure 2.2 The EDL model, illustrating the case of a particle with a negative surface charge (grey). 
 

2.3. ELECTRO-ASSISTED FILTRATION 
 
Conventional filtration (i.e. pressure-driven) is not always the most suitable option. This is true, 
for instance, when filtering particles with a large specific surface area (e.g. nanomaterials) which 
results in a filter cake with high filtration resistance. This would be a time-consuming filtration 
process and/or require excessive filter areas. The filtration of such materials may be enhanced by 
employing assisted filtration techniques, whereby additional driving forces are introduced via an 
external field, e.g. magnetic [21], acoustic [22] or electric [23]. 
 
If the filtration process is assisted by an external electric field, the method is referred to as electro-
assisted filtration4. It has been reported as a means of improving the dewatering of materials that 
are notoriously difficult to dewater, such as sewage sludge [24,25], clays [26,27] and various 
biopolymers (such as chitosan and xanthan) [28,29]. More recently, the application of an external 
electric field was discovered as being an efficient method of enhancing the dead-end filtration of 
MCC [8]. Assistance by an electric field has also been used to mitigate fouling during membrane 
filtration [30,31].  
 
Although mostly occurring in an academic context, a few industrial applications can nevertheless 
be found within the field of electro-assisted dewatering, e.g. in companies such as Korea Water 
Technology (E-LO, the world’s first drum-type electro-osmosis dehydrator) and Electrokinetic 
(several models for electrodewatering).  

 
4 Sometimes also referred to as electrofiltration or electrodewatering. 
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2.3.1. The application of an electric field 
Electro-assisted filtration takes advantage of the fact that most particles gain a surface charge upon 
dispersion in a polar medium. The electrokinetic phenomena introduced by the application of an 
electric field may serve as an additional driving force in the separation process. The three transport 
mechanisms related to the electrokinetic phenomena involving the interactions between the 
charged solid surface, the double layer and the liquid are depicted in A, B, and C in Figure 2.3, 
together with additional effects caused by the application of an electric field (D and E). The 
examples given below are for a particle carrying a negative surface charge, the electric field is in 
the same direction as the flow, the electrodes are placed with the cathode underneath the filter 
medium and the anode is located higher up in the filter chamber. 

 
 
Figure 2.3 Illustration of important electrokinetic phenomena: (A) electrophoresis, (B) electroosmosis, (C) ion 
migration, (D) ohmic heating and (E) electrolysis reactions. 

 
A. Electrophoresis is the movement of a charged particle relative to that of a liquid. This could 

certainly be important for dewatering as it may perturb the formation of a “skin” on top of 
the filter medium or, depending on the placement of the electrodes, have implications for 
the formation of the filter cake structure and thereby affect the resistance of the filter cake. 
The actual migration of the solid particles is only possible if the particles are free to move 
and not locked in a certain position or hindered by, for example, a filter cake or electrode. 
The particles in the network nevertheless experience an electrophoretic force in the 
presence of an electric field.  
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The Helmholtz-Smoluchowski equation (Eq. 12) can be used to express the electrophoretic 
velocity of the solid particles [20]: 
 

<./
=
= >0>-?

6
    (12) 

where υEF is the electrophoretic velocity, E is the strength of the electric field applied, εr is 
the relative dielectric constant of the fluid, ε0 is the permittivity of vacuum, ζ is the zeta 
potential and η is the dynamic viscosity of the dispersion medium. 

 
B. Electro-osmosis is the chief mechanism by which water is transported through a porous 

filter cake whilst under the influence of an electric field. Upon the application of an electric 
field, the cations in the diffuse layer of the EDL are pulled towards the cathode along with 
the bulk water, thereby facilitating dewatering. The electroosmotic flow of water is in the 
direction opposite to the electrophoresis, so the Helmholtz-Smoluchowski equation (but in 
the opposite direction) could be useful for describing its velocity. 
 

C. Ion migration is the migration of ions towards the respective electrode. The ions may be 
present in the original suspension or formed in the electrolysis reactions, as described in e) 
below.  

 
D. Ohmic heating is caused by the passage of a current through a system with electrical 

resistance, which results in an increase in temperature. The temperature rise is proportional 
to the current and leads to a reduction in the viscosity, thereby aiding filtration. However, 
overheating can lead damage of, for example, electrodes and filter medium and 
consequently have a negative effect on the process [32]. 

 
E. Electrolysis reactions occur at the electrodes [23, 26, 27]:  

 
Anode:   2𝐻@𝑂	(𝑙) → 4𝐻A + 𝑂@	(𝑔) + 4𝑒3   [A1]  

    𝑀 → 𝑀;A + 𝑛𝑒3    [A2] 
 

Cathode:  2𝐻@𝑂	(𝑙) + 2𝑒3 → 2𝑂𝐻3 + 𝐻@	(𝑔)   [C1]  
    𝑀;A + 𝑛𝑒3 → 𝑀     [C2] 
 

where M is the material of the electrode and Mn+ is its cation. Reaction [A2] dominates in 
the case of oxidising metals [33]. 
 
The electrolysis reactions result in an alkaline environment in the vicinity of the cathode 
and a higher acidity at the anode but may, however, migrate within the filter cake. It is 
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important to remember here that the pH may impact the surface charge (and hence the zeta 
potential) of the solid material being dewatered, depending on the pH sensibility of the 
solid material. Flushing the anodes has been suggested as a means of minimising problems 
related to the formation of electrolysis products [34,35]. 
 

2.3.2. Important factors affecting electro-assisted filtration 
Several factors are known to impact electro-assisted filtration: some are related to process 
conditions and others to the properties of the suspension. Some important factors are the same as 
for conventional dead-end filtration since mechanical pressure is also applied during electro-
assisted filtration. Naturally, the applied mechanical pressure contributes significantly to pressing 
the bulk water out of the filter cake and filter medium and accelerates the filtrate flow, but the full 
extent of its impact depends on the compressibility of the filter cake: a higher applied pressure is 
not necessarily synonymous with a higher filtrate flux. Moreover, the surface area subjected to the 
liquid flow will still be of importance to the drag force.  
 
Additional factors are decisive when dewatering is executed using electro-assisted filtration rather 
than conventional filtration. An example of such a factor is the electric field strength, as Eq. 12 
shows. The electric field mode can be either constant voltage or constant current. Furthermore, the 
design of a filtration set-up affects the dewatering process. This includes, for example, the design 
and material of the electrodes [33], potential flushing of the anodes [34, 35], the direction of the 
electric field (parallel or perpendicular to the flow [36]) and the distance between the electrodes.  
 
Factors relevant to the suspension include the zeta potential of the particles (and hence 
electrophoretic movement), as shown in Eq. 12: a higher zeta potential shows a greater response 
to the electric field. The zeta potential is impacted by both the pH and ionic concentration, where 
the latter not only affects the zeta potential but also the conductivity of the suspension. A higher 
ionic concentration, and thus a higher conductivity, results in an increased electrical current and, 
consequently, a higher energy demand [7].  
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3  
CELLULOSE 

 
“Cellulose is the most abundant biopolymer on Earth” 

 
...is often the opening phrase in publications involving cellulosic materials, and this chapter is 
clearly no exception. It describes the cellulose fibre down to its polymeric units, explains the novel 
cellulosic materials and their potential and, finally, addresses difficulties related to dewatering. 
 
3.1. FROM FIBRE TO POLYMERIC UNITS 
 
Cellulose is presented as being one of the cornerstones in the transition of industry based on finite 
fossil-based resources to one based on renewable raw materials. It is found in abundance in nature 
and, thanks to e.g. pulp mills, the infrastructure for its processing is already partly in place. Raw 
materials rich in cellulose include grass, tunicates and wood; in the latter, cellulose constitutes up 
to 40-45% of the biomass (depending on the species) [37]. In addition, cellulose can also be 
produced from bacteria [38]. The focus of this thesis is, however, on cellulose sourced from wood. 
  
The wide range of wood-sourced cellulose is due to the hierarchical structure presented in Figure 
3.1A, which spans from the actual tree (m) to fibres (μm) and monomeric units (Å). 
Structures/building blocks at some of the length scales are already very well established in today’s 
society, e.g. the use of pulp fibres in paper and packaging, regenerated cellulose fibres in viscose 



 
 

20 
 

textiles and polymeric units in speciality chemicals such as carboxymethyl cellulose. Nanoscale 
structures isolated from the cellulose microfibrils found in between the fibre and the monomeric 
units (Figure 3.1A) are commonly referred to as nanocelluloses; despite having been featured in a 
multitude of scientific publications to date, they are not yet established as a major commercial 
product. 
 

 
Figure 3.1 Overview of cellulose. (A) Schematic illustration of the hierarchical structure, with an approximate length 
scale of width given. Cell wall model is adapted from Huang et al. [39]. (B) A cellobiose unit, with the hydroxyl 
groups shown in dashed circles and the carbon number in red.  

In a living wood cell, the cellulose chains are extruded from cellulose-synthesizing hexametric 
complexes in the plasma membrane and are comprised of D-anhydroglucopyranose units linked 
together by β-(1→4)-glucosidic bonds. Each glucose unit has a primary hydroxyl group (located 
on C6) and two secondary hydroxyl groups (C2 and C3), Figure 3.1B. Strong intra and inter 
hydrogen bonding between the hydroxyl groups of the glucose units provide the cellulose chain 
with its stiff character, which allows for the formation of sheets. Further, the cellulose sheets are 
stacked up on top of each other and interact through attractive van der Waals forces; they are 
stabilised further through hydrophobic effects to form elementary fibrils [40] with a diameter of 
3-4 nm [41]. Not all details of this process are known, and it continues to be the subject of debate 
whether, for example, 18, 24 or 36 cellulose chains constitute the elementary fibril [42]. Another 
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widely debated topic is the development of the “twist” in the elementary fibril [43] that is argued 
to disturb the ordered regions and thus be the cause of the presence of both ordered and disordered 
regions, where the latter are more prone to reactions. The elementary fibrils are aggregated further 
into so-called microfibrils5 which, in turn, can aggregate to form macrofibrils by interacting via 
van der Waals forces and hydrogen bonding.  
  
The wood cell wall is multi-layered and comprised of the middle lamella (M), the primary wall 
(P) and the secondary layer consisting of three layers (S1, S2 and S3). The middle lamella is rich 
in lignin, whilst the other layers contain varying amounts of cellulose, hemicelluloses, 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 relation to the cell axis in the secondary layer: the 
microfibril angle is important for the flexibility of the cell wall [44]. 
 
3.2. MICRO/NANOCELLULOSE 
 
Nanocellulose commonly refers to isolated structures from cellulose microfibrils that have 
dimensions in the nanoscale: it is an expensive material that is challenging to produce. If complete 
isolation to nanoscale dimensions is not achieved, the material will be a heterogeneous blend of 
structures in micro as well as nanoscale: a mixture that does not yet have a proper name in the 
literature. Therefore, as established in the beginning of this thesis (1.1 OBJECTIVES), the term 
micro/nanocellulose will be used throughout when referring to these materials. 
  
Figure 3.2 illustrates the two sub-classes that micro/nanocelluloses are typically divided into, 
namely crystalline and fibrillated. The inherent differences between these two sub-classes in terms 
of e.g. morphology and surface properties result in two very different materials and will be 
explained in 3.2.1 Crystalline cellulose and 3.2.2 Fibrillated cellulose, respectively. In brief, 
crystalline cellulose has a high crystallinity and is comprised of short and rod-like fractions, 
whereas fibrillated cellulose has long and flexible fibrils that can entangle and form a network.  
 

 
5 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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Figure 3.2 Schematic illustration of the two classifications of micro/nanocellulose: crystalline and fibrillated. 

