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Sammanfattning

Cellulosa nanofibriller (CNF) är ett förnybart material med unika styrkeegenska-
per. En svårighet med produktion av CNF är att CNF suspensioner innehåller
stora mängder vatten. Om volymerna av CNF suspensioner kan minskas med
avvattning genom centrifugering, då kan transport- och lagerkostnader sänkas.
Målet med det här examensarbetet är att undersöka vilken inverkan olika pa-
rametrar har på CNF-avvattning genom centrifugering och identifiera optimala
förhållanden för maximalt avlägsnande av vatten.

En laboratoriestudie utfördes på fyra olika material. De fyra materialen är 2
w% enzymatiskt behandlad CNF (CNF1), 1.9 w% karboxymetylerad CNF (CNF2)
och två kommersiella prover (1.9 w% CNFA och 1.8 w% CNFB). Den huvudsak-
liga metoden var analytisk centrifugering upp till maximalt 2330 g. De testade
parametrarna var initial koncentration innan centrifugering, temperatur, NaCl
tillsats, pH, och applicerat fast kompressionstryck (g-kraft och ytvikt). Förutom
centrifugeringsexperimenten så karaktäriserades the fyra mmaterialen med la-
ser diffraktion, UV-vis absorption, dynamisk ljusspridning och vägningar av torr-
halt.

Analys av den experimentella data som insamlats visar att en ökad initial
koncentration ger en högre slutkoncnentration, men mindre vatten kan bortfö-
ras. Temperaturförändringar har ingen effekt på separation av CNF och vatten.
Vid ett applicerat fast kompressibelt tryck på 3 kPa och en initial koncentration
1.5 w% kan koncentrationerna 5.5 w%, 1.5 w%, 4.0 w%, och 4.3 w% nås för CNF1,
CNF2, CNFA, och CNFB. Efter extrapolering av polynoma funktioner passad till
experimentell data förutspås att koncentrationerna 9.1 w%, 1.5 w%, 6.9 w%, och
7.9 w% kan nås för CNF1, CNF2, CNFA, and CNFB vid 22 kPa och en initial
koncentration på 1.5 w%. Förtjockningen av CNF suspensioner som kan, eller
förutspås kunna nås genom centrifugering i det här examensarbetet innebär att
det är möjligt att avlägsna stora mängder vatten, till exempel kan vatteninne-
hållet i CNF1 minskas från 65.7 liter/kg CNF till 10.0 liter/kg CNF vid 22 kPa
fast kompressionstryck. Koncentrationerna vid 22 kPa fast kompressionstryck är
extrapolerade från exprimentell data <3 kPa fast kompressionstryck. Den karboy-
metylerade CNF2 kan inte avvattnas om den inte späds ut eller om salt eller pH
justeras. Detta är direkt kopplat till de elektrostatiska krafterna i suspensionen
och Debye längden. Tillsats av salt eller sänkt pH eliminerar också de koncentra-
tionsgradienter som kan förekomma i utspädda centrifugerade CNF2 suspensio-
ner.

Nyckelord: Cellulosa nanofibriller, CNF, Microfibrilerad cellulosa, MFC,
Centrifugering, Avvattning, Fibersuspension.
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Abstract

Cellulose nanofibrils (CNF) is a renewable material with unique strength prop-
erties. A difficulty in CNF production is that CNF suspensions contain large
amounts of water. If CNF suspension volume can be decreased by dewatering
facilitated by centrifugation, then transportation costs and storage costs can be
reduced. The aim of this thesis is to investigate the impact various parameters
have on CNF centrifugation dewatering and identify optimal conditions for max-
imal water removal.

A laboratory study was conducted using four materials; 2.0 w% enzymatically
treated CNF (CNF1), 1.9 w% carboxymethylated CNF (CNF2) and two commer-
cial samples ( 1.9 w% CNFA and 1.8 w% CNFB). The main method was analytical
centrifugation up to 2330 g. Parameters tested were initial concentration before
centrifugation, temperature, NaCl addition, pH, and applied solid compressive
pressure (g-force and surface weight). In addition to centrifugation experiments
the four materials were characterized with laser diffraction, UV-vis absorption,
Dynamic light scattering, and dry weight measurements.

Analysis of the experimental data collected show that increase in initial con-
centration give a higher final concentration, but less water is removed. Further-
more, temperature changes have no effect on separation of CNF and water. At
an applied solid compressive pressure of 3 kPa and initial concentration at 1.5
w% the concentrations 5.5 w%, 1.5 w%, 4.0 w%, and 4.3 w% can be reach for
CNF1, CNF2, CNFA, and CNFB respectively. After extrapolation of polynomial
functions fitted to experimental data an applied solid compressive pressure of 22
kPa and initial concentration at 1.5 w%, the concentrations 9.1 w%, 1.5 w%, 6.9
w%, and 7.9 w% are predicted for CNF1, CNF2, CNFA, and CNFB respectively.
The thickening of CNF suspensions achieved and predicted in this thesis implies
possibilities for large amounts of water removal, e.g. the water content in a CNF1
suspension is reduced from 65.7 litres/kg CNF to 10.0 litres/kg CNF at the solid
compressive pressure 22 kPa. The concentrations at 22 kPa are determined by
extrapolation from experimental data <3 kPa solid compressive pressure. The
carboxymethylated CNF2 can not be dewatered unless it is diluted or if salt or
pH is adjusted. This is directly correlated to the electrostatic forces in the sus-
pension and the Debye length. Addition of salt or lowered pH also eliminate any
concentration gradients in diluted and centrifuged CNF2 suspensions.

Keywords: Cellulose nanofibrils, CNF, Microfibrilated cellulose, MFC,
Centrifugation, Dewatering, Fiber suspension.
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1
Introduction

Cellulose nanofibrils (CNF) is a material which can be used as a strengthening
component and a barrier in many products. Examples of applications are pack-
aging coatings and various composite materials. The main advantages with CNF
compared to other materials are that it is strong, light, renewable and biodegrad-
able. One difficulty with CNF production is high energy consumption. A great
deal of research has been done to make the fiber delamination process more en-
ergy efficient. On the other hand, research about efficiency of CNF-suspension
dewatering is more limited. To utilize CNF as a material the fibrils might need to
be separated from water and form a fibrous network. Also, dewatering can ma-
jorly decrease the weight and volume of the suspension, hence decreasing trans-
portation cost. In this work it is suggested that the dewatering process can be
performed efficiently through centrifugation. Influences of different parameters
on dewatering efficiency during centrifugation are investigated in a laboratory
study. Parameters of particular interest are type of suspension, applied g-force,
initial concentration, salt addition, pH and temperature. The CNF-suspensions
investigated are enzymatically treated homogenized CNF (CNF1), carboxymethy-
lated homogenized CNF (CNF2), and two commercial CNF samples called CNFA
and CNFB.

1.1 Research Problem

Difficulty with removing water from CNF springs from properties of the fibril-
lary particles. Because the fibrils are ground to increase the accessible surface
area, the fibrils’ capacity to absorb water is significantly increased compared to
other cellulose materials [8]. Furthermore, the small dimensions of CNF decrease
the permeability of the fiber network compared to ordinary paper pulp. Thus,
conventional dewatering methods for pulp, including filtration, are less efficient

1



2 1 Introduction

for CNF. In centrifugation the water does not have to go through the formed sed-
iment, instead it flows in the opposite direction, facilitating a faster separation.
Therefore, separation can be faster and more energy efficient through centrifuga-
tion. Even though centrifugation is a suitable option for CNF-suspension dewa-
tering, the capacity of the process is not thoroughly understood. Some questions
are:

• What degree of dewatering and compression of CNF suspensions is possible
through centrifugation? and what is the industrial relevance?

• Under which conditions can we achieve maximum suspension thickening?

• How fast can suspension thickening be achieved?

• How much CNF can be found in the sediment after centrifugation?

• How do the different CNF materials tested compare to each other with re-
spect to dewatering ability?

Dewatering efficiency, rate and yield from centrifugation of CNF-suspensions
will be investigated in this thesis. The questions stated above will, in part, be an-
swered through the means of this laboratory study. The aim is to increase the un-
derstanding of the process and map influences different parameters have on the
separation in terms of dewatering capacity, speed and loss in yield. This knowl-
edge can then be further used to optimize specific CNF production processes and
design of pilot scale trials.



2
Background

In this chapter background information is presented providing facts and a con-
text to help the reader understand the results and discussion. Firstly, the material
CNF and the production process is described. Second, the centrifugation process
is discussed in general, and specifically for fibril suspensions. Thirdly, the impact
of electrostatic forces is presented. Finally, the differences between centrifugation
for CNF dewatering on a laboratory and an industrial scale is explained. In this
report separation, thickening, dewatering, and increasing concentration are used
interchangeably.

2.1 Material

CNF can be defined as a kind of fines consisting of fibrils. The term fines also
includes lamelle flakes, free crill, and fragments of fibers[6]. Fibrils are rope like
networks of cellulose molecules. Gathered together, cellulose fibrils constitute
fibers which are core components in plant cell walls. CNF typically have a di-
ameter in the 2 − 100 nm range and a length of millimeter magnitude. CNF is
essentially the same as what is elsewhere called nanocellulose, nanocellulose fib-
rils (NCF) and micro fibrillated cellulose (MFC)[2]. CNF is produced through
fibrillation of plant fibers. Fibrillation is the delamination, or parting of the fib-
rillary layers in the fiber cell wall. During fibrillation the fibril surface is ground,
creating an increased surface roughness and accessible surface area. The starting
material and how the fibrillation is performed affect the properties of CNF. In
fact, variations in starting material and processing have given rise to a large di-
versity of CNF materials, at least 50 different kinds can be identified[8]. In this
work the CNF materials being studied are enzymatically treated homogenized
CNF (CNF1), carboxymethylated and homogenized CNF (CNF2) from birch sul-
fite pulp as a starting material, supplied by RISE Bioeconomy, and two commer-
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Figure 2.1: Position in cellulose easily accessed for carboxymethylation. All
hydroxide groups have the possibility to be carboxymethylated.

cial samples CNFA and CNFB. CNF1, CNFA and CNFB are liquid suspensions
while CNF2 is a gel at a concentration of 2 w%.

