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Abstract 
Microfibrillated cellulose (MFC) films have been prepared to demonstrate the potential of the 

material in order to see if it is a possibility to replace most parts of petroleum-based plastics. 

MFC is produced by mechanically delaminating the wood fiber cell wall into individual nano-

fibrils. There are different ways to fabricate MFC at low energy consumption, thus keeping the 

cost down. The MFC films were produced using two different techniques; solvent-casting and by 

vacuum filtering, nanofiltration. The MFC films were characterized in terms of optical, 

mechanical and gas barrier properties. The results show that MFC (Generation 2) has superior 

mechanical properties and very promising oxygen barrier properties. MFC (Generation 2) has a 

more dense and homogenous nanocellulose film structure, thus very good oxygen permeability 

properties. These properties are good indications that MFC films have many suitable positive 

properties for use in e.g. the packaging industry. Incorporations of different components, such as 

nanoclays, latex or ionic crossed-linked improves the gas barrier properties for the MFC films.  

Sammanfattning 
Detta examensarbete handlar om filmer tillverkade av mikrofibrilär cellulosa (MFC). Syftet med 

studien var att se om det går att ersätta dagens petroleumbaserade plaster med MFC-filmer. Olika 

typer av MFC undersöktes, och detta gjordes genom olika tester av de mekaniska och optiska 

egenskaperna, samt en undersökning för att se permeabiliteten för syre genom MFC-filmer. MFC 

framställs genom att man mekaniskt bearbetar träfibrer och delaminerar på fibrillaggregaten som 

cellväggarna är delvis uppbyggda av. Det finns flera olika sätt att framställa MFC och hålla nere 

energikonsumtionen och därmed kostnaderna. Filmerna framställdes genom två olika sätt, det 

ena enklare genom att låta vattnet avdunsta i ett konditionerat rum, och den andra genom att 

vakuumfiltrera. Resultaten visar att typen, även kallad Generation 2, har bäst mekaniska 

egenskaper jämfört med alla andra generationer, samtidigt som den har bäst förmåga att motstå 

syrepermeabilitet. Generation 2 har en mer homogen filmstruktur, därav klarar den av att motstå 

permeabiliteten för syre. Behandlingen av olika preparat, så som nanoleror, latex och jonbyten 

kommer påverka egenskaperna för MFC filmerna. 
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1 Introduction 
Cellulose exists everywhere in nature, it’s one of the most important natural polymers and the 

main building block in all plants. Since cellulose is fully biodegradable, utilizing polymers from 

renewable resources is a high priority concerning the environmental health and the fact that our 

petroleum resources are finite. A lot of today’s research is about finding and replacing petroleum-

based non-renewable products with biodegradable cellulose based polymers. 

 

This thesis will be focused on the preparation and characterization of films based on 

microfibrillated cellulose (MFC), modifying the mechanical properties and strength, optical 

properties and how to prepare MFC films with improved moisture resistance. 

2 Theory 
Cellulose has been used since ancient times and has been important for humans, e.g. Egyptian 

papyri and rope. It has been used as a building material and even for clothing as well as an energy 

source in form of wood and plant fibers.  

2.1 Fibers and Cellulose 
Wood fibers are usually in a rectangular shape around the inner cavity, often referred as lumen. 

Fibers can vary in lengths and widths depending on the type of tree, even climate and season can 

be a factor. During spring the growth is more intense with a great amount of water transported 

through the structure, allowing these types of earlywood fibers to be wider and have a thinner 

fiber wall compared to fibers from latewood.[2] 

2.1.1 Fiber Structure 
The single fiber consists of a primary wall and three secondary walls closest to the lumen, which 

can be seen in Figure 1. Between the fibers there is a lamella consisting of lignin and pectin, both 

supporting the structure and binding the fibers together. Since lignin is hydrophobic it acts as a 

water barrier. The most important wall, the thickest secondary wall S2, is responsible for the fiber 

strength. It consists of cellulose aggregates linked with lignin from different types of 

hemicelluloses thus creating a cross-linked network. 
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Figure 1: Structure of a wood fiber.  

M = middle lamella, P = primary wall, S1-3 = secondary walls, L = lumen.[23] 

 

Cellulose is a linear polymer consisting up to 27.000 glucose units. The cellulose molecule has a 

quite simple structure but due to the long chains of cellulose in plants the overall structure is very 

complex and heterogeneous. Each glucose unit is rotated 180º relative to its neighbors, this 

repeating unit is in fact a dimer of a two-glucose unit, called cellibiose. Due to the covalent 

glucosidic bond with several hydroxyl side groups, cellulose has a hydrophilic behavior. 

Hemicelluloses are not chemically homogenous, like cellulose. It’s relatively easily hydrolyzed by 

acids to their monomer components consisting of glucose, mannose, xylose and galactose. Unlike 

cellulose, hemicellulose is more sensitive to hydrolysis which leads to degradation during 

chemical processing.[3] 

 

Figure 2: The chemical structure of a cellulose chain[1] 

2.2 Nanofibrillar Cellulose 
In the past years several different techniques has been developed to produce nano-sized cellulose 

and to extract the fibrillar cellulose from plants. As raw material, typically a pulp with low 

contents of lignin and hemicelluloses is used to produce nanofibrillar cellulose. Depending on 

how the wood is chemically and mechanically pre-treated, different types of nanocellulose are 

delaminated from pulp. Nano-sized cellulose can be divided into nanocrystals and 
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microfibrillated cellulose depending on the aspect ratio of the fibers, where cellulose nanocrystals 

is in general shorter than microfibrillated cellulose.[4]  

2.2.1 Microfibrillated Cellulose (MFC) 
From now on and further in the report, microfibrillated cellulose will be addressed as MFC since 

this is an old definition from the early 80’s by Herrick and Turbak and their work producing 

nanocellulose from wood fibers.[2, 5] This material was possible when wood based fiber 

suspensions were forced through a slit between a valve seat and a pressurized homogenization 

valve. 

Due to the high pressure, velocity and shear forces the wood fibers opened into their smaller 

sub-structural microfibrils forming a gel, a highly dense entangled network of nano-sized 

cellulose fibers. At that time this technique was extremely energy consuming and problems 

occurred, such as clogging. Nowadays the energy consumption has been lowered almost 98% 

compared to the first experiments made with MFC, this is since a lot of research has been 

focused to reduce the energy consumption and facilitating the separation of cellulose fibers. Not 

only have the mechanical homogenization apparatus been approved since the 80’s, but the most 

beneficial discovery for lowering the energy consumption was new pre-treatments such as 

enzymatic treatment in combination with extensive refining of the pulp[7] and incorporation of 

surface charges using e.g. TEMPO-mediated oxidation[8] and carboxymethylation[9]. Depending of 

the pre-treatment step the diameter will differ for different generations MFC, with treatments 

such as TEMPO-mediated oxidation or carboxymethylation the fibers are in the range of 5-10 

nm[8] while using enzymatically treatments a typical size is around 20 nm[9]. The length of the 

MFC is typically up to several micrometers, this gives a network of fibers with a very high aspect 

ratio resulting in some interesting properties such as high strength, flexibility and viscosity. 

