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Abstract 

 
This work describes three alternative processes for producing microfibrillated cellulose (MFC) in 
which pulp fibres are first pre-treated and then homogenized using a high-pressure homogenizer. 
In one process, fibre cell wall delamination was facilitated with a combined enzymatic and 
mechanical pre-treatment. In the two other processes, cell wall delamination was facilitated by 
pre-treatments that introduced anionically charged groups into the fibre wall, by means of either a 
carboxymethylation reaction or irreversibly attaching carboxymethyl cellulose (CMC) onto the 
fibres. All three processes are industrially feasible and enable production with low energy 
consumption. Using these methods, MFC can be produced with an energy consumption of 500–
2300 kWh/tonne, which corresponds to a 91–98% reduction in energy consumption from that 
presented in earlier studies. These materials have been characterized in various ways and it has 
been demonstrated that the produced MFCs are approximately 5–30 nm wide and up to several 
microns long. 

 

  



 
 

Sammanfattning 

 
I detta arbete beskrivs tre olika metoder för tillverkning av mikrofibrillär cellulosa (MFC) i vilka 
massafibrer först förbehandlas och sedan homogeniseras i en högtryckshomogenisator. I en av 
metoderna underlättas fiberdelamineringen av en kombinerad enzymatisk och mekanisk 
förbehandling. I de andra två processerna görs detta istället genom att introducera anjoniskt 
laddade grupper i fiberväggarna, antingen genom en karboxymetyleringsreaktion eller genom 
adsorption av karboxymetylcellulosa (CMC) på fibrerna. Alla tre processerna är industriellt 
uppskalningsbara och möjliggör låg energiförbrukning. Genom att använda dessa metoder kan 
MFC tillverkas med en energiförbrukning på 500–2300 kWh/ton, vilket motsvarar en sänkning 
av energiförbrukningen med 91–98% jämfört med tidigare studier. De tillverkade materialen har 
karakteriserats på olika vis och det har visats att de producerade MFC-fibrillerna är omkring 5–
30 nm breda och upp till flera mikrometer långa.  
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Introduction 

 
The European forest-based industry is facing great challenges today. Raw material and energy 
prices are increasing at the same time as the paper market is decreasing in size. On the positive 
side, the forest industry possesses a renewable raw material – wood – so the industry is looking 
for new materials and products made from wood that can create new market opportunities.  

A popular idea is to transform pulp and paper mills into biorefineries that, besides the traditional 
products, i.e., paper and/or pulp, also produce a range of other products, such as chemicals, new 
materials, fuels, and energy. The biorefinery concept is not new: for example, the Domsjö Mill, 
Sweden, was already a biorefinery in the early twentieth century.  

An interesting and possibly commercially viable bulk product in the future is microfibrillated 
cellulose (MFC) or nanocellulose. MFC, which is produced from pulp fibres and comprises 
liberated semi-crystalline cellulose nanofibrils approximately 5–30 nm wide, has been 
demonstrated to have great potential in a variety of applications, such as paper, coatings, barriers, 
food, cosmetics, pharmaceuticals, and electronics.  

The process for preparing the material had already been invented in the early 1980s, but the high 
energy consumption required for its manufacture meant that it never became a commercial 
product. High energy consumption has been the Achilles’ heel of MFC manufacturing. 

The objective of this work was to develop new energy-efficient processes for producing MFC, 
making it suitable for industrial production, and to characterize the produced materials.  
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Background 

Hierarchy levels in wood fibres 

Wood fibres are chemically composed of three main components, i.e., cellulose, hemicelluloses, 
and lignin. Cellulose is a linear, high-molecular-weight natural polymer consisting of repeating -
(14)-D-glucopyranose units. The cellulose chains are organized into semi-crystalline so-called 
microfibrils approximately 5 nm wide. These microfibrils are also aggregated into fibril aggregates 
approximately 20 nm wide (see Figure 1a, Rowland and Roberts 1972). These fibril aggregates 
form a lamellar structure in the wood fibres (see Figure 1a, upper right corner, Kerr and Goring 
1975, and Figure 1b) and are in turn organized into the various wood fibre layers (see Figure 2). 
The hemicelluloses are a group of heteropolysaccharides; unlike cellulose, the hemicelluloses are 
often branched and of low molecular weight. Lignin is a three-dimensional macromolecule 
composed of various phenylpropane units.  

This work considers cellulose, since cellulose crystals give wood its strength and stiffness and 
since the starting material is bleached wood pulp fibres from which most of the lignin has been 
removed. Hemicelluloses are still of interest, but will not be paid the same attention.   

 

   
Figure 1. a) Organization of the cellulose chains into microfibrils and fibril aggregates (adapted from Rowland and Roberts 
(1972) and Kerr and Goring (1975); b) scanning electron micrograph showing the fibrillar aggregates in a bleached wood 
fibre (courtesy of Geoff Daniels). 
 

 
Figure 2: Wood fibres consist of several layers (Cote 1967). 
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Nanocellulose nomenclature 

The three main types of nanocellulose – microfibrillated cellulose (MFC), nanocrystalline 
cellulose (NCC), and bacterial nanocellulose (BNC) – differ in their dimensions, functions, and 
preparation methods (see Table 1 and Figure 3). As shown in Table 1, nanocellulose can be 
produced from various natural resources; this work addresses only wood fibres as a raw material 
for nanocellulose production. 

 
Table 1. The three types of nanocellulose; adapted from Klemm et al. (2011). 
Type of 
nanocellulose 

Related  
terms 

Typical 
sources 

Formation and 
averaged dimensions 

Microfibrillated cellulose 
(MFC) 

Microfibrillated 
cellulose, cellulose 
nanofibrils, 
nanofibrillated cellulose, 
nanofibrillar cellulose, 
and microfibrils 

Wood, sugar beets, 
potatoes, hemp, and flax

Delamination of wood 
pulp by mechanical 
pressure preceding 
and/or following 
chemical or enzymatic 
treatments 
Diameter: 5–60 nm 
Length: several μm 

Nanocrystalline 
cellulose (NCC) 

Cellulose nanocrystals, 
crystallites, whiskers, 
and rod-like cellulose 
microcrystals 

Wood, cotton, hemp, 
flax, wheat straw, 
mulberry bark, ramie, 
tunicin, and cellulose 
from algae and bacteria 

Acid hydrolysis of 
cellulose from many 
sources  
Diameter: 5–70 nm  
Length: 100–250 nm 
(from plant celluloses); 
100 nm–several μm 
(from celluloses of 
tunicates, algae, and 
bacteria) 

Bacterial 
nanocellulose (BNC) 

Bacterial cellulose, 
microbial cellulose, 
and bio-cellulose 

Low-molecular sugars 
and alcohols  

Bacterial synthesis 
Diameter: 20–100 nm 
(various nanofibre 
networks) 

 
 
 
 

 
Figure 3. a) Transmission electron micrographs of a) MFC, b) NCC, and c) BNC (Klemm et al. 2011). 

 
  

c) b) a) 
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Bacterial nanocellulose (also referred to as bacterial cellulose, microbial cellulose, or bio-cellulose) 
is formed by aerobic bacteria such as acetic acid bacteria of the genus Gluconacetobacter (e.g., 
Acetobacter xylinum). BNC differs from the other two types of nanocellulose in that it is formed in 
biotechnological build-up processes. MFC and NCC are instead formed by the delamination of 
natural fibres to separate and isolate the microfibrillar materials. The fibrils and fibril aggregates 
in the fibres are difficult to separate from each other due to the strong packing. The fibrils or 
fibril aggregates are normally separated in two main ways (see Figure 4): 

1. Hydrolysis under strongly acidic conditions  
2. Mechanical disintegration using homogenizer equipment 

In the first case, the strongly acidic conditions result in aggressive hydrolysis that attacks the non-
crystalline fractions of the fibrils, extensively reducing the degree of polymerization (DP) of the 
cellulose chains. Normally, the DP is reduced to its “levelling-off DP” (LODP). Acid hydrolysis 
is normally conducted using HCl; the material so produced has been around for a long time and 
is referred to as microcrystalline cellulose (MCC). Hydrolysis may also be conducted using 
H2SO4; this offers the benefit of also creating charged sulphate ester groups on the cellulose, 
which facilitates fibril separation and stabilization (Rånby 1949; Revol et al. 1994; Dong et al. 
1996). If this hydrolysis is followed by a sonication procedure, the fibrils can be liberated from 
each other. The generated particles are often denoted cellulose whiskers, cellulose nanowhiskers, 
or nanocrystalline cellulose (NCC). This material is highly crystalline since the non-crystalline 
domains have been degraded, but has a normally relatively low aspect ratio (Battista 1950; Winter 
1987; Araki et al. 1998; Fleming et al. 2001; Lima and Borsali 2004) (see Figures 3 and 4). Its 
relatively low aspect ratio and rod-like character are useful for preparing chiral nematic phases in 
aqueous media (Orts et al. 1998; Fleming et al. 2001; Lima and Borsali 2004) but lead to 
mechanically relatively weak gels.  