The properties of the different CNF types likely influence the centrifugation
process. CNF suspensions have a relatively high viscosity even when they are
diluted. This is caused by large water absorption ability. The wet environment
in a diluted fiber suspension will cause the fibrils to swell. However, as CNF is
dried it decrease its surface area and stiffen irreversibly; hence its properties are
altered [8] . This implies that the viscosity in CNF suspensions during drying will
change, not only due to increased suspension thickness, but also due to changes
in the fibrillary surface structure. This may be avoided in centrifugation. Strong
hydrogen bonding is known to occur between fibrils. This is associated with good
barrier properties and thus it has low permeability. Indeed, it has been shown
that nanocellulose which has formed a structured network can withhold large
amounts of water [8]. CNF2 has a higher surface charge due to carboxymethyla-
tion prior to homogenization. Except being more highly charged, CNF2 fibrils
seem to be more homogenous in size and shape compared to CNF1 [8]. Degree
of substitution (DS) is a quantitative measure of the amount of carboxylgroups
which have been added to the cellulose chain. At DS 0 there has been no sub-
stitution of protons for carboxylgroups, while at DS 1 all available protons have
been substituted for carboxylgroups. CNF2 has a DS of 0.098. All three hydroxyl
groups in a glucose molecule, which builds up a cellulose chain, are available
for carboxymethelation. However the hydroxyl group at position C6 is the most
available for carboxymethylation due to less steric hindrance, figure 2.1.

2.2 CNF Production

An overview of CNF production has been written by Klemm et.al [7]. Two estab-
lished mechanical techniques for fibrillation are grinding and homogenization.
In homogenization the fibers are taken apart by high shearing forces induced by
high applied pressure. Grinding is usually conducted by placing fibers in be-
tween rotating discs. These methods can be combined with other pretreatments
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Figure 2.2: Simplified flow chart of pulp homogenization at RISE Bioecon-
omy.

to alter material properties. Both homogenization and grinding provide efficient
delamination, an increased surface area of the fibrils, and can be scaled up [8].
CNF1 is grinded and enzymatically treated before homogenization to reduce en-
ergy consumption. CNF2 is pretreated through carboxymethylation before ho-
mogenization to increase the ionic charge on the fibril surface[13].

2.2.1 Impact of centrifugation study

Lower concentrations makes defibrillation more efficient; it is enough to pass the
pulp through the homogenizer once to get CNF without having to circulate the
pulp [1]. If effective dewatering can be achieved through centrifugation, then it
is be possible to use lower concentrations for homogenization and then decrease
the suspension volume through centrifugation dewatering.

2.3 Sedimentation, Filtration and Centrifugation

Liquid and solid, such as water and CNF, can be separated from each other
through sedimentation, filtration or centrifugation. These three methods are gov-
erned by the same fundamental principles. The main driving force is a difference
in density between the mixed substances. In filtration the difference in solidity is
also of great importance. What distinguishes filtration from sedimentation and
centrifugation is that the liquid has to permeate and flow through the formed
filter cake. This will affect the structure of the solid sediment and the yield of
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Figure 2.3: Overview of the steps in centrifugation: 1. Well mixed suspen-
sion 2. Flocculation 3. Fluctuation 4. Sedimentation 5. Sediment formation
6. Compression and consolidation 7. Expansion.

the separation. Also, during filtration a pressure difference is applied to attain
greater separation. In sedimentation and centrifugation water flows in the oppo-
site direction in relation to the sediment. This is due to the difference in density
and the non-permeable cell wall beneath the sediment. During free sedimenta-
tion gravity alone monitors the process; while a much higher force can be applied
by rotating the sample around a fixed axis in centrifugation, causing further sep-
aration. Nevertheless, the five initial functioning steps are the same for all of the
three methods, figure 2.3.

If a suspension is carefully mixed to create a homogeneous bulk, then as mix-
ing stops and the suspension endures a one directional force flocculation of fibrils
will begin. The clusters and flocs of particles which are created will initiate fluc-
tuations within the suspension. As the fluctuations start to settle sedimentation
starts. Finally a sediment is formed. After sediment formation filtration, sedi-
mentation and centrifugation begin to differ. In centrifugation, compression of
the formed sediment takes place until equilibrium is reached. Then, when the
applied g-force is withdrawn the sediment may expand again. The flocculation
and fluctuations happen fast, whereas the following steps each proceed more and
more slowly.

To explain the forces acting on a particle in a suspension Stoke’s law can be
used, equations 2.2 and 2.1.

Fg = (ρs − ρl)g
4
3
πR3 (2.1)
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Fd = 6πµRv (2.2)

Fg is the gravitational force. ρs and ρl are the solid particle density and liquid
density. R is the particle radius. Stoke’s law is only accurate for spherical parti-
cles experiencing free sedimentation without any interactions with surrounding
particles. As fibrils are long and slender particles and likely interact even at low
concentrations, Stoke’s model has limited accuracy for fiber suspensions.

2.4 Centrifugation of Fiber Suspensions

When considering fibril and fiber suspensions, the prediction of sedimentation
behaviour based on Stoke’s law may be difficult. However, the concentration in-
dicating the gel point can be calculated from the fibril aspect ratio, equation 2.3
[3].

cf ree = a−2 (2.3)

Aspect ratio defines the relationship between the length and thickness of a
fiber or fibril, a = length/diameter. In the equation 2.3 cf ree is the approximate
concentration limit for gelation in dm3/dm3. This is a model for gel formation;
other properties than aspect ratio such as ionic strength may also affect the gel
point.

A laboratory study of centrifugation of fines enriched pulp (FE-pulp) has been
made at RISE Bioeconomy [10]. The study was conducted between 6 g and 2320
g for initial concentrations 0.24 w% and 1.17 w%, and fibril sizes < 250µm and <
350µm. Dewatering was achieved with maximal FE-pulp concentrations between
5 w% and 8 w% depending on grammage. It is expected that CNF suspensions
have a similar behaviour, although they might have a slightly lower dewatering
capacity.

Another thing which will impact centrifugation dewatering is fiber orienta-
tion during sedimentation and compression, as it affects packing and consolida-
tion. Gravity makes fibers prefer vertical orientation during free sedimentation
[5]. However, fibrils in CNF suspensions are unlikely to experience free sedimen-
tation, thus fibril orientation can be expected to be more chaotic, with fibrils ori-
ented both vertically, diagonally, and horizontally in a three dimensional space.
In the case of fibril suspensions fiber interactions and network formation might
explain the occurrence of zone sedimentation.

The influence of salt addition, ionic strength, and pH are major on the fib-
ril interactions and dewatering ability of carboxymethylated suspensions. When
salt is added flocculation and aggregation is promoted and further sedimenta-
tion takes place. At the same time increased shearing forces might break up flocs.
Divalent cations added as salt in small amounts will increase the interactions
and the dewatering ability more than monovalent cations [11]. Aggregation and
stronger interactions are beneficial to dewatering up until the point where gel for-
mation begins and water is trapped in between the fibrils. Hence, it is desirable
to find the optimal salt concentration or pH for a dewatering process.
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2.5 Electrostatic Double Layer

The dominating interactive forces in a fiber suspension are van der Waal’s and
electrostatic forces [4]. Repulsion between the fibrils creates an electrostatic dou-
ble layer, distancing particles from each other. To estimate the thickness of the
electrostatic double layer the Debye length can be calculated. The Debye length
is a measure of the distance from a particle where its electrical charge can still
be noticed. Within this distance the electrical charge can repel other particles
or be counteracted by counterions. The Debye length can be calculated through
equation 2.4

1
k

=

√
ε0εkBT

2ρe2NA
(2.4)

1
k is the Debye length, ε0 is the vacuum permittivity, ε is the relative permittiv-

ity, kB is the Boltzmann constant, T is temperature, ρ is electrolyte concentration,
e is electron charge, and NA Avogadro’s number.

Swelling of the fibers must be handled chemically, as repulsion between neg-
ative charges cannot be counteracted mechanically. Counteraction to enable con-
solidation of fibrils can be achieved by salt addition or altered pH.

A decrease of electrostatic double layers, as pH or electrolyte content is changed,
can be explained by DLVO theory. DLVO theory describes the energy potential
close to a surface area of a solid and how this potential affects aggregation be-
havior in a liquid suspension. The theory accounts for electrostatic double layers
as well as van der Waals interactions. DLVO theory can be used to estimate the
impact of additional electrochemical forces, such as changes in salt concentration
or pH in a suspension [3]. The Debye length originates from DLVO theory.

2.6 Flow through Porous Media

Water flow through fiber sediment can generally be modelled in the same way
for filtration, sedimentation and centrifugation. The sediment can be viewed as
porous media. There will be a concentration gradient through out the sediment
and thus a variation in solid compressive pressure. Solid compressive pressure is
the force in a sediment induced by the solid particles above it. At the bottom of a
sediment the solid compressive pressure is the strongest and at the top the weak-
est. Solid compressive pressure is measured in Pa. The average solid compressive
pressure in the sediment can be approximated by equation 2.5, where Ps is the
solid compressive pressure. [10].

Ps,max ≈ 2Ps,av (2.5)

Because CNF sediments are porous they will contain water in all available
spaces and pores. This will also affect the solid compressive pressure, as well
as the supernatant above the sediment. In this thesis the whole weight of the
suspension is used as a base for the calculations of solid compressive pressure. In
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Figure 2.4: Simple illustration of a decanter centrifuge on the left. Flowchart
symbol for decanter centrifuge on the right.

filtration the circumstances are different as the water passes through the porous
sediment.

2.7 Application on Industrial Scale

In the analytical laboratory centrifuge LUMiSizer the maximal solid compressive
pressures that can be reached are just above 3 kPa. In an industrial decanter cen-
trifuge the approximate solid compressive pressure is more than 20 kPa [9]. In
an industrial application of centrifugation dewatering it is likely that a decanter
centrifuge will be used for a continuous process, rather than small batches which
are used in this laboratory study. A decanter centrifuge is a long cylinder with
a narrowing on one side, figure 2.4. Inside a decanter centrifuge is a screw fa-
cilitating material transport. The inlet is in the middle of the narrow side. The
solid outlet is at the bottom of the narrow side, and the liquid outlet is at the bot-
tom of the side with a wide diameter. The parameters which can be controlled
in a decanter centrifuge are regulation of pressure and volumetric flow. During
centrifugation with a decanter temperature can rise up to 30◦C [10]. The implica-
tions of process scale up will be further acknowledged in the light of the results
from this experimental study, chapter Results and Discussion.





3
Experiments and Data Analysis

3.1 Experimental Objectives

The aim of the laboratory experiments is to study the separation efficiency of
fiber suspension centrifugation in terms of final sediment concentration, rate of
dewatering, and the yield achieved in the sediment. The gained information can
be used for further studies of optimization or dimensioning of operating condi-
tions for CNF dewatering through centrifugation. For example, by finding the
rate of separation for a batch centrifugation of a CNF suspension under constant
conditions, it will be possible to control the degree of dewatering via control of
residence time in the centrifuge [1]. Furthermore, excessive operation at equilib-
rium can be avoided. In this way, energy consumption and production rate can
be optimized.

