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ABSTRACT

Ossi Juntunen: Barrier properties of microfibrillated cellulose
Master of Science Thesis
Tampere University
Materials Engineering
December 2021

The aim of this thesis was to study the barrier properties of microfibrillated cellulose (MFC).
The focus was on the effect of degree of fibrillation (DoF) of the MFC. Other study aspects were the
methods to produce dispersion coating samples, the effect of the DoF on the needed grammage
of the coating, the possible effect of the raw material of the MFC, and if the barrier properties of a
specific MFC can be predicted using other characteristics of the material.

The materials used were two sets of five different DoFs. The sets (labeled MFC1 and MFC2)
were fibrillated the exact same way but from a different raw material i.e. pulp. The MFCs were
characterised to obtain numerical ways to describe them. The characterisation methods used
were solids content, viscosity, and reactive group content determination. Also a freestanding film
was produced of each of the samples and the film was photographed using a microscope. The
barrier properties were tested by producing dispersion coating samples using filtering paper as a
substrate. A dispersion coating process was developed to produce uniform quality samples. The
tests used were pinhole test, oxygen transmission rate (OTR) test, and hexane vapour transmis-
sion rate (HVTR) test.

The results obtained from the barrier tests were very promising. For example, the OTR results
of the two highest DoFs of MFC1 were on par with the OTR of ethylene vinyl alcohol which is often
used as an oxygen barrier layer in multilayer plastic package films. The OTR tests of MFC2 were
not as successful. There were good HVTR results for the higher DoFs of both MFCs as well. The
study showed that both the DoF and the raw material of the MFC do have an effect on the barrier
properties.

To determine if MFC could replace plastic as a barrier coating in packaging, further research is
needed. Topics for following studies could include the water vapour barrier properties and water-
resistance of MFC as well as further research on MFCs with different raw materials.

Keywords: microfibrillated cellulose, degree of fibrillation, barrier properties, oxygen barrier
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TIIVISTELMÄ
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Diplomityö
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Joulukuu 2021

Tämän diplomityön tavoitteena oli tutkia mikrofibrilloidun selluloosan (MFC) barrierominaisuuk-
sia. Pääkohteena oli tutkia MFC:n fibrillaatioasteen vaikutusta. Muina tutkimusnäkökulmina oli
selvittää menetelmiä dispersiopinnoitenäytteiden valmistamiseksi, tutkia raaka-aineen vaikutusta
MFC:n ominaisuuksiin sekä tutkia mahdollisuutta MFC:n barrierominaisuuksien ennustamiseksi
sen muiden ominaisuuksien avulla.

Tutkittavina materiaaleina oli kaksi viiden fibrillaatioasteen sarjaa. Sarjat (nimetty MFC1 ja
MFC2) fibrilloitiin samalla tavalla, mutta erilaisista raaka-aineista eli selluista. MFC-massoja ka-
rakterisoitiin, jotta saataisiin numeerisia arvoja niiden kuvailemiseksi. Karakterisointimenetelminä
oli kuiva-ainepitoisuus-, viskositeetti- sekä reaktiivisten ryhmien pitoisuusmääritykset. Lisäksi jo-
kaisesta näytteestä valmistettiin irralliset kalvot, jotka kuvattiin mikroskooppia käyttäen. Barriero-
minaisuuksia testattiin suodatinpaperille valmistetuista dispersiopinnoitenäytteistä. Dispersiopin-
noittamisprosessia kehitettiin, jotta saatavat näytteet olisivat mahdollisimman tasalaatuisia. Näyt-
teitä testattiin pinhole-, hapenläpäisy- (OTR) sekä heksaanihöyrynläpäisytesteillä (HVTR).

Barriertestien tulokset olivat lupaavia. Esimerkiksi MFC1:n kahden korkeimman fibrillaatioas-
teen OTR-tulokset olivat samalla tasolla kuin etyylivinyylialkoholipolymeerikalvolla, jota yleisesti
käytetään happibarrierkerroksena pakkauksiin käytettävissä monikerroskalvoissa. MFC2:n OTR-
tuloksissa ei päästy niin hyviin läpäisevyysarvoihin. Myös korkeammat fibrillaatioasteet suoriutui-
vat hyvin HVTR-testeissä kummankin MFC:n tapauksessa. Tutkimus osoitti, että sekä fibrillaatio-
aste että MFC:n raaka-aine vaikuttavat barrierominaisuuksiin.

Jotta voitaisiin selvittää, voisiko MFC korvata muovin pakkausten barrierpinnoitteena, tarvitaan
jatkotutkimuksia. Jatkotutkimuskohteina voisi olla MFC:n vesihöyrybarrierominaisuudet ja veden-
kestävyys, sekä syvempi perehtyminen MFC:n raaka-aineen vaikutukseen.

Avainsanat: mikrofibrilloitu selluloosa, fibrillaatioaste, barrierominaisuudet, happibarrier

Tämän julkaisun alkuperäisyys on tarkastettu Turnitin OriginalityCheck -ohjelmalla.
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1. INTRODUCTION

In 2019 in the European Union approximately 177 kg of packaging waste was produced

per inhabitant, and 19.4 % or 34 kg of that was plastic [1]. There has been a significant

movement towards decreasing the amount of plastic waste generated. However, there is a

reason why plastic is so widely used especially in food packaging. Oxygen, water vapour,

and carbon dioxide barrier properties are very important when considering a material for

food packaging, since food is prone to spoilage when exposed to these gases. There are

plastics that have very good barrier properties, and if the weight and cost of the material

are factored, there is no obvious alternative.

Nowadays more and more packages are produced from fiber-based materials, i.e. paper

and cardboard, that is coated with plastics, so that the packaging can benefit from both the

renewability and structural strength of the fiber-based material and the barrier properties

of the plastic. When the barrier properties of a packaging are provided by a film, there is

a possible alternative to plastics: nanocellulose. Nanocellulose is usually produced from

renewable sources like lumber or side streams of other industries, for example grain or

corn husks [2]. The oxygen barrier properties of nanocellulose are very close to those of

plastics commonly used, and unlike plastics, nanocellulose is completely biodegradable

[3].

When looking at using nanocellulose as a barrier layer in a package, the question of cost

is easily arisen. Microfibrillated cellulose (or MFC), a type of nanocellulose, is produced

by mechanically grinding cellulose fibers into smaller particles. This process is energy

intensive, and causes a cost increase to the material. During the fibrillation process the

degree of fibrillation (DoF) can be varied, i.e. how small the cellulose fibers are ground.

The aim of this study is to find out how high degree of fibrillation is needed so that the

MFC performs acceptably as an oxygen barrier.

The term is usually used to refer to a barrier film production method, where an aqueous

dispersion consisting of polymer and filler particles is applied on a substrate by an on-

line or off-line method (e.g. blade or rod coating) [4]. For the reasons of similar material

(i.e. an aqueous nanocellulose dispersion) and the same goal (an oxygen barrier layer)

the term dispersion coating is used in this study to refer to the nanocellulose coatings

produced during this study.
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There is one major and four minor research questions used as the backbone of this study.

The major question is listed first and the minor, or auxiliary, questions are presented next:

1. How does the degree of fibrillation of microfibrillated cellulose affect the oxygen

barrier properties of a dispersion coating made of the microfibrillated cellulose?

2. What kind of methods can be used to produce representative samples of MFC

dispersion coatings?

3. How does the degree of fibrillation affect the grammage needed to obtain accept-

able oxygen barrier properties with a dispersion coating?

4. Does the raw material of the MFC have an effect on the barrier properties?

5. Could the barrier properties of MFC be predicted by examining other characteristics

of the material?

This thesis comprises six chapters. After the Introduction, there is Chapter 2 Nanocel-

lulose where the theoretical background is presented. Then, there is Chapter 3 Material

and characterisation, where the MFC samples, characterisation methods, and tests used

in this study are discussed. Chapter 4 Results and analysis presents the results of the

characterisation methods and tests. These are further discussed in Chapter 5 Discussion.

Finally, Chapter 6 Conclusion brings everything together.
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2. NANOCELLULOSE

Nanocellulose, or cellulose nanomaterials, is a broad term containing several materials

made from different raw materials or with different processes. What all cellulose nanoma-

terials have in common is that at least one dimension is in the nanoscale. [5] In this study

the term nanocellulose is used to refer to microfibrillated cellulose, or MFC.

2.1 Properties of cellulose

Cellulose has many desirable properties from the point of view of packaging industry.

There is an abundance of sources for cellulose extraction, it is renewable, and of course

biodegradable. This section introduces the cellulose sources and the chemical composi-

tion and properties of cellulose.

2.1.1 The composition of cellulose

Plant fibers are the major source of cellulose. The composition of plant fibers varies

greatly from one source to another. Factors affecting the composition include the plant

species, age, part, and climate. [6] Usually cellulose is collected from trees or cotton.