In the second case, the fibrils and fibril aggregates are liberated by homogenizing the pulp fibres 
(often using high-pressure homogenizers). The resulting material is denoted microfibrillated 
cellulose (MFC), nanofibrillated cellulose (NFC), or simply nanocellulose and was originally 
introduced by Turbak et al. (1983) and Herrick et al. (1983). The degree of crystallinity and DP of 
this material are usually high, as a substantial part of the non-crystalline domains remain 
essentially intact, though lower than in NCC. MFC instead has high DP and high-aspect-ratio 
fibrils that can form strong networks and gels because of fibrillar entanglements. The major 
problem with this strategy is that fibre delamination consumes a large amount of energy.   
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Figure 4. Schematic showing the differences between MCC, NCC, and MFC (Pääkkö et al. 2007). 

 

What is microfibrillated cellulose? 

The development of MFC was pioneered by Turbak et al. (1983) and Herrick et al. (1983) at ITT 
Rayonnier Inc., USA, in the early 1980s. They demonstrated that, by treating wood-based 
cellulose fibre suspensions with a high-pressure homogenizer, they could produce a gel-like 
material, which they named microfibrillated cellulose – MFC. ITT Rayonnier filed a number of 
patents at that time covering production processes and applications, especially for foodstuffs.  

Inspired by the work of Turbak and Herrick, Lindström et al. at STFI AB (now Innventia AB), 
Sweden, also started to work with MFC in the mid 1980s. The ambition was to use the material in 
paper applications, for example, as a wet-end additive to promote dry strength (Lindström and 
Winter 1988). 

The researchers at both ITT Rayonnier and STFI realized that MFC production involved two 
main problems. First, the fibres clogged the homogenizers, which resulted in many production 
stops for cleaning. Second, the fibres had to be run through the homogenizers several times, 
which resulted in high energy consumption, typically approximately 27,000 kWh/tonne 
(Lindström and Winter 1988). Some early attempts to solve these problems examined, for 
example, the importance of the pulp used. For example, it was found that sulphite pulps worked 
better. Higher temperature was also demonstrated to facilitate fibre delamination. Furthermore, it 
was recognized early on that delamination was facilitated by adding hydrophilic polymers such as 
carboxymethylcellulose (CMC), methyl cellulose, hydroxypropyl cellulose (HPC), poly(acrylic 
acid), carrageenin, and guar gums, as well as other, non-hydrophilic polymers (Turbak et al. 
1984).. However, these problems could not be overcome and both research groups abandoned 
the field. ITT Rayonnier sold its patents to the Japanese company DaiCel Corporation and STFI 
sold all its large-scale equipment for MFC production. Thereafter, few worked in this field for a 
long time.  
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After year 2000, growing interest in nanotechnology resulted in a revival of MFC research. 
Lindström et al. at STFI-Packforsk AB (now Innventia AB), Sweden, and Berglund et al. at KTH 
Royal Institute of Technology, Sweden, restarted activities in the field with the original aim of 
solving the production problems associated with nanocomposite materials. In addition, the 
groups of Yano at Kyoto University, Japan, and Isogai at Tokyo University, Japan, started 
research into MFC applications in the electronics and pulp and paper sectors. Within a few years 
interest had increased tremendously, and groups around the world were working with this 
material. The material was then often referred to as nanocellulose and later also as nanofibrillated 
cellulose (NFC). It should be pointed out that this change in nomenclature was not connected to 
any change in material quality, but instead represented a response to nanotechnology hype and a 
desire to describe the material’s nanoscale dimensions. Research in the MFC field is now 
extensive, as illustrated by the growing number of relevant publications (see Figure 5). The state 
of the research field has also been summarized in several reviews, for example, (Berglund 2005; 
Siró and Plackett 2010; Aulin and Lindström 2011; Klemm et al. 2011; Lavoine et al. 2012). 

MFC research has focused mostly on the applications of MFC and less on its production 
processes. However, several investigations have examined various pre-treatments, for example, 
the introduction of charges through carboxymethylation (Wågberg et al. 1987; Cash et al. 2003; 
Wågberg et al. 2008) (Papers 2 and 3 in this thesis), mechanical/enzymatic treatments 
(Henriksson et al. 2007; Pääkkö et al. 2007; Ankerfors et al. 2009) (Paper 1 in this thesis), 
TEMPO-mediated oxidation (TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxyl) (Saito et al. 2006; 
Saito and Isogai 2007; Saito et al. 2007), cationization using 2,3-epoxypropyl trimethylammonium 
chloride (EPTMAC) (Olszewska et al. 2011), the combination of oxidative/transition metal ions 
as well as persulphate oxidization. (Banker and Kumar 1995; Cash et al. 2003; Heijnesson-Hultén 
2006; Tan et al. 2007). Regarding the choice of homogenizer equipment, many types of 
homogenizers have been used to make MFC over the years using, for example, high-pressure 
homogenizers (Herrick et al. 1983; Turbak et al. 1983; Lindström and Winter 1988), 
microfluidizers (Zimmermann et al. 2004; Henriksson et al. 2007; Pääkkö et al. 2007), 
supergrinding/refiner-type treatments (Taniguchi 1996a; 1996b; Taniguchi and Okamura 1998; 
Iwamoto et al. 2005), combinations of beating, rubbing, and homogenization (Matsuda 2000; 
Matsuda et al. 2001a; 2001b), high-shear refining and cryocrushing in various configurations 
(Janardhan and Sain 2006; Wang and Sain 2007b; 2007a; Wang et al. 2007), delamination using 
ball mills (Ishikawa and Ide 1993; Curtol and Eksteen 2006; Heijnesson-Hultén 2006), 
impingement mixers (Cash et al. 2003), and ultrasonification (Zhao et al. 2007). The most 
popular homogenizers used by research groups today are high-pressure homogenizers (see Figure 
6) and microfluidizers (see Figures 7a and 7b).  

 
Figure 5. Cumulative number of publications in the MFC field according to SciFinder. 
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Figure 6. Basic design of a high-pressure homogenizer (Turbak et al. 1983). 

 

 
Figure 7. a) Photograph of a laboratory high-pressure fluidizer (Microfluidizer M-110EH, Microfluidics Corp., USA) and 
b) basic design of an interaction chamber. 

 

At this time, it is impossible to judge whether some types of equipment are better than others, as 
few groups studying MFC production methods have conducted comparative studies or 
determined their energy efficiency in a unified way. Second, the extent of delamination given a 
certain energy input has not been assessed quantitatively. However, it is believed that 
homogenization needs to be combined with pre-treatment to obtain low energy consumption. 

Recent developments have prompted interest from industry, and Innventia AB, Sweden, built a 
pilot factory in 2010. Various industrial companies thereafter announced the construction of 
semi-commercial factories, including Stora Enso, Finland, Borregaard, Norway, DaiCel Chemical 
Industries, Japan, UPM, Finland, J. Rettenmaier & Söhne, Germany, Oji Paper Company, Japan, 
and Nippon Paper, Japan. It is therefore reasonable to state that MFC will shortly become a 
commercial product.  
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Cell wall delamination 

All pulp fibres are anionically charged to various extents. The charged groups are normally 
carboxyl groups, but may also, depending on the pulping and bleaching method, be of other 
types, such as sulphonic acid groups. The charged groups repel each other, resulting in an 
osmotic swelling pressure in the fibre wall. As described above, the cellulose in the cell walls of 
the wood fibres is lamellar in structure. When the fibres swell, the lamellae separate from each 
other (see Figure 8). The degree of swelling is determined by the charge in the fibre wall and the 
restraining network forces of the fibre wall (Scallan 1974). Scallan and Tigerström (1992) applied 
a simplified model to describe this fibre swelling pressure induced by fibre charges: 








V

n
RTP c

swell  (1) 

where Pswell is the swelling pressure (N/m2), nc is the moles of charged groups (moles/g), and V is 
the liquid volume of the fibre wall (m3/g). Hence, the swelling pressure is proportional to the 
number of fibre charge. 

The fibre wall is sometimes described as a polyelectrolyte gel. As such, the swelling decreases 
with increasing electrolyte concentration and low pH, since both these factors reduces the 
electrostatic repulsion. The counter ions of the fibres are therefore important since they screen 
the charges: if the counter ion is monovalent (e.g., sodium), the fibres achieve the maximum 
swelling; if the counter ion is divalent (e.g., calcium), the fibres are less swollen; and if the counter 
ion is trivalent (e.g., aluminium), the counter ion actually serves as a cross-linker and deswells the 
fibres. Cationic polymers may also deswell the fibres if the molecular weight is low enough for 
the polyelectrolyte to enter the fibre wall. The fibre swelling is also lower for lignin-containing 
pulps, as lignin has a 3D-structure that holds the fibre wall together. Cooking and bleaching 
processes reduce the yield because they degrade the lignin and thereby reduce the fibre wall 
stiffness; at the same time, they increase the charge density by introducing more charged groups 
(Scallan and Tigerström 1992), resulting in increased swelling. Below a certain yield, the swelling 
decreases again as the charged groups are now being removed. Hence, there is a maximum 
swelling at a certain yield (Scallan and Tigerström 1992; Swerin and Wågberg 1994).   