3.2 Motivation for Method Choices

3.2.1 Analytical Centrifugation

The equipment available are the analytical centrifuge LUMiSizer and the sedi-
mentation measurer Turbiscan. Turbiscan can identify flocculation, creaming,
size and concentration through transmittance measurements. Analytical centrifu-
gation of polymer additives with thickening properties using LUMiSizer have
been studied previously [12]. It was shown that it is possible to determine the
concentration in a sample, particle size distribution, and packing densities of
sediment and supernatant respectively using analytical centrifugation. Thus, the
equipment and type of analyses allow for optimization of process parameters,
such as initial concentration and ionic strength of electrolytes. The advantages of
transmittance measurements are that one can study kinetics, sedimentation be-
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havior, velocity distribution, and compression before removing g-force. On the
other hand small samples can be seen as a disadvantage as small cuvettes increase
the impact of wall effects in the sample. Also, some factors influencing the pro-
cess at a large scale cannot be studied. However, it is wise to make a laboratory
study prior to scale up trials. Another disadvantage is that the LUMiSizer only
offers batch centrifugation. On an industrial scale a continuous process, such as
a decanter centrifuge, would likely be used. Alternatives to cenrifugation with
transmittance measurements could be photometric centrifuge measuring trans-
mittance, disc centrifuge filming emittance, bucket centrifuge with manometric
detection using pressure censors [12]. Also, it is possible to use a decanter cen-
trifuge on laboratory scale. Although, this was not available during this project.

3.3 Materials

• Enzymatically treated CNF (CNF1) originating from bleached birch pulp
produced by RISE Bioeconomy, pH 7, inital concentration 2%.

• Carboxymethylated CNF (CNF2) with degree of substitution 0.098 produced
by RISE Bioeconomy, pH 7, inital concentration 2%.

• Commercial samples CNFA and CNFB.

3.4 Sample Preparation

Dry content of the suspensions CNF1 and CNF2 were measured by pouring ap-
proximately 10 g of suspensions into a 55 ◦C oven for 15 h and weighing the
remaining content. Deionized water was used for suspension dilution. After di-
lution the suspension was mixed with a magnetic stirrer, over night if nothing
else is stated, to break up fibril clusters. pH was regulated with 0.1 M or 1 M
HCl.

3.5 Characterization

3.5.1 Yield Loss

The yield loss was regarded as the CNF remaining in the supernatant after cen-
trifugation, while the formed sediment was regarded as yield. UV-vis absorption
was used to determine yield loss. Phenol and sulfuric acid was used a reactants
with the CNF particles in the supernatant. From the absorption, measured at 490
nm in a UV-vis spectrometer, the carbohydrate content was calculated. The anal-
ysis was made on supernatants collected after 2 hours centrifugation at 2330 g.
The analysed samples were supernatants from the different initial concentrations
of CNF1 and CNF2.

Another way to investigate yield loss was by determining the weight distri-
bution between the sediment and supernatant. Centrifugation of dispersed fiber
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suspensions, 0.02 w% was conducted for CNF1, CNF2, CNFA, and CNFB. The
dry weight of the original suspension and the supernatant was measured for each
material after 15 min centrifugation at 1000 g. The weight distribution measure-
ments were conducted by Åsa Enström at RISE Bioeconomy.

3.5.2 Laser Diffraction

Laser diffraction was used to determine the particle size in the four different ma-
terials. The measurements were made at the diffraction index 1.41 using the
equipment Mastersizer 3000 designed from the Mie Scattering Model. Simply
put, the Mie Scattering model is based on the assumption that particle size cor-
responds to the wave length of the light which is backscattered from the sample.
Laser diffraction measurements were conducted by SP Chemistry, material and
surfaces.

3.5.3 Zeta Potential and Dynamic Light Scattering (DLS)

The zeta potential and dynamic light scattering (DLS) were measured separately
for the four CNF suspensions using the equipment Zetasizer Nano. The sample
concentrations were all 0.5 w%. Two samples of each material were tested three
times each. Zeta potential is the electrostatic potential in the interface between
a solid particle and the surrounding liquid. It was measured to estimate elec-
trostatic forces possibly hindering compression during centrifugation. DLS was
used to detrmine the size distribution in supernatant for each sample. Zeta po-
tential measurements and DLS measurements were conducted by SP Chemistry,
material and surfaces.

3.5.4 Ananlytical Sedimentation

The device Turbiscan was used to measure the transmittance during sedimenta-
tion of a 0.1 w% CNF1 suspension. The wave length 865 nm was used for con-
tinuous transmittance measurements during 3 h and 45 min. No pressure was
applied during the measurement, rather the separation was achieved by the force
of gravity alone.

3.6 Analytical Centrifugation

To analyze CNF suspension dewatering during centrifugation an analytical cen-
trifuge LUMiSizer was used, figure 3.1. The centrifuge has a 130 mm radius and
measures transmittance in 12 samples during centrifugation. The sample cells
have the dimensions 65x10x7.5mm. The highest rate of measurement is every
10 s for each sample. LUMiSizer can operate at a minimum g-force of 6 g and a
maximal g-force of 2330 g. It can operate at the wave lengths 470 nm and 865
nm. Measurements in this study were made at 865 nm. Before all measurements,
the centrifuge performed a normalization to calibrate the instrument. All mea-
surements were made in duplicates.
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Figure 3.1: Measurement method of the analytical centrifuge LUMiSizer.

Five parameters were tested for CNF1 and CNF2:

• g-force

• initial concentration

• NaCl addition

• pH

• temperature

Two parameters, g-force and initial concentration were tested for the commercial
samples A and B. The conditions for all tests, excluding the g-force, are summa-
rized in Table 3.1. The influence of g-force was investigated for all materials.
Three different programs were used, figure 3.2. The first program (program 1)
accelerates directly to 2330 g and maintains the conditions for 2 h and 5 min.
The second program (program 2) gradually increases the g-force from 6 g to 36
g, 146 g, 328 g, 582 g, 1310 g, and 2330 g, staying at each g-force for 1 h 13 min.
The third program (program 3) is ramping from 6 g to 24 g, 52 g, 93 g, 146 g, 330
g, 583 g, 1311 g, and 2330 g in 130 min intervals, and then ramping down from
2330 g to 146 g, 36 g, and 6 g in 320 min intervals. Program 3 is 37 h and 30 min
in total.
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(a) Direct acceleration to 2330 g.

(b) Gradual increase in g-force.

(c) Gradual increase followed by
gradual decrease in g-force.

Figure 3.2: g-force programs of measurements. (a) 2330 g for 2 h 5 min
(program 1). (b) ramping from 6 g to 36 g, 146 g, 328 g, 582 g, 1310 g, and
2330 g, staying at each g-force for 1 h 13 min(program 2). (c) ramping from
6 g to 24 g, 52 g, 93 g, 146 g, 330 g, 583 g, 1311 g, and 2330 g in 130 min
intervals, and then ramping down from 2330 g to 146 g, 36 g, and 6 g in 320
min intervals, 37 h and 30 min in total,(program 3).
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Material Concentration [w%] NaCl [M] pH Temperature [◦C]
CNF1 0.1, 0.5, 1, 1.5, 2 - 7 25

0.1 0.1, 0.9 7 25
1.5 1.5, 10 7 25
0.1 - 2, 4 25
1.5 - 2, 4 25
0.1, 0.5, 1 - 7 50

CNF2 0.1, 0.2, 0.3, 0.4, - 7 25
0.5, 1.5, 1.9
0.1 0.1, 0.9 7 25
0.5 1.5 7 25
1.5 0.1, 0.5, 1, 1.5, 2, 10 7 25
0.1 - 2, 4 25
1.5 - 2, 4, 5 25
0.1, 0.3, 0.5 - 7 50

CNFA 0.1, 0.5, 1.5, 1.84 - 7 25
CNFB 0.1, 0.5, 1.5, 1.88 - 7 25
Table 3.1: Combinations of parameters for CNF suspensions analytically
centrifuged is shown on each line in the table; varying initial concentration,
NaCl addition, pH, and temperature. Most samples were tested both with
acceleration directly to 2330 g and gradual increase of g-force from 6 g to
2330 g.

3.7 Data Analysis (Equations)

Analysis and interpretation of the data received in the sample preparation and
analytical centrifugation require some calculations. The equations used are pre-
sented in this section.

The initial concentration of each original suspension was calculated as the
fraction of dry weight in each suspension, equation 3.1, where c0 is the initial
suspension concentration in w%, wdry is the samples dry weight in grams, and
wsuspension is the weight of the wet suspension in grams.

c0 = 100 ∗
wdry

wsuspension
(3.1)

The average sediment concentration after centrifugation was calculated based
on the sediment height according to equation 3.2, where cav(t) is the average sed-
iment concentration in w% at a given time t, h0 is height of the whole suspension
in a cuvette, and h(t) is the sediment height after a given time t.

cav(t) =
c0h0

h(t)
(3.2)

cav(t) =
(c0 − csupernatant)h0

h(t)
(3.3)
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When estimating the yield in the sediment including the loss to the super-
natant during centrifugation equation 3.3 is used. In this equation csupernatant
is the concentration the supernatant after centrifugation. It is the same as 3.2,
except the concentration in the supernatant after centrifugation (the yield loss)
is withdrawn from the initial concentration of the suspension. Equation 3.3 may
serve as a reasonable approximation, although it should be noted that the colloid
concentration in the supernatant is likely also present in the liquid remaining in
the sediment.

The g-force is calculated from the RPM used in the LUMiSizer programs ac-
cording to equation 3.4, where R0 is the radius of the centrifuge in mm.

g − f orce = 1.12 ∗ R0 ∗ (
RPM
1000

) 2 (3.4)

By comparing theoretically calculated solid compressive pressure for sedi-
mentation and centrifugation with sediment concentration, the pressure required
for compression can be approximated. Hence, it is possible to estimate the g-force
and energy required for a given grammage and final sediment concentration. The
maximal solid compressive pressure is calculated with equation 3.5, where Ps,max
is the maximal solid compressive pressure, ρl is the density of water, ρs is the
density of CNF, m0 is the suspension sample weight, Across is the surface area of
the cuvette bottom, and ω is the angular velocity during centrifugation.

ps,max =
1 − ρl
ρs

m0c0

Across
R0ω

2 (3.5)

The relationship between the average sediment concentration and the solid pres-
sure for a particular suspension can be estimated based on experimental results.
Earlier results show that a relationship explained by equation 3.6 can be fitted to
experimental data. In equation 3.6 a and n are constants, and p0 is 1 Pa.

cav = a(
ps,max
p0

) n (3.6)

This relationship can be used to determine and then optimize the solid compres-
sive pressure with regards to a desired average CNF concentration once the con-
stants a and n are determined.