Other cellulose sources can be agricultural products and byproducts, for example hemp,

flax, and corn. [2]

A fiber is a single cell construct, usually 1 – 50 mm long and 10 – 50 µm wide. Plant fibers

are biocomposites composed of cellulose microfibrils as the reinforcement and lignin and

hemicelluloses as the matrix. The cellulose and hemicelluloses are bonded together with

hydrogen bonds. The hemicelluloses are also linked to lignin with covalent bonds, and

thus act as a compatibilizer between cellulose and lignin. The structure of plant fibers and

beyond are presented in Figure 1. [6]

2.1.2 Chemical properties of cellulose

Cellulose is a semicrystalline polycarbohydrate and it is composed of anhydroglucose

units (AGUs) that are in a chair conformation. The AGUs are linked together by chemical

β-1,4-glycosidic bonds. There are three hydroxyl groups per one AGU, and therefore
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Figure 1. A schematic of the tree hierarchical structure. The schematic shows the scales
from a tree (scale in meters) all the way to a single cellulose chain (scale in nanometers).
Adapted from [7].

six hydroxyl groups per one cellobiose unit consisting of two AGUs. A schematic of a

cellulose repeating unit (cellobiose) is presented in Figure 2. The hydroxyl groups can

form hydrogen bonds within the same cellulose chain (intrachain bonds) or another chain

(interchain bonds). [6]

As cellulose is a polymer, it is made up of polymer chains. The cellulose polymer chains

consist of cellobiose units bonded together to form the chain. The number of cellobiose

units in an average chain is called the degree of polymerization (DP). The DP is usually

noted in figures showing the chemical structure of a polymer by bracketing the chemical

structure and either inserting the known DP value or a letter variable (usually n) in the

subscript, as shown in Figure 2. Usually the DP of cellulose ranges between 3000 –

15000. There are many factors affecting the DP of cellulose, for example the origin of the

cellulose or chemical or other treatments. [8]

The intrachain and interchain hydrogen bonds cause the crystalline regions of cellulose

become highly ordered, rigid, and generally hydrophobic. However, the amorphous re-

gions of cellulose have less hydrogen bonds, which makes them hydrophilic. [6] The

order of the cellulose chain also affects the hydrophobicity or hydrophilicity of the chain.

The strength of the bonds is further increased if the cellulose is dried, which reduces the

space between the fibrils, and creates more bonds between them. This effect can not be

countered even with rehydrating the cellulose. [8] Figure 3 presents the crystalline and

amorphous regions in a cellulose fibril.
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Figure 2. A schematic of a single cellulose chain repeating unit, cellobiose. Intrachain
hydrogen bonds are drawn as dotted lines. Adapted from [7].

Figure 3. A schematic of a cellulose microfibril showing individual cellulose chains form-
ing the crystalline and amorphous regions. Adapted from [7].

2.2 Properties of nanocellulose

This section focuses on nanocellulose and different variants of nanocellulose. Also the

production methods of the said variations are discussed. Then the film formation and

surface charge properties are presented.

2.2.1 Definition of nanocellulose

There are different types of nanocellulose. Four of the most common types are cellu-

lose microfibrils (or microfibrillated cellulose, MFC), cellulose nanofibrils (CNF), cellulose

nanocrystals (CNC), and bacterial cellulose. Both CNF and CNC are typically produced

from bleached kraft pulp. Bacterial cellulose (BC), however, is collected from the secretion

of certain bacteria. [5]

MFC and CNF are terms that are sometimes used as synonyms. However, there is

a difference in the scale of the material. MFC is composed of multiple aggregates of

elementary fibrils. The elementary fibrils contain both amorphous and crystalline regions

alternating throughout the elementary fibril. MFC is considered to have length between

500 – 2000 nm and width between 20 – 100 nm. Like MFC, CNFs consist of bundles of

elementary fibrils. The length of CNFs is in the same order as with MFC, but the width is

generally lower, between 20 – 50 nm. [6]

CNCs, on the other hand, consist only of the crystalline regions, since the amorphous



6

regions have been removed during the production process. CNC particles are shaped

like spheres or rods, and the size of the particles varies between 10 – 200 µm. [6]

BCs consist mainly of CNFs. The advantages of BCs are that they have a high chemical

purity, and that they are highly customizable, for example regarding the ratio of crystalline

and amorphous regions. [6]

One way to classify different nanocellulose materials is the principle of the manufactur-

ing. MFC, CNF, and CNC are manufactured by so-called top-down methods. Top-down

process means the nanocellulose is extracted from lignocellulosic biomass obtained from

plant based sources, e.g. trees. Obtaining BC, on the other hand, is a bottom-up pro-

cess, where the nanocellulose is built up chemically by bacteria combining low molecular

weight sugars into cellulose. [9]

2.2.2 Nanocellulose production methods

The different kinds of nanocellulose have different production methods. The production

processes of microfibrillated cellulose or cellulose nanofibrils and cellulose nanocrystals

are discussed. Production of nanocellulose is a process, which needs usually several

steps.

Cellulose nanofibrils are produced by mechanically separating cellulose fiber bundles and

fibrillating the cell wall structure of cellulose. The most common method of fibrillation is a

disc refiner, which uses a stationary and a rotating disc plate. The pulp, which contains

only cellulose, is diluted and forced into the gap between the plates where the fibrillation is

achieved. [5] After the initial fibrillation, other methods can be used for further fibrillation.

These methods include high-pressure homogenization and microfluidization. [6].

Fibrillation is very energy intensive, and this can be countered by using chemical or en-

zymatic pretreatments [5] or a more suitable raw material. The prevalent pretreatment is

preliminary (2,2,6,6-tetramethylpiperidine-1-yl)oxyl radical (TEMPO)-mediated oxidation.

Other treatments include enzymatic and alkaline-acid-alkaline methods. [6] Non-wood

cellulose sources contain less lignin and therefore the pretreatment processes, for exam-

ple bleaching, are less demanding. [2]

The process of obtaining cellulose nanocrystals differs from that of CNF, since CNC ex-

traction is a chemical process. As with CNF manufacturing process, the raw material is

a pulp consisting of only cellulose. The pulp is treated with hydrochloric or sulfuric acid,

and the acid hydrolysis removes the amorphous regions of the cellulose leaving only the

crystalline regions [8].
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Figure 4. A schematic showing the mechanism of diffusion during a molecule permeating
through a nanocellulose film. Adapted from [10].

2.2.3 Nanocellulose film formation and barrier properties

The most common method for manufacturing CNF films is casting a CNF suspension and

letting it dry. When the CNF dries and the water content of the fibrils decreases, there is

significant hydrogen bonding between fibrils and fibril or fiber entanglement. These cause

the formed film to become stiff, strong, and translucent or opaque. The dry films are not

water soluble any longer, either. [5]

The mechanism of molecule permeation through a thin film or membrane can be divided

in three steps. The first step is the molecule absorbing through the surface of the film or

membrane. In the second step, the molecule transverses through the film or membrane

by diffusion. Then, in the third and final step, the molecule desorbs from the surface on

the other side of the film or membrane. In the case of nanocellulose films, the middle step,

diffusion through the film, is the most dominant factor regarding the molecule transmission

rate. [10] A molecule diffusing through a nanocellulose film is demonstrated in Figure 4.

There are numerous factors that affect the permeability of a molecule through a film. On

one hand, the properties of the film are important to note. These include the thickness,

the material, the particle size and shape, and the surface charges of the particles of the

film. On the other hand, the surrounding conditions are equally as important. [11] These

include the pressure, the temperature, and in the case nanocellulose the relative humidity

[12]. Also, the properties of the permeating molecule, mainly the size and shape, affect

the permeation. [11]

The most important barrier properties, from the point of view of packaging industry, are

water vapour permeability and oxygen permeability. Usually NC films have only small

pores and strong hydrogen bonds between fibrils, and these factors give NC films poten-
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Table 1. Oxygen transmission rates of different MFC (or NFC) films. The tested MFC or
NFC films were free-standing (FS) films cast in polystyrene (PS) Petri dishes except for
one film, which was wet-laminated to paperboard. Grammages were calculated if only
thickness of the film was reported. The OTR values of the plastics are per 1 µm of film
thickness.

Material

Manufacturing

method

Grammage

[g/m2]

OTR

[cm3/m2/day]

MFC, fully bleached

spruce sulphite pulp

FS film, cast against

polyamide filter cloth

17 ± 1 17.0 [13]

MFC, bleached

eucalyptus sulphate pulp

FS film, cast in

a PS Petri dish

about 50 < 0.05 [14]

NFC, bleached wheat

straw soda pulp

FS film, cast in

a PS Petri dish

62 4.0 [15]

MFC, bleached

eucalyptus Kraft pulp

FS film, cast in

a PS Petri dish

about 30 3.7 ± 3.0 [16]

MFC, bleached

Kraft pulp

wet-laminated to

paperboard

10 5.3 [17]

MFC, sulfite

softwood-dissolving pulp

FS film, cast in

a PS Petri dish

5 0.20 a[12]

Ethylene vinyl alcohol
Extrusion coating

or lamination

1.0 – 10.0 [18]

Polyethylene terephtalate
Extrusion coating

or lamination

1000 – 5000 [18]

tially very good oxygen barrier properties. [5] Especially the high density of the fibril mesh

hinders the oxygen diffusion rate [10].