In the last decade, micro/nanocellulose has become a progressively popular topic in the research 
community, with the number of publications increasing annually (Figure 3.3). This is partly due 
to the inevitable transition towards a bio-based society in which renewable materials, such as 
cellulosic biomass, will play a vital role. Furthermore, nanocelluloses have additional benefits that 
stem from their large surface area to volume ratio, an example of which is a significant water 
holding capacity. However, a high degree of water retention is not only a benefit because it also 
causes difficulties related to dewatering, as will be described later on. In addition, the classical 
features of cellulose materials still hold, e.g. the high number of accessible hydroxyl groups makes 
it possible to tune its functionality.  
 

 
Figure 3.3 Number of publications versus year (2006-2022). Retrieved from Scopus (2023-05-09) 
[ALL=nanocellulose].  
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Micro/nanocellulose has partly left the academic sphere, and there are now some companies that 
produce these materials on an industrial scale, e.g. CelluForce (crystalline) and Fiberlean 
Technologies (fibrillated). The big breakthrough has nevertheless yet to transpire: this is due, in 
part, to challenges related to the removal of water in the dilute product streams, and will be 
discussed further in 3.3 DEWATERING MICRO/NANOCELLULOSE. 
 
3.2.1. Crystalline cellulose 
The first reports on the isolation of crystalline cellulose appeared in the transition between the 
1940s and 1950s. Nickerson and Habrle [45], along with Rånby [46], reported that the acidic 
treatment of cellulosic fibres led to degradation of the disordered part of the cellulose fibre and 
resulted in fractions of rod-shaped particles of high crystallinity: the discovery of nanocrystalline 
cellulose had been made.  
 
The isolation of CNC is still commonly achieved by acid hydrolysis of the less ordered parts of 
the cellulose fibrils, typically using highly concentrated sulphuric or hydrochloric acid, and is 
followed by sonification and purification. The resulting product is comprised of highly crystalline, 
stiff fractions with typical dimensions of 50-4000 nm in length and 3-20 nm in width. The 
dimensions, as well as the shape of the cross-section, depend on the source of the raw material and 
isolation method [47].  
 
If complete isolation to nanocrystals is not achieved, the resulting material is referred to as 
microcrystalline cellulose. MCC has a lower crystallinity index than CNC, and the 
particle/agglomerate size is bigger. Avicel ® is an industrially-available MCC that is used, for 
example, in toothpaste and cosmetics.  
 
3.2.2. Fibrillated cellulose 
The isolation of fibrillated cellulose was realised later than crystalline cellulose, but it is not a new 
material. In fact, it was first reported approximately 40 years ago by Herrick et al. [48] and Turbak 
et al. [49], who used high-pressure homogenisers to isolate the cellulose microfibrils mechanically. 
Although research continued during the second half of the 1980s [50,51], there was a lack of 
interest from industry that was due partly to the high energy demand associated with the 
mechanical treatment needed to separate the cellulose fibrils. It was not until the early 21st century 
that industrial interest began to appear. This was related to a combination of two factors: the 
expiration of Turbak’s patent [52] in 2004 and efforts that were made to reduce the energy demand 
by using predominantly enzymatic [53] and chemical pre-treatment [50,54]. The findings of Saito 
and Isogai [54] were especially successful: they used 2,2,6,6-tetramethylpiperidine-1-oxyl 
(TEMPO)-mediated oxidation to introduce negative charges on the fibril surface by converting the 
primary hydroxyls to carboxylate groups (see 3.2.3 TEMPO-mediated oxidation).    
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The diversity of the fibrillated material is conveyed from the definition of cellulose nanofibril 
given below [55]; this is not one single material, but rather a family of materials. The source of 
raw material, the possible pre-treatment and the mechanical isolation process all influence a wide 
range of the product’s characteristics. Furthermore, the nomenclature and variety of abbreviations 
used is broad: microfibrillated cellulose (MFC) and cellulose nanofibrils (CNF) are two 
frequently-used terms. In this doctoral thesis, the following distinction between the two is made 
for the purpose of clarity: CNF refers to material prepared through complete isolation to 
elementary fibril and MFC refers to materials in which complete isolation has not been achieved 
but bundles of elementary fibrils (i.e. microfibrils) occur.  
 

 
A flexible nature is characteristic for fibrillated cellulose, but not crystalline cellulose. Also, 
cellulose fibrils have an even higher aspect ratio which, due to their flexible nature, can cause them 
to entangle and produce strong networks and form gels, even at low concentrations [56].  
 
Fibrillated cellulose has been suggested as having the potential of being used in a wide span of 
applications [57], some of which are presented in Figure 3.4. The great ability to hold water and 
modify rheology makes it suitable for use in areas such as cosmetics and skin care products [58,59], 
foodstuffs [60,61], paint and coatings [62]. Its use as a mechanical strength agent in, for example, 
paper products [63–66] is possible due to the ability to interact with the surface of cellulose fibres: 
strong networks are formed as a result of physical entanglement, hydrogen bonding and 
hydrophobic interactions between the fibrils. Also, good barrier properties mean that it can be used 
in various films and barriers [67–69]. According to Li et al. [70] the applications mentioned above 
are considered possible today, or in the near future, whereas it is suggested that future uses will 
involve use in membranes [71,72], biomedical applications [73] and optoelectronics [74–76]. 

ISO/Tappi Standard 20477:2023 
 
“Cellulose nanofibre is composed of at least one elementary fibril that can contain branches 
of a significant fraction which are in the nanoscale.” 
 
The following notes are also added: 

§ Dimensions are typically 3-100 nm in cross-section and typically up to 100 μm in 
length. 

 
§ Cellulose nanofibrils produced from plant sources by mechanical processes can be 

accompanied by hemicellulose and, in some cases, lignin. 
 

§ Some cellulose nanofibrils might have functional groups on their surface as a result of 
the manufacturing process. 
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Figure 3.4 Potential uses of fibrillated cellulose. Created with BioRender.com. 

There are currently several companies that produce various qualities of fibrillated cellulose exist, 
e.g. Borregaard AS (Exilva ®), Daicel Industries (CELISH ®), Norske Skog (CEBINA ®), 
FiberLean Technologies (FiberLean ® MFC), Weidmann Fiber Technology (Celova ®) and Sappi 
(Valida ®). The University of Maine also produces and sells fibrillated cellulose.   
 
3.2.3. TEMPO-mediated oxidation 
TEMPO-mediated oxidation is one method of reducing the energy demand of mechanical 
fibrillation, which is achieved by the introduction of negative charges onto the fibril surface. This 
promotes repulsion forces between the fibrils, with the consequence that less energy is then 
required to separate them.  
 
The reaction scheme shown in Figure 3.5 displays the mechanism of a reaction system with 
NaBr/NaClO/TEMPO [77]. The primary oxidant, NaClO, first oxidises the TEMPO in its radical 
form to a nitrosonium cation which, in turn, oxidises the primary hydroxyl group (C6) to an 
aldehyde and further to a carboxylate group [78]. Studies have also shown that the conversion to 
C6-carboxylate groups can be achieved using NaBrO and/or NaClO. NaBrO is used as an 
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additional catalyst and oxidises the N-hydroxy-TEMPO [79]; in the meantime, it is being reduced 
to NaBr, which is then re-oxidised back to NaBrO with NaClO. This means that only NaClO is 
consumed during the reaction. The reaction, which is typically performed at pH ～10, requires that 
small amounts of NaOH be added continuously to the reaction medium to maintain a constant pH 
throughout. 
 

 
 
Figure 3.5 Reaction scheme of TEMPO-mediated oxidation. Reprinted courtesy of The Royal Society of Chemistry 
[77]. 

 
3.3. DEWATERING MICRO/NANOCELLULOSE 
 
3.3.1. Why is mechanical dewatering necessary? 
Micro/nanocelluloses are produced at dilute conditions (e.g. 1 kg of the final product can have a 
composition of 0.99 kg water and as little as 0.01 kg MFC) to provide a lower viscosity or to 
reduce the risk of clogging during mechanical separation. Transportation and storage costs will 
otherwise be steep if the majority of the water in the product is not removed. Water removal is 
thus an essential part of improving the overall economic performance: it has been expressed as 
being one of the greatest challenges that must be overcome in improving the commercial 
attractiveness of these materials [2,4,70,80–82].  
 
The high moisture content of the final product can also be a cause of concern for product 
applications in which water is not tolerable. A selection of the aforementioned applications of 
MFC shown in Figure 3.4 allows MFC to be added in the form of an aqueous solution or a wet 
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gel, for example, to bulk products such as paper, foodstuffs, paint and coatings, and can also be 
used in cosmetics and biomedical applications. In other applications, however, incompatibility 
with water can be an issue and it therefore cannot be present.  
 
Water removal can be achieved through methods based on thermal drying but, given the high heat 
of evaporation of water and the excessive quantity of water that is to be removed, this is unrealistic 
from an economical perspective. In addition, drying is associated with severe problems related to 
redispersion of the dried material: this stems from partial aggregation of the cellulose structures, 
referred to as hornification6 in the pulp and paper industry, that aggravates the re-dispersibility of 
the material.  
 
3.3.2. Why is filtration challenging? 
Filtration is the mechanical dewatering technique used most often for solid/liquid separation. 
However, the extensive surface area of crystalline and especially fibrillated micro/nanocellulose 
means that there is excessive drag and the filtration resistance is therefore high. Compressible 
materials have also been shown, under certain conditions, to deposit a dense initial layer of 
particles on the surface of the filter cloth, thereby forming a “skin” with a very high flow resistance 
[86,87]. Furthermore, in the case of MFC, the flexible fibrils (with a wide distribution in size), 
may slide over each other to form a compact mat [88].  
 
Further complexity is added to the dewatering process in the case of fibrillated cellulose due to its 
gel-like nature, which endows it with a high water-trapping capacity. Water retention can be 
modified by altering the fibril-fibril interactions: lowering the pH, for example, would cause the 
protonation of charged entities and result in stronger attractive fibril-fibril interactions. This was 
demonstrated in a patent issued in 2016 to Laukkanen et al. [89], as well as in a study by Fall et 
al. [90], to be an efficient way of increasing the dewatering rate during the dead-end filtration of a 
variety of MFC. Reducing the gel point, which is defined as the lowest fibrous volume fraction at 
which all the primary flocs are interconnected and form a self-supporting network, is also a way 
of tackling this issue. This can be achieved by the addition of polyelectrolytes [91,92].  
 
Furthermore, it is also important that valuable characteristics (e.g. available surface area) are not 
diminished after dewatering. Although the risk of hornification is not as severe as in the case of 
thermal drying, studies have shown that the available surface area of MFC is reduced already at 
modest dry contents of 8.2 wt% [93]. Moreover, sufficient re-dispersibility is key if the dewatering 
is to be regarded as successful, i.e. there is a trade-off between water content (transportation and 
storage costs) and properties of the material [5,6]. 
 
 
 

 
6 The reversibility and mechanism of hornification remain under debate, despite being discussed for decades [83–85]. 
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3.3.3. What has been done? 
The methods presented in Table 3.1 have been used to study the dewatering of 
micro/nanocellulose. A number of research groups have explored how dewatering is influenced 
by the chemical environment (e.g. pH and ionic strength) [86,87,90,94] and various types of 
assisted dewatering techniques, such as the use of an electric field [7–9], shear [95–97] and 
ultrasound [98]. The objective of the studies summarised in the table was to assess dewatering; 
two studies focusing on the fabrication of nanopapers ([91,99]) are also included.  
 
All of the studies in Table 3.1 handle dilute suspensions (0.05-4 wt% fibrillated cellulose, 5-10 
vol% MCC, 2.3 wt% CNC), but the dewatering equipment and quantities to be dewatered vary; in 
the case of filtration, different filter media have been used. It is important to bear this in mind when 
comparing the results. For example, Fall et al. [90] reported impressive dry contents (21-33 wt%) 
when dewatering 1 wt% CNF/MFC using dead-end filtration; it is important to recognize here that 
the resulting filter cake would be very thin because only 91 g of suspension was dewatered 
(Øfilter=50 mm). In the MFC filtration experiments conducted in this thesis, the same filter area 
was used but using approx. 500 mL of MFC, which gave a thicker filter cake. Regardless of the 
discrepancies between the tabulated studies, the researchers all concluded that, without any 
modification or assistance, dewatering micro/nanocellulose is nevertheless difficult.  
 