Some equations used for the data interpretation has already been presented
in the background chapter. These equations are the Debye length equation 2.4,
and the equation for the average solid compressive pressure 2.5.





4
Results and Discussion

4.1 Preliminary Findings

In this section the impact of wave length used in transmittance measurements,
the impact of concentration gradients formed in CNF2, and the yield loss in the
centrifugation process are described. Also, the occurrence of hindered sedimenta-
tion is discussed. These aspects are all relevant to the analysis and understanding
of the data collected in analytical centrifugation.

4.1.1 Wave Length

For the measurements with the analytical centrifuge LUMiSizer two different
wave lengths were available, 470 nm and 865 nm. Both wave lengths were tested
for 0.1 w% CNF1 and CNF2, 1 w% CNF1, and 0.5 w% CNF2. Evaluation of the
transmission profiles, see figures 4.1, 4.2 , showed no clear difference between
the results. Therefore, it was decided to proceed the measurements at 865 nm,
which has been used in previous studies of FE-pulp at RISE Bioeconomy. The re-
sults show that there is no apparent divergence in attenuation between the wave
lengths. That is, the wave length seems to have no significant effect on the trans-
mission through the medium; this is opposed to earlier observations of CNF sus-
pensions at similar concentrations, 0.2 w% [3]. One explanation for the difference
compared to the earlier study, might be that the suspension is well mixed, hence
more large flocs have been broken up [3]. Furthermore, this result shows that
it is not possible to identify colloids in the supernatant by using a shorter wave-
length in the measurements. Hence, yield loss cannot be determined from the
transmittance profiles received in the LUMiSizer.
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(a) 865 nm (b) 470 nm

Figure 4.1: Transmission contour plots for 1 w% CNF1, program 2.

(a) 865 nm (b) 470 nm

Figure 4.2: Transmission contour plots for 0.1 w% CNF1, program 2.

4.1.2 Concentration Gradients

Large concentration gradients are formed during sedimentation and centrifuga-
tion of CNF2 suspensions, figures 4.12, 4.13. This makes it more difficult to deter-
mine the interface between the sediment and the supernatant. Therefore, these
centrifugation gradients aggravate the data interpretation in terms of approxi-
mating the the average concentration in the sediment. In the data analysis made
in this thesis the height of the dense sediment, a concentration gradient, and a
clear supernatant have been estimated for each sample. To estimated the average
sediment concentration in the samples with large concentration gradients the
height at which 50% transmittance occurs has been used as a boarder to distin-
guishing the sediment from the supernatant. 50% transmittance usually occurs
in the middle of the gradient area in the sample. Water has approximately 78%
transmittance. Four examples of how much the choice of sediment-supernatant
interface has on the calculated maximum concentration is given in table 4.1 for
CNF1, CNF2, CNFA, and CNFB. It is evident that CNF2 has a significant diver-
gence while the other suspensions only show a slight difference when changing
the interface transmittance. For CNF2 the concentration appears be more than
twice as high when the intercept is changed from 60% to 40%, while for CNF1
the difference is less than 0.03%.
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Material c w% at 40 % tr c w% at 50 % tr c w% at 60 % tr
CNF1 2.94 2.93 2.89
CNF2 1.55 0.807 0.664
CNFA 2.64 2.56 2.52
CNFB 2.53 2.49 2.45

Table 4.1: How the calculated concentration is affected by the choice of
transmittance representing the interface between sediment and supernatant
for 0.5 w% CNF1, CNF2, CNFA, and CNFB, program 1. c is concentration,
and tr is transmittance.
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Figure 4.3: Change in concentration and velocity of CNF1 0.1 w% sedimen-
tation at 1 g. Data points are extracted from raw data from Turbiscan mea-
surements.



22 4 Results and Discussion

4.1.3 Hindered Sedimentation

Because the sedimentation velocity decreases during sedimentation it is depen-
dent on time or concentration in a 0.1 w% suspension of CNF1, figure 4.3, ap-
pendix B.1. This dependency has been determined through analytical sedimenta-
tion, only exposed to gravitational force, 1 g. This result show that the sedimen-
tation in the suspension i not not free but hindered due to particle interactions.
The usual span for free sedimentation of CNF suspensions is 1.5 · 10−5 − 1.5 w%
[3]. However, the concentration limit between free and hindered sedimentation
is dependent on the particle shape, in particular the aspect ratio for fibrils. The
concentration 0.1 w% is within the normal overlap between free and hindered
sedimentation for CNF materials [3]. That sedimentation is hindered might indi-
cate that the aspect ratio in the CNF1 suspensions is moderate to large, containing
relatively long slender fibrils. All CNF materials in this study likely experience
hindered sedimentation.

4.1.4 Yield Loss

Although, an opaque sediment is formed after centrifugation leaving a clear su-
pernatant above it, there is yield loss to the supernatant. Yield loss is defined as
the amount of of small CNF particles, likely colloids, which are dispersed in the
supernatant and cannot be collected in a sediment after centrifugation. The par-
ticles in the supernatant are not visible in the UV-visual spectrum. They become
visible through the reaction with phenol and sulphuric acid, see figure 4.4. The
transmittance in the colored supernatant can be used to quantify the yield loss to
the supernatant. In this project reliable data for quantification of the yield loss
was only found for CNF1 ran with program 2 in the LUMiSizer, figures 4.5, 4.5.
Although, the yield loss for CNF2 was not quantified exactly using the phenol
and sulphuric acid method, it was evident that CNF2 suspensions have larger
loss in yield than CNF1 suspensions. The loss to the supernatant is larger at
higher initial concentrations. For CNF1 suspensions the largest loss measured is
at 1w% initial concentration of CNF1, where it is 6.7w% of the original dry CNF
content in the suspension. The increase in yield loss is linearly dependent on the
initial concentration in the suspension according to y = 6.1x + 0.84, where y is
yield loss in % and x is initial concentration in w%. The fit of the regression line
is given by R2 = 0.99, appendix A.1. For the initial concentration achieved after
homogenization of CNF1 the final concentration is 4.8w% when accounting for
the yield loss compared to 5.3w% when not accounting for the yield loss. The
difference is 0.56w%, figure 4.5. Losses in yield have not been included in the
results presented in this report.

The fibril content in the supernatant was also measured by comparing the
dry weight of the supernatant after centrifugation to the dry weight of the origi-
nal suspension. All materials, CNF1, CNF2, CNFA, and CNFB were successfully
tested using this dry content method. The results agree with the results from the
spectroscopy, see table 4.2. CNF1 has the lowest yield loss 1.2w%, while CNF2
has the highest 18.6w%; the loss in CNF2 is slightly reduced to 13.1w% by low-
ering the pH to 4. The commercial samples CNFA and CNFB have intermediate
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Figure 4.4: Yield loss for CNF1 and CNF2 illustrated through dyeing of car-
bohydrates with phenol and sulfuric acid.
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Figure 4.5: Yield loss to the supernatant at different initial concentrations
for CNF1 only slightly affects the final concentration of the sediment.
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Material pH Loss [w%]
CNF1 7 1.2
CNF2 7 18.6

4 13.1
CNFA 7 9.7
CNFB 7 9.1

Table 4.2: Loss in w% determined by weighting dry content of the super-
natant after centrifugation and comparing it to the dry content of the sus-
pension before centrifugation [1]. The added HCl used to adjust pH has
been withdrawn from the numbers presented.

losses at 9.7w% and 9.1w% respectively. The small difference between CNFA and
CNFB could be due to difference in particle size (specific surface area) or caused
by possible additives. The losses for CNF1 and CNF2 are comparable to those
found previously, [1]. The loss measured for the different suspensions have not
been accounted for in the data analysis of the results presented in this work.

To summarize possible errors in the data interpretation it can be stated that
the correlation between transmittance and concentration is not easily determined.
Transmittance is dependent on fibril concentration, concentration gradients, and
yield loss to the supernatant. In the data analysis equation 3.2 is used to calcu-
late the average concentration, considering only the initial concentration, sedi-
ment height, and sample height. Thus disregarding concentration gradients in
sediments and yield loss. It is expected that the sediment is more dense in the
bottom and less dense higher up in the sample. A concentration gradient will al-
ways be present because of the difference in solid compressive pressure, equation
3.5, and consolidation. Furthermore, colloids remain in the supernatant, causing
up to 7% yield loss. These errors are not considered in the data interpretation.
Even though these four sources of errors exist, they are all expected to be minor.
All trends in the following results are regarded as reliable. Wave length and wall
effects are not considered to be problematic.

4.2 Material Characterization

4.2.1 Laser Diffraction

Particle size distribution was determined through laser diffraction of 0.5 w%
CNF1, CNFA, and CNFB and 0.2 w% CNF2, table 4.3, figure 4.6. The results
suggest that CNF2 has more of larger particles in the suspension compared to
the other CNF suspensions. CNF2 has a 102µm D50, 50% volume density of the
sample, which is more than twice as large as all the other three suspensions tested.
However this might be explained by the occurrence of particle flocs in gel form
which were not broken up during dilution and mixing. CNF1 with 48.8µm D50,
has a greater density of large particles than CNFA and CNFB. Whereas, CNFA
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Figure 4.6: Particle sizes distribution measured with laser diffraction for
CNF1, CNF2, CNFA, and CNFB suspensions.

Material D10[µm] D50[µm] D90[µm] Zeta [mV] C [µS/cm]
CNF1 17.8 48.8 167 −19.9 77.3
CNF2 31.1 102 268 −37.4 35.6
CNFA 14.7 29.0 72.1 −28.2 64.1
CNFB 12.5 31.6 132 −24.3 87.7

Table 4.3: Particle sizes distribution for CNF1, CNF2, CNFA, and CNFB sus-
pensions, and zeta potential and conductivity for CNF1, CNF2, CNFA, and
CNFB supernatants. Zeta is short for zeta potential. C is conductivity. D10,
D50, and D90 each show the particle size in µm which corresponds to a vol-
ume density of 10 %, 50 %, and 90% of the sample. For the zeta poten-
tial measurements supernatants were taken from 0.5 w% CNF1, CNFA, and
CNFB and 0.2 w% CNF2 suspensions.

and CNFB have broader size distributions. As the contents of the commercial
samples CNFA and CNFB are not completely known in this study, one explana-
tion for the broad distributions with a second peak at 100µm, figure 4.6, could be
that there are additives in the suspensions.