Table 1 presents oxygen trasmission rates from different studies. Each material is de-

scribed either as MFC or NFC, and the raw material is stated. Also, the manufacturing

method of the sample film is disclosed. All of the MFC/NFC films were free-standing (FS)

films, except for one which was a wet-laminated film. The film grammages are presented,

and if it was not reported, it is approximated using the reported film thickness. Two plas-

tics, ethylene vinyl alcohol and polyethylene terephtalate, are included in the table as a

reference. The OTR values of the plastics are per 1 µm of film thickness.

2.2.4 Nanocellulose surface charge density

Nanocellulose materials have a surface charge. The charge is a determining factor when

the nanocellulose fibers and fibrils form hydrogen bonds and produce a uniform film.

The charge is due to chemical pretreatments or breakage of interchain and intrachain
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hydrogen bonds during processing or, in some cases, residual hemicelluloses. Usually

the charge is caused by carboxyl or carboxymethyl groups that are on the nanocellulose

surface. [19]

Conductometric titration is a method commonly used to determine the surface charge

density (or reactive group content) of a nanocellulose sample. The nanocellulose sample

is titrated against sodium hydroxide (NaOH) of known concentration. During the titra-

tion, the conductivity of the solution decreases since the hydrons (H+) in the solution

are consumed by the added hydroxide ions (OH−). The decreasing stops as the equiv-

alence point is reached, since all the proton counterions of the nanocellulose have been

replaced with Na+ counterions from the added NaOH. When the adding of NaOH is con-

tinued, there is an increasing amount of free OH− ions, and thus the conductivity of the

solution is increasing. [19]
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3. MATERIAL AND CHARACTERIZATION

This chapter includes the description of the microfibrillated cellulose materials, the de-

scription of the dispersion coating process and the moulds and the ways they were im-

proved, and the freestanding film production process. After presenting the sample prepa-

ration processes, the used characterisation methods are discussed, including solids con-

tent, viscosity, reactive group content, and microscopy imaging. To the end of the chapter

are the performed barrier tests, i.e. pinhole test, oxygen transmission rate test, and hex-

ane vapour transmission rate test.

3.1 Material production

The nanocellulose samples MFC1 and MFC2 were fibrillated at Tampere University. The

raw materials used were two bleached birch pulps with different production processes.

MFC1 was fibrillated on November 20th 2020 and MFC2 on February 4th 2021.

The pulp to be fibrillated was diluted to a 2 % consistency and fibrillated using an in-

house built laboratory scale fibrillator. The fibrillator was a disc refiner type construction

with rotor and stator plates. The plate gap was adjusted so that the feeding pressure was

near constant. The pulp was pumped through the fibrillator multiple times and the feeding

rate was lowered at each passing. This caused the plate gap to decrease and produce

ever finer nanocellulose.

After the second pass, a sample was taken of the produced nanocellulose and the rest

were fed into the fibrillator again. This was repeated four times so that there were a total

of five samples taken during the fibrillation of each of the two pulps. The samples taken

are the different degrees of fibrillation that are examined in this study. Each sample was

designated after the setting on the pump, i.e. the feeding rate.

The samples, their designations, and cumulative specific energy consumptions (SEC)

are presented in Table 2. The minus in front of each designation is caused by notational

reasons, namely the direction of the pump. The cumulative SECs calculated for each

sample consist of the energy use of the fibrillation equipment and do not include the

energy consumption prior to the fibrillation. Figure 5 shows example MFCs used in this

study. These particular samples are MFC1 -10 (5A) and MFC2 -10 (5B).



11

Table 2. The designations and cumulative specific energies of the MFC samples that are
examined in this study.

Sample

Sample

designation

Cumulative specific

energy consumption

[kWh/kg]

MFC1 2nd passing -50 1.71

3rd passing -35 2.45

4th passing -25 3.41

5th passing -15 5.62

6th passing -10 8.50

MFC2 2nd passing -50 2.32

3rd passing -35 3.63

4th passing -25 5.05

5th passing -15 6.67

6th passing -10 8.89

Figure 5. Two examples of microfibrillated celluloses used in this study: MFC1 -10 (A)
and MFC2 -10 (B).

3.2 Iteration of the dispersion coating process

At the beginning of the laboratory work, there was no explicit way of producing dispersion

coating samples. Almost everything was done through trial and error. There were numer-

ous small improvements innovated during the iteration of the dispersion coating process.

This section explains how the substrate for dispersion coatings was selected, what kind of

moulds were tested, and what kind of steps were taken before settling on the final mould

design.
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3.2.1 Selecting the substrate

The plan at first was to use a commercially available paperboard as the substrate for

the dispersion coating. This idea was soon discarded as the substrate needed to be of

uniform quality, so any error caused by faults in the substrate would be minimized. The

irregularities of paperboard, for example fiber orientation and varying surface topography,

are in milli and micro scale, whereas nanocellulose films and coatings are in micro and

nano scale. This difference in scale had the potential to cause great variance in the

measurements.

Filtration paper was chosen as the substrate since there is no fiber orientation in it and

it contains no additives or adhesives. First filtration paper used was Whatman number

1 qualitative filtration paper. It was soon noted that the paper needed to be prewetted

before applying the nanocellulose dispersion. If the dispersion was added on dry paper,

significant sized air pockets formed under the paper and caused the coating to become

uneven when set. Prewetting the paper with deionized water removed the air pocket

problem completely, and ensured good adhesion to the heated surface.

After several samples of coatings cast on Whatman number 1 filtration paper, it was noted

that the quality of the filtration papers varied from sheet to sheet. For example, the thick-

ness of the paper varied from 150 – 250 µm. For this reason it was believed that the

chosen paper would cause irregular disturbance to the properties of the dispersion coat-

ings. Whatman number 5 qualitative filtration paper was found to be more uniform and

reliable, and was chosen as the substrate for the dispersion coatings.

3.2.2 The evolution of the mould

The first mould used in the dispersion coating process was a low-walled beaker with a

diameter of 17.5 cm. The bottom of the beaker was slightly convex, which was found to

be a problem when trying to obtain a coating that was as even as possible. The convexity

was countered by using two filtration papers on top of each other in one beaker to even

out the bottom. It was found that if the dispersion solution was applied straight to a dry

paper there was no adhesion to the mould. This caused significant air pockets between

the bottom of the mould and the paper. The solution was to prewet the papers before

insterting them into the mould.

Another problem with the beaker moulds was that when the filtration papers dried, they

became crinkled. This was caused by the papers slightly swelling when wetted and

shrinking again when dry. To counter this phenomenon, weights were introduced to help

keep the papers flat during drying. It was found that a fiber wet-spinning spool with eight

arms was the right size to hold the paper in place around the rim. Weighting the papers

down also prevented the papers from floating after the dispersion solution was poured
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Figure 6. The first iteration of the dispersion coating mould comprising a beaker and a
spinning spool as a weight (A), the second iteration made out of a PP bucket and a weight
belt (B), and the final iteration with an added collar (C).

into the mould. The beaker mould with the spool as a weight is presented in Figure 6A.

The wetted substrate paper can be seen on the bottom of the beaker.

Because of the geometry of the beakers and the need to weight the papers, the quality

of the produced dispersion coating samples varied. For this reason it was seen best to

use another type of mould. Some good results were gained using a food-grade injection

moulded polypropylene (PP) bucket with the bottom cut off. By placing the bucket upside

down on the filtration paper, a tight seal could be produced between the rim of the bucket

and the paper. The seal was further enhanced by adding a weight belt with three 1 kg

lead weights around the bucket. The diameter of the rim of the bucket was 21.5 cm. A

PP bucket mould is presented in Figure 6B. The weights of the weight belt can be seen

resting on the collar of the bucket and the belt itself is wrapped tightly around the bucket.

Even while using the additional weights, there were some leakages after pouring the

dispersion to the mould. Leakages were more common when producing high-grammage

coatings as the liquid level is directly proportional to the desired grammage. Higher liquid

levels seemed to cause leakage between the mould and the substrate. This was further

emphasized by the tightness of the weight belt used. The belt needed to be tight enough

to hold the weights on the collar of the bucket, however when the belt was too tight it

caused distortion to the geometry of the bucket. If the rim of the bucket was not completely

circular, the mould would leak.

The tension caused by the tightness of the weight belt was countered by manufacturing

wider collars for the buckets. The collars were laser cut out of a polymethyl methacrylate

(PMMA) sheet. By having wider collars on the buckets, the weights were resting on

the collar, which eliminated the need for the tightness of the belts. After introducing the

additional collars there were no leakages. The final iteration of the dispersion coating

mould is presented in Figure 6C. The weights are seen resting loosely on the added

PMMA collar and the belt is slack causing no tension on the bucket.
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A set of eight identical moulds was manufactured. The moulds were used six at a time

due to the limitations of the size of the heated table surface. All moulds were circulated

throughout the different dispersion coating sample production runs to ensure even wear

of the moulds.

3.3 Dispersion coating process

The dispersion coated samples were manufactured by first producing a nanocellulose

solution. The solution was then weighed into bottles so that each bottle contained an

amount of nanocellulose calculated for the exact grammage needed. The bottles contain-

ing the solution were then transported to another laboratory where they were then heated

using a microwave oven. After heating, the bottles were placed in a vacuum chamber and

the solutions were degassed. When the solutions were degassed, the bottles were again

transported to another laboratory with a heated table surface. Whatman number 5 filter-

ing papers were wetted with deionized water and then placed on the heated surface. The

moulds were then placed on top of the filter papers, and finally each bottle was poured

into a mould. The moulds were then left to dry for at least 6 hours after, which the moulds

were removed and the dispersion coatings had set and the papers dried.