The importance of electrostatic interactions during dead-end filtration was described in 2.2 
ELECTROSTATIC INTERACTIONS AND THE IMPACT OF IONS. These can be controlled by 
the chemical environment, e.g. pH and/or ionic strength of the suspension. The influence of pH 
during the dead-end filtration of MCC [86,87] and MFC/CNF [90] has been demonstrated, and 
clearly shows that, as the surface charges are protonated, electrostatic repulson is dampened and 
dewatering is enhanced. The pKa of the carboxyl groups present on the fibre is around 3-4 [100] 
so, if the pH is >3-4, the consequence is that carboxyl groups are deprotonated and electrostatic 
repulsions between the cellulosic particles will predominate. Any modification that is made to the 
surface of the fibres affects the critical pH value. 
 
The impact ionic strength has on the dead-end filtration of CNF/MFC was studied by Sim et al. 
[94] and Fall et al. [90], who demonstrated that the beneficial impact of ionic strength is 
pronounced as long as the zeta potential of the particle is reduced. In the case of MFC, the ionic 
environment also affects the osmotic pressure and hence the swelling of the fibril network. An 
increased concentration of ions reduces the swelling of the fibril network because it reduces the 
concentration gradient of the charges between within the fibril network (where the concentration 
is high) and the surrounding solution. Wetterling et al. [7] also investigated the impact of ionic 
strength (NaCl) during the electro-assisted filtration of MCC, and concluded that it affected both 
filtration (as particles agglomerated in the presence of NaCl) and electrokinetic phenomena (i.e. 
impact on conductivity). The first paper in this thesis probes further into the impact ions have on 
the dead-end filtration of MCC.  
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It is not only the particle surface charge that plays an important role in the dewatering of 
micro/nanocellulose: other surface modifications have also been demonstrated to influence it. 
Chemical surface modification was studied by Sethi et al. [99], who hypothesized that the reason 
for the slow rate of dewatering was due to the high hydrophilicity of the MFC. The hydrophilicity 
was reduced by subjecting the cellulose surface to sonication-assisted modification with lactic 
acid, which subsequently improved dewatering.   
 
However, the surface modifications introduced do not typically aid dewatering. An example of 
such an alteration is the increased ruggedness of MCC particles, which was studied by Wetterling 
et al. [101]. Increasing the surface ruggedness increased the total surface area of the particles, 
which gave a higher filtration resistance. In the case of MFC, the degree of mechanical fibrillation 
is an important parameter that not only affects the properties of the end-product but also 
dewatering. The way in which the degree of mechanical fibrillation influences the dewatering of 
MFC requires further evaluation, and is explored in Paper IV. 
 
Rather than modifying the suspension to improve dewatering, another method that can be 
employed involves the use of assisted dewatering techniques. The dewatering of furnishes 
containing MFC/CNF under the assistance of shear has been investigated extensively by Dimic-
Misic et al. [95–97], who also studied its influence on rheology. Among other things, they 
demonstrated the relationship between dewatering and rheology: dewatering was enhanced by the 
assistance of shear due to the shear-thinning behaviour of the furnish that resulted from the 
breakage of the suspension’s microstructure. 
  
Dewatering MFC with the assistance of ultrasound waves was explored recently by Ringania et 
al. [98]. Using this method, they succeeded in removing a maximum of 72% of the water from a 
1 wt% MFC suspension.   
 
Electro-assisted filtration, in which an electric field is applied across a part of the filter chamber, 
was proven by Wetterling et al. [7,8] to be a successful way of enhancing the dewatering of MCC; 
the use of an electric field alone was sufficient to achieve dewatering of CNC [9]. MFC has a 
completely different morphology than MCC and CNC, as previously highlighted in this chapter, 
making it both important and interesting to study the electro-assisted filtration of this material; 
more is uncovered in Papers II-IV.  
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Table 3.1 Overview of the literature pertaining to the dewatering of micro/nanocellulose. 

Dewatering 
technique Micro/nanocellulose Conditions Cited in 

 
 
 
 

Dead-end 
Filtration 

(overpressure) 

1 wt% MFC/CNF  
(91 g) 

 
Enzymatically 

pretreated 
 

Carboxymethylated 
 

Industrially produced 

Piston-press (Ø=50 mm), 
Stepwise increase of pressure 

from 0.5 to 6 bar 
 

Munktell 00H filter paper 
(particle retention: 1-2 μm) 

 
Studied effect of pH and ionic 

strength 

 
Fall et al. [90] 

 
1.5 wt% MFC (60 g) 

produced from 
bleached eucalyptus 

kraft pulp 
 

 
Pressure dewatering 

equipment, 7 bar 
 

Filter medium: n.d. 
 

Studied effect of ionic strength 
(NaCl, CaCl2) 

 

 
Sim et al. [94] 

5–10 vol% MCC 

 
Filter press (Ø=60 mm, volume 

approx. 500 mL) 
 

A variety of filter media with a 
nominal pore size of  
0.45 μm were used: 

polyethersulphone (PES), 
regenerated cellulose & 

cellulose nitrate 
 

Studied effect of filter medium, 
pH and mechanical ruggedness 

of MCC 
 

 

 
 

Mattsson et al. 
[86,87] 

 
Wetterling  
et al. [101] 
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Vacuum filtration 
to form 

nanopapers 

 
0.35 wt% MFC 

produced by grinding 
of bleached softwood 

sulphite pulp 

Buchner funnel, 
70 kPa (vacuum) 

 
Filter medium: polyvinylidene 
difluoride (PVDF) membrane 
Nominal pore size: 0.65 μm 

 
Studied effect of sonication-
assisted surface modification 

(lactic acid) 
 

Sethi et al. [99] 

0.05-0.6 wt% MFC 
from Daicel Chemical 

Industries Ltd. 

British hand sheet maker 
(5 MPa) 

 
Studied the addition of 

polyelectrolyte (cationic 
polyacrylamide, CPAM, 

polyamide–amine–
epichlorohydrin and PAE) 

 

Varanasi and 
Batchelor [91] 

Compression 

 
0.15 wt% MFC  

(200 mL) from Daicel 
Chemical Industries 

Ltd. 
 

Compression load cell 
 

Studied the addition of 
polyelectrolyte (CPAM) 

Li et al. [92] 

Assisted dewatering techniques 

Shear-assisted 
vacuum 

dewatering 

1-4 wt% CNF/MFC 
suspensions and  
5-15% furnishes 

 

Vacuum dewatering 
(50 kPa, vacuum) 

 
Filter medium: Whatman 

nucleopore membrane 
Nominal pore size: 0.2 μm 

 

Dimic-Misic  
et al. 

 [95–97] 

Ultrasound-
assisted 

dewatering 

3 wt% MFC (5 g) 
from The University 

of Maine 
Ultrasound equipment Ringania et al.  

[98] 
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Electro-assisted 
filtration 5 vol% MCC 

Filter press described in 
Wetterling et al. [8] with 

a modified filter cell 
(Ø=50 mm) 

 
Filter medium: PES 

Nominal pore size: 0.45 μm 
 

Applied pressure: 3 bar 
Applied electric field: 
10, 30 and 60 V/cm 

 
Also studied the effects of 
ionic concentration during 
electro-assisted filtration 

(NaCl) 

Wetterling  
et al.  
[7,8] 

Electro-osmotic 
dewatering 2.3 wt% CNC 

Filter press described in 
Wetterling et al. [8] with  

a modified filter cell 
(Ø=50 mm) 

 
Applied electric field: 

5-30 V/cm 
 

Filter medium: PES 
Nominal pore size: 0.1 μm 

 

Wetterling  
et al.  
[9] 
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4  
MATERIALS AND METHODS 

 
This chapter describes the materials and methods used in Papers I-IV. Further details and 
experimental protocols can be found in the respective papers.  
 
4.1. MATERIALS 
 
Microcrystalline cellulose (Avicel ® PH-105) supplied by DuPont Nutrition was the model 
material used in Paper I. According to the manufacturer, it had an average nominal particle size of 
19 µm, which was determined by a method based on laser diffraction. 2 M NaCl (VWR GPR 
Rectapur) was used to adjust the concentration of NaCl in the suspension. 
 
Two types of MFC were used in Papers II-IV:  

• TEMPO-MFC, produced from dissolving pulp (see 4.3.2 TEMPO-MFC)  
• Commercially-available MFC, sourced from Borregaard AS. It had a dry content of approx. 

2 wt% and was supplied in two different degrees of mechanical fibrillation. 
 
 
 
 
 



 
 

36 
 

4.2. FILTRATION EQUIPMENT 
 
4.2.1. Dead-end filtration 
A pneumatically-driven piston press (Figure 4.1), capable of handling pressures up to 60 bar, was 
used for all filtration experiments. The inner diameter of the filter cell is 60 mm and it has a total 
height of 175 mm. The lower part, which has a height of 115 mm and is constructed of Plexiglas, 
is placed upon a perforated bottom plate. Eight pressure capillaries are mounted through the bottom 
plate; they have circular holes 0.6 mm in diameter that are located perpendicular to the flow at 
distances from the bottom plate of 0.5, 1, 2, 3, 5, 7, 9 and 12 mm, respectively. The top of each 
pressure capillary is conical in shape to minimise disturbance to the flow.   
 
Prior to the filtration experiments, the capillaries are flushed thoroughly with degassed water to 
remove air that would otherwise 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 
LabVIEWTM (software version 15.0, National Instruments) every other second. LabVIEW is also 
used to record the mass of the filtrate using a balance (Mettler Toledo SB 32000) with an accuracy 
of 0.5 g.  

 
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: 241Am source of 109 Bq. 4: NaI (Tl) scintillator. 5: Pressure 
transducers. 6: Data acquisition unit. 7: Balance. 

Solidosity measurements were conducted using a γ-emitting 241Am source of 109 Bq as the source 
of radiation. The attenuation of the γ-radiation in a 1 mm thick slice of the cake was measured 
using a NaI(Tl) scintillator (CrismatecTM , ORTEC DigiBASE) and recorded in MAESTRO ®-32 
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(software version 6.0, ORTEC). A moveable rack was used for mounting the radiation source and 
the scintillator. The number of counts for the empty filter cell was measured for 10 minutes. A 
recording time of 30 s was used for the filtration of suspensions with additions of NaCl due to the 
short filtration time needed; the time was changed to 3 minutes for the suspension without an 
addition of ions. The absolute deviation of the solidosity was estimated as being ±0.02- 0.05, and 
the error between individual measurements lower than 0.03.  
 
4.2.2. Electro-assisted filtration 
To allow for electro-assisted filtration, the filtration set-up was adjusted [8], see Figure 4.2; the 
metallic bottom plate and piston head were exchanged for plastic alternatives. Also, the lower part 
of the filter cell was adapted: the inner diameter was reduced to 50 mm to accommodate a 
supporting rack that carries the upper electrode that is a mesh (10x10 mm (Papers II-IV) or 5x5 
cm (Paper III)) of platinum wire with a diameter of 0.25 mm. The bottom electrode is a platinum 
mesh (Unimesh 300) and is placed on the bottom plate, beneath the filter medium and support 
filter. The two electrodes are separated at a constant distance of 25 mm and connected to a DC 
power supply (EA-PSI 5299-02 A, Elektro-Automatik). The two K-type thermocouples coated in 
PFA that are used for measuring the temperature are placed at distance of 5 and 20 mm from the 
filter medium, respectively. 
 