4.2.2 Zeta Potential

The zeta potential was measured for the supernatants of the different materials.
Zeta potential can indicate the magnitude of electrostatic repulsion in the sus-
pensions. The conductivity of the samples should be roughly the same for them
to be comparable, as the conductivity has an impact on the Debye length in the
suspension. The differences in conductivity which occur in the results mean that
one should be careful when interpreting the zeta potential values, table 4.3. Still,
CNF1 has the smallest zeta potential −19.9 mV, CNF2 the largest −37.4 mV while
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Figure 4.7: Particle sizes peaks for the supernatants from centrifuged 0.5
w% CNF1, CNFA, and CNFB and 0.2 w% CNF2 suspensions, measured with
DLS.
peak 1: crystalline cellulose 10−2µm.
peak 2: cellulose fibrils 10−1µm.
peak 3: dust particles, large fibers, or undispersed flocs 100µm, appendix
C.1.

CNFA and CNFB are in between with −28.2 mV and 24.3 mV respectively.

4.2.3 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) was used to characterize the supernatants of cen-
trifuged 0.5 w% CNF1, CNFA, and CNFB and 0.2 w% CNF2 suspensions. Peaks
were found at the magnitudes 10−2µm, 10−1µm, and 100µm for the different ma-
terials. The first peak 10−2µm is likely crystalline cellulose. The second peak
10−1µm is expected to be cellulose fibrils. The third peak 100µm is likely dust
particles, large fibers, or undispersed fibril flocs, figure 4.7 [9]. All four CNF
materials appear to have crystalline cellulose and fibril cellulose in them. In the
CNF1 and CNFA samples there are some larger particles, probably dust or fibers,
possibly undispersed fibril clusters. The ratio of peak volumes between materials
can be compared to approximate percentage of fibrilar cellulose and crystalline
cellulose in the CNF suspensions. The content of the supernatant gives a hint of
the ratios in the dewatered sediments. CNF1 has a crystalline content of 79 v%
and a fibril content of 18 v%. CNF2, CNFA, and CNFB all have crystalline con-
tent below 15 v% and a fibril content above 78 v%. CNFB has the highest fibril
content, 93 v%.
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Figure 4.8: Tempearature influence on suspension thicknening through cen-
trifugation, and influence on separation speed.

4.3 Temperature

Increasing the temperature from 25 ◦C to 50 ◦C does not affect the dewatering
capacity on the CNF suspensions. Measurements were made for CNF1 and CNF2
at 50 ◦C at different initial concentrations. It is clear that the maximal sediment
concentrations achieved are the same at 25 ◦C and 50 ◦C, figure 4.8. When speed
of separation is compared between CNF2 at 25 ◦C and 50 ◦C respectively, 90%
separation appears to take longer time at a higher temperature when the initial
concentration exceeds 0.3 w%. However, as mentioned earlier there are uncer-
tainties in the data analysis for these samples which have large concentration
gradients after centrifugation. Thus, comprehending the results at the different
temperatures altogether it is clear that the separation is not dependent on an
increase in viscosity when temperature is increased to 50 ◦C.

4.4 Initial Concentration

The initial concentration of a fiber suspension significantly affects its dewater-
ing capacity. While dewatering increases with an increased initial concentration,
the degree of thickening is rapidly reduced, figure 4.9. The decrease in degree
of thickening is a measure of separation efficiency. Using the same amount of
energy removes less water if the initial concentration is increased. The reduced
efficiency could be explained by an increase of particle interactions at higher con-
centrations. CNF1 is more easily dewatered and thickened than CNF2. The max-
imal concentration reached for CNF1 was 4.9 w% with an initial concentration
of 2 w%, at which the degree of thickening has been reduced from 16 times the
original concentration to 2.4 times. Separation of CNF2 increases from an ini-
tial concentration of 0.1 w% to 0.3 w%, where the maximal concentration is 1.11
w% which is less than the initial concentration after production, 2 w% with the
current process at RISE Bioeconomy. After 0.3 w% separation decreases. Above
0.5 w% no separation is observed for CNF2. Thus, degree of thickening is re-
duced from 7.1 to 1. One explanation for the decrease in dewatering ability for
CNF2 at higher initial concentrations is electrostatic repulsion between the neg-
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Figure 4.9: Maximal concentration reached for different initial concentra-
tions to the left and Degree of thickening for different initial concentrations
to the right. CNF1 and CNF2. The samples were centrifugated at 2330 g for
2 h, program 1
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Figure 4.10: t90 of CNF1 and CNF2 at different initial concentrations , pro-
gram 1

atively charged cellulose fibrils. This explanation is supported by the measured
zeta potential, table 4.3, and will be discussed further in the section about NaCl
addition.

t90 is the time, in minutes, when the fiber suspension has reached 90% of
the maximal separation possible for each experiment. The separation of CNF1
is faster than CNF2 at all initial concentration, figure 4.10. Separation of CNF1
gradually increases from 20 s to 1.5 min as the initial concentration is increased
from 0.1 w% to 2 w%. When the CNF2 concentration exceeds 0.3 w% the time
required for separation drastically increases from 3 min to 31 min at an initial
concentration of 0.5 w%.

The g-force required to achieve separation and thickening increases with ini-
tial concentration, figure 4.11. At concentrations up to 0.3 w% the applied force
required for separation is 6 g for both CNF1 and CNF2. For CNF1 at 1 w% 36 g
is required and at 1.5 w% 146 g is required to accomplish dewatering. For CNF2
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Figure 4.11: g-force required to achieve separation for CNF1 and CNF2 at
different initial concentrations, program 1

(a) 0.5w% CNF1 (b) 0.5w% CNF2

Figure 4.12: Transmission profiles of 0.5w% CNF1 and 0.5w% CNF2, pro-
gram 1

the force needed for separation is suddenly increased from 6 g to 582 g above the
initial concentration 0.3 w%.

There is a distinct interface between the sediment and supernatant in CNF1
suspensions. For CNF2 however there is a large concentration gradient along
the sample. The difference between CNF1 and CNF2 is illustrated with trans-
mission profiles of suspensions with 0.5 w% initial CNF concentration after cen-
trifugation, figure 4.12. The concentration gradient grows larger as the initial
concentration increases, figure 4.13. Already at the initial concentration 0.2 the
gradient is larger than the opaque sediment. As the suspension is more dense the
interaction between particles and electrostatic repulsion is greater. There might
be variation in particle size along the concentration gradient; as the smaller par-
ticles with larger surface area and more exposed negative charges probably are
harder to compress it is possible that the smallest particles are at the top of the
gradient where transmission and concentration is lower, figure 4.12, while many
of the larger particles which are more easily compressed are at the denser bottom
of the gradient and in the sediment. Although, some small particles are likely
dragged down with large particles during hindered sedimentation. The particle
size distribution along the concentrations gradients have not been analysed.
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(a) program 2, 9h and 30min (b) program 1, 2h

Figure 4.14: Comparison between gradual acceleration during long time (a)
and acceleration directly to the maximum 2230g; 2230g lasts for the last 1 h
and 13 min of the centrifugation. (b) for 0.5 w% CNF2, program 2.

4.5 Acceleration of g-force

The acceleration speed of the g-force has an effect on the separation. This is
deducted from the comparison between 0.5 w% CNF2 centrifuged with the g-
force directly accelerated to 2330 g (program 1) and centrifuged by gradually
increasing the g-force (program 2), 4.14. When the the acceleration of g-force is
increased rapidly separation starts after 31 min. On the other hand, when g-force
is increased gradually and kept at 2330 g for 1 h and 13 min there is no signifi-
cant separation. This effect is best observed at this relatively high initial concen-
tration for the material CNF2, where there are obvious interactions between the
suspended particles. An explanation for this phenomenon could be that there is
not enough time for the fibrils to orient them selves when the g-force is rapidly
increased. However, with a gradual acceleration of g-force the fibrils have time to
order them selves into a state closer to system equilibrium where the electrostatic
repulsion between the particles creates a greater resistance to dewatering in the
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Figure 4.15: Expansion of 1.5 w% 1.5 M CNF2 sediment after centrifugation,
program 3.

suspension.
Expansion of sediment was observed when g-force was gradually reduced af-

ter compression (program 3), figure 4.15. The expansion was smaller than the
compression achieved during centrifugation. The limitation of sediment expan-
sion is probably caused by interactions between fibrils, perhaps even network
formations.

4.6 NaCl Addition

The addition of NaCl to the suspensions have a small, yet noticeable affect on
the measured transmittance in the samples. There is approximately 4% lower
transmittance in the supernatant when NaCl is added. In figure D.1, 77 − 78 %
transmittance is observed in water and 74 − 75 % transmittance is observed in
a 0.5 M NaCl solution. It cannot be determined how much the transmittance in
the sediments and gradients area of fiber suspensions are affected by the addition
of NaCl. Also, it is noticeable that a small portion at the bottom of the sample
height is not transparent even though the sample only contains water. Neither of
these slight effects on the transmittance have been regarded in the data analysis,
as the errors are only about 3 − 4%.

Adding NaCl to a CNF1 suspension and increasing the salt concentration has
a slight negative effect on the dewatering capacity, figure 4.16. In a CNF2 sus-
pension on the other hand, the separation becomes almost as efficient as that be-
tween CNF1 and water. For a 1.5 w% CNF2 The conditions are best somewhere
between 1 M and 2 M NaCl where a concentration above 4 w% can be reached.
However, even a relatively low concentration of NaCl, 0.1 w%, changes the de-
watering capacity strongly as the CNF concentration in the sediment more than
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Figure 4.16: Suspension concentration with increased molarity of NaCl after
centrifugation for CNF1 and CNF2, program 1
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Figure 4.17: Reduction of concentration gradient in 1.5w% CNF2 suspen-
sion, through the addition of NaCl , program 1

doubles, compared to being inseparable before the salt addition. The degree of
thickening follow the same trend as the increase in concentration for CNF1 and
CNF2 when NaCl is added, appendix D.2.

The effect of 0.1 w% can be observed in the formation a concentration gradi-
ent in CNF2 suspensions as well. Even addition of small NaCl concentrations will
decrease the fibril concentration gradient in CNF2 suspensions to negligible lev-
els, leaving a sharp interface between the sediment and the supernatant, figure
4.17. The concentration of the sediment is increased with higher concentration
up until 1.5−2M, where the concentration starts decrease again. The reduction of
the concentration gradient can be observed in a comparison of the transmission
profiles of 1.5 w% CNF2 suspensions with and without NaCl, figure 4.18.

t90 is approximately 1 min no matter the NaCl concentration for a 1.5 w%
CNF1 suspension. In a CNF2 suspension t90 is below 2 min for all NaCl concen-
trations, with the minimum 30 s between 0.5 and 2 M NaCl. Thus, when NaCl
is added to CNF2 the separation is faster, about half speed, as that of the CNF1
suspension. An explanation for this could be that CNF2 has a larger amount of
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(a) 0.5w% CNF2 (b) 0.5w% CNF2, 1.5MNaCl

Figure 4.18: Transmittance profile of the reduction of concentration gradient
in 0.5w% CNF2 suspension, through the addition of NaCl , program 1.
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Figure 4.19: t90 for 1.5 w% CNF1 and 1.5 w% CNF2 at different NaCl con-
centrations, program 1.

larger particles which speeds up the sedimentation and compression once the
electrostatic double layer has been counteracted.

