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General introduction

The packaging industry is an industrial sector in constant evolution. The new regulations as
well as the societal, economic and technological trends encourage industry to seek lighter,
more performing, more eco-friendly and more competitive products.
Most food contact packaging materials are currently manufactured either from plastic or from
a combination of paper/board with petroleum based polymers. Indeed, these synthetic
polymers offer good barrier and mechanical properties so far associated with a low cost.
However, these materials derived from petroleum have major drawbacks:

*  Their non-renewable origin,

*  Their cost-index linked to oil prices,

*  Their poor recyclability,

e Their environmental impact.

With today’s view toward sustainable development, there is an increasing interest in
replacing these polymers with materials derived from renewable resources. Moreover, the
use of nanoparticles is promising for the development of lighter and stronger materials with
improved functions. One of these new nanoscale renewable alternatives [1] is the
micro/nanofibrillated cellulose (MFC/NFC).

MFC results from the disintegration of cellulose fibres by a mechanical shearing treatment.
Several studies have shown that this material is highly interesting because it offers good
barrier properties coupled with mechanical resistance.

There is a growing interest in microfibrillated cellulose, as represented by the increase of the
number of publications [2] on this topic as shown below.
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Annual number of scientific publications and patents
with the term "microfibrillated cellulose" [2]

Here, the trend was only reported for the publications with the term “microfibrillated
cellulose”. However, the nomenclature for this material is not clearly defined yet and authors
use various terminologies for the same product.

Therefore, microfibrillated cellulose can also be described by other terms such as:
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*  Cellulose nanofibrils

*  Cellulose microfibrils

* Cellulose nanofibers

* Nanocellulose
This list is not exhaustive and a more extensive description can be found elsewhere [3]. The
number of articles would thus be more important if all these terms had been taken into
account. A project of standard is currently being investigated to clarify and define terms for
nanoparticles produced from cellulosic material [4]. The term “microfibrillated cellulose
(MFC)” is used throughout this memory and is referring to the first term defined in the
literature by Turbak et al. [5].

In 2009, the studies concerning MFC were totally focused on their production and application
at the lab scale. A European project called SUNPAP (NMP4-LA-2008-228802) started thus
to scale up the nanoparticles in modern papermaking. Twenty three partners were
associated in this project for a period of 3 years. The main objectives of this project were:

» Development and up-scaling of novel processes for the energy-efficient production of
nanomaterials, namely MFC, at the pilot scale.

* Exploitation of innovative sustainable solutions for the whole paper industry value
chain by integrated sustainability assessment approaches based on economical,
social and environmental impact assessments.

* To enable the introduction of NFC based processes to various types of applications in
the papermaking value chain.

This thesis was achieved in the frame of an international research programme at the CTP
(NanoMat) and forms part of this SUNPAP European project. More particularly, this work was
associated with the work package application, dealing with the application of MFC to modern
papermaking in bulk or in standard and advanced coating systems. The main objective was
to develop a barrier packaging board material using MFC. The thesis was divided into three
main phases with the study of the intrinsic properties of MFC, the development of MFC
based composites as model films and then the introduction of MFC in coating colour to
develop a barrier layer at the board surface.

This thesis has thus been organized in five chapters: from the characterization of MFC
materials to their use in coating processes.

The first chapter corresponds to the literature review giving an overview of the production of
MFC, their characterisation and their properties. Then the influence of MFC addition in a
polymer matrix and its reinforcing effect were detailed before the use of MFC in papermaking
process. This allows the identification of different challenges to take up for the up-scaling of
MFC use.

The second chapter describes the materials and methods with an overview of the different
types of MFC used and their production methods. The experimental protocols to develop
films and paper & board materials and the characterisation methods are also reported.

The three following chapters focus on the results obtained throughout the project. Therefore,
the third chapter firstly describes the influence of the fibrillation process on the properties of
MFC suspensions. The morphology of the nanopatrticles and the viscosity of the suspensions
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were characterised using respectively microscopic observations and rheological
measurements. A second part is dedicated to the development of MFC films in order to study
their intrinsic properties. A comparison of the film properties was established according to the
technique employed for the film production and to the pulp pretreatment. Eventually, the
addition of sorbitol is a suggested strategie to improve the MFC film properties.