Relating this to MFC production, it is natural that a weak, swollen fibre wall will be easier to 
transform into an MFC than will a strong, deswollen one. Hence, a highly charged fibre will be 
easier to process than will a less-charged fibre. The delamination of fibres to produce MFC can 
be considered a highly intensive beating operation (certain commercial homogenizers are very 
similar in design to disc refiners). Hemicelluloses are often considered to improve the beatability 
of pulp, so sulphite pulps were a natural choice of starting materials in early investigations 
(Herrick et al. 1983; Turbak et al. 1983; Lindström and Winter 1988). Walecka (1956) studied the 
beatability of pulps and the influence of fibre charges. Beatability was evaluated in terms of the 
amount of beating needed to achieve a certain freeness and tensile strength (see Figures 9a and 
9b). It was demonstrated that carboxyl groups could be introduced into pulp using a 
carboxymethylation procedure. The increased degree of substitution (DS) of the pulp was also 
demonstrated to improve the pulp beatability. Walecka (1956) stated that the increased number 
of charges increases the swelling of the fibres, resulting in fibres that are more easily fibrillated 
during beating; Walecka further commented that the effect of the carboxyl groups may be similar 
to that of hemicelluloses when it comes to beatability. A later work of Wågberg et al. (1987) 
demonstrated that MFC could be manufactured from carboxymethylated pulp. In the present 
work, carboxymethylation will be used as a pre-treatment to reduce the energy required to make 
MFC from several types of pulp (Papers 2 and 3) and to reduce the tendencies to clog the 
homogenizer. 
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Besides lignin, the cellulose fibrillar structure in the fibre wall may also reduce the swelling of the 
fibre. A beating operation can damage the fibrillar structure, inducing fibre swelling due to a 
decrease in the restraining properties in the fibre walls (Stone et al. 1968; Page 1989). An 
alternative route is to damage the fibrillar structure by means of chemical or enzymatic hydrolysis. 
The latter approach together with beating is used in the present work (Paper 1).   

 
Figure 8. The lamellar structure of the fibre wall (Scallan 1974). 

 
 

 

Figure 9. a) The effect of DS on beatability evaluated as the beating time needed to achieve a certain freeness; b) the effect of 
DS on beatability evaluated as the beating time needed to achieve a certain tensile strength in papers made from beaten pulp 
fibres (Walecka 1956). 

  

b)a) 



11 
 

Experimental 

Materials 

MFC generation 1 (Paper 1) 

A commercial never-dried TCF-bleached softwood sulphite pulp (Domsjö ECO Bright; Domsjö 
mill, Domsjö Fabriker AB, Sweden) comprising 40 wt-% Scots Pine (Pinus sylvestris) and 60 wt-% 
Norway Spruce (Picea abies) with a hemicellulose content of 13.8 wt-% (measured as solubility in 
18% NaOH, R18) and a lignin content of 1 wt-% (estimated at 0.165*Kappa number; (SCAN C 
1:00)) was used as the raw material for MFC generation 1.  

The phosphate buffer used during the enzymatic treatment was prepared from 11 mM KH2PO4 
and 9 mM Na2HPO4 so that the pH was 6.8–7.2; the enzyme used was a monocomponent 
endoglucanase (Novozym 476; Novozymes A/S, Denmark) used without further purification.  

 

MFC generation 2 (Papers 2 and 3) 

A commercial never-dried TCF-bleached softwood sulphite dissolving pulp (Domsjö Dissolving 
Plus, Domsjö mill, Domsjö Fabriker AB, Sweden) comprising 40 wt-% Scots Pine (Pinus sylvestris) 
and 60 wt-% Norway Spruce (Picea abies) with a hemicellulose content of 4.5 wt-% (measured as 
solubility in 18% NaOH, R18) and a lignin content of 0.6 wt-% was used as the raw material for 
MFC generation 2. The pulp was thoroughly washed with deionized water and used in its never-
dried form.  

Three cationic polyelectrolytes were used: poly(allylaminehydrochloride) (PAH; Mw = 
70,000 g/mole, Aldrich), poly(ethylleneimine) (PEI; Mw = 25,000 g/mole; Lupasol WF, BASF, 
Germany), and poly(diallyldimethylammoniumchloride) (PDADMAC; Mw = 100,000–
200,000 g/mole, Aldrich). All solutions were prepared using ultrapure deionized water (Milli-Q 
plus system, Millipore, USA), and the polyelectrolytes were used without further purification. The 
polyelectrolyte concentrations used were: PEI, 2.5 g/l; PDADMAC, 1.25 g/l; and PAH, 1.01 g/l. 
The concentrations for the PAH and PDADMAC resulted in solutions with concentrations of 
0.01 monomol/l (monomol = moles of the repeating monomer). In a set of experiments 
investigating the influence of ionic strength on the multilayer build-up, solutions of PAH and 
PDADMAC containing 0.1 and 0.5 M NaCl were used. 

Silicon wafers for use as substrates in multilayer formation were purchased from WaferNet, Inc., 
USA. The silicon wafers used were initially degreased with acetone, then lowered into a bath of 
MeOH/HCl (1:1) for 10 min, followed by another 10 min in H2SO4, and finally rinsed 
extensively with Milli-Q water and blown dry with nitrogen. 

 

MFC generation 4 (Paper 4) 

The MFC generation 4 trials used both the sulphite pulp used to make MFC generation 1 and the 
sulphite dissolving pulp used to make MFC generation 2 (both described above). The pulps were 
thoroughly washed with deionized water and used in their never-dried forms.  

In this work, three CMCs, one amphoteric and two anionic, were either attached to the pulp 
fibres in a separate step or added to the pulp suspension. These CMCs are listed in Table 2. The 
amphoteric CMC was used since previous experiments have demonstrated that the degree of 
attachment is higher for certain amphoteric CMCs (Lindström 2005). 
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Table 2. Properties of the used CMCs in this study.  

CMC 
no. CMC name 

CMC 
supplier 

CMC 
type 

Anionic 
DS 

Cationic 
DS 

Intrinsic 
viscosity* 

(dl/g) 

1 Experimental CMC 
Noviant, 
Finland 

Amphoteric, 
low Mw 

0.65 0.04 2.0 

2 Experimental CMC 
Noviant, 
Finland 

Anionic, 
low Mw 

0.57 - 1.4 

3 Aquasorb A-500 
Hercules, 
Sweden 

Anionic, 
high Mw 

0.40 - 15.0 

* Measured to obtain an estimate of the molecular weight of the CMCs, the intrinsic viscosities of the CMCs were measured 
in deionized water containing 0.1 M NaCl at a temperature of 25 °C. 

 

Methods 

Homogenization 

In the present research, all homogenization was done using a high-pressure fluidizer 
(Microfluidizer M-110EH; Microfluidics Corp., USA), as shown in Figure 7a. In the basic set-up, 
a retracting piston sucks the sample down from a container into a small chamber; the piston then 
moves forward, pushing the sample into the sample loop. Two chambers (see Figure 7b) are 
mounted on the loop in series: the first, called an auxiliary chamber, is larger than the second so-
called interaction chamber. Two sets of chamber pairs were used, one larger and one smaller, 
with internal diameters of 400/200 µm and 200/100 µm, respectively. Due to the narrowness of 
the chambers, pressures of approximately 1600–1700 bar are often needed to push the material 
through. After the chamber, the sample passes through a heat exchanger that cools the sample 
before it is collected in a jar.  

 

Conductometric titration 

To measure the number of added charges due to carboxymethylation, conductometric titration 
was performed on the pulp before homogenization. Before the titration, the pulp was washed to 
different counter-ion forms as follows.  

The pulp was first set to its hydrogen counter-ion form. A sample containing 2 g of dry pulp was 
dispersed in 1000 ml of deionized water and then 0.01 M HCl was added, adjusting the pH to 2. 
The excessive HCl was washed away after 30 min with deionized water in a Büchner funnel until 
the conductivity was below 5 µS/cm. The pulp was then set to its sodium counter-ion form. The 
pulp was dispersed in deionized water and then 0.001 M NaHCO3 was added; the pH was 
adjusted to 9 using NaOH. After 30 more min, the excess NaOH and NaHCO3 were washed 
away with deionized water in a Büchner funnel until the conductivity was below 5 µS/cm. After 
this, the sample was once more set to its hydrogen counter-ion form and washed to a 
conductivity below 5 µS/cm. Finally, the total charge densities of the pulps were determined 
using a conductometric titration procedure described by Katz et al. (1984). 
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Dynamic rheology 

Dynamic rheology was measured using an AR 2000 controlled-strain rheometer (TA 
Instruments, USA) using two geometries: cone-and-plate (cone angle 1°) and plate-and-plate. A 
60-mm acrylic plate was used for the 0.125–0.5 wt-% samples, a 40-mm aluminium cone for the 
1–3 wt-% samples, and a 20 mm steel plate for the 5.9 wt-% sample. The different geometries 
were used to obtain the best sensitivity for the different viscosity levels. The gap was 1 mm for 
the plate-and-plate geometry. Before each measurement, the samples were allowed to rest for 5–
10 min. Covers around samples and silicone oil were used to prevent the samples from drying at 
higher temperatures. Before making the dynamic measurements, the linear viscoelastic region was 
determined for all suspensions by conducting torque sweeps. The torque sweeps were measured 
over the 0.01–100 Pa range at 1 Hz. The chosen dynamic strain amplitudes for the frequency 
sweep measurements were 0.06 for the 5.9 wt-% suspension and 0.25 (0.2) for the 2–0.125 wt-% 
suspensions, at which the suspensions displayed linear viscoelasticity. The frequency sweeps were 
conducted over the 0.01–100 Hz range in the linear viscoelastic region, controlling the strain. The 
effect of temperature on gel properties was studied in the 20–80 °C range at 1 Hz using the linear 
viscoelastic region. Shear viscosity was monitored by increasing the shear rate from 0.1 to 1000 s-1 
at 25 °C. 