 
Figure 4.2 Schematic diagram of the electro-assisted 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 two anode meshes of 
different calibres. 4: Thermocouples. 5: Power supply (current, voltage and power recorded). 6: Pressure transducers. 
7: Balance. 8: Data acquisition unit. 
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4.3. PREPARATION OF THE SUSPENSIONS 
 
The preparation of all suspensions included homogenisation or dispersion using IKA Ultra-Turrax 
® T50 with a dispersing element S50 N-G45F (Figure 4.3A). Figure 4.3B illustrates the 
operational principle: the rotor moves at a high speed, causing the medium to be sucked into the 
dispersion head and then forced radially through the rotor and stator teeth. The high shearing forces 
between the rotor and stator cause particle/particle cluster disintegration and, owing to turbulence, 
efficient mixing occurs. 

 
Figure 4.3 (A) Image of the dispersion head used. (B) Schematic illustration of the rotor-stator principle adapted from 
the IKA website. 

4.3.1. MCC 
A 10 vol% suspension was prepared by suspending MCC in 2 L of deionized water, whereafter 
the suspension was dispersed using IKA Ultra-Turrax ® T50 with a dispersing element (S50 N-
G45F). From this suspension, a 5 vol% suspension was prepared and stirred continuously 
overnight. The ionic concentration of the suspension was adjusted 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. Six conditions were investigated: 0.0, 0.10, 0.15, 0.20, 0.50 and 1.0 g/L NaCl. 
 
4.3.2. TEMPO-MFC 
The procedure used for the TEMPO-mediated oxidation of the dissolving pulp was based on the 
work by Brodin and Theliander [102]. The reaction was initialised by the dropwise addition of 
NaClO (5 mmol/g pulp) to an aqueous suspension containing 40 g (dry basis) of dissolving pulp, 
NaBr (1 mmol/g pulp) and catalytic amounts of TEMPO (0.1 mmol/g pulp). The reaction was 
carried out at 1% pulp consistency and at room temperature in a baffled vessel (⌀ = 190 mm) under 
constant stirring with a four-pitch blade impeller (⌀ = 90 mm). Throughout the reaction, the pH 
was kept at 10.1 ± 0.1 (pH meter SevenCompact™ S210, Mettler Toledo) by the addition of 0.5 
M NaOH. After 70 minutes, the reaction was quenched using 200 mL 99% EtOH. 
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The oxidised fibres were then separated by vacuum filtration, and smaller fibre fragments were 
retained by recirculating the first volume of filtrate. The oxidised pulp was washed thoroughly 
with deionized water until the conductivity of the filtrate was stabilized (>23 μS/cm). Further, the 
pulp was stored in plastic bags at 4 ºC until required for treatment and analysis. 
 
A 1 wt% TEMPO-MFC was prepared by mechanical disintegration of the oxidised pulp, 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. The dry content of the oxidised pulp was determined by a Sartorius 
moisture analyser and performed in a minimum of duplicates. The suspension was kept in an ice 
bath in order to limit the increase in temperature that occurs during mechanical treatment. 
 
4.3.3. MFC 
1.0 wt% suspensions were prepared in 300 g portions from the approx. 2 wt% batches by diluting 
a known amount with deionised water, followed by mechanical dispersion using IKA Ultra-Turrax 
® T50 with a dispersing element (S50 N-G45F) operating at 10 000 rpm for 4 min. 
 
4.4. EXPERIMENTAL CONDITIONS 
 
All experiments were performed at room temperature (~22 °C). A hydrophilic polyethersulphone 
(PES) filter (Supor ®, PALL Corporations) was used as the filter medium, with a grade 5 Munktell 
filter (Ahlström-Munksjö) that served as an underlying support. Table 4.1 reports the experimental 
conditions employed, along with the pore size of the filter medium used in the different studies.  
 
Table 4.1 Summary of the experimental conditions used in Papers I-IV. P=applied pressure; E=electric field strength 
used in the electro-assisted filtration experiments conducted at the applied pressure given in P; EOD=electric field 
strength used in the electro-osmotic dewatering experiments. * = omitted in the electro-assisted filtration experiments. 

Paper Suspension 
Nominal pore size 
of filter medium 

[µm] 

Experimental  
conditions  

(P, E, EOD) 

I 5 vol% MCC 
NaCl: 0-1.0 g/L 0.45 P: 3 bar 

II 1 wt% TEMPO-MFC 0.1 
P: 3 bar 

E: 6, 12, 24 V/cm 
EOD: 24 V/cm 

III 1 wt% TEMPO-MFC 0.1 
P: 3 bar 

E: 6, 24 V/cm 
EOD: 24 V/cm 

IV 
1 wt% MFC 

Two degrees of mechanical 
fibrillation 

0.45 
P: 0.3, 1.7*, 3.0 bar 

E: 16, 32 V/cm 
EOD: 32 V/cm 
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4.4.1. Dead-end filtration of MCC 
Dead-end filtration experiments were performed using varying ionic concentrations at a constant 
applied filtration pressure of 3 bar.  
 
4.4.2. Filtration of MFC  
All dead-end filtration experiments were run at constant applied pressure whereas the electro-
assisted filtration experiments were at both constant applied pressure and constant voltage. In 
addition, experiments involving only an applied electric field, i.e. electro-osmotic dewatering, 
were also included.    
 
4.4.2.1. Papers II & III: TEMPO-MFC 
The dead-end filtration experiments were performed using only an applied pressure of 3 bar. In 
the electro-osmotic dewatering experiments, only an applied electric field of 24 V/cm was used. 
In Paper II, three levels of applied electric field strength were examined during electro-assisted 
filtration at 3 bar: 6, 12 and 24 V/cm. The middle level was omitted in Paper III, with only 6 and 
24 V/cm being evaluated.  
 
4.4.2.2. Paper IV: MFC 
Dead-end filtration experiments were carried out at applied pressures of 0.3, 1.7 and 3 bar 
respectively; electro-osmotic dewatering used only an applied electric field of 32 V/cm. Electro-
assisted filtration was performed at two different applied pressures of 0.3 and 3 bar, and two levels 
of applied electric field, namely 16 and 32 V/cm. 
 
The same filter medium and underlying support filter paper used in Paper I were employed since 
the 0.1 µm used in Papers II and III was deemed unnecessarily dense.  
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4.5. ANALYSIS OF FILTER CAKE STRUCTURE 
 
In Paper III, the filter cake structures obtained after electro-assisted filtration and electro-osmotic 
dewatering were studied both qualitatively (scanning electron microscopy, SEM) and 
quantitatively (small and wide-angle X-ray scattering). 
 
4.5.1. Qualitative analysis 
Sections of freeze-dried filter cake were prepared with a sharp razor blade and mounted onto a 
SEM stub using carbon tape, whereafter they were sputter-coated with gold (4 nm). A low 
accelerating voltage was used (3 kV) in all SEM analysis in order prevent the samples from 
burning.  
 
4.5.2. Quantitative analysis 
WAXS explores features smaller than 1 nm, and thus can be used for studying the crystal structures 
of cellulose. Furthermore, as the cellulose crystals are assumed to be aligned in the direction of the 
cellulose fibril [103], this technique can be used to assess the degree of cellulose fibril orientation 
in the filter cake. Although either of the cellulose crystal reflections can be used, see Figure 4.4, a 
q-region of 1.1 ± 0.05Å −1, corresponding to the (1−10/110) plane of cellulose I, was chosen in 
Paper III. Further details pertaining to the WAXS measurements can be found in the paper, which 
is appended.  

 
Figure 4.4 Radially-integrated intensity profile obtained from WAXS measurements of TEMPO-MFC. The crystal 
planes are indicated in the figure. 

The degree of orientation, fc, (Eq. 13) was estimated by employing the full width at half maximum 
(fwhm) of the azimuthal profile and Gaussian fitting of the WAXS data. The data was treated using 
DataAnalysis WorkbeNch (DAWN)[104]. 
 

𝑓0 =
(B-3CDEF

(B-
   (13) 

 
A perfectly aligned sampled would have an fc approaching one, whereas that of a completely 
anisotropic sample would be approaching zero. 
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4.6. QUALITY ANALYSIS AFTER DEWATERING 
 
It is important to know how, and if, the quality of the MFC is altered after dewatering because this 
could have implications on the final usage of the material. Thus, in Paper IV, the impacts made on 
two important material properties, namely water retention value (WRV) and rheology, were 
evaluated after dewatering. 
 
Prior to quality analysis, the dry content of the filter cakes was determined gravimetrically after 
drying at 105 °C overnight, whereafter 2.0 wt% suspensions were prepared. pH and conductivity 
were adjusted using 0.05-0.5M NaOH and 0.05-0.2M NaCl to correspond to that of the original 
2.0 wt% suspensions of 5.1 ± 0.1 and 92 ± 9 µS/cm, respectively. The samples were left to stabilise 
overnight. 
 
4.6.1. Water retention value (WRV) 
WRV is used to estimate the amount of water that can be retained per gram of MFC. A method 
based on centrifugation was employed to determine the WRV before and after dewatering. In brief, 
a 0.3 wt% suspension of MFC was prepared by dilution with milliQ water. The sample was 
centrifuged (5810 R, Eppendorf) in 50 mL falcon tubes for a set time at 1000g, whereafter the 
supernatant was discarded. Knowing the amount of MFC in the tube and the mass of the bottom 
phase after centrifugation, the WRV could be calculated (g water/g MFC).  
 
4.6.2. Rheology 
The rheology of the original and dewatered suspensions was investigated using a cylindrical 
rheometer (Physica MCR-301, Anton Paar GmbH) with a sandblasted bob and cup. All tests were 
performed at room temperature with a concentration of 0.4 wt% being used, which corresponds to 
a semi-dilute regime where the MFC still behaves as a gel [105].   
 
MFC is a so-called viscoelastic material, i.e. it exhibits both elastic and viscous properties. These 
properties were studied using oscillatory tests at a frequency of 1 Hz. An amplitude sweep, with 
an oscillation strain ranging from 0.01 to 100%, was used first to determine the linear viscoelastic 
regime (LVE) and the yield stress, determined from a 10% reduction in the storage modulus (G’) 
[106] (Figure 4.5).  



 
 

43 
 

 
Figure 4.5 Graph used to determine yield stress from amplitude sweep. The horizontal grey dashed line represents a 
10% reduction of the plateau value of G' and the yield stress is taken as its intersection with G’ (vertical grey dashed 
line). 

Time sweep measurements were made thereafter, at an oscillation strain in the LVE region, to 
determine the equilibrium storage and loss moduli. The storage modulus (G’) corresponds to the 
elastic response of the material, whereas the loss modulus (G’’) corresponds to the viscous 
response [106]. Flow sweep measurements were performed from 0.001 to 1000 s-1 in order to study 
flow behaviour and the shear thinning effect. 
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4.7. MATERIAL CHARACTERISATION 
 
All the material characterisation techniques employed in Papers I-IV are summarised below, in 
Table 4.2. 

Table 4.2 Summary of the characterisation techniques used in Papers I-IV. 

 
 
 

 Pulp MFC MCC 
 Dissolving TEMPO-oxidised TEMPO-MFC Commercial  

Compositional 
analysis 

✔   ✔ ✔ 

Density     ✔ 

Carboxylate 
groups 
ATR-IR 

 

 

✔  
 

 
 

 

Conductometric 
titration 

✔ ✔ ✔ ✔  

Surface charge 
Zeta potential   

 

✔ 
 

 

✔ 

Polyelectrolyte 
titration     ✔  

Size 
Focused Beam 

Reflectance 
Measurement 

(FBRM ®) 

    
 
✔ 

Laser diffraction    ✔ ✔ 

Fibre analyser 
(kajaani)    ✔  

Surface area 
B.E.T.   

 
✔ 

 
 

 
✔ 

Morphology 
SEM   

 
✔ 

 
✔ 

 
✔ 
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4.7.1.  Compositional analysis 
The composition of the raw materials, in terms of monosugars and lignin, was determined 
according to a method based on the work by Theander and Westerlund [107]: the raw material was 
disintegrated into a solution of monosugars and acid soluble lignin (ASL) through acid hydrolysis 
with sulphuric acid. The major part of the lignin does, however, remain as a precipitate, referred 
to as Klason lignin (KL).  
 