Chapter four is devoted to the development of MFC composites from starch or poly(vinyl-
alcohol) matrix. The influence of MFC on the mechanical and barrier properties was
evaluated and the effect on the film structure was analysed. In the case of starch, the
influence of plasticizer addition was also assessed, and the final properties were compared
with those of unplasticized composite films. To conclude, the best matrix was selected for the
development of barrier packaging material by coating process.

The last chapter reports the potential of MFC to develop a barrier layer at the board surface.
After a preliminary study at lab scale, trials were carried out at pilot scale with the production
of a final packaging demonstrator. The barrier efficiency was measured and compared with
packaging materials existing on the market. Converting ability and biodegradability were
tested in order to explore the possible industrial application of this final product.

Finally, after the general conclusion, some perspectives are proposed.
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Chapter I: Literature review

[.1. - Introduction

The packaging manufacturing sector needs a constant innovation and researches to develop
biosourced materials with high barrier performances. The objective of this study is to propose
an alternative to petroleum based polymers and to develop a technological and economical
competitive barrier material using microfibrillated cellulose (MFC). The research focus on
several aspects such as:

*  The characterisation of MFC suspensions according to their production process.

* The mechanical and barrier properties of films produced from pure microfibrillated
cellulose or from the combination of a polymer matrix and MFC.

* The development of MFC barrier layers by a coating process.

This chapter firstly gives an overview on the actual packaging market and its needs. The
MFC production techniques are then described as well as the improvements carried out to
reduce the production energy costs. The techniques for MFC characterisation are also
detailed and their limits discussed. Lastly, the use of MFC in composites or in paper&board
materials is tackled equally with its advantages and its drawbacks.

l.2. - Introduction to barrier packaging

[.2.1. - Packaging definitions

[.2.1.1. - Materials used for the packaging

The last 200 years have seen the packaging evolving from being a simple container for the
product to becoming an important element of total product design. The extension from
packing tomato ketchup in glass bottles to squeezable co-extruded multi-layer plastic bottles
with oxygen barrier materials for long shelf life [6] is an example.

Indeed, with the consumer society, the human evolution and innovation and the way of life
changes, packaging materials have significantly advanced and became highly efficient. In the
21" century, the consuming packaging materials are thus more and more present and
diversified in the life of consumers [7].

In 2008, 12.8 millions tons of packaging materials were put on the market in France [8]. This
corresponds to 200kg/inhabitant/year. On a European Union scale, the average quantity
reached 166kg/inhabitant/year corresponding to 83.6 millions tons [9]. The packaging
materials are divided into 5 main sections: papers & boards, plastics, glass, wood and
metals.

Figure I-1 details the ton distribution of materials used for packaging application. Papers &
boards represent the most used material in tons with a part of 35% in France and 42% in
Europe [8,10].
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Wood; 8%

Papers and Glass; 14%

boards; 35%
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boards; 42%
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Wood; 19%

Metal; 5%

Glass; 25%

Figure I-1: Materials used in France (left) and in Europe (right) for packaging [8,10].

[.2.1.2. - Main functions of packaging

Packaging materials are manufactured according to the packed product. Their main functions
are [11]:

* To transport,

* To contain (food, goods),

* To protect products from the environment, or environment from products,

e Toidentify and to inform on the product,

e To attract for the promotion of sales, for advertising,

* To express the brand values.
High mechanical strength is required to provide the transportation. The required properties
for the material used are thus: good breaking length, sufficient tearing resistance, and high
burst index.
In order to carry out the storage, interactions between the product, the package and the
environment must be assessed. Three kinds of interactions are possible:

* The migration corresponding to the transfer of package components to the packed
product.

* The sorption is an opposite phenomenon with the transfer of product components to
the package.

* The permeation is the transfer of components through the packaging material from
inside to outside or from outside to inside.