Figure 3: Schematic model of the homogenizer used by Turbak et al.[6] 
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2.2.2 Properties of MFC 

2.2.2.1 Rheology 

The MFC suspension is quite unique where only a small concentration of the MFC gel results in 

a high viscosity (Figure 4). Combined with the fact that MFC is fully biocompatible makes it a 

very interesting material for both food application and in cosmetics such as a stabilizers. A recent 

report show promising dynamical rheological properties for MFC with a storage modulus of 104 

Pa for dispersions with 3 wt% MFC[7]. Further the report shows a shear thinning behavior for the 

MFC suspension and concludes that the MFC gel can be considered as a pseudo plastic 

material[7]. The highly entangled network of MFC fibrils makes it harder for separation at high 

shear rate thus resulting in a higher remaining viscosity. By increasing the pH, the separation can 

be enhanced, resulting in a fibril charge density and thus giving a much higher electrostatic 

repulsion between the nanofibrils[7].       

                                     

2.2.2.2 Mechanical Properties 

With different preparation methods, e.g. chemically or enzymatic treatment together with 

different drying techniques such as solvent casting and vacuum filtering, the mechanical 

properties will vary, together with the different wood source. 

Figure 4: Suspension of MFC, 2 wt% to the left and 7 wt% to the right 
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Table 1: Mechanical Properties for different MFC film 

 

As seen in Table 1, maximum stress values are in between 90-300 MPa. Modulus of elasticity is in 

the region between 5-17 GPa and the strain at break can differ from just a few percent up to over 

12%. Depending on the film preparation technique, the mechanical properties differ a lot. Which 

technique that is the best is still argued and there are several parameters that still have not yet 

been fully studied. Wet strength, sizing agents and the effect of plasticizer are a few to mention. 

Overall, the strength property indicate that MFC films have suitable properties for use in 

packaging applications with the fibrils acting as reinforcing elements and barrier in nano-

composite materials. 

2.2.2.3 Optical Properties 

In various kinds of applications, not at least the food industry, to fully implement MFC, the 

additives should preferably be invisible. This is also important in case of paper coatings and MFC 

films. Elements smaller than one tenth of visible light are not expected to light scattering[15]. Since 

the diameter of the nano fibers are in the range of 5-20 nm[17], MFC films is highly promising to 

Raw material Drying technique Max Stress 

(MPa) 

Modulus of 

Elasticity (GPa) 

Strain at Break 

(%) 

Softwood 

dissolving pulp; 

bleached sulfite 

softwood[10] 

Vacuum filtering 129-214 10,4-13,7 3,3-10,1 

Bleached sulfite 

softwood pulp[11] 

Casting 88-116 5,1-7,8 1,8-6,9 

Bleached sulfite 

softwood pulp[12] 

Casting 180 13 2,1 

Bleached spruce 

sulfite pulp[13] 

Vacuum filtering 104-154 15,7-17,5 5,3-8,6 

Hardwood 

bleached kraft 

pulp[14] 

Vacuum filtering 222-312 6,2-6,5 7-11,5 

Bleached sulfite 

softwood pulp[15] 

Casting 180-280 4,4-7,4 3,9-12,7 



6 
 

be used in transparent materials, unless the surface roughness is too big or big aggregates are 

present. Depending on the preparation technique for the MFC film, big aggregates may occur, 

but different approaches to reduce these have earlier been reported[15, 16] and its possible to polish 

the surface. It has been shown that a higher degree of delamination for the nanofibrils result in 

higher transparency[15, 16].  

2.2.2.4 Barrier Properties 

It has been reported that films made from MFC have very interesting barrier properties for both 

oil[16] and oxygen[11, 13, 15, 16, 17, 18]. It is believed that these superior barrier properties are linked to 

the relative high crystallinity and the dense networks held together by the strong hydrogen 

bonds/VdW-interactions between the fibers that are produced during the film formation. The 

compact structure, and thus rigid one, is resulting in physical hindrances for permeating 

molecules which may cause the good gas barrier properties. MFC films with a fairly high porosity 

has been reported, although there is a large scattering of data[10, 12, 18], which indicates that the 

microstructure of MFC films is crucial. It suggests, because of the low values of oxygen 

permeability (OP), that the potential pores in the MFC films are not interconnected through-out 

the film. Cross-section images clearly shows a lamellar structure of the MFC films where surface 

layers with a significant porosity and underlying layers of very dense, low porosity, fibril networks 

which may explain the low OP[18]. The strict hydrophilic nature of MFC films causes the film to 

easily absorb water from the surroundings and thus resulting in structural changes of the film 

affecting the OP. Water causes swelling of the film and weakens the bonds between the fibrils, 

this creates a more flexible network but lowers the physical hindrance for permeating molecules. 

The swelling effect can easily be seen at higher relative humidity (RH), increasing the OP[16, 18] but 

in the same time it reveals the complexity of the mass transportation.On a molecular and micro 

level, the changes of the microfibrillar network are not trivial and neither is the effect on the 

permeation. The moisture sorption depends on the preparation methods of the MFC films, 

where MFC with higher charge density in general have higher water sorption[18]. A high water 

sorption does not necessary result in a high OP. This indicates that factors, other than water 

sorption, such as the dimensions of the fiber and microstructure affect the permeability. OP 

values for MFC films of 0.085[16], 0.05[15] and 0.013[11] mm·mL/m2·24h·atm have been reported 

earlier. 
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2.3 Polymer – Clay nanocomposites 

2.3.1 Nanoclay 
A lot of research have been directed to reduce permeability of cellulosic materials. Different 

methods using for example layered silicate nanoclays in nanocomposites have been reported[19, 20, 

21]. Using nanoclays in combination with bio-polymers is a big research area recently reviewed and 

has shown promising improvements including increased tensile strength, high storage modulus 

and improved gas permeability[22]. The most common expendable clay being used is the 

montmorillonite (MMT), which is a naturally abundant soil mineral within the family of 

phyllosilicates. They are build up by thin parallel lamellas, about 1 nm thick, this makes the 

phyllosilicates aggregate into larger irregular particles with sizes between 0.1-10 µm[21]. 

 

 

Hydrophilic polymers, such as cellulose, can delaminate the layers and thus create intercalated 

MMT due to suitable layer charge density. If the polymer is present between the clay layers of a 

mixed polymer/clay nanocomposite, it is often referred to as intercalated. When intercalated, the 

regularity of the layered structure is still maintained. Instead, if the clay layers are completely 

dispersed in the matrix, it is referred to as exfoliated[19]. 

 

Figure 6: Structure of the layered silicate clay montmorillonite[19] 

Figure 5: One layered silicate 
platelet[21] 
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It is believed that the decrease in OP for polymer-clay composites is linked with the tortuous 

pathway created from the impermeable clay lamellas Nano clays are also known to have excellent 

moisture resistance properties. The aspect ratio of the clay layers makes the diffusive path longer 

for penetrating molecules, which effectively decrease the diffusion-rate through the composite 

material. More extensive exfoliation result in improved barrier properties. 

 

2.3.2 Hyperbranched Polymer 
Creating exfoliated structures may sometimes aggregate into intercalated structures after drying, 

due to the fact that the cellulose chains in MFC are linear. By using hyperbranched polymers,  

(dendritic polymers) it is possible to promote exfoliation and stabilize the exfoliated structure 

after drying. The hyperbranched polymers are characterized by tree-like, heavy dense, branched 

structures and a large number of end-groups. Their compact globe-like structure with polar end-

groups and hydrophobic core induces repulsion between the clay layers, thus keeping them 

Figure 7: Schematic structure of separated layers in polymer/clay composites[19] 

Figure 8: Comparison between the diffusive path of conventional and exfoliated composites[24] 
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separated. A similar product to the dendrimer, being polydisperse, is called a hyperbranched 

polymer. The difference between a hyperbranched polymer compared with dendrimers, are that 

the hyperbranched polymers have irregular branching and a higher molecular weight distribution. 