The monosugars were quantified using high performance anion exchange chromatography with a 
pulsed amperometry detection (HPAEC) system (Dionex ICS-5000 equipped with CarboPac PA1 
columns), using fucose as an internal standard. NaOH/NaAc (aq.) and NaOH (aq.) were the eluents 
used. The ASL was quantified by measuring the absorbance with UV at 205 nm (Specord 205, 
AnalytikJena) utilising an absorptivity constant of 110 dm3g-1cm-1, whereas the amount of KL was 
determined gravimetrically. 
 
4.7.2. Density 
The solid density of MCC was determined using a pycnometer (AccupPyc II 1340, Micromeritics), 
with helium as the displacement gas. 
 
4.7.3. Carboxylate groups 
Pulp was analysed before and after the TEMPO-mediated oxidation using Fourier Transform 
Infrared (FT-IR) spectroscopy (PerkinElmer Frontier) with Attenuated Total Reflectance (ATR) 
sampling accessory: the sample was placed on top of an ATR crystal and secured with a clamp. 
The infrared spectrum was recorded in transmittance mode with a resolution of  
4 cm-1 recording from a wavenumber of 400 to 5000 cm-1. 
 
Conductometric titration was used to calculate the carboxylate content (mmol/g TEMPO-MFC) 
according to a method by Mautner et al. [108]: a sample of 0.15 g (dry weight) TEMPO-MFC was 
diluted to 60 mL with deionised water and 5 mL of 10 mM NaCl solution. The resulting solution 
was then left to stabilise before the pH was adjusted to 2.5-3. The conductivity was logged using 
a digital conductivity meter (model CO 301, VWR) during titration with 40 mM NaOH at a dosing 
rate of 0.1 mL/min (TitroLine 7000, SI analytics). Throughout the titration process, nitrogen was 
bubbled through the system to limit the influence of carbon dioxide. The carboxylate content was 
calculated according to Eq. 14 thus:  
  

𝑛 = 	 (9139-)02%34
F

    (14) 

  
where n is the carboxylate content (mmol/g TEMPO-MFC), v1 and v0 are the volumes of NaOH 
(mL) at the intersection points between the plateau and the linear regions, respectively, and is 
determined graphically, cNaOH is the concentration of NaOH (mmol/L) and m is the mass of 
TEMPO-MFC (g).  
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The carboxylate content of the unoxidized pulp was determined by the SCAN-CM 65:02 protocol. 
In this case, m equals the mass of pulp in Eq. 14 and therefore n equals mmol/g pulp.  
 
The protocol employed in Paper IV can be found in Larsson et al. [109], and the same set-up was 
used. 
 
4.7.4. Surface charge 
The surface charge was measured using zeta potential and polyelectrolyte titration. 
 
4.7.4.1. Zeta potential 
In Paper 1, the zeta potential of 5 vol% MCC suspensions with a concentration of 0-1 g/L NaCl 
was measured using DelsaMax PRO (Beckman Coulter). Furthermore, the zeta potential of the 
PES membrane in an ionic environment (0.06-1 g/L NaCl) was measured using Anton Paar 
SurPASS streaming potential analyser for planar geometry.  
 
The zeta potential of the TEMPO-MFC was measured in a 0.05 wt% solution, and with a 
background concentration of NaCl, to ensure a finite double layer thickness around the fibrils, as 
suggested by Foster et al. [110].  
 
4.7.4.2. Polyelectrolyte titration 
Polyelectrolyte titration assesses only the surface charges; it is important that the molecular weight 
of the polyelectrolyte is sufficiently high to avoid penetration through the cell wall. The 
polyelectrolyte used was poly(diallyldimethylammonium chloride) (pDADMAC) with a known 
surface charge; the titrations were performed using Stabino Polyelectrolyte titrator (Particle Metrix 
Gmbh, Meerbusch).  
 
4.7.5. Size determination 
Particle/agglomerate size was analysed using focused beam reflectance measurement (FBRM), 
laser diffraction and fibre analyser (kajaani).  
 
4.7.5.1. FBRM ® 
FBRM ® (G400, Mettler Toledo) was used to study variations in the sizes of the MCC 
agglomerates/particles when being subjected to increasing concentrations of NaCl (Paper I). The 
principle of this technique can be summarised thus: a focused beam of laser light is passed through 
a sapphire window located at the end of the FBRM probe. This laser light scans in a circular path 
and, when it encounters 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 and the scanning rate of the laser 
beam allows the chord length (reported as #/s in the iC FBRM software) of the 
particle/agglomerate to be calculated which, in turn, can be related to the particle size. The 
minimum detectable chord length is 1 μm. 
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4.7.5.2. Laser diffraction 
The particle size distribution of MCC was determined by laser diffraction (Malvern Mastersizer 
2000). It should be noted that the particles are assumed to have a spherical geometry, and it is 
therefore not as representative if the particles have a high aspect ratio.   
 
In Paper IV, a Microtrac S3500 laser diffraction analyser was used to study the smaller fractions 
that could not be captured by the fibre analyser.  
 
4.7.5.3. Fibre analyser 
KajaaniFS300 Fibre Analyzer (Metso) was used in Paper IV to analyse the length and width of the 
larger fibril fragments. It should, however, be emphasized that the equipment has a detection limit 
of 0.02 mm for length. 
 
4.7.6. Specific surface area 
Nitrogen physisorption (Tristar 3000, Micromeritics) at 77 K using the Brunauer–Emmett–Teller 
(B.E.T.) method was employed to evaluate the specific surface area. All samples were subjected 
to a solvent exchange procedure in order to preserve the water-swollen state and prevent 
irreversible collapse of the pores upon drying. In the method used, adapted from Wang et al. [111], 
water is first replaced by acetone and then followed by displacement washing. This is repeated 5 
times, whereafter the same procedure is repeated with cyclohexane. The material is then dried 
overnight in a nitrogen atmosphere.  
 
4.7.7. Morphology 
Morphology was investigated by SEM using FEI Quanta200 ESEM (Papers I and II) and LEO 
Ultra 55 SEM (Papers III and IV). MCC was studied in its water-swollen state and had thus been 
undergoing the aforementioned solvent exchange (4.7.6 Specific surface area) prior to analysis.  
 
In the case of the TEMPO-MFC, a droplet of 0.005 wt% TEMPO-MFC was allowed to air-dry 
overnight on top of a polished SEM stub. In Paper IV, a 0.01 wt% MFC suspension was filtered 
through a nanoporous aluminium oxide membrane (FlexiPor 20 nm, SmartMembranes GmbH) 
before carbon tape was used to attach it to a SEM stub.  
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5  
RESULTS AND DISCUSSION 

 
This chapter presents the main findings of the four papers on which this thesis is based. It starts 
by demonstrating the impact of ions during the dead-end filtration of MCC, followed by the 
electro-assisted filtration of MFC and the discovery of a peculiar filter cake structure. Finally, the 
impact ions have on the material properties after dewatering is examined. 
 
 
5.1. THE IMPACT OF IONS DURING DEAD-END FILTRATION 
 
Electrostatic interactions play an important role during dead-end filtration and may affect the 
structure of the filter cake being formed and the filtration resistance. The electrostatic interactions 
are controlled by the chemical environment and can be altered by, for example, adjusting the ionic 
strength. Cellulose and ions in an aqueous solution interact in various ways whilst cellulosic 
materials are being processed, for instance during the washing of pulp or the rinsing of regenerated 
cellulose. Paper I therefore investigated the impact of ions (Na+, Cl-) during the dead-end filtration 
of MCC (as a model material). 
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Microcrystalline cellulose 
The MCC used in this work had a solid density of 1560 kg/m3; its composition was 97% glucose 
and 3% mannose and xylose. The particle/agglomerate shape was cylindrical, as illustrated in the 
SEM micrograph in Figure 5.1. Laser diffraction revealed that 50 vol% of the particles had a 
particle size < 20.5 ± 0.9 µm (Table 5.1), and the B.E.T. surface area was 39 ± 2 m2/g.  
 

 
Figure 5.1 SEM micrograph of MCC after undergoing a solvent-exchange procedure. 

Table 5.1 Summary of the 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. 

D10 [µm] D50 [µm] D90 [µm] AB.E.T  [m2/g] 

8 ± 0.4 20.5 ± 0.9 45.7 ± 3 39 ± 2 
 
5.1.1. Addition of ions 
Upon the addition of NaCl, the zeta potential of the MCC particles decreases, see Figure 5.2A. A 
modest amount of 0.2 g/L was sufficient to screen the surface charges efficiently, and reduced the 
absolute value of the zeta potential from 34.6 to 2.9 mV. A further addition of ions does not cause 
a significant reduction of the zeta potential.  
 
The effect of increasing ionic concentration can also be observed using FBRM (Figure 5.2B), 
where this resulted in a shift of the chord length to the right, thereby indicating particle 
agglomeration. This aligns well with zeta potential measurements, as a reduction in the surface 
charge would result in weaker electrostatic repulsion between the particles, and attractive forces 
become dominant instead. No clear difference is visible between 0.5-1.0 g/L NaCl. 



 
 

51 
 

 
Figure 5.2 (A) Zeta potential of MCC versus g/L NaCl, with dashed lines for reader guidance. (B) Chord length 
distribution.  

5.1.2. Filtration behaviour 
The pronounced impact of ions during dead-end filtration is apparent in Figure 5.3, where the 
filtrate volume is plotted against time. The addition of ions improved dewatering significantly; the 
trend followed the one observed in the FBRM measurements, where no clear difference between 
the two highest concentrations could be noted. The impact on the average filtration resistance is 
displayed in Table 5.2 which, once again, illustrates the clear influence of the addition of ions: the 
average filtration resistance decreased as the concentration of ions increased. 

 
Figure 5.3 Filtrate volume vs. time at varying ionic concentrations. 

Table 5.2 Average filtration resistance, including standard deviation. 

[g/L NaCl] 0.0 0.10 0.15 0.20 0.50 1.0 
αav*10-11 [m/kg] 143 ± 10 42 ± 6.5 11 ± 0.1 5.2 ± 0.3 2.0 ± 0.3 1.8 ± 0.2 
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The beneficial effect on the dewatering is probably related to the agglomeration of the MCC 
particles in the presence of ions (Figure 5.2). Agglomeration leads to a reduction of the total surface 
area subjected to the liquid flow, which reduces the drag and, consequently, lowers the filtration 
resistance. The agglomeration did not, however, appear to have any significant impact on the 
solidosity of the filter cake formed (Figure 5.4).   
 

 
Figure 5.4 Solidosity profiles measured at 13 mm (A) and 7 mm (B). The legend states the concentration of NaCl 
added to the suspension.  

The filtration resistance was extensive if no ions were added (Table 5.2). One possible reason for 
the very high filtration resistance could be related to partial/complete blocking of the internal pores 
of the filter medium, although this is deemed rather unlikely given that the nominal pore size (0.45 
µm) is much smaller than that of the MCC particles. A more plausible reason is the formation of 
a dense initial layer of particles deposited on top of the filter medium, a “skin”, which has been 
observed in studies on MCC [86,87]. Its origin is likely related to particle-particle and/or particle-
membrane interactions. However, the zeta potential of the PES membrane was, just as in the case 
of MCC, negative for all ionic concentrations (Table 5.3). Neither the formation of a “skin” nor its 
absence in the presence of ions could be explained by electrostatic interactions between the solid 
particles and membrane.  
 
Table 5.3 Zeta potential of the PES membrane at different ionic concentrations. 