A divalent cation, such as Ca2+, could improve the separation even further
than the monovalent cation Na+. Also, lower salt concentrations can be used to
achieve the same degree of separation. For CaCl2 and MgCl2, which have diva-
lent cations, aggregation can occur at lower salt concentrations, 0.002 − 0.004 M,
agreement with Schultz-Hardy rule. This has previously been shown for TEMPO-
oxidized CNF [4]. Using small concentrations of divalent salts could be of interest
for future studies.

4.6.1 Debye Length Correlation

The increased separation of CNF2 suspensions with NaCl addition have an ap-
parent correlation with the change in Debye length, figure 4.20. The results are
consitent with previous findings which show that aggregation and sedimentation
behavior corresponds well with the Debye length according to DLVO theory [4].

If the NaCl concentration increases in a CNF2 suspension, then the concen-
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Figure 4.20: Correlation between Debye length (left axis) and concentration
and t90 respectively (right axis)for 0.1w% CNF2, program 1, equation 2.4.

tration after centrifugation increases. This can be explained by a decreased thick-
ness in the electrostatic double layer as the repulsion between deprotonated car-
boxylgroups in CNF2 is counteracted by sodium ions, equation 2.4. The reduced
thickness of the electrostatic double layer can be illustrated with decreased De-
bye length. In figure 4.20 the Debye length and the CNF2 suspension thickening
is plotted together and an opposing correlation between the parameters can be
observed. Likewise, the time required for separation decreases with a decreased
Debye length caused by NaCl addition.

In the calculations of the Debye length the electrolyte concentration does not
include CNF2, only NaCl as DVLO theory is only valid for simple electrolyte
systems. Because the contribution from the salt solution is likely dominating
the charge density it is unnecessary to take the charge contribution from CNF2
into account. The charge density is 1.93 · 107C/m3 in a 0.1 M NaCl solution and
6.30 · 103C/m3 in a 0.1 w% CNF2 suspension, appendix D.1. However, the con-
nection with the Debye length is made for a dilute system, 0.1 w%, while the
equation for Debye length is only valid during conditions where the particle ra-
dius is significantly larger than the distance between the particles [1]. This might
be a problem for the validity of the calculation. Still, the electrostatic double
layer seems to have a large impact on CNF2 dewatering and an approximation
of the Debye length may serve as a useful reference for our understanding of the
dewatering process. Also, the Debye length can be affected by change in pH as
well as salt addition.

Furthermore, pH can be affected by the addition of salt. According to earlier
research there is more or less no change due to salt addition up to 0.2 M, at higher
salt concentration there is a slight decrease in pH [4]. The change in pH with salt
addition was not examined in this thesis; neither was the effect of altering the salt
concentration and pH simultaneously.
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Figure 4.21: (a) concentration and (b) t90 of 1.5w% CNF1 and 1.5w% CNF2
after centrifugation at different pH, 3 h mixing, program 1.

4.7 pH

Like NaCl addition, decrease in pH improves dewatering of CNF2, figure 4.21.
The improved dewatering ability of CNF2 is likely caused by H+ counteracting
COO−, thus reducing the repulsion and distance between the fibrils. The dewa-
tering ability does not change for CNF1 between pH 2 − 7. However, for CNF2
it becomes possible to achieve a separation of 1.5w% CNF2 at pH 5, from 1.5%
to 2.1w% after 2h centrifugation at 2330g. At pH 4 almost 4w% concentration is
achieved. Dewatering is not improved further when the pH is reduced even more
to pH 2.

The time necessary to achieve separation when pH is decreased to 5 is exten-
sive, 49 min. At pH 7 no separation is observed. At pH 4 and below, however,
separation of CNF2 is faster than separation of CNF1; the difference is approxi-
mately 30 seconds, figure 4.21. Yet, t90 is reached after a minute or less for all
samples at pH 4 and lower. When evaluating this data it is important to note that
a measurement was only made every 10 s. Still, despite the possible inaccuracy of
10 s, it can be concluded that pH is drastically changing the speed of separation
for CNF2. As with NaCl addition the concentration is almost completely reduced
at pH 4 and below.

4.8 Commercial Samples

Centrifugation of the commercial samples CNFA and CNFB have been tested on
laboratory scale with different initial concentrations and at different applied solid
pressures. Their behavior is more similar to CNF1 suspensions than to CNF2 sus-
pensions. Thickening and dewatering capacity is essentially the same for CNFA
and CNFB at all initial concentrations, figure 4.22. The commercial samples fol-
low the same trend as the samples provided by RISE Bioeconomy, as the concen-
tration after centrifugation increases with increased initial concentration. Dewa-
tering is greater for CNF1 and less for CNF2 compared to the commercial sam-
ples. CNF1 has a maximal concentration of 4.9 w% and CNF2 2.0 w%, while the
commercial samples can reach 3.9 w% sediment concentration. There is no obvi-
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Figure 4.22: Concentration of CNF1, CNF2, CNFA and CNFB at different
initial concentrations after centrifugation, program 1.

ous correlation between particles size distribution and dewatering capacity. The
only material characteristic which seems to be correlated to degree of separation
is the measured zeta potential, table 4.3.

At higher initial concentrations (> 0.5 wt%) CNFA and CNFB require signifi-
cantly longer time to reach 90% of the maximal separation at the given conditions
compared to CNF1, figure 4.23. Regarding dewatering speed, CNFB is almost
twice as fast, 27 s, as CNFA, 50 s, at the highest initial concentration 2 w%, while
at lower concentrations (< 0.5 wt%) the required time of separation for CNFA and
CNFB are equivalent. The known differences between the two commercial CNF
materials are a wider size distribution for CNFB and detection of large particles
in a CNFA suspension, but neither of these variations are a likely cause for the
difference in separation speed. It is not known if there are any additives in the
commercial samples A and B. Perhaps the presence of an additive could explain
the difference in t90.

4.9 Solid Compressive Pressure

The solid compressive pressure in the results is the approximate average pressure
in the sample sediment, equation 2.5. Solid compressive pressure is dependent
on surface weight and g-force. The g-force is in turn a function of radius and
angle velocity. The surface weight is dependent on mass and solid concentration,
equation 3.5. An example of the magnitude of the solid pressure compared to
sample size is a 23 mm high suspension sample of CNF in a laboratory cuvette at
2330 g, which corresponds to an applied pressure of 3 kPa.

Based on the experimental data collected in this study equation 3.6, concentra-
tion as a function of solid pressure, has been fitted using the least-square method,
appendix E.4. This provides a prediction of the maximal concentration after cen-
trifugation at a given solid pressure. Functions have been determined for the four
different CNF materials, CNF2 at different NaCl concentrations and CNF2 with
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Figure 4.23: t90 for 1.5w% CNF1, CNF2, CNFA and CNFB after centrifuga-
tion, program 1.

pH variations, all with an initial concentration at 1.5 w%, table 4.4. The accuracy
of the polynomial fit is shown with the R2 value, which is 0.92 or higher for all
samples. Two different constants, a and n, are determined. a is simply a indica-
tion of the function intercept, while n affects the slope of the function. The slope
of the function is related to the compressive capacity of the suspension sediment.
A lower value of n suggests a greater compressive capacity of the material. Com-
pression can also be expected to be correlated to particle size, however there is
no obvious correlation between these two properties in this study.

When the concentration prediction is observed within the range of solid pres-
sure used in the experiments, up to 3 kPa, the dewatering capacity of the com-
mercial samples can be distinguished from each other, figure 4.24. This was not
observed in the experimental data. At 3 kPa CNFB can reach a concentration of
4.3 w%, CNFA 4.0 w%, and CNF1 5.5 w% with an initial concentration at 1.5 w%.
CNF2 can reach 0.90 w% with initial concentration 0.3 w%.

A comparison between the concentration predictions of different CNF2 sus-
pensions is shown in figure 4.25. Maximal concentration at 3 kPa is presented
in table 4.5. Decreasing pH is less efficient than adding NaCl. Although, CNF2
at pH 2 is almost as easily dewatered as a CNF2 suspension with 0.1 M NaCl, at
which 3.9 w% and 4.0 w% can be achieved respectively. The optimal salt con-
centration according to the determined functions is 1 M NaCl at higher solid
pressures >1 kPa, which gives a maximal concentration of 5.3 w%, almost com-
parable to that of CNF1 and more than CNFA and CNFB. As a high ionic strength
can compress the electrostatic double layer, the difference in ionic strength, con-
sidering the amounts used in the experimental study, could explain why NaCl
has a greater effect on the separation than HCl.

t90 for CNFA and CNFB with intial concentration 0.5 w% is higher at low
solid pressures <50 Pa, but is close to constant at higher applied pressures >50
Pa, figure 4.26. CNF1 0.5 w% has a constant t90 at all solid pressures. CNF2
0.5 w% has a close to 0 min t90 at all solid pressures as it barely experiences
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Material a n R2

CNFA 0.43 0.28 + / − 0.014 0.94
CNFB 0.36 0.31 + / − 0.015 0.94
CNF1 0.73 0.25 + / − 0.0041 0.99
CNF2 0.1 M 0.58 0.24 + / − 0.0058 0.98
CNF2 0.5 M 0.78 0.22 + / − 0.0040 0.98
CNF2 1 M 0.86 0.23 + / − 0.0035 0.99
CNF2 1.5 M 1.2 0.18 + / − 0.0057 0.92
CNF2 pH 2 0.94 0.18 + / − 0.0029 0.98
CNF2 pH 4 0.47 0.26 + / − 0.0088 0.96

Table 4.4: Correlation between average sediment concentration and applied
solid compressive pressure for different suspensions. The initial concentra-
tion is 1.5 w% for all suspensions. Functions, c(Ps) = a(Ps/P0)n, have been
determined with the least-square method using equation 3.6; accuracy of
the fit is presented as a R2 value. The error of value n is the standard devia-
tion. For CNF2 suspension at pH 7 tested solid compressive pressure ≤ 3000
Pa does not thicken the the suspension. For CNF2 pH 4 suspension, solid
pressure starts to affect the concentration at 81 Pa. For all other suspensions
thickening can be observed at 20 Pa and above.

Figure 4.24: The impact of applied solid compressive pressure on sediment
concentration for CNF1, CNF2, CNFA, and CNFB. Initial concentration 1.5
w% for all except CNF2 with initial concentration 0.3 w%.
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Figure 4.25: The impact of applied solid compressive pressure on sediment
concentration for CNF2 at different pH and NaCl content. Initial concentra-
tion is 1.5 w%.