Despite this, the preparation of the hyperbranched polymer is less expensive due to the simple 

synthesis. If the hyperbranched polymer is synthesized in a pseudo one pot, a relative narrow 

molecular weight distribution can be produced together with a higher degree of branching.[19] 

 

2.5 Possible Applications for MFC 
Here follows a brief and summarized overview by Ankerfors et al[25] for different applications for 

MFC suspensions. Numerous applications exist for MFC, several excellent reviews exists in the 

field. 

 

 Coatings and membranes, due to excellent gas barrier properties 

 Paper and paperboard applications, such as dry strength agent and surface strength agent, 

due to good mechanical properties 

 Absorbent products, due to the strict hydrophilic characterization and swelling capacity 

 Medical and pharmaceutical applications, combining good strength and high flexibility 

together with a safe material that can act as selective barrier 

 Food and cosmetic applications, due to the fact that MFC is nontoxic and have beneficial 

rheological properties 

 Nanostructured foams, since MFC can be freeze dried and create an entangled network 

Figure 9: Schematic picture showing the interaction 
between hyperbranched polymers and clay layers[19] 
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3 Experimental Work 
During the experiments, different types of MFC have been used as the main film-forming 

material to which other materials were incorporated. Deionized Milli-Q water (Millipore 

Corporation, U.S.A.) was used in all experiments. 

3.1 Fabrication of MFC 
In this thesis, MFC films have been prepared using five different pre-treatment techniques; 

enzymatic, anionic and cationic stabilization, CMC-grafting and finally pulp based on the NSSC-

technique. After the pulp pre-treatments the fibers were delaminated through a high-pressure 

microfluidizer (Microfluidizer M-110EH, Microfluidics Corporation, U.S.A.). The most 

significant parts of the fluidizer are the two small z-shaped chambers with a size of 100 and 200 

µm respectively. The MFC suspension was then pressed through both chambers at an operating 

pressure of 1800 bar. The geometry of the chambers causes high shear forces which results in 

delamination of the fibers, also called nano fibrillation.  

 

Figure 10: The nanofacility at Innventia AB 
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3.1.1 Enzymatic pre-treated MFC (Generation 1) 
2007, a new technique to extract nano-sized cellulose was developed by using enzymatic pre-

treatment.[7] Using this process, enzymes, C-cellulase or endoglucanase, degrades the more 

amorphous regions of cellulose. To further enhance the effect, the bleached pulp is first 

mechanically refined to introduce damage zones in the cellulose-I and to swell the fiber wall. The 

loss of cellulose is minimized during the mechanical disintegration of wood pulp into high aspect 

ratio cellulose-I fibers, due to the restricted enzymatic degradation. The nanofibers produced 

have a diameter of between 10-20 nm and can be up to 1 um in length. The energy consumption 

needed during the fibrillation is significantly reduced compared to the results presented in the 

1980's[5] due to the enzyme initiated cell wall delamination that weakened bonds, thus preventing 

clogging in the homogenizer[7]. Compared with the original technique without pre-treatment[25], 

the use of enzymes have been reported to reduce the energy consumption for fabrication of 

Figure 11: Z-shaped chamber where homogenization takes place, and inside of the z-shaped chamber  

Figure 12: Opaque G1 6p MFC film 
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MFC with at least 80%. The fabrication can be described in brief as follows, the raw material, 

commercial bleached-sulfite-softwood pulp containing a relatively high amount of hemicelluloses, 

around 14% is refined, enzymatic treated, further refined and finally homogenized in a 

microfluidizer to create a suspension of approximately 2 wt% MFC. This suspension was diluted 

to approximately 0.2 wt% and was further pressed through the homogenizer six times at an 

operating pressure of 1800 bar, thus creating a MFC suspension called "G1 6p". MFC films were 

prepared by pouring the MFC dispersion into polystyrene Petri dishes with a diameter of 8.5 cm 

and dried at a temperature of 23ºC with a RH of 50%. The dried free-standing films were stored 

in these conditions until they were peeled off and subjected for further analysis.  

 

3.1.2 Charge-stabilized MFC (Generation 2 and 5) 
The incorporation of charges to the surfaces of the fibers is an interesting route towards 

separation of individual cellulose microfibrils into suspensions. The electrostatic repulsive effect 

between the surfaces of the different fibrils facilitates the delamination process and also limits the 

aggregation of individual microfibrils. This can either be done in the classical way with sulfuric 

acid that creates surface charges by sulfate groups, thus this method however drastically decreases  

the length of the microfibrils and is therefore not a suitable method in the manufacturing of 

MFC. The other way, recently discovered, several novel techniques that doesn't affect the length 

of the microfibrills have been developed, creating long cellulose-I nano-sized fibers with 

crystalline and amorphous regions.[9,26,27] The charges can either be negative or positive and the 

addition can be done using different techniques. T. Saito et al. have focused a lot of their work 

into disintegration of cellulose into individual microfibrils after oxidation mediated by 

TEMPO[7,14,27]. At Innventia AB the fibers are impregnated with a solution of monochloroacetic 

acid in isopropanol. This carboxymethylation of the fibers results in highly anionic 

carboxymethylate groups on the microfibril surfaces[9]. Due to the electrostatic repulsion between 

the fibers, the energy consumption is reduces at least 96% during homogenization compared to 

the original technique[25]. Recently the use of cationic charges has been used to ease the 

fibrillation of cellulose. A covalent modification of the wood fibers using a quaternary amine 

creates the cationic charge-stabilized colloidal dispersion of MFC[26]. Methods for producing thin 

films of charge-stabilized MFC at Innventia AB have been described in detail in several 

reports[9,16,26]. In principal, there are two main steps involved in the process; chemical pre-

treatment and mechanical fibrillation by a homogenizer. The pulp used in this study is a 

commercial sulfite-softwood-dissolving pulp with low hemicellulose content of approximately 

4.5% (Domsjö dissolving plus, Domsjö Mills, SWEDEN). This MFC suspension is then 
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prepared by reacting the pulp with N-(2,3 epoxypropyl) trimethylammonium chloride added 

together with NaOH and H2O and further diluted with isopropanol and finally washed with 

water before the final homogenizing step. The anionic MFC suspension is prepared first by 

solvent exchange the pulp with ethanol, the carboxymethylation is then carried out by 

impregnating the fibers with a solution of monochloroacetic acid in isopropanol and washed with 

water. The fibers were then impregnated with a NaHCO3 solution to convert the carboxyl groups 

to their sodium form, followed by further washing with water. The both MFC suspensions were 

then homogenized using a high pressure fluidizer (Microfluidizer M-110EH, Microfluidics 

Corporation, U.S.A.) at an operating pressure of 1800 bar. The final suspensions were diluted to 

approximately 0.2 wt% and pressed through the homogenizer addidional six times and will be 

called "G2 6p" and "G5 6p" in this report, where G2 is the anionic suspension and G5 the 

cationic. These suspensions were then dried in the same conditions as G1 to form thin MFC 

films by solvent-casting. In addition to solvent-casting, G2 films were also prepared by a 

nanofiltration technique as described below. 