 

Atomic force microscopy (AFM) 

The MFC fibrils were measured by means of AFM imaging using a Nanoscope IIIa Multimode 
scanning probe microscope (Digital Instruments Inc., USA). A drop of dilute MFC suspension 
(0.05 wt-%) was dried at room temperature overnight on a clean mica substrate. The images were 
scanned in the AFM in tapping mode in air using silicon cantilevers (NSC15/AIBS, MicroMash, 
Estonia). The drive frequency of the cantilever was approximately 305–325 kHz. The images 
were 1 × 1 µm and 5 × 5 µm in size, and were scanned across ten parts of the sample. Except for 
flattening, no image processing was conducted. 

 

Cryo‐transmission electron microscopy (cryo‐TEM) 

In addition to AFM, cryo-TEM imaging was also used to determine the fibril size; this was done 
in two ways.  

In the work described in Paper 1, a thin film of MFC gel was frozen at room temperature and 
100% humidity using a Tecnai Vitrobot (FEI Company, USA). A 2 wt-% MFC gel was applied 
on a glow-discharge-treated Quantifoil holey carbon copper grid with a hole size of 2 µm. The 
grid was blotted multiple times and then shot with liquid ethane to a temperature of –175 °C. 
The grid with vitrified gel film was cryotransferred into a Tecnai 12 transmission electron 
microscope using a Gatan 910 cryotransfer holder (FEI Company, USA) cooled below –180 °C. 
Bright field TEM was performed using an acceleration voltage of 120 kV. 

In the work described in Paper 2, 5 µl of the dispersed MFC sample was deposited onto a glow-
discharged carbon-coated copper grid (400 mesh). After adsorption, the grid was stained with a 
5 µl droplet of 1% uranyl acetate and dried with a filter paper (Whatman 4 or 5). Finally, the grid 
was observed under standard conditions in a CM 12 Philips TEM (Philips, The Netherlands) 
operating at 120 kV. The images were recorded on SO163 films (Kodak, USA) or using a 
Megaview III CCD camera (Olympus Soft Imaging Solutions, Japan). 
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Film casting for opacity and mechanical properties 

To cast films, 0.7 wt-% MFC gels were further diluted to a concentration of approximately 
0.35 wt-% with deionized water. The suspensions were stirred using a magnetic stirrer for 
approximately 8 h under ambient conditions. Approximately 80 g of MFC suspension was then 
poured into a 120 × 120 mm2 polystyrene Petri dish (Sigma-Aldrich, Denmark), and the water 
was then evaporated in order to cast films. The casting was done in an incubator (Climacell 111; 
MMM Medcenter Einrichtungen GmbH, Germany) at a controlled relative humidity (RH) of 
50% and at 45 ºC for 48 h. The mean thickness of the resulting films was 10.8–18 µm, as 
measured using a micro meter (Mitutoyo Scandinavia AB, Sweden) at ten different points. 

 

Optical properties of films 

MFC suspensions and films were examined using a Zeiss MC 80 DX optical microscope (Carl 
Zeiss MicroImaging GmbH, Germany). The light transmittance of the films was measured over 
the 200–800 nm wavelength range using a Shimadzu 1700 UV–visible spectrophotometer 
(Shimadzu Europe GmbH, Germany). Film opacity, normalized to a film thickness of 25 µm and 
expressed as absorbance × nanometres, was calculated using an integration procedure described 
by Gontard et al. (1992). Opacity was determined for three replicate films of each type. The 
visible spectra of the diluted MFC gels were recorded, and the gel opacities were also calculated. 

 

Oxygen transmission rate (OTR) 

The OTR of the MFC films was measured using an OPT-5000 permeability tester (PBI-
Dansensor, Denmark). Measurements were made on 10 cm diameter films at 23 ºC and 50% RH 
with nitrogen as the carrier gas. The samples were conditioned for 3 days at 23 ºC and 50% RH 
before measurement.  

Poly(ethylene terephthalate) (PET) films were also tested as a reference. At least three samples of 
each film type were measured. The OTR was normalized with respect to the oxygen pressure 
gradient and film thickness to yield oxygen permeability (OP). 

 

Mechanical testing of MFC films 

Tensile tests were performed according to ASTM D 882 on an Instron (UK) model 5566 testing 
instrument at 23 ºC and 50% RH. A load cell of 100 N was used, and the crosshead speed was 
10 mm/min. The film thickness for each specimen was measured under these conditions using a 
Mitutoyo 10C-1125 µm (Mitutoyo Corp., Japan) and was recorded as the average of four 
measurements. Specimens were rectangular and 4 mm in width. The initial length between the 
clamps was 20 mm. The strain was defined as the clamp elongation relative to the initial length, 
and the modulus was obtained as the slope in a linear or near-linear part of the initial portion of 
the stress–strain curves, selected so as to exclude any initial nonlinear scatter. When fracture 
occurred at the clamps, the results were ignored. 
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Turbidity 

To obtain a fast evaluation of how far the homogenization process had proceeded, the turbidity 
of the MFC samples was measured. The theory was that if all particles were small enough, they 
would not scatter light. Hence, a perfectly homogenized MFC would be totally transparent and 
thereby have zero turbidity.  

Since the MFC samples produced had high viscosities and were in some cases very opaque, they 
had to be diluted before the turbidity measurements. Each MFC sample was diluted to three 
different concentrations close to 0.1 wt-%. The choice of dispersion strategy turned out to be 
important. It was difficult to obtain a homogeneous sample after dilution using ordinary agitators 
(this could be seen with the naked eye), so other dispersion strategies were tried. Table 3 presents 
the turbidity values obtained using three strategies. In all cases, the starting MFC was a 
generation 2 MFC (DS = 0.1, dry content = 1.84 wt-%).  

Table 3. Turbidity of MFC samples at 0.1 wt-% consistency dispersed in three ways. 

Dispersion technique 
Turbidity at 0.1 wt-% 

(NTU) 

1. Polytron 72.7 

2. Microfluidizer, single dilution step 29.7 

3. Microfluidizer, multiple dilution step 18.5 

 
In the first strategy, the MFC was dispersed (after dilution to 0.1 wt-%) at 4000 RPM for 15 s 
using a high-intensity (Polytron PT 3000; Kinematica AG, Switzerland). In the second strategy, 
the MFC was dispersed (after dilution to 0.1 wt-%) using the Microfluidizer at 1650 bar (chamber 
size: 200 and 100 μm). In the third strategy, the MFC was diluted and dispersed using the Micro-
fluidizer at 1650 bar (chamber size: 200 and 100 μm) in several dilution and dispersion steps, i.e., 
1.0, 0.5, 0.2, and finally 0.1 wt-%. It should be pointed out that all three dispersion techniques 
will further delaminate the sample to different extents. The importance of the dispersion strategy 
was not studied further, instead, the second strategy was used as the standard. 

After dispersion, the turbidity of each sample was measured using a 2100P Portable Turbidimeter 
(Hach Company, USA); the turbidity was plotted against concentration and a straight trend line 
was fitted (see Figure 10). Normally, the plotted line was used for comparisons between samples, 
but the data may also be interpolated to a concentration of 0.1 wt-%, which is useful in some 
cases.  

 
Figure 10. Example of turbidity versus MFC concentration. 
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Results and discussion 

 

This section will describe three methods for producing MFC, all starting with pulp fibres, which 
are first pre-treated and then homogenized. The produced MFCs are referred to by generation 
and differ in the pre-treatment used. This thesis will describe “MFC generations 1” 
(mechanical/enzymatic pre-treatment), “MFC generation 2” (carboxymethylation pre-treatment), 
and “MFC generation 4” (CMC attachment pre-treatment). Each MFC generation will be 
described in terms of its production process and key characteristics.  

 

MFC generation 1 (Paper 1) 

MFC generation 1 preparation 

The MFC generation 1 production method is based on a pre-treatment that combines refining 
and an enzyme treatment (see Figure 11).  

The enzyme treatment used a commercial monocomponent endoglucanase, a cellulase, to weaken 
the fibre walls. This enzyme was chosen since it degrades only the cellulose and not the 
hemicelluloses. This choice was also based on experience gained from several studies, both 
scientific and applied, that hemicelluloses facilitate refining (Contrall 1950). The starting pulp, 
sulphite pulp, was chosen for its high hemicellulose content.  