[g/L NaCl] 0 (0.06) 0.1 0.2 0.5 1.0 
ζ potential [mV] −93.7 ± 0.9 −89.2 ± 0.4 −68.3 ± 0.4 −43.1 ± 0.1 −28.9 ± 0.3 

 
Arandia et al. [112] also encountered resilient cake layers when studying the crossflow filtration 
of MCC: to understand their formation, MD simulations were employed, and the cellulose-
cellulose and cellulose-PES membrane interactions studied. The free energy profiles of the 
cellulose-cellulose interactions revealed the presence of a primary minima (i.e. a region dominated 
by attractive forces) at low centre-of-mass (COM) distances, into which region it was suggested 
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that the cellulose particles migrate when the solid pressure is sufficiently high. This could explain, 
in part, the strength of the cake layer formed.  
 
5.1.3. Evaluation of compressibility 
The local filtration data (local filtration resistance and local solidosity versus solid pressure) was 
fitted to the semi-empirical models given in Eqs. 10 and 11 in 2.1.1 Compressible filter cakes – 
the importance of local properties and classified according to the categorisation presented in Table 
2.1. The plain suspension was not included in this analysis because the hydrostatic pressure profile 
did not display any difference between the different pressure probes, which was a consequence of 
the formation of a “skin”. 
 
Table 5.4 reports the fitted model parameters; it is suggested that the values of β and n correspond 
to moderate to high compressibility. The values of α0 and n decrease slightly with increasing ionic 
concentration, which could indicate a reduced compressibility. In the case of β, it is not possible 
to observe any clear trends with respect to ionic concentration as the difference was minor.  
 
Table 5.4 Model parameters obtained by fitting local filtration data to Eqs. 10 and 11. 

[g/L NaCl] φ0 [-] P0 [kPa] β [-] α0 * 10-11 [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 

 
It should nevertheless be emphasized that the data obtained for 0.1 g/L NaCl was more difficult to 
fit and should therefore be interpreted with caution. At this ionic concentration, the local filtration 
resistance did not exhibit the same pressure dependency as the other ionic concentrations, which 
display similar trends (see Figure 5.5). A possible reason for this could be related to the stability 
of the agglomerates formed and/or particle/agglomerate size distribution. The electrostatic 
repulsion between the particles could still be rather high at this low ionic concentration (Figure 
5.2A), which could lead to slightly different compaction mechanisms. 
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Figure 5.5 Local filtration resistance vs. solid pressure. The markers correspond to the local filtration data and the 
dashed lines to the data fitted from Eqs. 10 and 11.  
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5.2. IMPACT OF ELECTRIC FIELD 
 
Rather than modifying the suspension to improve its dewatering, assisted filtration techniques can 
be used instead. Electro-assisted filtration, in which an electric field is applied across part of the 
filter chamber, was proven by Wetterling et al. [7,8] to be a successful way of enhancing the 
dewatering of MCC; the use of an electric field alone was sufficient to achieve dewatering of CNC 
[9]. Electro-assisted filtration was therefore investigated in Papers II-IV as a means of improving 
the dewatering of MFC. MFC has a completely different morphology to MCC: the microfibrils are 
long and flexible and may entangle to form networks with water-trapping properties. 
 
Micro/nanofibrillated cellulose is not considered as being one homogenous material since the 
production method results in a material with a wide spread of characteristics, such as surface area, 
surface charge and functionalities. In order to interpret the following results, the properties of the 
MFC to be dewatered must thus be considered first, e.g. surface charge and fibril dimensions, 
because these may cause the pressure and/or electric field to influence the electro-assisted filtration 
process in different ways. 
 
TEMPO-MFC (Papers II and III) 
The morphology of the TEMPO-MFC displays a polydisperse fibril network, with a large variety 
of fibril dimensions ranging from bundles of fibrils to more isolated fibrils (Figure 5.6). This 
material has a very large surface area, determined by nitrogen physisorption to be 218 ± 12 m2/g 
(solvent-exchanged state). The introduction of carboxylate groups (1.07-1.08 mmol/g TEMPO-
MFC) resulted in a net repulsion between the fibrils and a negative zeta potential, as shown in 
Table 5.5.  
 

 
Figure 5.6 SEM micrograph of TEMPO-MFC. 
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Table 5.5 Summary of the zeta potential, carboxylate content (determined by conductometric titration) and B.E.T. 
surface area (determined by the nitrogen physisorption of the TEMPO-MFC used in Papers II). 

ζ potential 
[mV] 

Carboxylate content 
[mmol/g TEMPO-MFC] 

B.E.T. surface area 
[m2/g TEMPO-MFC] 

−42.3 ± 1.5 (Paper II) 1.08 ± 0.02 (Paper II) 218 ± 12 
 
Commercially-available MFC 
MFC available commercially was used in this study. It was produced mechanically, was not 
modified chemically, and was supplied in two different degrees of mechanical fibrillation, referred 
to as low and high.   
 
The more fibrillated material resulted in fibrils with smaller dimensions, but a higher surface 
charge (Table 5.6). Determined by polyelectrolyte titration, the surface charge for the low and high 
degrees of fibrillation at unadjusted pH (5.7) was 10.9 ± 1.2 and 13.9 ± 2.2 µeq/g, respectively. 
Measured at unadjusted ionic strength, the zeta potential was −28.8 ± 7.0 and −34.5 ± 4.2 mV, 
respectively. 
 
Table 5.6 Summary of the particle size distribution of the two degrees of fibrillated MFC used in Paper IV, determined 
by microtrac (see 4.7.5.2 Laser diffraction). The subscripts 10, 50 and 90 indicate that x vol% of the particles are 
smaller than the value stated. 

Degree of fibrillation D10 [µm] D50 [µm] D90 [µm] 

Low 6.58 34.30 137.7 
High 6.26 20.37 64.08 

 
Their respective morphologies, seen in Figure 5.7, show similarities with TEMPO-MFC, i.e. a 
wide size distribution of fibrils and fibril bundles. 
 

 
Figure 5.7 SEM micrographs of MFC with a low (A) and high (B) degree of fibrillation.  
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5.2.1. Electro-assisted filtration of microfibrillated cellulose  
Figure 5.8 compares the dewatering of TEMPO-MFC and commercially-available MFC carried 
out with an applied pressure of 3 bar and varying levels of electric field (0-32 V/cm). Even though 
no direct comparison can be made between the two, as the experiments were performed at varying 
electric field strengths and filter media with different pore size (0.1 vs. 0.45 µm), it is evident that 
the use of electro-assisted filtration greatly improves dewatering compared to conventional 
filtration (black lines). It can also be observed that the dewatering rate is proportional to the electric 
field strength, as predicted by the Helmholtz-Smoluchowski equation and reported in a multitude 
of studies, e.g. [7, 8]. Furthermore, the two types of MFC present different dewatering profiles: 
that of commercially-available MFC resembles a classical filtration process, with a declining 
filtrate flux over time, whilst TEMPO-MFC reaches a plateau and remains rather constant. This is 
discussed further in 5.2.1.1 A comparison of the two types of microfibrillated cellulose used. 

 
Figure 5.8 Filtrate flux during the electro-assisted filtration of (A) TEMPO-MFC and (B) commercially-available 
MFC (low degree of fibrillation) at 3.0 bar and applying electric fields of varying strength. Shaded areas show the 
standard deviation.  
 
The average dry content of the filter cakes after dewatering reaches its highest when pressure and 
electric field are combined. The highest average dry content between the electrodes that could be 
achieved was approx. 8.5% (TEMPO-MFC 3 bar and 24 V/cm), i.e. >85% of the water could be 
removed whilst requiring much less energy than for thermal drying (Figure 5.9). It should be 
emphasised that, locally, the dry content is higher. In the case of TEMPO-MFC, the material 
aggregated onto the anode, thereby achieving the highest dry contents in this region, whereas in 
the case of commercial MFC, the greatest dry contents were achieved closest to the cathode (i.e. 
at the bottom of the filter cell). As the electrophoretic movement of the MFC is dependent on the 
zeta potential, it is not surprising that the TEMPO-MFC has the higher dry content at the anode. 
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Figure 5.9 Energy demand required [kWh/kg water] for electro-assisted filtration at 3 bar for (A) TEMPO-MFC, 
using 6 and 24 V/cm, and (B) MFC (high degree of fibrillation), using 32 V/cm. The dashed black lines show the 
energy needed to evaporate water at atmospheric pressure. 

 
When conventional filtration is employed, the filtration resistance is excessive, partly due to the 
probable formation of a skin that is highly resistant to flow. This effect was especially pronounced 
for the TEMPO-MFC: after 24 hours of conventional filtration, the filter cake formed was only 
millimetre-thick. However, when electro-assisted filtration was used, it appeared to perturb the 
formation of the thin particulate layer. This is deemed as being one factor of particular importance 
to the improved dewatering, and is likely due to electrophoresis, which not only prevents the 
formation of the skin but also influences the resulting structure of the filter cake. This may have 
influenced dewatering, as this structure has a high over-all permeability; it is discussed further in 
5.2.3 On the structure of filter cakes  
 
In addition, ohmic heating causes an increase in the temperature between the electrodes. The 
temperature rise was rather minor, especially at the lower electric field strengths (< 3°C), and did 
not result in any formation of char, even at the higher electric field strengths evaluated. Even 
though the temperature was rather low, it still affected the liquid viscosity, which can be calculated 
using Eq. 15 [113]. If the temperature rises from 20 to 35 °C, it results in an almost 30% reduction 
in the viscosity of the liquid, and hence a corresponding increase in the filtrate flux, if all other 
conditions are constant. 
  

𝜇 = 2.414 ∗ 103I ∗ 10@JK.B/(N3(J-)  (15) 
 
Electrolysis reactions occurred at the respective electrodes, thereby causing the filtrate to be 
alkaline, whilst the average pH of the filter cake was acidic. The pH of the filtrate rose rapidly, 
indicating that the electrolysis reactions are swift. The impact of pH on the surface charge of the 
commercially-available MFC is shown in Figure 5.10, where a decrease in pH is seen to cause a 
reduction in the surface charge due to protonation of the carboxyl groups: similar trends are 
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expected for TEMPO-MFC. It should be noted here that, below a pH of 3, the surface charge was 
too low for measurements to be made using polyelectrolyte titration.  
 
A reduction in the surface charge would mean that the electrostatic repulsion between the particles 
is reduced, and attractive forces may instead lead to the formation of particle agglomerates that 
could, in turn, benefit dewatering, as demonstrated by e.g. Fall et al. [90]. Moreover, a reduction 
in the surface charge also means that the electric field has less impact.  

 
Figure 5.10 Surface charge density of MFC with a low degree of fibrillation, measured by polyelectrolyte titration and 
as a function of pH.  
 

5.2.1.1. A comparison of the two types of microfibrillated cellulose used 
A couple of noteworthy observations can be made from Figure 5.8, namely: 
 

I. The influence of the electric field differs 
 

TEMPO-MFC has a stronger response to the electric field and results in a higher 
filtrate flux, despite a tighter filter medium (0.1 vs. 0.45 µm) and a lower electric field 
strength being used than for commercial MFC (24 V/cm vs. 32 V/cm). This illustrates 
the great importance of surface charge (effect of chemical pre-treatment) on the 
electro-assisted filtration.  

 
II. The dewatering profiles display different trends 

 
The dewatering rate of TEMPO-MFC reaches a plateau and remains approximately 
constant, whereas the dewatering profile of commercial MFC is similar to that of 
conventional filtration, where the filtrate flux declines with time, and is associated with 
the build-up of a filter cake. 

 
A possible explanation for the different dewatering profiles is probably related to the 
formation of two different filter cake structures (Figure 5.11). In the case of TEMPO-
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MFC, the filter cake has a clearly pronounced channelled structure, with pillars of 
TEMPO-MFC in the direction of the electric field. Its more or less constant dewatering 
rate favours the hypothesis that it is the pillars of TEMPO-MFC that grow as 
dewatering proceeds rather than forming a traditional filter cake, i.e. the membrane 
area available is basically constant throughout the filtration process. 
 