 

Figure 13: Transparent G2 6p MFC film 
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3.1.3 CMC-grafted MFC (Generation 4) 
Recently discovered at Innventia AB, is a new generation of MFC prepared 

using carboxymethylcellulose(CMC)-grafting as pre-treatment step. It shows an energy reduction 

of up to 97% with a certain CMC-treatment and dosage of CMC. The amount of CMC used for 

pre-treatment was 20, 30 and 40 mg/g respectively. The possible CMC dosage may vary between 

10-80 mg/g and the pulps used for this particular generation are; bleached softwood kraft pulp 

(Husum Mills, SWEDEN), bleached softwood sulphite pulp together with bleached softwood 

sulphite dissolving pulp (Domsjö Mills, SWEDEN). The CMC-grafted MFC suspension have a 

concentration between 3-4% and was further diluted with water to approximately 0.2 wt% and 

homogenized six times and will be further called "G4 20 mg/g 6p", "G4 30 mg/g 6p" and 

finally "G4 40 mg/g 6p" in this report. The suspensions were dried in the same conditions as the 

other generations and the thin MFC films were prepared by solvent-casting. 

3.1.4 Film drying 
Thin films was prepared by using two different techniques, water evaporation in controlled 

conditions of 23ºC and 50% RH, called solvent-casting. The other technique is more advanced 

and uses vacuum pressure for filtration. As mentioned before, all MFC suspensions were diluted 

to approximately 0.2 wt% before drying to enhance the making of uniform films with fine 

nanofibrils. Film drying time was between 2-14 days, depending of the grammage of the MFC 

films. The vacuum filtering technique is described in detail elsewhere[10] but can be described 

summarized as follows; a G2 6p solution was ultrasonicated for a couple of hours to reduce as 

much air bubbles as possible. This solution was prepared on a glass filter funnel (7.2 cm in 

diameter) as seen in Figure 14. The used filter membrane was a DVPP (Millipore, U.S.A.) with a 

pore size of 0.65 µm. After filtering the solution for 12 hours, a strong gel is formed on top of 

the filter membrane which is carefully peeled off and placed between two metallic porous filter 

papers and a couple of thick filter papers over that to absorb the remaining water, the samples 

were sandwiched between thick metallic plates and stored to dry in the oven at 55ºC for at least 

24 hours with a pressure of about 50-100 grams. These MFC vacuum dried films were made with 

a theoretical weight of 50 g/m2. The drying results in a creation of a very dense network of 

nanofibers which are strongly connected by hydrogen bonds. 

3.2 Modified MFC 
To enhance the strength and flexibility, optical properties and the affected gas barrier properties 

of MFC films, they were modified in different ways. 
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3.2.1 Plasticized with glycerol 
Glycerol is a rather simple polyol with three hydrophilic hydroxyl groups that can be seen in 

Figure 15, those render the material solubility in water and hygroscopic nature. The plasticizing  

 

effect of glycerol comes from the ability to embed the molecules between hydrophilic polymer 

chains together with the fibril-fibril joints of dried films, such as the cellulose in MFC. In this way 

glycerol separates the fibers and thus rendering a weaker, softer and more flexible material. 

Glycerol was introduced to a G2 6p MFC suspension at different wt% (5, 10 and 20) and mixed 

thoroughly at ~10.000 rpm for a couple of minutes with a Polytron®. The mixed solution was 

then poured into Petri dishes and solvent-casted as described. The MFC glycerol films were dried 

in 23ºC at a RH of 50%, 70% and 90% respectively. The films had a theoretical grammage of 8 

g/m2 and 20 g/m2 and was later compared to pure MFC films. 

3.2.2 Heat treatment 
As mentioned before, water molecules presented between cellulose fibers will have a plasticizing 

effect on the films thus increasing the mobility of the fibers. Mobility and the swelling enhances 

the permeability of gases due to the less tortuous path when the flexible chains open up the 

structure in the film. By heat treating the films, the water content can be minimized and the 

interaction between the microfibrils will become stronger. The formations of irreversible inter- 

and intra hydrogen bonds between and within the microfibrils in the MFC film, creates a dense 

network of fibers with almost no flexibility and swelling properties and is referred to as 

hornification[25]. The hornification will of course make the MFC film more brittle but should also 

enhance the barrier properties for permeating gases, because of the dense network of 

impermeable crystalline cellulose. During this thesis only G2 6p MFC films mixed with latex was 

heat treated, simply by placing the already solvent casted film in the oven for at least 24 hours in 

105ºC. The films were then characterized regarding mechanical properties and compared to the 

same films without heat-treatment. 

Figure 14: Chemical structure of glycerol 
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3.2.3 Ion-exchange 
The carboxylmethylated G2 MFC contains carboxyl groups and is originally converted to its 

sodium form during the fabrication process. The Na+ ions are located between the microfibrils in 

the films and create an electrostatic force that holds the fibrils together. These sodium ions can 

be exchanged by multivalent ions, for example Ca2+ or Al3+ ions and the changed electrostatic 

force will enhance the strong fibril-fibril bonds. This will create a denser network with restricted 

flexibility and improved the barrier properties against permeating gas molecules. Ion exchange 

were done by soaking two different filtered G2 6p MFC films, one in a 0.01M CaCl2 and the 

other in 0.01M AlCl2 for 2 hours followed by two washing steps in water. During these processes 

the Na2+ ions are replaced by the Ca2+ and Al3+ ions due to the excess of the divalent ions, 

creating a denser layer of positive ions, sticking to the fibril surface. The soaked ion-exchanged 

films where finally dried between two metal plates with a small weight on it, to prevent the 

samples to wrinkle, in an oven in 55ºC for at least 48 hours. After the drying process, the films 

were stored in 23ºC and 50% RH until analyzed.  
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3.2.4 Layer-by-Layer deposition 
The modern layer-by-layer (LbL) technique has grown the last years and is one of the most 

studied thin film fabrication methods due to its simplicity, the films robustness and the never 

endless tailoring.[28-30] By using the LbL technique, a deposition of various ingredients can easily 

be deposited, such as; polymers[31-33], quantum dots[34, 35] and dendrimers[36] together with other 

ingredients. By using different components with different specific interactions, for example 

electrostatic attraction or hydrogen bonding, the ingredients attract each other and thus form a 

multilayered structure, creating a cross-linked structure on the surface of the MFC films. In a 

two-component system, the deposition of a cationic and anionic components is referred to as a 

bilayer (BL).  

 

Figure 15: Schematic picture of the LbL deposition process (left), 
repeated until desired number of BL's deposited (right) 

 

By using the great variation of the LbL technique, it makes a very good candidate for surface 

applications as gas barrier coating[37]. The components used in this work are; polyethylenimine 

(PEI) (1 wt%), polyamide-epichlorohydrin (PAE) (1 wt%), glutaraldehyde (GA) (2 wt%), alkyl 

ketene dimer (AKD-Wax) (1 wt%), Nanofil® clay (1 wt%), G2 6p solution (0.2 wt%) and G5 6p 

solution (0.21 wt%). The films were soaked for one hour and washed two times afterwards for 

solutions/dispersions containing; PEI, PAE, GA and AKD-Wax. For the combination PEI/GA 

the film was soaked for one hour in GA followed by two washing steps and then soaked for 20 

minutes in PEI and finally followed by two washing steps. For the multilayer deposition of 

G2/G5, the film was soaked for four minutes followed by 2 times one minute washing, first in 

G5 followed by the same steps for G2, with an addition of 13 BL's each. The PEI (0.2 

wt%)/Nanofil (0.2 wt%) films were made in the same way but with 10 and 20 BL's each 
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respectively. All depositions occurred on filtered G2 6p MFC films and were dried in an oven in 

55ºC for at least 48 hours and finally stored in 23ºC and 50% RH. To study the influence of 

cross-linking on the MFC films, a filtered G2 6p film was analyzed with FTIR (fourier transform 

infrared spectroscopy) and compared to a film with GA and PEI/GA. 