3.3.1 Preparing the nanocellulose solutions

The nanocellulose solutions were made for each pouring. First the needed volume of

the solution was determined by calculating the desired grammages and the number of

samples to be produced. Then the needed amount of the nanocellulose sample was

calculated and measured into a beaker using the balance Mettler PM4600 DeltaRange.

The nanocellulose was then diluted with deionized water to a solids content of 0.2 – 0.4 %

depending on the desired grammage of the coating. Higher solids content was used for

coatings with higher grammage so that the liquid level in the mould would be reasonable.

The solutions had then to be degassed since any air bubbles in the solutions could cause

pinholes in the resulting coatings. The solutions were first heated using a microwave oven

until warm to the touch. Raising the temperature of the solution served two purposes. It

lowered both the boiling point of the solution as well as the viscosity of the solution.

Lowering the boiling point and the viscosity made degassing the solutions considerably

easier. The solutions were inserted into a vacuum chamber, where a vacuum was formed,

making the solutions boil. The chamber was then slowly pressurized back to atmospheric

pressure.
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Figure 7. Freshly poured freestanding films drying on the heated table surface.

3.3.2 Preparing the substrates

The Whatman number 5 circular filtering papers chosen as the substrate were first prewet-

ted with deionized water. The wetting was performed by dipping each filtering paper in

a pool of deionized water. After wetting, the filtering papers were laid on a polyethylene

terephtalate (PET) film that covered the heated table surface. Prewetting ensured a good

adhesion between the filtering papers and the PET film.

All filtering papers laid on the surface were then rolled with a rolling pin to further enhance

the adhesion. A good adhesion was needed to keep the substrate completely flat after

pouring the dispersion solution into the mould. This would ensure no air pockets remain

or form between the paper and the surface.

3.4 Freestanding film production process

Freestanding films were produced in some quantities to be studied using an optical mi-

croscope. The process was mostly the same as the production of the dispersion coat-

ings. The only differences were that the dispersion coating moulds were not used and

there was no substrate. Instead Petri dishes with a diameter of 14.0 cm made out of

polystyrene (PS) were used. The Petri dishes were placed on the heated table surface,

and premeasured degassed nanocellulose solutions were poured into the Petri dishes.

After drying overnight, the films were formed and ready. Figure 7 demonstrates a batch

of freestanding films drying on the heated table surface.
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3.5 Material characterisation

Here, characterisation is used to valuate the different nanocellulose samples. When ob-

taining numerical data, the comparing of two nanocellulose samples is reasonable. This

section describes the methods used to characterise the nanocellulose samples. The

methods were determining the solids contents, the viscosities, the amounts of reactive

groups present in the cellulose chains, and microscopy images of each sample.

3.5.1 Solids content

The solids content was determined for each nanocellulose sample. Using an analytical

balance (Mettler Toledo Ohaus Adventurer AR2140), an aluminium tray for each sample

was first weighed and the masses were recorded. Then about 15 – 25 g of each sam-

ple was weighed with their respective aluminium trays and the combined masses were

recorded. Then the aluminium trays containing the samples were inserted into an oven

set at 105 °C. After drying overnight the samples were taken out from the oven to cool

down in a desiccator for 10 minutes. After cooling down the samples were weighed with

their trays and the masses were recorded.

When the masses of the aluminium tray and the wet and dry samples were known the

solids content for each sample was determined using the equation

SC =
md −mt

mw −mt

∗ 100 %, (3.1)

where SC is the solids content as a percentage of a sample weight, md is the mass of

the dried sample with the aluminium tray, mt is the mass of the aluminium tray, and mw

is the mass of the wet sample with the aluminium tray.

3.5.2 Viscosity

The viscosity of each nanocellulose sample was determined using Anton Paar Physica

MCR 301 automatic rheometer with ST-22-4V-40 vane spindle and CC27 cup. The vol-

ume of the cup was approximately 50 ml.

The samples for viscosity measurements were prepared by producing 100 g solutions

with 1.5 % solids content for each of the nanocellulose samples. These diluted samples

were then inserted into the cup in the rheometer and the temperature was set to 22.0 °C.

The rheometer recorded 60 measurement points each 10 seconds apart. The final vis-

cosity was determined by calculating an average for the last 5 measurement points. The

standard deviation for the last 5 measurement points was also calculated, which was used

to determine if the viscosity value had plateaued and thus if the value was reliable.
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There are some possible sources of error in the viscosity measurement. The most promi-

nent one is the non-homogeneousness of the measured sample. When the composition

of the sample varies, the measurement equipment might encounter parts with lower or

higher viscosity than the mean value of the sample. These errors read as fluctuations in

the measurement curve.

3.5.3 Reactive group content

Reactive group content in each nanocellulose sample was determined by conductometric

titration. In the titration process, approximately 5.0 g of the wet sample was weighed (us-

ing Mettler Toledo Ohaus Adventurer AR2140) and transferred into a 400 ml beaker and

the exact mass of the sample was recorded. The balance used for the rest of the sample

preparation was Mettler PM4600 DeltaRange. Next 10.0 g of 1.0 % sodium chloride solu-

tion was added to the beaker and then deionized water was added until the total mass of

the sample was 100.0 g. Then the beaker containing the sample was set on a magnetic

stirrer and stirred for 10 minutes. After the sample was stirred homogenous, the pH of the

sample was adjusted to 2.50 by adding 0.5 M hydrochloric acid drop by drop.

The sample beaker was then placed into a water bath. The temperature of the water bath

was controlled by adding cold or hot water until the temperature of the bath was exactly

22.0 °C. The temperature of the sample was also monitored throughout the titration pro-

cess. A burette with a volume of 50 ml was loaded with 0.01 M sodium hydroxide and

was set over the sample beaker, and the conductivity probe was lowered into the sample

liquid, taking care that no air bubbles form inside the probe. The titration equipment is

presented in Figure 8. The conductivity of the sample was examined at intervals of 2.0 –

3.0 ml of sodium hydroxide and the current volume of added sodium hydroxide and the

conductivity of the sample were recorded at each stage. The magnetic stirrer was active

during the measurement. The pH electrode used was Mettler Toledo InLab Max Pro-ISM

and the conductivity probe used was Mettler Toledo InLab 710. Both pH and conductivity

were measured using Mettler Toledo SevenExcellence Multiparameter.

A graph was plotted of the titration data using Microsoft Excel. The data points were then

separated into a decreasing and an increasing data sets and linear plots were then fitted

on the data sets. After creating the graph and the linear plots, the reactive group content

in the sample was determined using the equation

N =
VNaOH ∗ cNaOH

m
, (3.2)

where N is the reactive group content (mmol/g) in the nanocellulose sample, VNaOH is

the volume of sodium hydroxide (ml) in the intersection of the two linear plots, cNaOH is

the concentration of the sodium hydroxide solution (mol/l), and m is the dry mass of the
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Figure 8. The titration equipment used to determine the reactive group content in a
nanocellulose sample. Not pictured is the pH and conductivity meter.

nanocellulose sample (g) calculated using the weighed wet mass and the solids content

of the sample.

An example of a plotted titration curve is presented in Figure 9. The conductivity of the

sample can be seen decreasing linearly until reaching the minimum value. After the dip

the increase in conductivity is linear as well. The respective equations are presented

under each of the linear plots.

3.5.4 Microscopy imaging

Microscopy images were taken of each of the nanocellulose samples. Freestanding films

with grammages of 8 g/m2 were produced. A freestanding film was more appropriate to

photograph with an optical microscope than a coating on paper due to transillumination.

The paper was found to be too thick to produce a clear image. Another reason for us-

ing only freestanding films was that only nanocellulose was present in the sample. The

samples were photographed using Leica Leitz Laborlux D optical microscope.

To produce a microscopy sample, a suitably sized slice was carefully cut from a freestand-

ing film using a scalpel. Freestanding films are very fragile and there was a significant

risk of tearing when cutting the sample. After obtaining the sample slice it was mounted

on a microscope slide and secured into place using a cover slip. The sample mounted on

the slide was then ready to be examined with the optical microscope. The microscopical

examination was performed using a polarizer. This created contrast and colouring, which

made the individual fibers more pronounced and the pictures easier to interpret.
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Figure 9. An example of a titration curve produced to analyze the reactive group content
of a nanocellulose sample.

3.6 Barrier tests

Three different tests were performed on the produced dispersion coated samples. First

was the pinhole test which was a preliminary test to tell what kind of grammages were

needed for each of the different nanocellulose samples to produce a nonporous film with

no apparent pinholes. After the lowest grammages for pinhole free films were determined,

samples for both oxygen transmission rate tests and hexane vapour transmission rate

tests were produced. The transmission rate tests were used to determine the viability of

the nanocellulose samples as barrier materials.

3.6.1 Pinhole test

A pinhole test sample was made by producing a dispersion coated sample with the de-

sired grammage. The sample was then painted over with pinhole solution using a brush.