These interactions can lead to undesirable effects as for example:

* Anincrease or a loss of humidity,

* Oxidation phenomenon,

* Gasloss,

- Degradation of active elements,

» Alteration of food flavour.
To limit the interactions between the inside and the outside of the package and preserve the
food quality, the matter transfers should be reduced by the development of barrier properties.
Different types of barrier may be required including gas (O,, CO,, N,, ethylene), water
vapour, aroma, light or grease.
Barrier properties are adapted according to the packed product.
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1.2.1.3. - Packaging end of life/Recycling

Packaging has many advantages such as food loss reduction, health protection and making
life easier. However, their use also showed drawbacks like the use of raw material and
energy, difficulties to reuse and recycle, and voluminous waste. That's why, the package end
of life must be considered during the development of new materials.

Table I-1 shows the different ways used in Europe for the paper&cardboard packaging waste
treatment. Recycling is mainly used for these materials with a percentage reaching 80%.

Largest Paper&cardboard . . . ,
. Recycling Incineration Landfill
consumers packaging waste
[Mt/a] [%] [Mt/a] [%] [Mt/a] [%0] [Mt/a]

Germany 7.1 80% 5.7 18% 1.3 2% 0.1
Italy 4.6 70% 3.2 8% 0.4 22% 1.0
France 4.5 89% 4.0 8% 0.4 3% 0.1
United Kingdom 3.8 79% 3.0 8% 0.3 13% 0.5
Total 20 80% 15.9 12% 2.3 9% 1.8

Table I-1: Paper&cardboard packaging waste treatments [12,13].

The data for the plastic packaging waste, collected in Table I-2, presents a different
assessment. The recycling of plastic packaging waste is only 29% with a higher percentage
of 43% in Germany. An equivalent repartition is observed between recycling, landfill and
incineration. Contrary to recycling, the landfill and incineration processes have more impact
on the environment.

Largest Plasti.c . . . .
consumers packaging Recycling Incineration Landfill
waste
[Mt/a] [%0] [Mt/a] [%0] [Mt/a] [%0] [Mt/a]
Germany 2.6 43% 1.1 52% 1.4 5% 0.1
Italy 2.2 28% 0.6 30% 0,7 42% 0.9
France 2.1 21% 0.4 32% 0,7 47% 1.0
United Kingdom 2.1 22% 0.5 9% 0,2 69% 14
Total 9 29% 2.6 32% 2,9 39% 3.5

Table I-2: Plastic packaging waste treatments [12,13].

During the development of new packaging boards, the end of life must be considered in
order to reduce the waste treatment and use of raw material. For a good recycling rate, the
use of paperboard materials in packaging must be favoured and the one of plastics limited.

[.2.2. - Barrier packaging

The aim of barrier packaging is to reduce the mass transport properties in order to limit their
undesirable effects and increase the shelf life duration of the food and beverage.

1.2.2.1. - Mass transport properties

The mass transport (transfer) is performed by diffusion mechanisms depending on the nature
of the permeant molecule (liquid or gas) and on the nature of the packaging material
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(homogeneous or porous) [14]. Three coefficients are used to describe the transport
properties though a package: diffusion (motion speed), solubility, and permeation (molecule
transport speed) [15,16,17].

[.2.2.1.1. - Diffusion

The diffusion is induced by the random motion of small molecules through a material from a
highly concentrated side to a less concentrated side until reaching an equilibrium. This
phenomenon is generally described in three steps: the molecules are firstly adsorbed at the
membrane surface, secondly the diffusion through the material takes place, and finally the
desorption occurs on the opposite side. Figure I-2 describes this mechanism.

e

Sorption Desorption

Cl —— C(C2<C1
Diffusion

Figure I-2: Schematic representation of permeation [14].

The diffusion is defined by the Fick’s law, based on the proportionality between the rate of
transfer of the diffusing substance through a unit area and the concentration gradient. In the
case of unidirectional diffusion, this corresponds to the following equation [16]:
J= —Da—C (Eq.1)
oX

Where: - J is the mass flux (kg/m?.s),

- D the diffusion coefficient (m?%/s),

- C the concentration of the diffusing molecule (kg/m°),

- X the diffusion axis.