In the case of the commercially-available MFC, the filter cake has some indications of 
a channelled structure, but not as pronounced as for TEMPO-MFC. Furthermore, as the 
dewatering rate does not remain constant throughout dewatering, it is likelier that a 
more traditional filter cake build-up occurs. Although it is plausible that the 
discrepancy between the two filter cake structures and their respective formation is 
related to the lower surface charge (no introduction of carboxylate groups) of the 
commercial MFC, other explanations should not be excluded at this point.  

   

 
Figure 5.11 Images of filter cake structures resulting from electro-assisted filtration at 3 bar and 12 V/cm for 
TEMPO-MFC (A) and 16 V/cm for MFC (B). Anode (+) and cathode (−) are labelled. The red arrow in (A) shows a 
typical flow channel. 
 
5.2.2. Dewatering mechanism 
MD simulations were used to study the dewatering mechanism on the molecular level in order to 
gain deeper knowledge of the dewatering mechanism involved in the electro-assisted dewatering 
of TEMPO-MFC. TEMPO-oxidised cellulose microfibrils were modelled as oligomers according 
to Figure 5.12 and are hereafter referred to as TOC. These were comprised of 11 glucose units 
with each alternate hydroxymethyl group being replaced by a carboxylate group. The simulations 
were performed in cooperation with Dr Nabin Karna; a comprehensive description of the 
simulations can be found in Paper II. 
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Figure 5.12 Model of TOC, where each alternate hydroxymethyl group is replaced by a carboxylate group. 

The pressure and/or electric field were studied in terms of:  
• Effect on the movement of TOC  
• Effect on the interfibrillar water 
• Simultaneous effect of both the TOC movement and flow of water molecules 

 
The focus of this thesis is on the two latter.  
 
5.2.2.1. Effect on interfibrillar water 
An electric field affects the solid particles in the system as well as the water molecules. Water is 
not only present as a bulk of free water molecules but also trapped between cellulose microfibrils 
and adsorbed or chemically-bound water. The latter is not of interest here since this water cannot 
be removed through filtration techniques. The effect of pressure and/or electric field on the 
interfibrillar water was, however, studied using the simulation set-up depicted in Figure 5.13A.  
 
The resulting velocity profiles between two TOC slabs are seen in Figure 5.13B. They display a 
plug-flow profile when the effect of electric field alone is studied (unfilled circles), which is 
characteristic of electro-osmotic flow [114], and a traditional parabolic shape when the effect of 
pressure is included (red and blue circles), as described by the Hagen-Poiseuille equation7. The 
maximum velocity is achieved when a pressure effect of 20 bar and electric field of 0.5 V/nm is 
investigated: this velocity is 360% higher than that observed for a pressure effect of 20 bar alone, 
but only 14% greater than that of 0.5 V/nm alone. It illustrates that, under the conditions examined, 
the electric field plays the most important role in releasing the water from the space between the 
TOC. 
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Figure 5.13 (A) Set-up used to study the flow of water trapped between the fibrils; simulated pressure effect and/or 
electric field are applied in the positive x-direction. (B) Velocity profiles of the water molecules trapped between the 
TOC fibrils. 20B corresponds to a simulated pressure effect of 20 bar. 

 
5.2.2.2. Simultaneous effect on the movement of TOC and flow of water molecules 
The simulation set-up described in Figure 5.14 was used to study the simultaneous effect on the 
flow of water molecules and TOC movement. For the convenience of computational cost, the 
simulation set-up replicates a microscopic part of the electro-assisted filter cell and is uses a time 
span of mere nanoseconds. In addition, the effect of the electrolysis reactions was not included: 
neither interlockings nor friction between the TOC fibrils.  

 
Figure 5.14 Schematic diagram of the set up considered for studying the electro-assisted dead-end filtration. Pink 
spheres: sodium ions. Blue spheres: water molecules. Uncharged cellulose walls represent the piston and filter 
medium. A graphene wall, imposed on the filter end to prevent water molecules from escaping, applies a negative 
pressure to the system.  

Figure 5.15A illustrates the flow of water molecules/ns for two levels investigated of the pressure 
effect of 10 and 20 bar (10B, 20B) and/or electric field strengths of 0.5 and 1 V/nm. The results 
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presented concur with the insights gained from the experimental work as they illustrate that 
pressure alone is not sufficient to achieve efficient dewatering, although it is the combination of 
pressure and electric field that yields the highest rate of dewatering. Increasing the electric field 
strength increases the dewatering rate.   
 
These simulations also show how the COM distance changes with time (Figure 5.15B): as the 
strength of the electric field increases, the velocity of the TOC oligomers towards the anode 
increases. As well as preventing a skin from forming on the filter membrane, this movement also 
leads to the release of water molecules that were previously trapped between the TOC oligomers; 
this bulk of free water can then be expelled by the additional pressure exerted. 
 

 
Figure 5.15 (A) Dewatering rate after 0.5 ns of simulation. (B) COM distance vs. time for electro-assisted filtration 
simulation with an applied pressure effect of 20 bar and an electric field of 0.5 V/nm (red) and 1 V/nm (black). 

5.2.3. On the structure of filter cakes  
Electro-assisted filtration of the TEMPO-MFC resulted in a filter cake with an interesting structure 
(Figure 5.11A) that has not previously been reported for either MCC [8] or CNC [9]. The 
hypothesis suggested in Paper II (illustrated in Figure 5.16) was that the TEMPO-MFC assembled 
in the direction of the electric field, which was uneven owing to the design of the anode mesh (see 
insert Figure 5.16), and resulted in the formation of pillars. Furthermore, as the liquid flows 
through the square openings of the anode mesh, it combines with the opposing electrophoretic 
force and thereby stabilises the channelled structure. There was, however, uncertainty as to 
whether or not the TEMPO-MFC was aligned in the direction of the electric field, so this was 
investigated in Paper III.   
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Figure 5.16 The mechanism suggested for the formation of the channelled filter cake structure. The thin black arrows 
represent liquid flow through some of the square openings of the anode mesh. Blue arrow (FE): electrophoretic force. 
Orange arrow (FD): force due to applied pressure. Insert: close-up of the part of the filter cell between the electrode, 
seen from the front. The gradient shows the intensity of the electric field, where a darker colour represents a higher 
intensity. 

The alignment of fibrillated cellulose in the presence of an external electric field has been proven 
in several experimental [115–119] and simulation [120] studies already, mostly using alternating 
current (AC). It was therefore deemed plausible that the cellulose microfibrils have also aligned in 
the direction of the electric field during electro-assisted filtration (DC). It should, however, be 
emphasised that the mechanism responsible for the alignment of the cellulose fibrils in an AC 
electric field may differ to that in a DC field, but this was not explored.  
 
Visual observations of the structures obtained with an electric field alone (Figure 5.17A) and using 
a combination of electric field and pressure (Figure 5.18A) show clear signs of the cellulose 
microfibrils aligning in the direction of the electric field. The micrographs display the preferred 
orientation in the electric field alone (Figure 5.17B), but this is not as clear in the case of electro-
assisted filtration (Figure 5.18B). The overall impression nevertheless is that the microfibrils have 
a preferred orientation in the filter cake.  
 
Interestingly enough, the structure obtained when electro-osmotic dewatering is applied to MFC 
is completely different from that displayed when dewatering CNC [9], where the resulting 
structure lacked channels. It should, however, be noted that the morphology and surface charge 
differ significantly between CNC and MFC, which give rise to different packing. Where the 
discrepancies found between the experimental conditions of these studies are concerned, the 
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suspension used when studying CNC had a higher solids content and a higher dry content was 
achieved. Moreover, the residence time between the two studies also differed, which could also 
have been significant. 
 

 
Figure 5.17 (A) Structures obtained from the electro-osmotic dewatering of TEMPO-MFC at 24 V/cm; SEM 
micrographs at different magnifications. (B) Scale bars, from left to right: 200 and 20 μm. 

 

 
Figure 5.18 (A) Filter cake structures obtained after the electro-assisted filtration of TEMPO-MFC at 3 bar and 24 
V/cm; SEM micrographs at different magnifications. (B) Scale bars, from left to right: 200, 20 and 2 μm. 
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The orientation index, fc, shown in Table 5.7 was calculated from the azimuthally integrated 
WAXS data using Eq. 13 and ranged between 0.49-0.57, indicating only a partially preferred 
orientation. Compared to values reported previously in the literature, these might appear low: 
Mittal et al. [121], for example, studied the flow-alignment of TEMPO-oxidised CNF (3 g/L) into 
filaments and reported orientation indexes between 0.83 and 0.92. It is, nevertheless, important to 
recognise the difference in terms of experimental set-up and sample preparation: in the present 
study, the cellulose concentration is much higher and the flow rate much lower. This, in turn, 
means that the TEMPO-MFC is unable to orientate fully because it is hindered by entanglements, 
interlockings and the suchlike. It is therefore not surprising that the resulting fc is lower.  
 
Table 5.7 Orientation index, fc, calculated from azimuthal integrated WAXS data using Eq. 13. 

 24 V/cm 3 bar 6 V/cm 3 bar 24 V/cm 

fc 0.51 ± 0.05 0.49 ± 0.03 0.57 ± 0.04 
 

The cellulose microfibrils in filter cakes thus appear to have a preferred orientation on the 
microscopic scale (SEM), but only a partially preferred orientation on the molecular scale 
(WAXS). This is plausibly related to the high particle concentration that prevails, which makes it 
impossible for the fibrils to align perfectly since bent fibrils and entanglements may be present. 
 
5.2.4. Impact of the degree of fibrillation 
The degree of mechanical fibrillation is one important factor pertaining to the quality of MFC. It 
affects the production process not only by increasing the energy demand needed for the mechanical 
separation of fibrils but also in terms of dewatering. A more fibrillated material will have a larger 
surface area and thus be subjected to more drag, and a higher filtration resistance is therefore 
anticipated. The impact of an electric field is, however, expected to increase with increasing degree 
of fibrillation, since it will result in a higher number of surface charges being exposed. It would 
thus be of certain importance to investigate the combined effect of pressure and electric field.  
 
5.2.4.1. The effect of pressure alone 
Conventional filtration resulted in rather low initial filtrate fluxes (Figure 5.19), which indicate the 
formation of a thin filter cake with a high filtration resistance. The difference between the two 
degrees of fibrillation is clear: a more fibrillated MFC is more challenging to dewater (Table 5.8), 
which concurs with the prediction based on the surface properties.   
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Figure 5.19 Filtrate flux vs. water removal. Shaded areas: standard deviations from duplicate measurements.  

The impact of applied pressure was also evaluated, and the average filtration resistance calculated 
(Eq. 5). From Table 5.8, it can be noted that an increasing applied pressure results in a higher 
average filtration resistance, which is a typical behaviour of compressible materials [122]. It is 
therefore uncertain that, despite the higher driving force (ΔP), an increased applied pressure results 
in an improved dewatering rate, which is evidenced in Figure 5.20 (1.7 and 3 bar). 
 
Table 5.8 Average filtration resistance (determined from Eq. 5) including standard deviations from duplicate 
measurements. No standard deviation is given for single measurements. 

 αav *10-13 [m/kg] 
ΔP [bar] High degree of fibrillation Low degree of fibrillation 

0.3 0.37 ± 0.12 0.27 ± 0.01 
1.7 1.96 1.12 
3.0 2.95 ± 0.83 2.05 ± 0.06 

 

 
Figure 5.20 Filtrate flux vs. water removal of MFC with a low degree of fibrillation, at applied pressures of 0.3, 1.7 
and 3.0 bar. 
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5.2.4.2. The effect of electric field alone 
Figure 5.21 presents the filtrate flux for electro-osmotic dewatering, i.e. an applied electric field 
alone. There is a slight difference between the two degrees of fibrillation, where the higher degree 
of fibrillation, with the highest surface charge, displays a somewhat higher filtrate flux; this, too, 
is in line with what would be expected. It is, nevertheless, clear that an electric field alone was not 
enough to provide sufficient dewatering. 