The pinhole solution used was a mixture of turpentine and Sudan red dye that was dried

using calcium chloride. The pinhole solution was applied on the dispersion coated surface

of the sample to be tested. If there were pinholes in the dispersion coating, the solution

would wet the substrate through the pinholes. The substrate would soak up the pinhole

test solution and get coloured by the red dye in the solution. Red spots would appear

on the backside of the sample in a matter seconds if there were significant holes. In the

case of smaller holes in the coating the spots would take several seconds to form. After

applying the solution the sample was left to dry in a fume hood.
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Figure 10. Different results of the pinhole test. The backsides of tested samples pictured.
No visible spots marked as a 0 (A), only single visible spots marked as a 1 (B), several vis-
ible spots marked as a 2 (C), and a significant amount of spots merging together marked
as a 3 (D).

The different results of the pinhole test are presented in Figure 10. If the backside of the

tested sample showed no visible spots after applying the pinhole solution and letting it

dry for a while (Figure 10A) the result was marked as a 0. If there were only single spots

that were spaced evenly across the sample (Figure 10B) it was marked as a 1. If there

were several spots appearing in clusters around the sample (Figure 10C) the result was

marked as a 2. If there was a significant amount of spots merging into larger blotches

(Figure 10D) or if the sample was evenly coloured on the backside, the result was marked

as a 3.

A sample set of four different grammages were produced of each of the nanocellulose

samples with different degrees of fibrillation. The grammages were chosen by starting

with the nanocellulose sample with the highest degree of fibrillation, and performing the

pinhole tests to those samples. After obtaining the test results for that nanocellulose

sample, a test sample series was produced for the nanocellulose sample with the next

highest degree of fibrillation. This continued until all samples with different degrees of

fibrillation had gone through the pinhole test. As an exception to this, only one grammage

was sampled for the nanocellulose sample with the lowest degree of fibrillation. The

reasons are further discussed in Section 4.5.

3.6.2 Oxygen transmission rate test

Dispersion coating samples with varying grammages were produced from each of the

nanocellulose samples to be tested for oxygen transmission rates (or OTR). The oxygen

transmission rate tests were conducted on Mocon Ox-Tran 2/21 SS. The tests were per-

formed under dry conditions with 0 % relative humidity and 23.0 °C temperature. The gas

used to test the transmission rate was 100 % oxygen. This was chosen instead of 10 %

oxygen gas mixture because the results are more precise when the transmission rates
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Figure 11. An oxygen transmission rate test sample cut and ready to be inserted into the
testing equipment.

are low. However, higher oxygen content causes the upper limit of the test to be set to

200 cm3/m2/day. A transmission rate any higher can damage the oxygen sensor and so

the test will be immediately terminated. Two parallel samples were made and tested of

each coating grammage of each nanocellulose sample.

A dispersion coating sample to be tested was first cut to the shape and size the testing

equipment required. This was an elongated hexagon large enough to contain a circle with

an area of 50 cm2 in the middle. The sample was cut using a template with the correct

dimensions. The template was laid on the sample surface and the shape of the template

was drawn on the sample. The template was then removed, and the sample cut into the

shape using scissors. An OTR test sample is presented in Figure 11.

The samples were stored in a desiccator for at least overnight before being inserted into

the testing equipment. The testing equipment then conditioned the samples for 1 hour

before the testing was begun. The test ran for 10 cycles for each parallel sample unless

the transmission rate was deemed too high and the test terminated. In the case of a

successful test, the transmission rate reported was the transmission rate measured in the

last cycle.

3.6.3 Hexane vapour transmission rate test

Hexane vapour transmission rate (or HVTR) tests were performed using a permeability

cup, n-hexane and an analytical balance Precisa 240A. The permeability cups consisted

of the cup, two seal rings, a lid ring, and butterfly nuts and washers to seal the lid ring. Nor-

mally hexane transmission rate test is used to measure mineral oil migration in recycled

packaging materials [20]. In this case the test was used to determine if the nanocellulose
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Figure 12. All the components of a permeability cup used for hexane vapour transmission
rate testing including the sample (A) and an assembled permeability cup ready to be
weighed (B).

coatings were continuous and pinhole-free. There were three parallel tests done for each

of the tested nanocellulose samples.

A dispersion coated sample to be tested was first cut to the size and shape needed to fit

into the cup. The sample had to be circular with an area of just under 0.0065 m2. The

cutting was performed by using a circle cutter with an area of exactly 0.0065 m2 and then

by trimming the sample to size by using scissors. Small pieces of fabric were inserted into

the cup and exactly 10 ml of n-hexane was pipetted on the fabric. The cut sample was

then placed on a seal ring with the dispersion coated surface turned towards the inside

of the cup. Then the second seal ring was placed on top of the sample, and the lid ring

was placed on top of it. The lid ring was fixed into place using the butterfly nuts and the

washers. The n-hexane was now sealed inside the cup with only the dispersion coating

acting as a lid. The individual components of a permeability cup including the sample are

presented in Figure 12A. A filled and assembled permeability cup is presented in Figure

12B.

The filled and sealed cups were weighed immediately after sealing using the analytical

balance. After initial weighing, the cups were placed into a fume hood. The cups were

then weighed one, two, and four hours after sealing. The cups were left overnight in the

fume hood and weighed again the next day 24 hours after sealing, and again the next day

48 hours after sealing. The hexane vapour transmission rate was determined using the

formula

HV TR =
240000(m0 −mt)

At
, (3.3)

where HV TR is the hexane vapour transmission rate measured in g/m2/day, m0 is the

mass of the cup (g) immediately after sealing, mt is the mass mass of the cup t hours

after sealing, and A is the area of the sample (cm2).
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4. RESULTS AND ANALYSIS

In this chapter, the results of the various characterisation methods and tests are pre-

sented. First are the results of the characterisation methods for the MFC materials, i.e.

the solids contents, the viscosities, the reactive group contents, and the microscopy im-

ages. Then there are the results of the different barrier tests for the dispersion coatings,

i.e. pinhole test, oxygen transmission rate test, and hexane vapour transmission rate test.

4.1 Solids contents

The solids contents measured for each of the nanocellulose samples are presented in

Table 3. The solids contents are presented in percentage by mass. Both MFC1 and

MFC2 exhibit similar behaviour where the solids content increased with the increasing

degree of fibrillation. However, the scales of solids contents are somewhat different. The

solids contents of the three lowest DoFs of both MFCs are very close to each other, the

solids contents of all the samples being between 1.84 – 1.90 wt-%. Then, with MFC1

there is a notable increase between -25 to -15 and again between -15 to -10, when the

solids content increases by 0.14 wt-% and 0.10 wt-% respectively. There is some increase

to be seen with MFC2 between the corresponding DoFs, 0.03 wt-% and 0.04 wt-%, but it

is not nearly as pronounced as with MFC1.

4.2 Viscosity values

The measured viscosities of all the different nanocellulose samples are presented in Table

4. Standard deviations for each respective viscosity value are also presented. The first

part shows the viscosities of the different degrees of fibrillation of MFC1. In the second

part, values for MFC2 are shown. The curves obtained during the viscosity measure-

ments are presented in Figure 13.

The viscosities of both MFCs follow the same pattern of development. The highest DoFs

have the highest viscosities and the next highest DoFs have the next highest viscosities

and so forth. However, the groupings of the viscosity results are visibly different. The

three highest DoFs of MFC1 are grouped together within 1.7 Pa·s where the difference

between the two highest DoFs of MFC2 is higher than that, over 1.9 Pa·s. Similarly to
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Table 3. The measured solids contents for each nanocellulose sample presented in per-
centage by mass.

Sample

Solids content

[wt-%]

MFC1 -50 1.86

-35 1.90

-25 1.88

-15 2.02

-10 2.12

MFC2 -50 1.85

-35 1.84

-25 1.88

-15 1.91

-10 1.95

the three highest DoFs, the two lowest DoFs of MFC1 are grouped together with less

than 0.9 Pa·s between them. The viscosities of the different DoFs of MFC2 do not show

similar grouping behaviour. Instead, they are spread almost evenly with spacing steadily

increasing from 1.0 Pa·s between the two lowest DoFs to the 1.9 Pa·s of the two highest

DoFs.

The viscosities of MFC1 are notably higher than the respective viscosities of MFC2. The

difference is not very stark between the highest DoFs of the different MFCs. However,

since the viscosities of the three highest DoFs of MFC1 are grouped together, the vis-

cosity of the third highest DoF of MFC1 is over 0.9 Pa·s higher than the viscosity of the

highest DoF of MFC2. Similarly the viscosity of the lowest DoF of MFC1 is over 0.1 Pa·s

higher than the viscosity of the second highest DoF of MFC2.

The Figure 13 shows how the viscosities stabilize during the measurement. In the case of

MFC1 (Figure 13A) the curves are smoother the higher the DoF is. The lower DoFs do not

really stabilize even near the end of the measurement. The viscosity measurement curves

for MFC2 (Figure 13B) are extremely smooth, except for the lowest DoF. Even the lowest

DoF of MFC2 is smoother than the middle DoF of MFC1. The smoothness or roughness

of each curve is further demonstrated when examining the standard deviations in Table 4.

Almost every DoF of MFC1 has higher standard deviations than any one DoF of MFC2.