Material pH NaCl [M] Concentration [w%]
CNF2 7 - 1.5
CNF2 2 - 3.9
CNF2 4 - 3.7
CNF2 7 0.1 4.0
CNF2 7 0.5 4.5
CNF2 7 1 5.3
CNF2 7 1.5 5.0

Table 4.5: Concentration of pH and NaCl addition at 3 kPa according to
equations figure 4.25, initial concentration 1.5w%.
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Figure 4.26: t90 as a function of solid/compressive pressure for different
CNF material suspensions with an intitial concentration 0.5 w%. (a) t90
for each at each g-force ramping through program 2. (b) t90 between each
g-force ramping through program 2.

Material pH NaCl [M] Concentration [w%]
CNFA 7 - 6.9
CNFB 7 - 7.9
CNF1 7 - 9.1
CNF2 7 - 1.5
CNF2 2 - 5.6
CNF2 4 - 6.2
CNF2 7 0.1 6.4
CNF2 7 0.5 7.0
CNF2 7 1.0 8.4
CNF2 7 1.5 7.2

Table 4.6: Prediction of concentration at 22 kPa according to extrapolation
of fitted correlation for different suspensions, initial concentration 1.5w%
equation 3.6 figure 4.25.

any separation at all when g-force is gradually increased. The solid compressive
pressure appears to have a small, if any impact on t90. The presented data is only
attained from program 2. No data has been collected when the g-force is directly
increased to reach each of the different solid compressive pressures.

4.10 Implications for Industrial Application

4.10.1 Approximation of Thickening at Full Scale

Predicted values at a higher applied solid compressive pressure, 22 kPa, can be
found in table 4.6. A solid compressive pressure of 22 kPa is comparable to the
full scale tests with a decanter centrifuge which has been conducted for FE-pulp
at an estimated solid compressive pressure of 21.4 kPa [9]. The estimations made
in this thesis are extrapolated from the fitted functions previously presented ta-
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Figure 4.27: The impact of applied solid/compressive pressure up to 22 kPa
on sediment concentration for CNF1, CNF2, CNFA, and CNFB. Initial con-
centration 1.5 w%

ble 4.4. Although, these predictions are not considering the additional effects of
an industrial application, they can still be useful as approximations of separation
possibilities in a full scale process.

4.10.2 Considerations for a Full Scale Continuous Process

An industrial application of CNF centrifugation will be continuous and use an-
other type of equipment than that used in this study, likely a decanter centrifuge.
Also, the process will operate at a larger scale. Because of these differences, some
additional aspects should be considered.

The compressibility of the CNF materials at higher solid compressive pres-
sures are indicated by the exponential n in equation 3.6; for example at 60 kPa
pH4 surpasses pH2, this is also reflected in the exponential constant n, figure
4.28, table 4.4. Also, for extrapolation of fitted correlations for solid compressive
pressure it seems that CNF2 with 1 M NaCl separates more than CNF2 1.5 M
NaCl, however this is not reflected in the experimental data at lower solid com-
pressive pressures, figure 4.16. The shift occurs around 1 kPa. Even though these
trends are not observed in the experimental data, the predictions made, table
4.4, might reveal otherwise unexpected effects at higher solid compressive pres-
sures. Although, this can only be determined by a full scale study, or possibly by
increasing the surface weight in laboratory experiments.

In a continuous decanter process which would be used on an industrial scale,
the loss in yield for CNF2 suspensions would be larger than the proportions
shown in the results in this laboratory study. A portion of fibrils, additional
to the colloids and small particles found in the diluted weight distribution cen-
trifugation, table 4.2, would be lost. This is because the concentration gradient is
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Figure 4.28: The impact of applied solid/compressive pressure on sediment
concentration for CNF2 at different pH and NaCl content. Initial concentra-
tion 1.5 w%

more pronounced at higher concentrations of CNF2 where there is a grater elec-
trostatic repulsion between the fibrils. It might be hard to control the separation
as there is no distinct interface between the solid and liquid phase.

Another thing to consider in an industrial application is how the solid com-
pressive pressure can be controlled. Surface weight and applied g-force are equally
influential on the solid compressive pressure, equation 3.5. The g-force in a large
scale decanter centrifuge will be similar to that in this study, as the radius and ro-
tations per minute will be of the same magnitude. On the other hand, the surface
weight can be increased. Thus the increase in surface weight will be the main
parameter causing the increase in solid compressive pressure in an industrial ap-
plication.

Regarding the solid compressive pressure, a decanter centrifuge is not formed
as a cylinder close to the solid outlet, but rather as a cone. The shape implies a
decreasing radius as the thickened suspension is approaching the outlet of the
centrifuge. A smaller radius lowers the applied g-force. As the g-force is reduced
the thickening effect is reduced for the CNF approaching the outlet of the cen-
trifuge.

Wall effects can probably be neglected in an application. Any wall effects
most likely have an even smaller impact on the separation at an industrial scale
compared to a laboratory scale, as the piping is wider. Wall effects have not been
quantified or observed in this study, as they are not expected to be an issue in a
full scale operation. Although, the shearing forces caused by the screw conveyor
in a decanter centrifuge are expected to enhance the separation process.

Salt remaining in the sediment after centrifugation can be an issue in terms
of the material characteristics. Furthermore, salt addition might not be suitable
for industrial application as the salt can easily cause fouling in the process equip-
ment, disturbing the efficiency of a continuous process. When lowering pH from
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7 to 2 considerably less salt is added to CNF2 suspensions, compared to the addi-
tion of 0.1 M NaCl. Thus fouling is less likely. Therefore, using an acid such as
HCl or H2SO4 to lower pH is preferable in an industrial application, even though
it appears to be slightly less effective than salt addition in terms of suspension
dewatering. An advantage of using H2SO4 instead of HCl would be to decrease
the corrosion often caused by Cl ions.

To minimize transport and storage costs high concentrations of CNF suspen-
sions are desirable. However, depending on the material application the CNF
suspensions need to be redisperesed again after transportation and storage, e.g.
when creating composites. After centrifugation the thickened CNF suspensions
in this study are easily dispersed again. Hence, the CNF materials are likely not
affected by centrifugation and redispersion.

High initial concentration will likely cause greater yield loss. A way to in-
crease the yield and minimize the losses would be through filtration. However,
filtration would cause a significant pressure drop, be time consuming and de-
mand a lot of energy [9].

4.10.3 Centrifugation Compared to Filtration

In relation to the solid compressive pressure centrifugation of CNF1 can be com-
pared to filtration of CNF1. For CNF1 to reach a final concentration of 9 w% with
centrifugation 22 kPa is required, while for filtration almost 400 kPa is required
[10]. 9 w% is the highest concentration reached for CNF1 during both centrifu-
gation and filtration, but filtration demands higher pressure and more time to
achieve the same separation. Pressing can be used to thicken a CNF suspension
further after filtration; the impact of pressing after centrifugation is probably the
same. One thing that could be preferable with filtration is that it likely has lower
yield loss than centrifugation, depending on the suspension’s initial concentra-
tion.

4.10.4 Quantification of Water Removal

In figure 4.29 the amount of water removed at a given final concentration is pre-
sented. Naturally, the amount of water removed is dependent on the initial con-
centration; a quantification of the differences between the initial concentrations
0.5 w% and 1.5 w% is shown in figure 4.29. For the approximated separation of
1.5 w% CNF1 at 22 kPa in this study, 56 litres of water can be removed for every
dry kg of CNF. Even smaller increases in concentration imply significant amounts
of water removed. For example thickening from 1.5 w% to 2.5 w% corresponds
to decrease in water volume of 27 litres per every kg of dry CNF. This can mean
great savings in terms of transportation and storage. A comparison between the
water content before and after centrifugation at full scale for different materials
is presented in table 4.7. One way to visualize the impact of dewatering through
centrifugation is to imagine CNF transportation with 2 trucks instead of 41 or 84
trucks (assuming a suspension density of 1.5 kg/litre).
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Figure 4.29: Amount of water removed from any CNF suspension at differ-
ent final concentrations for the initial concentrations 0.5 w% and 1.5 w%.

Material pH NaCl [M] Initial [litres/kg CNF] Final [litres/kg CNF]
CNFA 7 - 65.7 13.5
CNFB 7 - 65.7 11.7
CNF1 7 - 65.7 10.0
CNF2 7 - 65.7 65.7
CNF2 2 - 65.7 16.9
CNF2 7 0.1 65.7 14.6
Table 4.7: Estimated amount of water remaining after centrifugation at in-
dustrial scale with a solid compressive pressure at 22 kPa compared to the
initial water amount. Data is presented for CNFA, CNFB, CNF1, CNF2 and
CNF2 with adjusted pH and NaCl addition; all with an initial concentration
of 1.5 w%.
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Figure 4.30: Example of centrifuge placement, after homogenization, with
recirculation of supernatant.

4.10.5 Centrifuge Placement

The placement of the centrifuge in the overall process for CNF production will
affect the efficiency of the centrifugation. For example the centrifuge could be
placed before or after the homogenizer. This might effect the particle size distri-
bution in the product. Also, if the centrifuge is placed before the homogenizer,
then the homogenizer would have to process higher concentrations; this might
be problematic as the narrow passages in the machine can easily get clogged. Fur-
thermore, the quality of the CNF is advantageous when the concentration in the
homogenizer is low, approximately 2 w% [1]. However, if it is possible to place
the centrifuge before the homogenizer rather than after it, then energy could be
saved, as less material will have to pass through the homogenizer.

Recirculation of the supernatant can be used to collect more solid CNF mate-
rial and prevent yield loss. The recirculated flow can be directed to the homog-
enizer or directly back to the centrifuge. If the recirculation is made back to the
homogenizer, then it can be used to dilute the feed before homogenization. In
this way no additional water is added to the process for dilution purposes, and
yield loss is reduced. Although, if the supernatant is recirculated back to the ho-
mogenizer it needs to be cooled down. This could be a difficulty or advantage to
the process design. Either additional energy needs to be used to cool down the
recirculated flow, or the initial heat could be used for heat exchange with another
part of the process, such as the enzymatic treatment.





5
Conclusions

The aim of this thesis has been to increase the understanding of CNF suspension
centrifugation and map influences different parameters have on the separation
in terms of dewatering capacity, speed and yield loss. Through laboratory exper-
iments and data interpretation this aim has been fulfilled. The main conclusions
made from the study are listed below.

• Suspension thickening is increased with increased initial concentration, while
the efficiency of the separation is decreased.

• CNF1 has a higher dewatering capacity and faster separation speed than
CNF2 at a given solid compressive pressure. The commercial samples CNFA
and CNFB have dewatering capacity and separation speed between CNF1
and CNF2. At initial concentrations >0.5 w% electrostatic repulsion has to
be counteracted in CNF2 to achieve any separation at all through centrifu-
gation.