 

 
Figure 5.21 Filtrate flux vs. water removal. Shaded areas: standard deviations from duplicate measurements. The 
legend gives the degree of mechanical fibrillation. 

5.2.4.3. The effect of pressure and electric field 
The resulting filtrate flux was improved significantly when pressure and electric field were 
combined, Figure 5.22. In contrast to the observations made when either pressure (Figure 5.19) or 
electric field (Figure 5.21) were applied alone, no difference could now be noted between the two 
degrees of fibrillation. It is evident that, when an electric field and pressure are combined, they 
balance each other out.  
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Figure 5.22 Filtrate flux vs. water removal. Shaded areas: standard deviations from duplicate measurements. The 
legend shows the degree of mechanical fibrillation. 

 
5.2.5. Quality after dewatering 
The results presented in Section 5.2 IMPACT OF ELECTRIC FIELD have proven electro-assisted 
filtration to be an efficient method for improving the dewatering of microfibrillated cellulose, but 
the results do not identify the impact it makes on the quality of the product. Dewatering fibrillated 
cellulose is accompanied by a possible risk of partial “irreversible” aggregation occurring: this 
would cause a reduction in the surface area available and thereby a loss of valuable properties. The 
impact of the WRV and rheology of the MFC after dewatering were therefore assessed, since these 
properties are important for future applications of MFC (e.g. as a rheology modifier).  
 
WRV before and after dewatering is displayed in Figure 5.23 along with the average dry content 
of the filter cake (height: 25 mm). The decrease in WRV seen after dewatering appeared to be 
slightly related to an increased dry content of the filter cake (NB: all WRV measurements were 
conducted at a dry content of 0.3 wt%). A reduction of the WRV indicates that the properties of 
MFC were affected by dewatering, even though rather modest dry contents were achieved. It is, 
however, important to remember that the dry content is not uniform and that, locally, it can be 
higher than those reported in Figure 5.23.   
  
The reduction observed in WRV can be related to a lower accessible surface area as well as a lesser 
number of accessible hydroxyl groups. These results are in line with the findings reported by Ding 
et al. [93]: they studied the effect of nanocellulose fibre hornification and hydroxyl accessibility 
during dehydration, and found that a reduction in accessible hydroxyl groups can be observed 
already at a dry content of 8.2%, and was severely reduced at dry contents >20%.   
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Figure 5.23 WRV (bars) and average dry content (squares and circles) of both degrees of fibrillation. WRV was 
measured for the original suspension as well as after dewatering at 3 bar and different strengths of electric field.  

The MFC still exhibits shear-thinning behaviour after dewatering (Figure 5.24A). This is typical 
of MFC and is related to the structuring and alignment of the fibrils in the shear direction [123], 
which causes a reduction in viscosity as the shear rate increases. At the concentration investigated, 
0.4 wt%, all MFC samples behave as a gel (G’>G”) in the LVE-region, see Figure 5.24B, albeit 
the reduction in G’ and G” observed after dewatering indicates a weaker gel. Also, the yield stress, 
determined from a 10% reduction in the storage modulus (G’) in the amplitude sweep 
measurements [106] tabulated in Table 5.9, suggests a weaker network after conventional 
filtration, and especially so after electro-assisted filtration. This means that less stress is necessary 
to deform the network structure.  

 
Figure 5.24 Rheology measurements of MFC with a lower degree of fibrillation, before and after dewatering: (A) 
flow-sweep profile and (B) equilibrium storage and loss moduli. Dark green bars: storage modulus (G'), hatched green 
bars: loss modulus (G'').  
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Table 5.9 Yield stress of the original suspension and after dewatering, using either 3.0 bar or 3.0 bar and 32 V/cm. 
The MFC had a lower degree of fibrillation. 

 Original 3.0 bar 3.0 bar 32 V/cm 
Yield stress [Pa] 0.079 ± 0.005 0.054 ± 0.001 0.046 ± 0.002 

 
The general conclusions drawn from the quality analysis after dewatering pertain to the slight 
reduction in WRV and network strength, the full reason for which remains to be uncovered. One 
hypothesis is related to the partial aggregation and/or reshaping/collapse of the MFC bundles after 
dewatering and the consequential reduction in available surface area. It therefore becomes 
important to explore the re-dispersion of the dewatered material to assess the recovery of available 
surface area. In the present study, re-dispersion was achieved using an IKA Ultra-Turrax ® T50 
operating at 10 000 rpm, but alternative methods may have the potential for rendering a more 
efficient recovery of the available surface area. Nevertheless, it is important to bear in mind that 
there will always be a trade-off between the costs of transportation and re-dispersion.   
  
The extent to which the properties of a material impact on the future performance of products is 
not obvious, as it is highly dependent on their final function. Potential applications include, for 
example, the use of MFC in a composite, in which case the final properties of the product are not 
necessarily only dependent on the properties of the MFC but also on those of the additional 
ingredient(s). This combined effect remains to be evaluated. Furthermore, the rheological features 
of MFC can be tailored by size fractionation [105] or tuning the chemical environment [124], 
which has the potential of being used to re-gain important features.   
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6  
CONCLUDING REMARKS 

 
 
The aim of the work compiled in this thesis is to extend current knowledge of the filtration of 
micro/nanocelluloses, since this is an essential component in reducing the total cost of producing 
these materials and thus in increasing their commercial attractiveness. Although the three 
micro/nanocelluloses used had inherently different characteristics (e.g. morphology and surface 
charge), it can be concluded that there are similarities in terms of excessive filtration resistance 
that can, in part, be attributed to the formation of a dense initial layer of particles, a “skin”, closest 
to the filter medium if no modifications are made. The filter cakes formed are compressible in 
nature, i.e. the solidosity, and thus the filtration resistance, is not constant throughout.  
 
The importance of electrostatic interactions between MCC particles during dead-end filtration was 
illustrated in Paper I by altering the ionic concentration by between 0.1 and 1 g/L NaCl. Without 
the addition of ions, a “skin” with a high flow resistance was formed, but this was perturbed by 
the addition of ions. The sodium ions shielded the negative surface charges of the MCC particles 
and promoted agglomeration, as evidenced by measuring the size of the agglomerates/particles 
using an FBRM. This, in turn, lead to a reduction of the total filtration resistance: this was most 
likely due to a combination of the absence of a “skin” and the smaller total surface area of the 
agglomerates that were formed, compared to the single particles. Increasing the ionic concentration 
reduced the average as well as the local filtration resistance. 
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The filtration of TEMPO-MFC (Papers II and III) and commercially-available MFC (Paper IV) 
was improved significantly when electro-assisted filtration was employed: the dewatering rate 
increased and up to 85% of the water could be removed, whilst requiring considerably less energy 
than for thermal drying. Electro-assisted filtration of TEMPO-MFC was studied through 
experiments in combination with MD simulations to reveal further details of the dewatering 
mechanism. The MD simulations suggested that, apart from the electroosmotic flow of water, the 
improved dewatering could be attributed to electrophoresis of the negatively charged MFC 
towards the anode leaving behind water that had previously been trapped; this water could now be 
pressed out by the pressure applied.  
 
In addition, instead of a conventional filter cake, a channelled structure with high overall 
permeability was discovered in the experimental work. Such a structure provided high overall 
permeability and could therefore also have been part of the reason behind the higher dewatering 
rate. The cellulose microfibrils appeared to assemble in pillars in the direction of the electric field 
to form the channelled structure of the filter cake. This was evaluated further and the preferred 
orientation of the cellulose microfibrils in the filter cake on the microscale was observed using 
SEM. Only partial preferred orientation could be seen on a molecular scale using WAXS, plausibly 
due to the presence of bent fibrils and/or entanglements, which resulted in deviation from perfect 
alignment.  
 
The impact of the degree of mechanical fibrillation is an important process parameter when 
producing MFC. It affects the characteristics of the product (e.g. surface area and surface charge 
density) and thereby dewatering; this was studied using a commercially-available MFC in Paper 
IV. When pressure alone was applied, a more fibrillated material showed greater filtration 
resistance because a higher surface area was subjected to the liquid flow and, hence, there was 
more drag. The application of an electric field alone showed the opposite: a more fibrillated MFC 
has a higher surface charge density and therefore the electric field has a greater effect. However, 
when a combination of pressure and electric field was used, no significant difference could be 
noticed between the two degrees of fibrillation. In contrast to TEMPO-MFC, the filter cakes did 
not have a pronounced channelled character. 
  
It is important to know how dewatering affects valuable product characteristics, which is the reason 
for analysing water retention and rheology: a moderate reduction in the water retention value and 
rheological features (yield stress, storage and loss moduli) after electro-assisted filtration indicated 
a weakened network strength. This may be attributed to a reduction of the total surface area that is 
probably due to the aggregation of the microfibrils and/or the reshaping of the microfibrils/fibril 
bundles. 
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7  
FUTURE WORK 

 
“All research falls into one of the three following:  

difficult, boring or already done” 
Xiaohui Song 

 
Dewatering micro/nanocelluloses is difficult, yet it is crucial that this unit operation functions 
efficiently for large-scale production to be successful. This thesis has explored the dewatering of 
micro/nanocelluloses via modification of the suspension’s ionic concentration as well as using 
electro-assisted filtration. It is not the first thesis on the dewatering of micro/nanocellulose and it 
will most likely not be the last: several possible routes remain to be explored further, especially 
with respect to electro-assisted filtration.  
 
Electro-assisted filtration has been demonstrated to improve the dewatering of MFC, both 
TEMPO-MFC and commercially-available MFC. Although the dewatering of both was enhanced 
through the assistance of an electric field, their respective dewatering profiles differed owing to 
the diverse characteristics of the MFC in question. This implies the need for further studies of other 
qualities of MFC or even CNF, e.g. degree of oxidation, another chemical pre-treatment (such as 
carboxymethylation) and the presence of hemicellulose as well as lignin.   
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The formation of the channelled filter cake structures would also be of interest to study further, for 
example using in-situ monitoring techniques employing tomography and/or SAXS/WAXS. From 
a material perspective, it would also be interesting to discover whether these channelled structures 
could serve a wider purpose in material applications, because aligned material infers superior 
strength and stiffness [125].   
 
It is also vital to investigate just how dewatering affects MFC, and the effects on both the water 
retention value and rheology were therefore assessed after dewatering. Further evaluation is 
nevertheless required in order to reveal the full reason as to why these properties were affected 
and whether or not they could be restored after dewatering by other suitable methods of dispersion. 
The extent to which this change in properties could affect potential future applications should also 
be assessed. In addition, it would be of interest to study if there is a way of mitigating the 
hypothesised reduction of available surface area of the microfibrils whilst promoting dewatering 
and still maintaining the low energy demand (i.e. limiting the ionic strength [7]).  
 
Finally, all experiments in this work have been performed on a lab scale, which means that one 
inevitable question remains: the matter of scale-up. Prior to scaling up, several concerns raised in 
this thesis should be addressed: 
 

• Aggregation of material onto the anode  
After electro-assisted filtration, it proved challenging to remove TEMPO-MFC from the 
anode, as it aggregated strongly to it. It is therefore important that the design and material 
of the anode are such that the filter cake can be removed easily after dewatering: vibration-
assisted removal may be a viable option here.   
    

• Impact of electrolysis products 
If no or minor alternation of the pH and ionic concentration of the material is allowed, the 
design of the filter chamber must be such that the products of the electrolysis reactions can 
easily be removed, e.g. via continuous flushing of the electrodes [35]. For this purpose, a 
design whereby the electric field is applied perpendicular, rather than parallel, to the flow 
may be suitable.  

  
• Techno-economic analysis 

It is common praxis to make a techno-economic analysis to assess the economic 
performance of the process. There will for example always be a trade-off between the cost 
of transportation and that of water removal and potential subsequent re-dispersion.  
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