3.2.5 Latex 
G2 6p MFC dispersion was mixed together with an anionic styrene-butadiene latex (SB-latex) 

(DL 920, DOW Chemicals, U.S.A.). It is known that latex have a very high strain to failure and 

this phenomenon was further to be investigated.  The latex particles have a spherical shape and 

are adsorbed to the MFC fibrils. G2 6p MFC, mixed with SB-latex, films was prepared with the 

following ratio MFC/Latex; 100/0, 95/5 and finally 90/10. Films were prepared for comparison 

between oven-dried and room temperature dried MFC/Latex films. The SB-latex spheres have a 

melting point of about 90ºC, thus the films were dried in an oven in 105ºC for at least 24 hours 

prior to analysis. The films were then stored in 23ºC and 50% RH until analyzed for mechanical 

properties.  

Figure 16: Semi-transparent vacuum filtered G2 6p MFC film 
soaked in both GA and PEI 
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3.3 Nanoclays/polymers and MFC nanocomposites 
As mentioned before, the use of nanoclays have shown some very interesting results regarding 

reducing gas permeability when incorporated in nanocomposites. Four kinds of nanoclays natural 

montmorillonite (MMT) were used; Cloisite®, Nanofil®, Microlite® and Kunipia®. All 

nanoclays were dispersed in water to a concentration of 1 wt%. The dispersion was stirred until 

the clay particles were totally delaminated. The nanoclay solutions were then mixed, with a 

Polytron®, together with a solution of G2 6p MFC with the following ratio MFC/nanoclay; 

95/5, 90/10, 80/20 to 0/100. These MFC films were made, using solvent-casting, with a 

theoretical grammage of 8 g/m2 and 20 g/m2 and characterized with respect to optical properties, 

mechanical properties and oxygen transmission rate (OTR). To further delaminate the nanoclays 

the dispersions were passed five times through a high pressure homogenizer (RANNE MINI-

LAB, Model 8.30H, APV) with an operating pressure of 500 MPa. The suspension was then 

centrifugated for 15 minutes at 3600 RPM. The clear fluid was later pipetted and mixed as above 

with MFC G2 6p for further analysis, the films containing homogenized clay were compared with 

the films containing un-homogenized clay. These dispersions will be referred to as; Cloisite® 

+5p, Nanofil® +5p, Microlite® +5p and Kunipia® +5p. 

  

Figure 17: Different nanoclays used in the experiments.  
From the left; Cloisite®, Kunipia®, Nanofil® and Microlite® 
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Table 2: Properties of the different nanoclays used in the experiments 

 

 

3.4 Characterization 
Different equipment has been used in order to characterize the prepared films. The most 

important will be described in brief below. 

3.4.1 Tensile Strength (TS) Tests  
Tensile tests were performed by using a material testing system (MTS) as seen below in Figure 19. 

The samples were prepared by cutting the MFC films into rectangular pieces with a size of 6x40 

mm and placed between two clamps with a total mounting length of 5 mm in both directions. 

The initial length between the clamps was 30 mm. These samples were then subjected to a 

vertical force, pulled apart, until they broke. During this process, the load of the force applied 

and the displacement of the samples were measured. The original cross sectional area and the 

original length of the samples are known parameters, with these a stress strain curve can be 

obtained. Stress is computed by dividing the load by the cross sectional area and is then plotted 

against strain, derived by dividing the displacement by the original length. All data was later 

inserted together with the measured coat weight in a computer software to be able to determine 

and calculate several mechanical properties. In this case TS and strain at break (SaB) was 

calculated. All values were further normalized with respect to coat weight to create indexed 

values for comparison, this will be referred to as TSi. If the TS is divided by the film thickness, 

the elastic modulus (E-modulus) can be obtained. All mechanical tests were performed using a 

Name of 

nanoclay 

Type of MMT Cation-exchange 

capacity (CEC) 

Average size Manufacturer 

 

Cloisite® 

 

 

Sodium 

 

 

92 mequiv/100 g 

 

 

110 nm 

 

 

Southern Clay 

Products, U.S.A. 

 

Kunipia® 

 

Natural 115 mequiv/100 g 

 

100 nm Durae Corporation, 

Korea 

 

Nanofil® 

 

Sodium 

 

116 mequiv/100 g 

 

12 µm Rockwood Additives, 

U.S.A. 

 

Microlite® 

 

Natural 125 mequiv/100 g 

 

20 µm Grace Incorporation, 

Canada 



21 
 

load cell of 250 N, with a crosshead speed of 25 mm/min. All experiments were performed in 

23ºC and 50, 70 and 90% RH respectively.  

3.4.2 Fracture Toughness (FT) 
FT reveals a materials resistance against propagation of cracks within the structure. To be able to 

study FT of MFC films, regular G2 6p films as well as G2 6p incorporated with 5, 10 and 20% 

glycerol respectively, were prepared with well-defined cracks. All samples were cut with a laser to 

rectangular pieces with dimensions, 20x40 mm including a crack of 8 mm in the middle, as seen 

in Figure 20. These FT tests were performed in 50, 70 and 90% RH and the new dimensions 

were inserted in the computer software to obtain new values. The FT values were compared with 

TS for the samples.  

Figure 18: MTS used for tensile tests at Innventia AB 

Figure 19: Schematic of how the samples were cut 
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3.4.3 Oxygen permeability 
Oxygen transmission rates (OTR) were performed using a Mocon® OxTran®, Model 2/21 

(Mocon Incorporation, U.S.A.) was used. All films were stored and conditioned in 23ºC and 50% 

RH prior to the experiments. The measured MFC films were cut into smaller pieces and 

enveloped in adhesive aluminum foil masks, covering a measuring area of 5 cm2. The 

measurement conditions were 23ºC with 50% RH under atmospheric pressure and with an 

oxygen concentration of 100%. 

3.4.4 Optical Characteristics 
The transmittance of light through the MFC films was measured for wavelengths between 260-

800 nm by using an ultraviolet-visible spectrometer (UV/VIS) (Lambda 850, Perkin Elmer, 

U.S.A.) in the KTH Electrum Laboratory, Kista. Small samples of the films were cut into 

rectangular pieces and attached to a glass and mounted vertically in a sample holder before 

measuring. The mount was about 10 cm from the light source and detector. 

 

3.4.5 Scanning Electron Microscope (SEM) 
By shooting a high-energy beam of electrons, the surface of where the electrons hit produce 

signals that are detected and the outcome is a clear image of the object intended to be seen. A 

SEM produce a very high-resolution image of the samples surface, in some cases revealing details 

Figure 20: MFC film inside an aluminum foil mask, ready for OTR measurement 
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less than 1 nm in size. In this work, SEM imaging (Philips XL30 ESEM-FEG (environmental 

scanning electron microscope-field emission gun)) were made for thin MFC films to study the 

homogeneity and dense structure of the material. By scanning a cross-section of the MFC film, 

it's possible to determine the thickness of the film and therefore calculate the density given the 

grammage of the films. The imaging was made in the high vacuum mode using a SE detector 

(secondary electrons). The accelerating voltage was 5 kV and working distance was about 7 mm. 

 

3.4.6 Fourier Transform Infrared Spectroscopy 
To study the fully chemical interaction between two or more mixed components in the films, 

FTIR was used to determine the films crosslinking effects. This technique is often used to obtain 

the infrared spectrum of absorption in solids, but can sometimes also collect data for a gas or 

liquid, in this thesis work the absorption was measured for solid MFC films. The FTIR 

instrument used for was a Varian 680-IR (Varian Incorporation, U.S.A.) and the range measured 

was between 4000 and 650 cm-1.   
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4 Results 
During this work, a lot amount of data was collected and will be divided into three subcategories; 

mechanical properties, gas barrier properties and optical properties followed by SEM and FTIR 

analysis. Some data that can be seen as complements are presented in the appendix. Some MFC 

films that were prepared for OTR might have been damaged during the masking with the 

aluminum foil, leaking to much oxygen probably due to pinholes. These results will be displayed 

as not available (N/A). When dealt with G7 MFC, the finished product was very difficult to peel 

off from the Petri dish and showed very poor properties. These films were completely discarded 

and will not be further discussed. 