The used enzyme cannot degrade the cellulose in the crystalline regions, only in the amorphous 
regions. Therefore, moderate refining to a Schopper-Riegler (SR) value of approximately 28 was 
first done before the enzyme treatment. This moderate refining swells the fibre walls, enabling 
the enzymes to penetrate into them, and is suggested to create damaged zones in the crystalline 
regions (Contrall 1950), increasing the number of possible attack points for the enzymes.   

The second refining step was extensive refining to an SR value of approximately 90, to 
delaminate the fibre walls as much as possible to avoid clogging in the homogenization step. 

The final step used a Microfluidizer to liberate the nanofibrils from the fibre wall fragments (see 
Figures 7a and 7b). The normal operating pressure was approximately 1600–1700 bars. 
Depending on the quality requirements, the homogenization required 1–8 passes. The following 
results are for the sample homogenized with 8 passes (3 passes in 400/200 µm chamber pair and 
5 in a 200/100 µm pair). The resulting product is a viscous whitish gel (see Figure 12). 
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Figure 11. The underlying principles of the MFC 
generation 1 process. 

Figure 12. An MFC generation 1 gel; 
concentration approximately 2 wt-%. 

 

It should be pointed out that pre-treatment consisting solely of extensive refining, without 
enzyme treatment, was also tried (and has previously been tried, see Turbak et al. (1983), but this 
approach leads to extensive clogging and high energy consumption. Earlier, Henriksson et al. 
(2007) combined refining with the same enzyme as used here, though that trial differed in three 
main ways. First, the refiner used by Henriksson was a laboratory PFI refiner, while the refiner 
used here was a larger conical Escher-Wyss refiner, which more closely resembles commercial 
refiners. The PFI refiner treats the fibres differently and results in more consistent refining than 
does the Escher-Wyss refiner. Second, Henriksson et al. used a different homogenizer. Third, 
Henriksson et al. used a larger dosage of enzymes than was used in the current work. Early in the 
present research, this higher enzyme dosage was tried, but when combined with the larger refiner, 
the higher dosage caused severe clogging during homogenization, even though a higher SR value 
could be achieved in the second refining. As discussed above, removing the enzyme step and 
using only refining as a pre-treatment also resulted in severe clogging. In one unpublished trial, 
the enzyme dosage was altered (see Table 4); in this trial, the first refining was performed in the 
Escher-Wyss refiner and the second, due to material shortage, in a PFI refiner (10,000 rev.). For 
some trial cases, the Escher-Wyss refiner was used in the second refining step as well. The lesson 
from this trial was that the minimum enzyme dosage needed was low, only 8.5 ECU/g fibre. It 
should also be recalled that cellulase does degrade the DP of the cellulose, which in turn has an 
important impact on the mechanical properties of the end materials (Henriksson et al. 2008). 
Hence, low enzyme dosage is desirable from the material property and processing viewpoints.  

 

  

Sulphite pulp

Moderate refining

Escher‐Wyss, 28 SR

Enzyme treatment

Novozym 476 , pH 7, phosphate buffer
Enzyme treat.: 50 °C, 2 h + 90 °C, 0.5 h 

Extensive refining

Escher‐Wyss, 90 SR

High‐pressure 
homogenization

Microfluidizer
Pressure: approx. 1600 bar
Concentration: 2 wt‐%
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Table 4. Effect of enzyme dosage on the clogging tendency in the homogenizer. This trial was performed on a sulphite pulp 
that was first moderately refined in an Escher-Wyss refiner to approximately 28 SR. After enzyme treatment, the pulp was 
refined in either a PFI refiner (10,000 rev.) or an Escher-Wyss refiner to approximately 90 SR. 

Enzyme dosage  
(µl/g fibre) 

Enzyme dosage  
(ECU/g fibre) 

Clogging in homogenizer 
after PFI refiner  

(yes/no) 

Clogging in homogenizer 
after Escher-Wyss refiner 

(yes/no) 
0 0 Yes Yes 

0.4 2 Yes - 
1.3 6.5 No - 
1.7 8.5 - No 
9 45 No - 
40 200 No - 
90 450 No - 
900 4500 No Yes 

  

MFC generation 1 size determination 

Several methods were used to determine the size of MFC generation 1 fibrils, i.e., cryo-TEM, 
AFM, and NMR spectroscopy. 

The starting material for producing MFC generation 1 was bleached sulphite pulp fibres, as 
shown in the microscopy image in Figure 13a. The fibres are approximately 20–30 µm wide and 
over 1 mm long. After the pre-treatment and homogenization process, the fibre walls were fully 
delaminated and a network of fibrils three orders of magnitude smaller could be liberated 
(see Figure 13b). Using cryo-TEM, fibrils approximately 5 nm wide, corresponding to the 
microfibrils in the fibre wall, could be seen (see Figure 1). In addition, fibrils in the size range of 
20–30 nm could be seen, corresponding to the fibril aggregates. Using AFM imaging, the fibril 
width was determined to be 20–30 nm and the fibril height to be 5 nm (see Figures 14a–d), 
corresponding very well to the cryo-TEM results. It should also be pointed out that the fibrils 
and fibril aggregates are fully liberated and that fibrillation was not only superficial. NMR 
spectroscopy of the MFC determined the lateral fibril aggregate size to be approximately 17 nm. 
Hence, these three methods determined the fibril width to be 5–30 nm. However, fibril lengths 
and size distributions are difficult to measure to obtain statistically reliable data. By diluting the 
MFC samples and using AFM, however, it was possible to obtain some information about fibril 
length and those results indicated lengths in the order of 1–2 µm. 

Regarding size distributions, i.e., in terms of length and width, it is difficult to obtain reliable data 
representing the whole sample. This is because, while most of the sample consists of fibrils in the 
nanometre range, larger fragments of the fibre wall still remain in the sample. The microscopy 
techniques available cannot detect the larger fragments and nanoparticles at the same time, 
making it difficult to obtain good distribution data. Furthermore, the scanning area when using, 
for example, AFM or TEM, is very small, so only a small part of the sample can be examined in 
each image. Many images are needed, which makes for tedious work. In addition, the optimum 
size of the fibrils might differ between applications.   
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Figure 13. a) Optical microscopy of the raw material, i.e., bleached softwood sulphite pulp; b) cryo-TEM image of MFC pre-
treated with enzymes. 

 

 
Figure 14. AFM imaging of MFC pre-treated with enzymes on mica substrates after drying: height images (a and c), and 
phase-contrast images (b and d).  
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MFC generation 1 rheology 

A characteristic of MFC recognized early on was its high viscosity and associated rheological 
properties (Herrick et al. 1983). Accordingly, the rheological behaviour of the MFC gels was 
investigated. The resulting values for storage and loss modulus (G’ and G’’, respectively) are 
shown in Figures 15a and 15b. It was found that G’ and G’’ were relatively independent of the 
angular frequency at all investigated concentrations (i.e., 0.125–5.9 wt-%), which defines the MFC 
suspensions as gels. 

It should also be stressed that the storage modulus values are particularly high in comparison 
with those of NCC (Tatsumi et al. 2002; Ono et al. 2004; Rudraraju and Wyandt 2005a; 2005b). 
To illustrate this, a 3 wt-% MFC generation 1 gel has a G’ of 104 Pa, whereas NCC has a G’ of 
102 Pa (Tatsumi et al. 2002). Hence, the MFC has a storage modulus two orders of magnitude 
higher than that of NCC. This difference is explained by the longer fibrils in the MFC forming an 
entangled network structure, versus the more weakly interconnected low-aspect-ratio NCC rods.  

The high viscosity of the MFC is an interesting characteristic for many applications, for example, 
as a rheology modifier in food or cosmetics. However, this characteristic also poses a challenge 
when processing the material. The material needs to be pumpable and mixable with other 
components to be usable in application. Herrick et al. (1983) demonstrated that MFC is shear 
thinning – meaning that its viscosity decreases with increasing shear. The shear thinning 
behaviour of the MFC generation 1 gel was studied and the results are shown in Figure 16a. As 
can be seen, the MFC gel is extensively shear thinning at all studied concentrations. Figure 16b 
shows the influence of pH on the viscosity and shear thinning. As can be seen, lower pH results 
in higher viscosity, due to the presence of anionic charges in the MFC. This has also been studied 
in more detail by Fall et al. (2011). Conductometric titration of the original pulp indicated a 
charge density of 44.2 µeq./g. Earlier unpublished work has demonstrated that no charges are 
lost during MFC manufacture, meaning that the measured charge density is valid also for the 
MFC. This was later also shown by Fall et al. (2011). At lower pH, the hydrogen ions neutralize 
the charges on the MFC, which reduces the electrostatic repulsion, resulting in higher inter-
fibrillar interaction and higher viscosity. At higher pH, on the other hand, the number of charges 
increases, leading to higher electrostatic repulsion resulting in lower interaction and lower 
viscosity. 