The three lowest DoFs of MFC1 have standard deviations an order of magnitude higher

than those of MFC2.

The fluctuation of viscosity measurement curves and the higher standard deviations are

caused by the sample being non-homogenous. There might be noticeable clumps of ma-

teria within the nanocellulose or the water retention capacity of the nanocellulose might be
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Table 4. The measured viscosities with respective standard deviations of all nanoncellu-
lose samples.

Sample Viscosity [Pa·s] Standard deviation

MFC1 -50 5.34 0.16

-35 6.18 0.15

-25 8.11 0.13

-15 8.73 0.03

-10 9.75 0.05

MFC2 -50 1.51 0.04

-35 2.52 0.01

-25 3.71 0.01

-15 5.21 0.02

-10 7.15 0.01

Figure 13. Viscosity measurement curves for MFC1 (A) and MFC2 (B).

low, which causes phase separation. Then, during the viscosity measurement, there is no

uniform pressure against the rotating vane spindle. This causes for example wall slip be-

tween the spindle and the cup, and such slips present themselves as sudden fluctuations

in a viscosity measurement curve.

4.3 Reactive group contents

The reactive group contents for each nanocellulose sample are presented in Table 5.

Both MFC1 and MFC2 exhibit similar behaviour. The reactive group content seems to

decrease as the degree of fibrillation is increased. The behaviour is not exactly linear,

especially regarding the lowest DoF of both MFCs, -50. The inconsistency of lower DoFs

can be explained with the small sample size and the nonhomogenousness.
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Table 5. The reactive group contents for each nanocellulose sample.

Sample

Reactive group

content [mmol/g]

MFC1 -50 2.38

-35 2.54

-25 2.48

-15 2.30

-10 2.24

MFC2 -50 2.88

-35 2.85

-25 2.78

-15 2.99

-10 2.47

Disregarding the lowest DoF, the reactive group content of MFC1 seems to decrease par-

tially linearly. With MFC2, the DoF -15 is significantly higher than any other DoF of the

same MFC. Otherwise, MFC2 follows the same pattern as MFC1. The values of reactive

group contents of MFC2 are altogether higher than those of MFC1. The difference, how-

ever, does not seem to be meaningful, as the values of both MFCs range between 2.2 –

3.0 mmol/g.

4.4 Microscopy images

Microscopy images were taken from each nanocellulose sample. All the different degrees

of fibrillation of MFC1 are presented in Figure 14. Figure 15 shows the different degrees

of fibrillation of MFC2. The samples of both MFCs are presented in increasing order of

degree of fibrillation, starting from the lowest DoF on the left and ending with the highest

DoF on the right. Each photographed sample had the same grammage of 8 g/m2.

Both Figures 14 and 15 demonstrate the gradient from a thick fiber mesh to a fine film with

almost no visible fibers. The gradient of MFC1 is somewhat simple and the development

of the nanocellulose appears linear. The amount of visible fibers decreases evenly when

the DoF is increased. In the case of MFC2 the gradient is not so linear and there are

some notable steps of development present.

It can be seen that the corresponding DoFs of different MFCs are visibly different. The two

lowest DoFs of MFC2, -50 and -35 (Figures 15A and 15B respectively), were so matted

that it proved to be quite hard to produce a quality image of them. A step of development

can be seen to -25 of MFC2 (Figure 15C) which is notably clearer than the previous DoFs.

However, the -25 is still quite undeveloped, and it resembles the DoF -50 of MFC1 (Figure
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Figure 14. Microscopy images depicting the different degrees of fibrillation of MFC1. The
DoFs presented are -50 (A), -35 (B), -25 (C), -15 (D), and -10 (E).

Figure 15. Microscopy images depicting the different degrees of fibrillation of MFC2. The
DoFs presented are -50 (A), -35 (B), -25 (C), -15 (D), and -10 (E).

14A). The biggest development of MFC2 happens between the DoFs -25 and -15 (Figure

15D), and the amount of visible fibers decreases dramatically. Even with the sudden

development, the -15 is almost the same as -25 of MFC1 (Figure 14C). Then finally, the

DoF with least visible fibers in any of the MFC2 samples, -10 (Figure 15E) matches the

DoF -15 of MFC1 (Figure 14D).

4.5 Pinhole test results

Pinhole tests were conducted only on MFC1 samples with different DoFs. The test results

are presented in Table 6. The table shows the four-sample test series performed for the

four nanocellulose samples with the highest DoFs, ie. samples -10, -15, -25, and -35.

Only one pinhole test sample was produced and analysed for the sample with the lowest

DoF, -50. The grammages for each of the test series were chosen successfully since a

gradient from result 2 or 1 to 0 is present. This is important since the lowest grammages

possible are the most interesting for future applications.
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Table 6. Pinhole test results for each degree of fibrillation of MFC1 and their respective
grammages. In the table 0 = no pinholes, 1 = single pinholes, 2 = several pinholes in
clusters, and 3 = no continuous film formation. The numerical evaluations used are based
on Figure 10.

Coating grammage [g/m2]

Sample 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

-50 3

-35 1 1 0 0

-25 0 1 0 0

-15 2 1 0 0

-10 2 1 0 0

The differences between the lowest pinhole-free grammages of the samples with different

DoFs are evident. The DoFs -10 and -15 had results very close to each other. The

gradients were identical with only an offset of 1 g/m2 in grammage. The step between

the DoFs -15 and -25 is notably longer with difference of 6 g/m2 between the respective

lowest pinhole-free grammages. Curiously, the same difference between the DoFs -25

and -35 is nearly the same, 5 g/m2.

4.6 Oxygen transmission rate test results

The oxygen transmission rate tests were done on only the four highest DoFs of both

MFC1 and MFC2. The lowest DoF, -50, of both MFCs was ruled out of the test based

on the poor pinhole test performance. The test results are presented in Table 7. The

results are shown in cm3/m2/day. If the transmission rate of a sample was higher than

200 cm3/m2/day, the test was terminated, and in such case, the result was marked as a

"> 200".

For MFC1, non-overflown results were obtained for the three highest DoFs, -25, -15, and

-10. The DoF -10 had two grammages with a result, 10 and 14 g/m2, and the results

were quite low, 13.0 and 0.6 cm3/m2/day respectively. The DoF -15 had only one gram-

mage, 14 g/m2, produce a non-overflown result, 0.4 cm3/m2/day. -25, as well, had one

grammage with an acceptable result, 20 g/m2 and 0.1 cm3/m2/day. All the other tested

grammages for the different DoFs had result of over 200 cm3/m2/day. With MFC2, the

only tested sample to have a non-overflown result was the DoF -10 with a grammage of

14 g/m2 and transmission rate of 3.0 cm3/m2/day. All the other tests for MFC2 resulted in

oxygen overflow.

The tested grammages were chosen based on pinhole test results. Three different gram-

mages where chosen for each of the different DoFs so that the lowest OTR tested gram-

mage was the lowest pinhole-free grammage. The next two grammages were then higher
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Table 7. Oxygen transmission rate test results in cm3/m2/day for each nanocellulose
sample.

Coating grammage [g/m2]

Sample 8 10 12 14 16 18 20 22 24

MFC1 -35 > 200 > 200 > 200

-25 > 200 > 200 0.1

-15 > 200 > 200 0.4

-10 > 200 13.0 0.6

MFC2 -35 > 200 > 200 > 200

-25 > 200 > 200 > 200

-15 > 200 > 200 > 200

-10 > 200 > 200 3.0

than the first in order to test if the OTR would decrease as the grammage was increased.

The grammages were chosen to be the same for both MFCs, since preliminary exami-

nations of the samples gave reason to believe both MFC1 and MFC2 would have very

similar oxygen barrier properties.

4.7 Hexane vapour transmission rate test results

Hexane vapour transmission rate tests were conducted on the four highest degrees of

fibrillation of both MFC1 and MFC2. The lowest DoF, -50, of both MFCs was ruled out

of the test based on the poor pinhole test performance. The tests comprised only one

grammage, 14 g/m2, per DoF. Three parallel tests were conducted for each nanocellulose

sample. The HVTR test results after 4 hours and 48 hours are presented in Table 8.

Some kind of gradient is present with both MFC1 and MFC2, where the HVTR decreases

when the DoF is increased. The gradient is not very evident with MFC1, since the rate

after 48 hours is equal or less than 0 g/m2/day for the three highest DoFs. Only the

lowest DoF, -35, has a value higher than 0 g/m2/day, and it is not very high either, being

6.6 g/m2/day. With MFC2, the two lowest DoFs have values higher than 0 g/m2/day, and

there can be seen a huge improvement between them. The -35 has a value of more

than 442 g/m2/day and the next DoF, -25, has a value that is less than 5 % of that,

18.4 g/m2/day.

The transmission rates of all samples after 4 hours are all higher than 0 g/m2/day, but the

relations between different DoFs are the same as with transmission rates after 48 hours.

The higher rates after 4 hours than 48 hours can be explained with there being more

hexane in the cups in the earlier stages of the tests. Also, the tests were conducted in a

laboratory with no climate control. The air humidity in the laboratory most likely fluctuated
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Table 8. Hexane vapour transmission rate test results for each nanocellulose sample.