4.1 Mechanical properties 
The mechanical properties, e.g. tensile strength and SaB of the films presented below in Figures 

22-38 were all calculated as mean values of at least three different measurements with a total 

difference of 4-10% between the lowest and highest value. To simplify trends and gain a better 

understanding of the properties they are presented in several different figures in the following 

section.  
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The first experiment was made for comparison of G2 films with different grammages. Since 

the results are normalized do the thickness, you clearly can see that the TSi of G2 films are 

approximately 150-160 kNm/kg no matter what grammage you have. The same is applied for 

the SaB for the same films, where it is between 3.5-4.5%. 

  

 

Figure 21: TS of G2 6p MFC films with different grammages 

Figure 22: SaB of G2 6p MFC films with different grammages 
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The next experiment will show us that the more quantity of nanoclay is used in the films, the TSi 

drastically is reduced from about 160 kNm/kg to almost zero. The results show that the curve is 

almost linear. The same linear curve can also be seen in the SaB experiments made for the same 

films. 

  

 

 

 

 

  
 

Figure 24: SaB of G2 6p MFC films mixed with different amount of Nanofil 

Figure 23: TS of G2 6p MFC films mixed with different amount of Nanofil 
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As mentioned, when adding latex-molecules into the films, the SaB will increase since the 

flexibility of the latex-molecules. The results show that the TSi decreases with the more amount 

latex in the films, when dried in room temperature. Thus, while the films are dried in the oven, 

the TSi will increase. This is because the high temperature in the oven evaporates the last water 

molecules and the fibril-to-fibril bonds will be stronger in the films. As can be seen in Figure 27, 

the SaB increases with the addition of latex, and even more enhanced when oven dried.  

 

 

 

Figure 25: TS of G2 6p MFC films mixed with different amount of latex (DL920) 
Comparison between room temperature (RD) dried and oved dried (OD) films 

Figure 26: SaB of G2 6p MFC films mixed with different amount of latex (DL920) 
Comparison between room temperature (RD) dried and oved dried (OD) films 
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When adding big platelets of nanoclay info the films, it is known to reduce the TSi, as can be 

seen clearly in Figure 28. Thus, when homogenizing the nanoclays (five times) before adding the 

mixture to the films, the big platelets will be smaller and therefore the bonds will be stronger and 

the TSi will gain. This is not applied for the SaB where we see the opposite effect. The SaB is 

reduced when homogenizing the nanoclays. 

 

 

 

 

 

Figure 27: TS of films with different types of nanoclays mixed with G2 6p MFC 

Figure 28: SaB of films with different types of nanoclays mixed with G2 6p MFC 
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These following experiments shows what ion-exchange, or crosslinking chemicals, are better with 

respect to TSi for vacuum filtered G2 films. In this particular case, CaCl2 is the best one for both 

TSi and SaB as seen in Figure 30 and 31. The other ions, AlCl3, and PAE chemical showed poor 

results in both experiments. 

 

 

 

 

 

Figure 29: TS for vacuum filtered G2 6p MFC films  
that were subjected to ion-exchange and crosslinking chemicals 

Figure 30: SaB for ion-exchanged vacuum filtered G2 6p MFC films  
that were subjected to ion-exchange and crosslinking chemicals 
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For a low amount of CMC, the films show remarkably high values for TSi and SaB. When mixing 

more CMC, the films should behave as more brittle than film with a lower amount of CMC. 

Thus in this experiment, the film with 30 mg/g was a little bit lower than expected. This might be 

caused by the homogenizer, when the nanocellulose was made in the beginning. 

 

 

 

 

Figure 31: TS for different amount of CMC in G4 6p MFC films 

Figure 32: SaB for different amount of CMC in G4 6p MFC films 
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As mentioned before, glycerol will reduce the TSi but increase the SaB. When in the same time 

increasing the RH from 50% to 90% this is more clear. For a clean G2 film the TSi reduces from 

160 kNm/kg in 50% RH, to almost 60 kNm/kg when in 90% RH. When adding glycerol with 

5%, 10% and 20%, the same ratios appears. For the SaB, you can see that the length almost 

doubles before the films is torn apart, when going from 50% RH to 90% RH. This follows when 

adding 5% 10% and 20% glycerol.  

 

 

  

 

Figure 33: TS for G2 6p MFC films with different amount of glycerol at different relative humidity 

Figure 34: SaB for G2 6p MFC films with different amount of glycerol at different relative humidity 
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When the film is fractured, as shown in Figure 20, the films shows poor results for both TSi and 

SaB. Thus, when adding glycerol, the SaB will be very high, especially in 90% RH. As expected, 

the TSi will be low and increase with higher RH.  

   

 

Figure 36: Fracture SaB of G2 6p MFC films with different amounts of glycerol at different %RH 

Figure 35: Fracture TS of G2 6p MFC films with different amounts of glycerol at different %RH 
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By dividing the results from the tests where fracture toughness is measured with the tensile 

strength, you get a ratio for the films for different RH. It doesn’t matter how much glycerol or in 

what RH you measure. The films will behave very similar. 

 

4.2 Oxygen Transmission Rate 
In literature several different units for OTR or OP is used and it might cause some confusions. 

In this thesis one of the most common unit (mL/m2·24h·atm) has been used and will be 

presented in Figure 39 and Tables 3-5. 

 
 

Table 3: Oxygen permeability of MFC films incorporated with different nanoclays 

Sample Name Drying method OTR (mL/m2·24h·atm) 

G2 + Kunipia 90-10 8g/m2 Solvent casting 0.538 

G2 + Kunipia 90-10 +5p 8g/m2 Solvent casting 0.789 

G2 + Bentone 90-10 8g/m2 Solvent casting 150 

G2 + Bentone 90-10 +5p 8g/m2 Solvent casting 87 

G2 + Nanofil 90-10 8g/m2 Solvent casting N/A 

G2 + Nanofil 90-10 +5p 8g/m2 Solvent casting 2.231 

G2 8g/m2 Solvent casting 8.2 

Figure 37: FT/TS for G2 6p MFC films 
with different amounts of glycerol at different %RH 
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Table 4: OTR for chemically modified G2 6p MFC films 

 
 

Table 5: G2 6p MFC mixed with two different nanoclays and further homogenized once 

 

Sample Name Drying method OTR (mL/m2·24h·atm) 

G2 + Microlite 90-10 8g/m2 Solvent casting 8 

G2 + Microlite 80-20 8g/m2 Solvent casting 5.6 

G2 + Nanofil 90-10 8g/m2 Solvent casting 430 

G2 + Nanofil 80-20 8g/m2 Solvent casting 8.9 

 

Sample Name Drying method OTR (mL/m2·24h·atm) 

G2 50g/m2  Vacuum filtered 0.2 

G2+PEI+GA 50g/m2 Vacuum filtered 0.1 

G2+PEI+Nanofil 10 BL’s 50g/m2 Vacuum filtered 0.4 

G2+PEI+Nanofil 20 BL’s 50g/m2 Vacuum filtered 0.2 

G2+PAE 50g/m2 Vacuum filtered 0.3 

G2+GA 50g/m2 Vacuum filtered 0.5 

G2+G5 13 BL’s 50g/m2 Vacuum filtered 20 

G2+AlCl2 50g/m2 Vacuum filtered 0.01 

G2+CaCl2 50g/m2 Vacuum filtered 0.01 

G2+AKD 50g/m2 Vacuum filtered 0.03 
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4.3 Optical Properties 
All optical measurements are chosen in order to study the change in transmittance depending on 

wavelength of transmitted light. The most important is the comparison between the different 

generations of MFC films and the mixing with nanoclays. In this thesis work only MFC films 

with a theoretical weight of 8 g/m2 was measured. All measurements were made between 260-

3000 nm, but will only be displayed between 260-800 nm since over 800 nm all generations had 

the same transmittance values. 