A practical implication of this shear thinning behaviour is that highly viscous MFC can be 
sheared in a process that results in a drop in viscosity, for example, enabling pumping and mixing 
in a process. It should also be mentioned that the viscosity recovers over time when the shear 
forces are removed. 
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Figure 15. a) The storage modulus (G’) and b) loss modulus (G’’) as functions of frequency for MFC at various 
concentrations (wt-%). Geometries used:  steel plate,  aluminium cone-and-plate, and  acrylic plate. 

 
 

  
Figure 16. a) Influence of shear rate on viscosity at various MFC concentrations (wt-%); b) influence of shear rate on 
viscosity at various pH of the MFC (0.25 wt-%).  

 
 
 
  

a) b)

a) b)
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MFC generation 2 (Paper 2) 

MFC generation 2 preparation 

As discussed earlier, a high charge density in the fibre wall increases the electrostatic repulsion in 
the fibre wall leading to fibre swelling. This fibre swelling also results in lower delamination 
resistance in the fibre, making the fibrils easier to separate.  

The general principle for making MFC generation 2 was to use the above fact in designing a pre-
treatment step. The fibre charges were introduced using the carboxymethylation method 
described by Walecka (1956) (shown in Figure 17) followed by high-pressure homogenization in 
a microfluidizer (see Figures 7a and 7b) in the same manner as was described for MFC generation 
1, but with only one pass. 

The resulting MFC gel was more viscous than the generation 1 gel and almost transparent in 
appearance (see Figure 18), which indicates that the fibres were more delaminated and that fewer 
large fragments remained in the sample. An early work by Wågberg et al. (1987) actually 
demonstrated that this pre-treatment could facilitate fibre homogenization when making MFC. 
However, the material was not studied much further and the energy consumption aspect was not 
investigated at that time. 
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Figure 17. Underlying principles of the MFC generation 2 process; 
amounts valid for 110 g of fibres. 

 

Figure 18. MFC generation 2 gel; 
concentration approximately 2 wt-%. 

 
 
 
  

Dissolving pulp

Mixing with ethanol 
followed by filtration x 4

Impregnation with 
monocloriacetic acid

10 g in 500 ml of isopropanol, 
30 min

Mixing with NaOH
16.2 g NaOH in 500 ml of 

methanol/2000 ml of iso‐propanol

Carboxymethylation 
reaction

At boiling point, 1 h

Washing
1. 20 l of deionized water
2. 2 l of acetic acid (0.1 M) 
3. 10 l of deionized water

Impregnation with NaHCO3
4 wt‐% solution, 1 h

Washing with 15 l of
deionized water

High‐pressure 
homogenization

Microfluidizer
Pressure: approx. 1650 bar
Concentration: 2 wt‐%

1 pass 200/100 m chambers
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MFC generation 2 characterization 

Cryo-TEM was used to determine the size of the MFC generation 2 fibrils (see Figure 19). The 
post-treated MFC samples were imaged, and the results indicated uniform fibrils 5–15 nm wide 
and over 1 µm long. The charge density of the MFC was determined by means of 
conductometric titration to be 515 µeq./g, corresponding to a DS of 0.087. The charge 
measurements were made on the pulp before homogenization and therefore not on the MFC. 
This was done because the sample needs to be washed to the correct ion form before titration. 
Since MFC has a very high water retention value, this washing becomes complicated and very 
time consuming. Earlier unpublished work has demonstrated that titrations of the pulp and of 
the MFC yield the same charge density results. It has later also been shown that conductometric 
titrations of these types of fibres gives the same result as polyelectrolyte titrations of the prepared 
fibrils (Fall et al. 2011; Klemm et al. 2011).  

 
 

 
Figure 19. Cryo-TEM image of post-treated MFC; the scale bar corresponds to 0.5 µm. 
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MFC generation 2 in multilayered films 

To determine whether the MFC could interact with oppositely charged polyelectrolytes to form 
PEMs, as was previously found to be possible in the case of cellulose nanocrystals (Podsiadlo et 
al. 2005; Cranston and Gray 2006), a series of experiments was conducted in which oxidized 
silicon wafers were consecutively treated with cationic polyelectrolytes and MFC, with thorough 
rinsing between each step.  

To prepare the multilayered films, it is important to have a well-defined material. The MFC 
dispersion was therefore purified. The 2 wt-% sample was diluted to 0.15 wt-%. To prevent fibril 
aggregation, the solution was dispersed using ultrasonication (Vibracell 742 412; Bioblock 
Scientific, France) with a 3 mm titanium microtip probe for 10 min at 25% of the amplitude 
setting. To remove any larger fibre wall fragments as well as residues from the microtip, the 
solution was centrifuged at 8030g. The supernatant was then used to prepare the multilayered 
films.  

Three cationic polyelectrolytes – i.e., PEI, PAH, and PDADMAC – were used to make 
multilayered films. The thicknesses of the formed multilayer films were determined 
ellipsometrically and are shown in Figure 20. As can be seen, all three polyelectrolytes could form 
multilayered films with the anionic MFC. PAH and PDADMAC produced a similar thickness 
increase as the number of layers increased, the build-up being fairly limited for the first few layers 
but increasing steadily thereafter. PEI initially displayed the same build-up as did the other 
polyelectrolytes, but thereafter displayed a much faster build-up. For the PEI/MFC multilayers, 
the MFC layers resulted in a greater thickness increase than did the polyelectrolytes. This 
difference is less pronounced in the other two systems.   

All the multilayered films were made in deionized water at pH 7–8. The influence of salt 
concentration during the deposition of the polyelectrolyte layer was also investigated for both the 
PAH/MFC and PDADMAC/MFC multilayers, though only the PAH/MFC results are 
presented here (see Figure 21). An increased salt concentration was not possible for the MFC 
layer since this induced aggregation of the MFC. As can be seen, an increase in salt concentration 
(NaCl) greatly influenced the thickness increase: after 20 layers, the thickness was almost ten 
times greater for 0.5 M NaCl than under salt-free conditions. This was probably attributed to a 
change in polyelectrolyte conformation from a linear conformation to a more coiled 
conformation – resembling the compact crosslinked structure of the PEI molecule. It was not 
possible to clarify why this conformation had such a large impact on the build-up of the 
multilayers. It must also be taken into account that the adsorbed amounts in the polyelectrolyte 
layers also increase with increasing salt concentration. 

An interesting feature of the formed nanometre-thick multilayered films is that they differ in 
colour, as illustrated in Figure 22. This is due to interference with the reflected light and indicates 
that the films are smooth. The colour change indicates a well-defined build-up of thickness. As 
can be seen in Figure 22 the colour changes with each additional bilayer of PEI/MFC.  
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Figure 20. Thickness of multilayered films formed of MFC with PEI, PAH, or PDADMAC, measured ellipsometry; no 
salt was added, and the pH was 7–8 in all treatment steps. 

 
 

 
Figure 21. Thickness of multilayered films formed of MFC and PAH at different NaCl concentrations, measured 
ellipsometry; the pH was 7–8 in all treatment steps. 

 

 
 2  4  6  8  10  12  14  16  18 

Figure 22. Interference colours of films formed of MFC and PEI as a function of the number of layers; for example, 12 in 
this figure indicates a combination of six layers of PEI and six layers of MFC; no additional electrolyte was added. 
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Effect of homogenization on MFC generation 2 (Paper 3) 

MFC gel preparation 

One potential application of MFC is as a barrier material, for example, in food packaging. It is 
obvious that a well-delaminated MFC would form smoother films would than a coarser one, 
though this is not the only important consideration. To examine this matter, a trial using various 
numbers of homogenization steps was performed. The trial was carried out using the MFC 
generation 2 gel described above (Paper 2) as the starting material. The multihomogenized 
samples were then cast into films and studied in terms of film opacity, film strength, and oxygen 
transmission rate.  

The starting MFC gel had been homogenized with one pass at approximately 2 wt-%. To further 
homogenize the gel, it first had to be diluted and dispersed due to its high viscosity (see Figure 
23). The samples were then diluted to 0.7 wt-% and dispersed with 1 pass in the homogenizer. In 
total, four homogenization levels were studied. The samples are labelled “MFC Xp”, where “X” 
indicates the number of additional passes. The reader should remember that the MFC was 
initially produced with 1 pass, meaning, for example, that the “MFC 1p” sample was actually 
passed three times through the homogenizer, once at approximately 2 wt-%, once at 1.2 wt-%, 
and once at 0.7 wt-%. 

Figure 24 below shows how the opacity decreases in the MFC gels as the number of 
homogenization steps increases. Since the nanoscaled fibrils are too small to scatter light, the 
opacity is connected to either fibril agglomerations or larger particles, for example, fibre wall 
fragments in the samples. However, since the MFC 0p sample had been homogenized at 
0.7 wt-%, most of the agglomerated fibrils should have been dispersed. Therefore, it is believed 
that the increased homogenization at 1.2 wt-% affects mostly the larger particles, further 
delaminating them and resulting in a more consistent sample. This is also supported by the 
optical microscopy images shown in Figure 25, in which the number of larger particles clearly 
decreases with an increased number of homogenization steps.  