Sample

HVTR after 4h

[g/m2/day]

HVTR after 48h

[g/m2/day]

MFC1 -35 13.5 6.6

-25 1.4 -0.1

-15 2.2 0

-10 2.3 0

MFC2 -35 4055.7 442.2

-25 41.4 18.4

-15 2.1 -0.1

-10 1.3 -0.4

during the test period, causing more water to absorb into the samples. However, the

absorption of water is not a factor that lowers the HVTR and thus the measurement is

valid, but some evaporated hexane might have been replaced with absorbed water. This

causes error in the measurement, but if the HVTR is so low that the absorbed water

increases the mass, the small error in the actual numerical results is of no consequence.
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5. DISCUSSION

In this chapter the results are further discussed. First, the results are discussed from the

point of view of the degree of fibrillation. Then, the point of view is changed to the effect

of the raw material of the MFC. After the effects are examined, the relationship between

the characteristics and barrier properties of a material is investigated. Lastly, there are

some observations regarding further improvement of the study and its methods.

5.1 The effect of the degree of fibrillation

How the degree of fibrillation affects the properties of MFC can be seen throughout the

different characterisation methods and tests done during this study. In each case, there

is some kind of development visible.

The first way to differentiate between the different DoFs is the cumulative specific energy

consumption calculated during the fibrillation process. The pass-wise SEC increases only

slightly during the first three DoFs of both MFCs, but the fourth DoF, -15, sees a notable

increase. Even further, there is a significant increase with the highest DoF, -10. This

means the energy intensiveness of the MFCs increases dramatically, and it translates

directly to the production costs of the materials. One motivation for this study was to see

if acceptable barrier properties could be reached with a lower DoF.

Even in the most basic of the characterisation methods, the solids content, develops as

the DoF is increased. The solids content starts out at around 1.85 wt-% and somewhat

steadily increases to 2.12 and 1.95 wt-% with MFC1 and MFC2 respectively. However,

the higher solids content is not caused directly by the increasing DoF, but instead water

in the MFC evaporates during each pass in the fibrillation process as the SEC increases

dramatically towards the higher DoFs.

The viscosity measurement is the first characterisation method to really underline the ef-

fect increasing the DoF has. The development is enormous for both MFCs but especially

MFC2. As the DoF is increased, the viscosity of the MFC is also increased visibly. This is

due to the change in nanofiber size and shape, and possible changes in the particle sur-

face charge [21]. As the fibril bundles are separated and the particle size is decreased,

the nanofibers become more active in forming hydrogen bonds, the amount of free wa-
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ter decreases, and the MFC solution becomes more homogenous. These factors greatly

contribute to the increased viscosity of the MFC solution.

With the reactive group content measurements, there really is no clear effect of the DoF

visible. The reactive group contents of all the DoFs of both MFCs seem to be fluctuating

around the same values. This could be an indicator that the reactive group content does

not really change during the fibrillation process. If this is the case, the surface energies of

any MFC fibrillated this way are determined during the raw material production processes

and treatments.

Microscopy imaging is the one characterisation method where the DoF development is

perhaps most evident. The method is quite simple, and the results are easy to visually

analyse. The amount of microscale fibers decreases drastically after each fibrillation

pass, until most of the visible fibers are gone. Each of the photographed free-standing

films have the same grammage, so there is about the same amount of cellulose in each

sample. This means the particle sizes are definitely more in the nanoscale in the MFCs

with higher DoFs, since there are only few visible fibers visible in the images.

The pinhole test was the first test that really showed the difference between the DoFs from

the film formation perspective. The coating grammage needed to obtain a pinhole-free

MFC film decreases notably when the DoF is increased. The minimal difference between

the two highest DoFs, -15 and -10, is interesting, since if the two DoFs would perform

similarly in all barrier tests, the DoF -15 would be relatively superior material regarding

the cost of the material, i.e. the energy consumption. It was at this point, during pinhole

testing, that the lowest DoF in the study, -50, was discarded from further tests. This

decision was made since the coating grammage would have to be so high that it would

not be feasible in practice.

The oxygen transmission rate test results further displayed the effect of the DoF. However,

the test series was not planned as thoroughly as it should have been. Most of the indi-

vidual test runs had oxygen overflow, because of either too thin coating or pinholes in the

coating, and were terminated. The successful test runs, on the other hand, seem to follow

along the same lines as those of the pinhole test. For example in the case of MFC1, the

DoFs -10 and -15 seem to be close to each other. And there was a promising result with

the DoF -25, even if the grammage 20 g/m2 is near the higher end of acceptable gram-

mages. The difference in cumulative SEC of -25 is less than half of the cumulative SEC

of -10, which means that, at least cost-wise, a thicker coating of -25 is indeed acceptable.

As a general rule, OTR lower than 10 cm3/m2/day indicates a high performance barrier,

and for example the comparable OTR of ethylene vinyl alcohol, which is used as a barrier

layer in multilayer films, varies between 1.0 – 10.0 cm3/m2/day per 1 µm of film thickness

[18].
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Hexane vapour transmission rate testing is the next best indicator of the effect of DoF after

microscopy imaging. Opposite to the OTR, the grammage chosen for the HVTR testing

proved to be overestimated. This caused the transmission rates of the higher DoFs to

be close to 0 g/m2/day. However, there were differences between the DoFs, especially

regarding the lowest tested DoF, -35. The result for MFC1 was still quite close to a very

good barrier, but for -35 of MFC2 the HVTR was very high. There are two different HVTR

values presented, one set calculated 4 hours after closing the permeation cups, and the

other after 48 hours. The 4-hour values are higher than the 48-hour values, and this might

be caused by changes in the atmosphere of the laboratory, i.e. increased humidity during

night time, which caused the samples to absorb water. However, the values of most of

the DoFs indicate that they can be thought of as high performance barriers (HVTR lower

than 10 g/m2/day [20]).

5.2 The effect of the raw material

The two different MFCs used in this study provide a chance to examine the effect the raw

material has on the produced MFC. The raw material seems to have a notable influence

throughout the different characterisations and tests.

The cumulative energy consumptions of the MFCs follow different patterns. MFC1 de-

velops partially slowly through the first three passes, and then the SEC increases signifi-

cantly for each of the last two passes. The pass-wise SECs of MFC2, on the other hand,

increase only slightly after each pass, exhibiting a more linear behaviour than MFC1.

The cumulative SEC of MFC2 starts out on a higher level than that of MFC1, and the

pass-wise cumulative SECs of MFC2 are overall higher than the MFC1 counterparts. In-

terestingly though, caused by the different development behaviours, the cumulative SECs

of the highest DoFs, -10, of both MFCs are somewhat close to each other, with the cu-

mulative SEC of MFC2 -10 being only 4 % higher than that of MFC1 -10. Whereas the

difference between the -15s is nearly 19 %, and the differences between the lower DoFs

are even more than that.

The differences in solids contents of the different DoFs are not as clear as with the SECs.

The MFC2 DoFs are close to each other, with uniform increase from one DoF to the next.

This behaviour is well in line with the development of the SEC, as no notable increases

were seen. On the other hand, the three lowest DoFs of MFC1 follow a similar pattern,

and as was the case with the cumulative SECs, there is a notable increment between -25

and -15, and another between -15 and -10.

Unlike the cumulative SECs or solids contents, the viscosities of the MFCs differ greatly

from each other. The viscosities of all the DoFs of MFC1 are overall higher than those

of MFC2, with the three highest DoFs -10, -15, and -25 all being higher than the MFC2

-10. But notably the spread from -50 to -10 is tighter with MFC1, or the material does not
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develop so dramatically through fibrillation. The increase from the lowest to the highest

DoF of MFC1 is 83 %. In contrast, MFC2 sees rapid development after each fibrillation

pass, and the increase from -50 to -10 is astounding 374 %.

The development of MFC2 is further emphasized when examining the microscopy im-

ages. It can be seen that the fiber decrease in visible fibers between the DoFs of MFC1

is constant. The same is not true with MFC2, since the starting point is much higher

level of fibers. The fibers are very entangled and form an uneven mesh with almost light-

proof knots and clear pinholes. During the first three fibrillation passes the degree of

entanglement is however diminished and the last two DoFs resemble those of MFC1.

This entanglement is most likely caused even before fibrillation, during the raw material

production.

In preliminary tests, both MFC1 and MFC2 seemed to behave similarly regarding film

formation and the presence of pinholes. To save time, actual pinhole tests were performed

only on the DoFs of MFC1, and it was assumed that the results of MFC2 would be close.

This was a grave error and caused almost all of the OTR test results of MFC2 to be

terminated because of oxygen overflow, since the tested grammages were the same as

with MFC1. Only one MFC2 OTR test was successful, the highest tested grammage

(14 g/m2) of -10. The result itself was a good one, 3.0 cm3/m2/day, whereas the result

of the same grammage and DoF for MFC1 was 0.6 cm3/m2/day. Even though the MFC1

OTR is one-fifth of the MFC2 OTR, both indicate an excellent barrier.