 

Figure 38: OTR for MFC films G1 and G2 vs. film grammage 
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Since the G2 and G5 films are very transparent, the transmittance will be almost equal with a 

transmittance above 80%. For all other films, that are quite opaque, the transmittance is 

around 15% for low wavelengths and up to about 40% for higher wavelengths. 

 

 

 

When insead mixing nanoclays into the films, they will be more opaque than clean films. 

Therefore the transmittance will vary between 30-50% for low wavelengths and up to around 

70% for higher. 

 

Figure 39: Transmittance for different generations of MFC films 

Figure 40: Transmittance for MFC films with different types of nanoclays incorporated 
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In the top, we have a reference film – with no added nanoclay. All other films were mixed 

with different amount of nanoclay, Nanofil in these cases.  The transmittance will therefore 

behave as shown, with low transmittance for higher amount of nanoclay. 

 

 

Films with glycerol are very transparent and will show a similar behavior, despite the amount 

added glycerol. 

 

Figure 41: Transmittance for MFC/nanoclay films at different ratios Nanofil 

Figure 42: Transmittance for G2 6p MFC films mixed with different amount of glycerol 
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4.4 SEM Images 
The SEM imaging was done for MFC films, G1 and G2 at different thicknesses. The films were 

cut in the middle and slightly bended upwards to obtain better images. Figure 44 a, b and c shows 

MFC films G1 at 5, 10 and 15 g/m2 and Figure 44 d, e and f G2 films with the same film 

grammage. 

  

 

 

 

Figure 43: SEM images of MFC films G1 a) 5 g/m2, b) 10 g/m2 and c) 15 g/m2 and MFC films G2 d) 5 
g/m2, e) 10 g/m2 and f) 15 g/m2 
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4.5 FTIR Images 
FTIR spectra imaging was made for vacuum filtered G2 6p MFC films, with a theoretical weight 

of 50 g/m2. Films soaked in PEI/GA and GA was measured and compared to an original 

untreated film. One can clearly see the tops occurring around 1628 and 1458 nm for the 

PEI/GA film, showing some chemical interaction between the carbon-oxygen and the nitrogen-

hydrogen atoms. 

 

 

 

 

 

 

Figure 44: FTIR picture showing interactions between atoms occurring at 1628 nm and 1458 nm 
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5 Discussion 
During this work, MFC-based films were prepared in certain ways and carefully characterized. A 

lot of the work has been focused on the mechanical properties for films prepared in different 

ways and modified in certain extent. There have also been trials to gain a deeper understanding in 

the mass transport involved which support the good oxygen barrier properties reported in 

previous reports. 

5.1 Mechanical properties 
As can be seen in Figures 22-38, MFC films have very interesting and promising mechanical 

properties, that also have been reported earlier and is supported by the results during this thesis 

work. An interesting result is that G2 and G4 have very similar values for TS, even though they 

are prepared using different fabrication routes. Fracture toughness of the MFC films are 

improved with reducing glycerol amount. The FT also increases significantly with increasing RH. 

In all cases when mixing the MFC with latex, the TS increased after oven drying the samples, as 

have been expected since the high heat melts the latex spheres, and evaporates the remaining 

water among the fibers. All generations, as mentioned before, were homogenized six times. The 

effects of more than six homogenizing steps was not evaluated during this work, since the fact 

that sufficient delamination of the fibers are achieved already of lower homogenizing levels. It is 

knows that by increasing the steps of homogenization results in an increase of separation of 

fibers, i.e. fibrillation. A higher amount of free nanocellulose fibers is assumed to result in a 

denser and entangled network with more contact points and possible hydrogen bonds and thus 

result in a significant stronger material. Earlier results support this assumption in the case of a 

much stronger, flexible material only after four passes through the homogenizator compared to 

pulp only homogenized once, but the strengthening effect seems to have some limitations. An 

explanation for this may be that the homogenizing steps do not only affect the degree of 

fibrillation, but also the fiber length of the nanocellulose. This reduction of fiber length will result 

in nanofibrils with a much lower aspect ratio and therefore lowering the strength properties. This 

phenomenon could be the reason why the material does not show any strikingly improved 

mechanical properties when further homogenized since the shortening of the fibers neutralizes 

the effect of fibrillation, creating slightly shorter nanofibers. The mechanical performance of  

ionized-crosslinked (Ca2+, Al3+) MFC films decreases. This is due to that the divalent crosslinking 

increases the brittleness of the films. Tensile strength of the MFC films decreases with an 

increased addition of nanoclay. This is somewhat expected since nanoclays are brittle inorganic 

materials. 
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5.1.1 Effect of mixing MFC with nanoclays and latex 
The results in Figures 24-25, show a clear trend and decrease in both TS and SaB when mixing 

G2 6p MFC with different ratios of the Nanofil® clay. This behavior is due to the orientation of 

the clay platelets. Since the platelets have different charges on top of the platelet and on the side, 

and the greater amount being mixed in, they attract each other in the shape of a "deck-of-card 

house". When this formation is assembled, bigger and bigger aggregates are being attached to the 

fibrils destroying their good fiber-to-fiber bonds. That is why we can expect a significant decrease 

in all the mechanical properties when mixed with nanoclays. When instead mixing MFC with 

latex, the same behavior occurs. A slightly decrease in TSi but an increase for SaB, which was 

expected since latex molecules are known for their elastic behavior that can be seen in Figures 

26-27.  

5.1.2 Effect of relative humidity 
Films that were conditioned at higher RH showed a slightly decrease in TS and an increased 

flexibility, increased SaB with increased humidity, Figures 34-35. There was a significant increase 

in SaB, especially related to a change of RH from 70 to 90%. The swelling of the films are 

charge-reduced. Because of the absorbed water molecules and the increased distance between the 

fibers, this results in a more pronounced reduction of interfibrilar forces and thus a slightly 

decrease in TS for the films. The small increase of SaB might indicate a more flexible network 

because water molecules do not only affect the fibrilar interaction, but also the microstructure of 

the film with less entanglement of the network. For G2 this phenomenon is especially strong at a 

RH over 70%, which might implicate that the anionic charges present in the film have a big 

influence on the structural changes of the matrix when in contact with moisture. These strong 

interactions makes it possible for the fibers to transfer some of the energy to the water molecules, 

thus increasing the inter fibrilar slippage but in the same time maintaining some indirect bonds 

that holds the whole matrix together. Finally, worth mentioning, all the experiments were 

executed in 50% RH and the samples for 70 and 90% RH were conditioned at least six hours 

prior measuring. Even though the actual experiments, doesn't take considerably long time, it is 

highly likely that the actual moisture content of those samples with higher RH, were a little bit 

lower than the actual conditioned humidity. For samples over 50% RH, this will lead to a slightly 

underestimated effect of the actual RH. 
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5.1.3 Addition of glycerol 
The effect of the addition of glycerol enhances the flexibility of the fibrilar network and thus 

significantly  increase the SaB, but without the same increase for TS. The tensile tests clearly 

show a reduction of the elastic region with an increase in plastic deformation as a result of adding 

glycerol. By mixing 20 wt% glycerol with the MFC suspension, the resulting film strength was 

reduced with approximately 90% while in the same time the SaB showed an increase of around 

70%. As expected, a much smaller effect was seen when MFC was mixed with 5 wt% glycerol. 