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. How the various homogenization levels were achieved; in all cases, homogenization was done in a Microfluidizer 
(see Figures 7a and 7b) equipped with a pair of 200 and 100 µm chambers. 
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Figure 24. Opacity values of the diluted MFC gels (0.35 wt-%) as calculated from absorbance in the 200–800 nm 
wavelength range. 

 
 

 
Figure 25. Optical microscopic images of the MFC films: (a) 0p, (b) 1p, (c) 2p, and (d) 3p films; the scale bars correspond 
to 100 µm; the arrows in a) and b) indicate some coarser fibres.  
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MFC generation 2 film properties 

Films of the various MFC gels were formed by casting. As can be seen, the level of 
homogenization has an important impact on the visual transparency of the films (see Figure 26). 
While the MFC 0p and 1p samples formed translucent films, the MFC 2p and 3p samples formed 
transparent films. This is also supported by the opacity measurements of the films (see Figure 
27), which indicate a gradual decrease in opacity with an increasing number of homogenization 
steps. The obvious thing would be to explain this by referring to the presence of larger particles 
in the gels, which scatter light in the films. However, Nogi et al. (2009) demonstrated that such 
translucence can be due to surface roughness of the films. They demonstrated that a translucent 
film could be made transparent simply by smoothing the surface using sandpaper. If this were the 
case, the difference in transparency could be explained by a difference in surface roughness, 
which in turn could be caused by the presence of larger particles. However, it is more difficult to 
explain the results of the oxygen permeability measurements of the films (see Figure 28) by 
referring to the difference in surface roughness, as increasing homogenization reduces the oxygen 
permeability. The oxygen permeability values are in the range of 0.037–
0.050 ml·mm/m2·day·atm, which is in the same size order as similar films examined by Aulin et 
al. (2010) who presented a value of 0.086 ml·mm/m2·day·atm. It should be noted that these 
values are measured at 23 ºC and 50% RH. At 0% RH much lower oxygen permeability levels 
can be attained; for example, Aulin et al. (2010) presented values as low as 0.00006 
ml·mm/m2·day·atm for carboxymethylated MFC (generation 2) and Fukuzumi et al. (2009) 
presented a value of 0.0004 ml·mm/m2·day·atm for TEMPO-oxidized MFC. This large 
difference is because the hydrophilic MFC films take up moisture at higher humidities, which 
swells the films and creates pores. Films made from coarser MFCs have higher oxygen 
permeabilities (i.e., 0.36–0.51 ml·mm/m2·day·atm), as demonstrated by, for example, Syverud 
and Stenius (2008), who made films from MFCs produced without pre-treatment.   

Increasing homogenization also improves the mechanical properties of the films, as seen in 
Figures 29a–c. The tensile strength is increased from 182 to 281 MPa (+54%), the strain at break 
from 4 to 13% (+226%), and the Young’s modulus from 4 to 7 GPa (+61%). In an earlier work, 
Henriksson et al. (2008) also measured the mechanical properties of MFC generation 2. They 
reported a tensile strength of 214 MPa, a strain at break of 10, and a Young’s modulus of 
13 GPa. The strength and strain at break values are in the same size order as found in the present 
work, but the stiffness is lower. This discrepancy was not further investigated here, but an 
important clue is that the films examined here were cast, while Henriksson used vacuum 
filtration. Deviations between these film-forming techniques have been observed before but are 
not fully understood. One explanation could be that the cast films may shrink during drying, 
while the filtrated films are dried under constraint. It should be noted that, independent of this 
discrepancy, these are very strong films with mechanical properties approaching those of steel 
and one order of magnitude greater than those of paper. The differences in the properties of the 
formed films also indicate a potential to optimize the film properties for different applications.  
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Figure 26. Visual transparency of MFC generation 2 films with different numbers of homogenization passes: a); 0p; b) 1p; 
c) 2p; d) 3p. 

  

a)  b)

d)c) 
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Figure 27. Opacity values of the four MFC films (0.35 wt-%) as calculated from absorbance in the 200–800 nm 
wavelength range; the absorbance was normalized for 25 µm films.  

 
 

 
Figure 28. Oxygen permeability of the four MFC films (0p–3p) measured at 23 ºC and 50% RH. 
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Figure 29. Tensile properties of the four MFC films: a) maximal stress (MPa), b) strain at break (%), and c) Young`s 
modulus (GPa).  
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MFC generation 4 (Paper 4) 

MFC generation 4 preparation 

As described earlier, the MFC generation 2 pre-treatment was based on the introduction of 
charged groups by means of carboxymethylation. The main drawback of this method is that the 
process is based on reactions in organic solvents, whereas for environmental reasons, it is 
desirable to have a water-based process. In addition, although carboxymethylation is a 
commercial process used, for example, to produce carboxymethylated cellulose (CMC), the 
process is fairly complex as several solvents must be handled, i.e., ethanol, water, and iso-
propanol. Forest-based companies are normally not equipped to handle this process and desire a 
water-based process. 

Laine et al. (2000) introduced a new water-based method to introduce charges into pulp fibres. In 
this method, CMC molecules are mixed with fibres and salt, and the mixture is subjected to an 
elevated temperature for up to 2 h. If done correctly, the CMC molecules irreversibly attach to 
the fibres. Though its nature is not fully understood, this irreversible attachment is considered to 
represent co-crystallization between the CMC and the cellulose on the fibres (Laine et al. 2000). It 
has also been demonstrated that low-molecular-weight CMCs can penetrate the fibre walls, 
thereby allowing the toposelectivity of the CMC attachment (i.e., whether the CMC is attached in 
the fibre wall or on the surface) to be determined by the molecular weight of the CMC (Laine et 
al. 2000). This initial publication was followed by several others (Laine et al. 2002a; 2002b; Laine 
et al. 2003a; Laine et al. 2003b; Horvath et al. 2006; Duker et al. 2008; Duker and Lindström 
2008) focusing not on producing MFC, but on understanding the mechanisms and use of CMC 
attachment in paper applications. A limiting factor of this technology, when used as a pre-
treatment to facilitate cell wall delamination, is the limited number of charges that can be 
introduced. For example, Laine et al. (2000) could attach only up to 20 mg CMC/g fibre and the 
maximum total charge achieved was 67 µeq./g fibre. In a later work, Lindström (2005) 
demonstrated that higher attachment levels (approximately 40 mg/g) could be achieved if the 
CMC was amphoteric instead of anionic in nature.  

In the current work, CMC attachment was explored as a pre-treatment method for making MFC. 
The idea was to irreversibly attach a number of CMCs (both anionic and amphoteric) in different 
dosages onto different pulps, to measure the total charge and to homogenize the pulps. The basic 
procedure used is outlined in Figure 30. 
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Figure 30. The basics behind the MFC generation 4 process. 

 

Table 5 summarizes the various experimental cases and their results. As can be seen, the used 
amphoteric CMC enables high attachment levels: up to 113 mg/g could be attached and charge 
densities of up to 231 µeq./g could be achieved. It should also be noted that, by using a low-
charged anionic CMC, attachment levels of up to 62 mg/g could be achieved. The impact on 
homogenization is presented in two columns in the table, i.e., “Clogging” and “Results in an 
MFC gel?”. The former describes whether the sample could pass through the homogenizer and 
the latter whether the passed-though product became an MFC gel. Sometimes, for example, in 
Case K, the sample could be homogenized but the pre-treatment was insufficient to fully 
delaminate the sample and convert it to a gel. It can also be seen in the table that MFC could be 
produced with the addition of 20 mg/g or more of amphoteric CMC (Cases C-F). Since this 
sample was easy to homogenize, the minimum level may be somewhere between 10 and 20 mg/g 
(i.e., a total charge density of 61–89 µeq./g). For anionic CMC, 3–4 times more CMC is needed 
(Case L).  
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Table 5. The various experimental cases for making MFC generation 4 and their results; see Table 2 for more information 
about the CMCs.  

Case Pulp CMC CMC type 

Added 
amount 
of CMC 
[mg/g]

Temp
[°C] 

Total  
charge 
density 
[eq/g]

Attached 
amount 
of CMC 
[mg/g] 

 
Clogg-

ing 

Results
in an 
MFC 
gel? 

A Sulphite - - 0 - 50 0 Yes No 
B Sulphite CMC 1 Amphoteric 10 120 61 16 Yes No 
C Sulphite CMC 1 Amphoteric 20 120 89 24 No Yes 
D Sulphite CMC 1 Amphoteric 40 120 125 44 No Yes 
E Sulphite CMC 1 Amphoteric 80 120 173 80 No Yes 
F Sulphite CMC 1 Amphoteric 120 120 231 113 No Yes 
G Dissolv. - - 0 - 30 0 Yes No 
H Dissolv. CMC 1 Amphoteric 80 120 165 80 No Yes 
I Sulphite CMC 1 Amphoteric 10 20 51 0 Yes No 
J Sulphite CMC 2 Anionic 80 120 115 24 Yes No 
K Dissolv. CMC 2 Anionic 80 120 108 28 No No 
L Sulphite CMC 3 Anionic 80 120 177 62 No Yes 

 

 

It should be pointed out that CMC attachment seems to work in two ways when used as a pre-
treatment for MFC production. The CMC introduces charged groups that swell the fibres, but it 
also serves as a lubricant for the fibres due to the electrosteric repulsion. The latter has, for 
example, been demonstrated in the case of fibre flocculation (Yan et al. 2006; Horvath and 
Lindström 2007). If the charges had been introduced by carboxymethylation instead of CMC 
attachment, at least 250–300 µeq./g would be needed to enable homogenization. Hence, an 
approximately four-times-higher charge is needed versus in CMC attachment. 