Hexane vapour transmission rate test results for the higher DoFs were also similar for

both MFCs. The two highest DoFs of both MFCs, -15 and -10, have very low HVTR val-

ues, less than 2.4 g/m2/day and less than or equal to 0 g/m2/day after both 4 and 48 hours

respectively. The MFC1 -25 performed similarily, with the 4-hour result 1.4 g/m2/day and

48-hour result -0.1 g/m2/day. However, The MFC2 -25 was not as effective barrier as that

of MFC1, and there was a difference of an order of magnitude, 41.4 g/m2/day after 4 hours

and 18.4 g/m2/day after 48 hours. The MFC1 -35 performed again better than the MFC2

-25 with results of 13.5 and 6.6 g/m2/day. The results of both MFC1 -35 and MFC2 -25

are still acceptable, but they can not be seen as effective barriers in this grammage. The

MFC2 -35 differed from all the others, and the HVTR results were noticeably higher being

4055.7 and 442.2 g/m2/day. The performance of MFC2 -35 was in line with for example

the microscopy images, where there is a great amount of holes visible.
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5.3 The relationship between the characteristics and the barrier

properties of a material

Nanocellulose characterisation serves a dual purpose. One being a method to describe

a certain material with numerical values, which can be used to compare the different ma-

terials. The other, perhaps of more interest than the first, is to be able to predict how the

material performs as a barrier. If there is a way to find a link between certain characteris-

tics and barrier properties, there would be less need for the more time-consuming barrier

tests.

The viscosity seems to be a good tool to valuate the possible barrier properties of two

different materials. However, for the comparison to be viable, the two materials need to

be comparable, i.e. fibrillated or processed the same way or, in the case of this study,

of the same degree of fibrillation. This stems from the different qualities a material can

have outside of viscosity. For example, the viscosity of -25 of MFC1 is higher than that of

-10 of MFC2, but still, the -10 has performed better in the oxygen transmission rate test.

On the other hand, the -10s of both MFCs can be compared, and the one with the higher

viscosity also has lower oxygen transmission rate.

The reason why the viscosity would be proportional to the barrier properties of a given

material is that the factors affecting viscosity also affect the film formation ability. Small

particle size and high surface energy cause high viscosity, and they also contribute to the

absence of pinholes and strength of a film.

The analysis of an optical microscope image is another great tool to predict the ability of

a certain material to form a gas barrier. As the particle size of a nanocellulose decreases

the ability to form a pinhole-free film, which is a prerequisite for acceptable barrier prop-

erties, increases. Therefore, producing microscope samples of a nanocellulose material,

photographing them, and analysing the images provides a simple but effective method

to rule out materials, that most likely will not form a continuous film. For example, the

two lowest DoFs of MFC2, -50 and -35, can be seen forming very thick fiber tangles with

gaping holes between them. Such a material can be disgarded immediately when trying

to produce a barrier film. Microscopy images can not be used to evaluate how the barrier

properties of two similar materials compare to each other.

Figure 16 shows the pinhole test results of the different DoFs of MFC1 plotted against

viscosity. It can be seen that the grammage of -35 is quite high, and the decrease in

grammage is almost linear towards the higher DoFs. Furthermore, Figure 17 shows the

HVTR test results of the DoFs of both MFCs also plotted against viscosity. There is similar

behaviour with the DoFs of MFC2, where the HVTR of -35 is significantly higher and the

values of the rest of the DoFs decrease steadily. The HVTR of MFC1 -35 is also notably

higher than those of the higher DoFs.
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Figure 16. The lowest pinhole-free grammages plotted against viscosity of the different
degrees of fibrillation of MFC1.

Figure 17. Hexane vapour transmission rate (logarithmic scale) plotted against viscosity.
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5.4 Observations regarding further improvement

Some issues were encountered during this study. However, all the issues and mistakes

are such that they are easy to overcome, at least with current knowledge.

The samples produced with the introduced process seemed to be of uniform quality when

visually inspected. However, some test results were hard to replicate. This causes reason

to believe that the quality of the dispersion coating samples varied. First of all, the dis-

persion solutions were transported between three laboratories. The final transportation

was after the degassing of the solutions, during which the solution bottles needed to be

carried very carefully as to not shake them and cause air bubbles. A simple solution to

this would be to concentrate all the equipment into a single laboratory, or at least have

the vacuum equipment and the heated table surface in same room.

Other possible cause of defect in the dispersion coating samples are the conditions in the

laboratory where the samples are manufactured. The laboratory is a part of a large open

room, with a lot of dusty storage space and occasional heavy traffic. For these reasons,

there might be times, when there is a significant amount of dust and other particles in

the air and as a result incorporated in the dispersion coatings. These kinds of inclusions

might cause pinholes in samples that would not normally have them. To counter the

effects of irregular air currents, a curtain was installed to give some cover for the heated

table surface and the moulds. The curtain which covers the backside of the table can be

seen in the background in Figure 7. This issue has only one solution, and it is to move

the heated table surface to a room with controlled environment.

The single most significant issue during this study was the erroneous choice of sample

grammages for the OTR testing of MFC2. There should have been a full pinhole test

series for both MFCs, not just MFC1. This could have shown the differences in film

formation abilities of the different MFCs, and thus the sample grammages could have

been adjusted accordingly.

There was also another issue regarding the OTR testing. The testing equipment allows

for measurement with either 10 or 100 % oxygen. The 100 % oxygen was chosen to be

used in every test during this study, since it gives the most precise results when the OTR

is low. The downside of this gas is that the upper limit for the OTR is 200 cm3/m2/day,

which combined with the poorly chosen grammages caused many of the test runs to be

aborted because of oxygen overflow. It would be better to first run the test with the higher

oxygen concentration and, if there is overflow, switch the testing equipment to the lower

oxygen concentration. Or, accepting the slight inaccuracy, measure all the samples using

only 10 % oxygen. The reason neither of these methods was not used during this study is

purely the time required. One test run takes from 3 to 20 hours, and doubling the number

of test runs might double the time needed for testing.
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The most important improvement to the methods of this study would be to run more

parallel OTR tests. Because of time limitations the number of parallel tests was two.

There should at least be four parallel tests considering the possible fluctuation in sample

quality. The testing matrix chosen for the MFCs is of reasonable size, so only way to be

able to run more parallel tests is to allocate more time for OTR testing.
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6. CONCLUSION

The first five paragraphs of this Chapter discuss the research questions of this study.

The aim of this study was to examine what kind of effect the degree of fibrillation of

microfibrillated cellulose has on the barrier properties of dispersion coating made out of

the said MFC. This was explored thoroughly using oxygen transmission rate and hexane

vapour transmission rate tests. The tests proved that the DoF has a great impact on the

film formation ability of MFC, and that the higher the DoF the better barrier properties,

when the grammage of the coating was kept constant.

The first challenge to overcome in this study was the sample preparation process, and it

was the single most time-consuming part of the study. There were many iterations in both

the process and the moulds used for the dispersion coatings. Finally, the process and

equipment were in such a state that the produced samples were as uniform as possible.

This made the different characterisations and tests possible.

By adjusting the grammage of the coating, some promising OTR results were obtained

with even the lower DoFs. The middle DoF, -25, of MFC1 had a great OTR result with a

grammage that is still possible when considering the practical aspects of industrial coating

production. The two lowest DoFs, however, proved too inefficient in film formation even

with high grammages and can be discarded from the pool of possible barrier materials.

By examining two MFCs with different raw materials, it can be seen that the choice of

raw material does, in fact, cause differences in barrier and other properties. One MFC

proved to be better than the other in almost every aspect of the study. Even though the

specifics of the different raw materials are not discussed, and thus the reasons behind

the differences are not revealed, the study showed that the raw material of the MFC does

matter.

During this study, some correlation between barrier properties and material characteris-

tics was seen. Some characteristics, like viscosity, can be used to evaluate two similar

materials. Then, other characteristics, like the visual examination of particle size and dis-

tribution through microscopy images, can be used to tell if a material most likely will not

be able to produce a good quality film. This kind of correlation is useful when screening

possible materials before committing to time intensive testing.
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The OTR values obtained in this study show that the MFCs produced with this method

have great oxygen barrier properties. The only coating that was presented in Table 1

having a grammage of grammage of 10 g/m2 had an OTR of 5.3 cm3/m2/day. The one

MFC in this study that had an OTR result in that grammage, MFC1 -10, had a value close

to that: 13.0 cm3/m2/day. Only one of the other MFCs had a significantly better OTR with

lower grammages than used in this study. However, this was a free-standing film whereas

the films used in this study were all dispersion coatings. The OTR value of the different

MFC was 0.2 cm3/m2/day with a grammage of 5 g/m2. Similar OTR values were obtained

in this study with a grammage of 14 g/m2. The other MFCs in Table 1 had also good OTR

results, but the grammages were notably higher.

This study has showed that nanocellulose truely has the potential to be an alternative

to plastics in packaging technology. The barrier properties that were achieved even for

the samples with lesser degrees of fibrillation are on par with barrier plastics. To explore

the possibilites of nanocellulose as a proper barrier material, further research should be

carried out. The effect of water on the barrier properties was not discussed in this study,

and water is a major threat a package needs to protect against. Another topic of research

could be to further investigate the effect of the raw material of the MFC. The differences

between different raw materials encountered in this study show that the raw material is

definitely of interest when examining the barrier properties of a specific MFC.
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