This conclusion will indicate very similar tensile energy absorption regardless of the amount 

glycerol incorporated in the films. Further, the properties were changed with an increased RH. 

An increase in SaB but a smaller effect on the tensile strength resulting in materials with higher 

tensile energy absorption at higher RH. The only very big effect was the small increase in SaB for 

10 wt% glycerol from 70 % RH to 20 wt% glycerol in 90% RH. This leads to a hypothesis; 

maybe an error occurred in the measurements of this particular film with 20 wt% and the results 

showed a too low SaB, one can discard the results and instead see the same trends for all the 

films, without the slow increase in SaB at higher RH. Other studies have shown MFC films with 

higher TS prepared in similar ways but with fewer steps through the homogenizer[15]. 

Furthermore, the TS for MFC films without glycerol show good agreement with the hypothesis, 

of little effect at different RH. Thus leading to the conclusion that the hypothesis is likely where 

RH between 50-90% have little effect on the TS. The small differences that were observed 

however have to be seen as the effect of water molecules penetrating the fibrilar network and 

creating a more open structure, with a slightly larger free volume. These reduced forces between 

the fibers, as a result of this, leads to a more flexible entangled network with the possibility for 

inner slippage between fibers indicated by the enhanced SaB. To explain the low effect on TS, 

the fact that the long MFC chains create a highly entangled structure, which may preserve the 

strength of the material even at high water contents. The positive effect of a high SaB and almost 

preserved TS at higher RH show a promising feature for MFC to be used in packaging 

applications where the material can come in contact with moisture. By adding a small amount of 

glycerol, it will further increase the flexibility of the MFC films and resistance against propagation 

of cracks. 

5.1.4 Modified MFC 
When G2 6p MFC is compared to different fabrication methods, some interesting changes can 

be observed, although they can't be considered as statistically significant. In brief, by using the 

vacuum filtering technique instead of solvent casting, it shows a slightly decrease of both TS and 

SaB. Films that were modified using e.g. Ca2+, Al3+ and PAE show slightly impaired mechanical 
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properties compared to an untreated filtered MFC film. The most interesting results are obtained 

using addition of nanoclay, where the TS and SaB decreases significantly with the larger amount 

of nanoclay. A suggested explanation for this is that the polymer chains are physisorbed onto the 

clay and stiffened by its affinity for, and adhesion to, the brittle silicate surface. 

5.2 Oxygen Permeability 
In general, all MFC films shows very good oxygen barrier properties with an OTR as low as ~4 

mL/m2·24h·atm, see Tables 3-5 and Figure 39, for untreated solvent casted MFC films. These 

OTR values are comparable with those found for other good oxygen barriers, such as petroleum-

based poly(vinylidene chloride) or poly(vinyl alcohol), measured under the same conditions[15]. 

Homogenizing several times, does not reduce the permeability but rather indicate an increase in 

transmission rate, this change is however too small to be considered as statistically different. All 

measurements were done in 23ºC and 50% RH. By increasing the moisture when measured, the 

MFC film consist of a more open network of nanofibers, thus creating a film with much lower 

density and possible pinholes. The best OTR results are achieved by incorporating nanoclays to a 

G2 6p MFC solution. A higher amount of nanoclay results in a reduction of permeability with the 

best results for Kunipia®, showing a permeability as low as 0.538 mL/m2·24h·atm. These 

enhanced barrier properties are due to the increased tortuous path of the penetrating molecules 

and due to the fact that nanoclay has very good moisture resistant properties.. Further, the ion 

exchange from Na+ to both Ca2+ and Al3+ shows good barrier properties compared to the same 

untreated film, from 0.2 to 0.01 mL/m2·24h·atm respectively, for both Ca2+ and Al3+. The low 

permeability is probably caused by the very dense network of nanocellulose combined with areas 

of high crystallinity present in MFC. These crystalline regions of the cellulose are highly 

impermeable to oxygen molecules, thus increasing the diffusive path for the permeating 

molecules. As described before for the mechanical properties; by increasing the number of steps 

through the homogenizer, the mechanical shearing presumably shorten the fibers slightly and 

thus decreasing the aspect ratio of MFC. This would lead to a less entangled network of fibers, 

with increased flexibility, thus enhancing the permeable molecules to travel through the material. 

The importance of diffusive path is further supported by different nanoclays, were an introduced 

tortuous path most likely cause the low permeability. 

5.3 Optical Properties 
In brief, G5 6p showed the best results with a transmittance above 80%, almost over the whole 

wavelength range, see Figure 40. G2 6p also showed good transparency similar to G5 6p, up to 

90%. G1 6p showed less transparency behavior of between 15-45%, with a stronger decline for 
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shorter wavelengths. The MFC films mixed with different ratios of nanoclay, show a clear trend 

that with an increased amount of nanoclay used, the film transparency decreases. This can be 

explained by the diffraction theory which states that the spreading of light depends on particle 

size in respect to wavelength. In general, particles smaller than 1/10 of the wavelength will not 

scatter light and appear transparent. This results in possible diffraction for particles larger than 

26-80 nm, the reduction of transparency with respect to the shorter wavelength indicates the 

presence of aggregates larger than 26 nm.  
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6 Conclusions 
The results obtained during this thesis work show several very interesting and promising 

properties of MFC. These properties can with favor be utilized in the production of 

environmentally friendly products e.g. packaging and biocomposites. The optical properties for 

G2 and G5 MFC films show that charge-stabilized colloid dispersion is preferred due to their 

superior transparency. Excellent gas barrier properties were obtained using MFC films with small 

amounts of added nanoclay. This was further supported by the good OTR for the same films, 

which was the intended purpose of the interaction with nanoclays. The experiments showed that 

the best mechanical properties, with TS exceeding as high values as 160-170 kNm/kg, could be 

obtained from six homogenization steps for the MFC G2. Partly the same characteristics 

responsible for the excellent mechanical properties, such as a very dense entangled network of 

nanofibers with high crystallinity, is believed to result in the excellent barrier properties. By heat 

treating MFC films, mixed with latex, the possibility to achieve improved mechanical properties 

are shown to stand correct. Furthermore this thesis work shows some very interesting and 

promising properties when combining MFC with different nanoclays as to reduce the OTR. MFC 

films also show very interesting fracture toughness properties, these are important features in 

packaging applications. 

7 Future Work 
Studies of mechanical properties for MFC films, conditioned at different RH have to be further 

studied and more results below 50% RH would be a very interesting thing to evaluate. The 

promising barrier properties of MFC films incorporated with different kinds of nanoclays, should 

be further investigated, especially with respect to preparation of a stable exfoliated structure. 

These films can also be further characterized and investigated with by using a high resolution 

microscope, such as SEM or TEM, to get a clearer view of the nanostructure in MFC films. 

Optical properties of different kinds of nanoclays mixed with MFC, as well as other chemical 

modifications, such as ion-exchanged and plasticized MFC should be evaluated. The most 

important future study to improve moisture resistance of MFC films. This might be achieved by 

some chemical modification of MFC for preparing a more hydrophobic material by using e.g. 

different sizing agents such as AKD-Wax. 
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