In terms of MFC quality, this MFC generation has not been characterized to the same extent as 
have MFC generations 1 and 2. The appearances of the gels are shown in Figure 31. As can be 
seen, the homogenized samples from cases C, D, F, H, and L look like gels, while case K does 
not. However, the samples were not characterized rheologically. 
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Figure 31. Images of the products associated with the cases described in Table 5: a) Case C = MFC gel; b) Case D = 
MFC gel; c) Case F = MFC gel; d) Case H = MFC gel; e) Case K = No MFC gel; f) Case L = MFC gel.  
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Energy consumption  

As mentioned earlier, energy consumption is the Achilles’ heel of the MFC-making process. 
Without any pre-treatments, the energy consumption reaches levels of approximately 
27,000 kWh/tonne for homogenization (Lindström and Winter 1988).  

By introducing the pre-treatments examined here, the need for homogenization can be reduced, 
which translates into a reduction in the number of needed homogenization steps. To estimate 
how much energy is needed for the homogenization processes, a separate measurement trial was 
conducted to measure pressure and flow through the Microfluidizer. First, an energy balance was 
set up for the system between positions 1 and 2 (see Figure 32): 
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in which position 1 is at the surface of the inlet tank and position 2 is just after the pressure 
pump that pressurizes the system. In the equation, m  is the mass flow through the homogenizer 
(kg/s), u is the internal energy (J/kg), V is the flow speed (m/s),  is a constant that depends on 
the flow type (if laminar = 0.5, if turbulent = 1), z is the relative height (m), qcv is the added heat 
energy (J/kg), and wcv is the performed work (J/kg).  

Figure 32. Schematic of the M110-EH Microfluidizer (see also Figures 7a and 7b). 

 
The following assumptions can be made for this system: 

 Constant flow rate, i.e., m is constant 
 No change in internal energy, i.e., u1 = u2 
 Incompressible fluid, i.e.,  = 1/ is constant 

These assumptions enable a simplification of the energy balance. 
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Rearrangement gives the following expression, which is often denoted Bernoulli’s equation: 
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This equation can be further simplified according to following assumptions: 
 The height is essentially the same in positions 1 and 2, i.e., z1 = z2 
 The change in dynamic energy can be neglected, i.e. (V1

2-V2
2) /2 <<(p2-p1)/ 

 Term qcv, which here includes the sample heating due to friction in the chambers, can be 
assumed to be zero since the measured temperature increased only moderately in one pass, 
i.e., qcv = 0 

1 

Chambers

Pump
2
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With the above assumptions, the energy balance can now easily be solved and the work that 
enables homogenization (wcv) can be estimated. The pressure in position 2, p2, is the atmospheric 
pressure (101 kPa) and the pressure in position 1, p1, can be measured using a built-in pressure 
meter. Thereby, the pressure drop over the chambers is found to be the main source of energy 
consumption. Furthermore, the mass flow in position 2 has to be measured to calculate the kWh 
needed per tonne of produced MFC.  

The volume flow and pressure in the different chambers were measured, yielding the results 
presented in Table 6. Given these results, wcv could be calculated using equation 4. The effect can 
be calculated from wcv by multiplying by the mass flow, m2. Furthermore, the energy consumption 
can be calculated for both wet and dry MFC (2 wt-%). 

The energy consumption for one pass through the small chambers (200 and 100 µm, respectively) 
is thereby 2221 kWh/tonne and for one pass through the large chambers 1457 kWh/tonne (400 
and 200 µm, respectively).  

The MFC generation 1 pre-treatment process also involved two refining steps. These naturally 
also have to be included in the energy consumption. The input energy in the first refining stage 
was measured to be 33 kWh/tonne pulp and in the second refining stage 90 kWh/tonne.  

The number of passes through the homogenizer was originally 8 (3 passes through the large 
chambers and 5 passes through the small chambers) (Paper 1). However, it was later found that 
one pass though the homogenizer was sufficient. Hence, the energy consumption for making 
MFC generation 1 was 2344 kWh/tonne. Since the energy consumption was 27,000 kWh/tonne 
without pre-treatments, this corresponds to a 91% reduction in energy use.  

However, recent results have indicated that the energy consumption can be lowered still further. 
First, the energy consumption values mentioned to this point have been for a concentration of 
2 wt-%. Today, MFC can be processed at concentrations of approximately 2.5 wt-% (sometimes 
even 3 wt-%). Furthermore, the MFC can be produced at a pressure of 1500 bars instead of 
1600 bars. With these improvements, the energy consumption for making MFC generation 1 
dropped to 1789 kWh/tonne (i.e., a 93% reduction). 

Similar calculations can be made for MFC generations 2 (Paper 2) and 4 (Paper 4). Only one pass 
through the homogenizer is used for these MFC generations and the mechanical energy 
consumption is thereby 2221 kWh/tonne if the concentration is 2 wt-%. Recent developments 
have, however, indicated that MFC generation 2 can also be produced at a concentration of 
approximately 8 wt-%, which gives a mechanical energy consumption of 555 kWh/tonne (a 98% 
reduction compared with 27,000 kWh/tonne). 

Table 6. Measurements of volume flow through the homogenizer and operating pressure in the homogenizer; also shown are 
the results of the calculations of added work, effect, and energy; negative values indicate that work has been added to the 
system. 

Chambers 

Mass 
flow, m2 

(kg/s) 

Pressure,
p2 

(kPa) 

Pump 
work, wcv

(kJ/kg) 

Pump 
effect 
(kW) 

Energy 
consumption 
(kWh/tonne 
wet MFC) 

Energy 
consumption
(kWh/tonne 

dry MFC) 
Large chambers 0.0072 1050 -105 -0.75 -29.1 -1457 
Small chambers 0.0052 1600 -160 -0.83 -44.4 -2221 
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It should be pointed out that the pump efficiency has not been taken into account in these 
calculations. The energy consumption calculations could be further improved by taking into 
account the flow profiles, friction losses and viscosity changes in the suspension. The energy 
needed for heating pulp in the pre-treatment steps (enzyme treatment for MFC generation 1, 
carboxymethylation for MFC generation 2, and CMC attachment for MFC generation 4) has not 
been included in these calculations either. 
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Conclusions 

 
This work describes three alternative processes for producing microfibrillated cellulose in which 
pulp fibres are first pre-treated and then homogenized. In one process, cell wall delamination was 
facilitated by combined enzymatic and mechanical pre-treatment. In the two other processes, cell 
wall delamination was facilitated by pre-treatments that introduced anionically charged groups 
into the fibre wall, either by a carboxymethylation reaction or by irreversibly attaching CMC onto 
the fibres. All three processes are industrially feasible and enable production with low energy 
consumption. Using these methods, MFC can be produced with an energy consumption of 500–
2300 kWh/tonne, which corresponds to a reduction in energy consumption of 91–98% 
compared with that found in earlier studies. The produced materials have been characterized in 
various ways and it has been demonstrated that the produced MFC fibrils were approximately 5–
30 nm wide and up to several microns long.  

When comparing the MFC gels of various generations, it is obvious that MFC generation 2 is of 
higher quality (i.e. higher in viscosity and more transparent), meaning that it is the most 
delaminated. The MFC generation 2 gel is more transparent, has a higher viscosity, and seems to 
be more uniform. A simple and fast method to approximate the quantity of larger particles is to 
measure the light scattering or turbidity of the gel. According to this measurement, a high-quality 
product would yield a low turbidity value. The results of the turbidity measurement are shown in 
Figure 33. As can be seen, MFC generation 2 clearly has the lowest turbidity value, followed by 
MFC generation 1. MFC generation 4 has the highest value, which indicates that this MFC 
contains more large fragments than do the other MFCs. This means that this MFC is probably 
less suited to applications in which high quality and purity are important. The main drawback of 
the MFC generation 2 process is that it is based on organic solvents. MFC generations 1 and 4 
are instead water-based, making them more interesting to, for example, forest-based companies, 
which have water-based processes.  

The influence of the number of homogenization steps has also been examined, and an increased 
number of steps is found to improve the quality of the product (e.g., improved mechanical and 
optical properties of films and decreased oxygen permeability). However, each homogenization 
step costs 2200 kWh/tonne, which results in a trade-off between quality and cost. If high-quality 
MFC is desired, the focus should therefore not be on the number of passes but on optimizing the 
pre-treatment. 

 
Figure 33. Turbidity for the three different MFC qualities.  
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