• Temperature has no effect on CNF suspension dewatering.

• Solid compressive pressure has no apparent effect on separation speed, but
affects CNF suspension thickening in a way that can be predicted using a
simple correlation, equation 3.6.
Maximal concentrations at laboratory scale, 3 kPa: 5.5 w% CNF1, 1.5 w%
CNF2, 4.0 w% CNFA, 4.3 w% CNFB, 5.3 w% adjusted CNF2.
Prediction at full scale, 22 kPa: 9.1 w% CNF1, 1.5 w% CNF2, 6.9 w% CNFA,
7.9 w% CNFB, 8.4 w% adjusted CNF2.

• There is yield loss to the supernatant for CNF1 and CNF2 during centrifu-
gation. Yield loss for CNF1 is smaller than that for CNF2, although yield
loss can be reduced for CNF2 by decreasing pH. Yield loss is dependent on
the initial concentration of a CNF suspension.

47
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Addition of NaCl and decreased pH each significantly increase the dewater-
ing ability and separation speed of CNF2 suspensions.

When NaCl is added to CNF2 suspensions the separation is almost as effi-
cient as that of CNF1. Further more, the separation is faster for a CNF2
suspension with NaCl than for a CNF1 suspension.

Addition of NaCl and decreased pH each reduces the concentration gradi-
ent to negligible levels, providing a sharp interface between sediment and
supernatant.

The effects of NaCl addition and decreased pH are correlated to the electro-
static interactions in the CNF suspensions.

• Approximated water removal is 56 litres/kg CNF from CNF1, 0 litres/kg
CNF from CNF2, 52 litres/kg CNF from CNFA, and 54 litres/kg CNF from
CNFB in a full scale application at 22 kPa solid compressive pressure and
an initial concentration at 1.5 w%. For CNF2 adjusted with pH and NaCl
the amount of water removed is 49 and 51 litres/kg CNF respectively.



6
Future Work

To continue the work made in this thesis one might take three different direc-
tions. The main direction would be to investigate CNF dewatering through cen-
trifugation on an industrial scale further. It is also possible to go deeper into sedi-
mentation and consolidation behaviour and try to find correlations with material
characteristics. Yet another idea is to investigate more applications for analytical
centrifugation. Some suggestions for future work are to investigate the following:

• Expansion of sediment after centrifugation.

• Effect of divalent cations instead of monovalent cations in CNF2 suspen-
sions.

• Impact of CNF specific surface area on compression.

• Evaluating the use of salt addition and decreased pH respectively in a con-
tinuous decanter centrifuge (modelling).

• Full scale and pilot trials.

• Identifying material requirements for CNF and the related requirements
for the production and dewatering processes.

• Analytical centrifugation for fibril size characterization.

49
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Figure A.1: Yield loss at different initial concentrations for CNF1 follows the
correlation y = 6.1x+ 0.84 where y is yield loss and x is initial concentration.
The fit of the regression line is given by R2 = 0.99
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Figure B.1: Sedimentation profile for 0.1 w% CNF1 from analytical sedi-
mentation measurement. One transmittance measurement was made every
minute. x-axis shows sample height in mm, y-axis transmittance in %, and
color shows amount of time passed; blue is short time (minutes) and red is
long time (3 − 4 h).
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11.201
12.726
14.458
16.427
18.664

% Volume In

0.00
0.00
0.00
0.00
0.00
0.15
0.62
1.39
2.29
3.16
3.94
4.58

Size (μm)

21.205
24.092
27.373
31.100
35.335
40.146
45.613
51.823
58.880
66.897
76.006
86.355

% Volume In

5.04
5.29
5.37
5.32
5.20
5.04
4.89
4.78
4.70
4.65
4.58
4.45

Size (μm)

98.114
111.473
126.652
143.897
163.490
185.752
211.044
239.780
272.430
309.525
351.670
399.555

% Volume In

4.21
3.84
3.34
2.77
2.19
1.67
1.28
1.00
0.84
0.74
0.67
0.60

Size (μm)

453.960
515.772
586.001
665.793
756.449
859.450
976.475

1109.435
1260.499
1432.133
1627.136
1848.692

% Volume In

0.51
0.40
0.28
0.16
0.07
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Size (μm)

2100.416
2386.415
2711.357
3080.544
3500.000

% Volume In

0.00
0.00
0.00
0.00

Figure C.3: Laser diffraction analysis from SP, CNF1.
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NaCl Addition

ρq = 2NAcve (D.1)

e = 1.60217662 · 10−19

NA = 6.022141 · 1023

ρq is the volume charge density in C/m3, NA is Avogrado’s constant, and cv is
CNF concentration in mol/m3

(a) water:
77 − 78 % transmittance

(b) 0.5M NaCl:
74 − 75 % transmittance

Figure D.1: Transmission profiles for pure water and 0.5M NaCl solution,
program 1.
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Figure D.2: Degree of suspension thickening with increased molarity of
NaCl after centrifugation for CNF1 (1) and CNF2 (2), program 1



E
Solid Compressive Pressure

In this appendix section the graphs showing the polynomial fits of equation 3.6
to the analysed experimental data. Equations with determined constants and the
R2 value from the least-square method can be seen in table 4.4. All samples have
the initial concentration 1.5 w%.
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Figure E.1: Polynomial fit for concentration as function of solid pressure for
CNFA

Figure E.2: Polynomial fit for concentration as function of solid pressure for
CNFB
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Figure E.3: Polynomial fit for concentration as function of solid pressure for
CNF1

Figure E.4: Polynomial fit for concentration as function of solid pressure for
CNF2 0.1 M
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Figure E.5: Polynomial fit for concentration as function of solid pressure for
CNF2 0.5 M

Figure E.6: Polynomial fit for concentration as function of solid pressure for
CNF2 1 M
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Figure E.7: Polynomial fit for concentration as function of solid pressure for
CNF2 1.5 M

Figure E.8: Polynomial fit for concentration as function of solid pressure for
CNF2 pH 2
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Figure E.9: Polynomial fit for concentration as function of solid pressure for
CNF2 pH 4



F
MATLAB Script

Example of MATLAB script for analysis of raw data from analytical centrifuga-
tion.
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%CNF2 1.5 w% 2 M 4000 g nr2 
close all 

  
r=130; %mm 
c_0=1.5; %w 
%first cell 
h0=107.4; %mm 
m0=1.6706*10^-3; %kg 

  

  
%%%%%%%%%%%%%%%%%%%%%%%% RAW DATA %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

  
%3D profiles 
t=t/60; %min 
height=Results(:,1);%mm 
height=(130-height);%mm 
i=2; 
transmittance=zeros(2006,316); 
while i<=317; 
    transmittance(:,i-1)=Results(:,i); 
    i=i+1; 
end 
figure(1) 
T1=surf(t,height,transmittance); 
set(T1,'LineStyle','none'); 
colorbar; 
caxis([0 100]); 
xlabel('Time [min]'); 
ylabel('Height [mm]'); 
zlabel('Transmittance %'); 
rotate3d on; 

  
%Experimental profile g-force 
g_force= 1.12.*r.*(speed/1000).^2; 
figure(2) 
plot(t,g_force); 
xlabel('Time [min]'); 
ylabel('g-force [g]'); 

  
%final tranmission profile, max achieved compression 
figure(3)  
finalT1=transmittance(:,316); 
plot(height,finalT1); 
xlabel('Height [mm]'); 
ylabel('Transmittance %'); 
hold on 

  
%Contour plots 
figure(4) 
[C,h,CF]=contourf(t,height,transmittance,20); 
colorbar; 
caxis([0 100]); 
colormap(jet); 
for q=1:length(h) 

Figure F.1: Example of MATLAB script for analysis of raw data from analyt-
ical centrifugation, page 1.
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    set(h(q),'LineStyle','none'); 
end 
xlabel('Time [min]'); 
ylabel('Height [mm]'); 
zlabel('Transmittance %'); 

  
te=t(1:30); 
heighte=height; 
transmittancee=transmittance(:,1:30); 
figure (5) 
T1=surf(te,heighte,transmittancee); 
set(T1,'LineStyle','none'); 
colorbar; 
caxis([0 100]); 
xlabel('Time [min]'); 
ylabel('Height [mm]'); 
zlabel('Transmittance %'); 
rotate3d on; 

  
figure(6) 
[C,h,CF]=contourf(te,heighte,transmittancee,20); 
colorbar; 
caxis([0 100]); 
colormap(jet); 
for q=1:length(h) 
    set(h(q),'LineStyle','none'); 
end 
xlabel('Time [min]'); 
ylabel('Height [mm]'); 
zlabel('Transmittance %'); 

  
%Concentration profiles 
k=1; 
c=zeros(316,1); 
transmittance=flipud(transmittance); 
height=flip(height); 
while k<=316; 
    Tr_position=find(transmittance(:,k)>50, 1 ); 
    h=height(Tr_position); 
    c(k,1)=c_0*(130-h0)/h; 
    k=k+1; 
end 

  
figure(7) 
plot(t,c); 
xlabel('Time [min]'); 
ylabel('Concentration w%'); 

  
tf=t(1:30); 
cf=c(1:30); 
figure(8) 
plot(tf,cf); 
xlabel('Time [min]'); 
ylabel('Concentration w%'); 

  
ct90=0.9*max(c); 

Figure F.2: Example of MATLAB script for analysis of raw data from analyt-
ical centrifugation, page 2.
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t90_position=min(find(c>ct90)); 
t90=t(t90_position)*60 %[s] 

  
c_max=max(c)%w% 

  
%Solid pressure Ps [Pa] 
rol=1000;%kg/m3 
ros=1500;%kg/m3 
R0=r/1000; %m 
v=2*pi*speed./60; %1/s 
A=7*10^-5; %m2 
Ps_max=(1-rol/ros)*R0.*v.^2.*(m0.*c_0./100)./A; %Pa 
Ps_ave=Ps_max/2; %Pa 
figure(9) 
plot(g_force,Ps_ave) 
xlabel('g-force') 
ylabel('Average Solid pressure [Pa]') 
figure(10) 
plot(Ps_max,c) 
xlabel('Max Solid pressure [Pa]') 
ylabel('Concentration w%') 

  
Psmax=max(Ps_max) 

  
%Gradient thickness 
height=flip(height); 
h_inter=max(find(finalT1>60)); 
h_inter=height(h_inter);%mm 
h_sed=min(find(finalT1<20)); 
h_sed=height(h_sed)%mm 
deltah=h_inter-h_sed %mm 
h_clear=max(height)-deltah-h_sed 

 

 

Figure F.3: Example of MATLAB script for analysis of raw data from analyt-
ical centrifugation, page 3.
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