In the case of compact (dense) materials, the flux can be expressed by:
(C,-C)) 4.2)
€

where e is the membrane thickness, C; and C, are the permeant concentration on both sides
of the membrane.

However, for porous materials it is likely that molecules pass through large, non adsorbing
pores [18]. From the Matthews and Spearing formula [19], the porosity (¢) and the tortuosity
(€) must be included in the calculation:

J=D
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J =£D(C1_C2)
T €

(Eq.3)

1.2.2.1.2. - Solubility

Adsorption and desorption characterize the affinity of a given substance for two media with
which it comes into contact [17].
Henry’s law is applied to link the surface concentration of a gas component with the partial
pressure in the atmosphere in which the material is in contact:
C=Sp (Eq.4)
where C is the concentration of the solute (mol/m®), S is Henry’s solubility (mol/m*/Pa) and p
is the partial pressure of the solute (Pa).
From this equation, the flux can thus be expressed as:
3=psP™P)  ;-Eps(R=PR) (Eq.5, Eq.6)
€ r €
where P; and P, are the partial pressure of each side of the membrane.

[.2.2.1.3. - Permeation

Permeation is the ability of permeates to penetrate and pass right through an entire material
in response to a difference in partial pressure.

Permeability includes both kinetic (diffusion) and thermodynamic (solubility) properties of the
polymer/permeate system. The permeability (Pe) is thus expressed in kg/m.s.bar by the
combination of the diffusion coefficient and the solubility coefficient:

Pe=D.Sor Pe=£DS  (Eq.7, Eq.8)
T

J= Pdpl_ pz)
€

(Eq.9)

[.2.2.2. - Barrier properties of polymers

[.2.2.2.1. - Influencing factors

For polymers, various parameters can influence the barrier properties of the material. Indeed,
the diffusion and solubility coefficients depend on physical and physico-chemical parameters
such as:

*  The polymer morphology:
The crystalline part of the polymer strongly reduces the permeability rates of gases contrary
to the amorphous part. The free volume influences the permeant mobility.

* The nature and concentration of the diffusing substance:
The molecule size influences the diffusion. The molecule affinity with the polymer influences
the solubility.

*  The temperature:

: , : : E
Pe increases with temperature according to the Arrhenius law: D = D, exp(— Rfl'j

where Dy is the maximum diffusion coefficient at infinite temperature, E, the activation energy
of molecules, R the gas constant, and T the temperature.
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*  The humidity:
The relative humidity has very significant effects on the permeability of flexible films. The
permeability increases with the increase of relative humidity for hygroscopic material. For
example, the barrier properties of nylon, poly(vinyl alcohol) or cellophane are reduced when
increasing the relative humidity [20].

The storage conditions (temperature, humidity & light) have an influence on the barrier
properties of packages and it is essential to adapt the choice of the material according to
these parameters.

[.2.2.2.2. - Permeability values for synthetic poly  mers

In the barrier packaging industry, aluminium foil is widely regarded as the standard material
[11]. To reduce the cost and the weight of packages, various systems have been developed
by lamination of high barrier polymers such as poly(vinylidene chloride), ethylene vinyl
alcohol copolymer, and poly(vinyl alcohol). These synthetic polymers have a very low oxygen
transmission rate but only in the dry state as shown in Table I-3 [21].

Oxygen permeability -
at 23°C-50% or Water vapour permeability

Polymer at 23°C-85% RH

23°C-0% RH Pt
(cm®.um/m2.day.bar) gH oay

Poly(ethylene terephthalate) (PET) 987- 4935 500 — 2000
Polypropylene (PP) 49350-98700 200 - 400
Polyethylene (PE) 49350-197400 500 - 2000
Polystyrene (PS) 98700-148050 1000 — 4000
Poly(vinyl chloride) (PVC) 1974-7896 1000 — 2000
Poly(ethylene naphtalate) (PEN) 493 700
Polyamide (PA) 99 — 987 (dry) 500 — 10000
Poly(vinyl alcohol) (PVAL) 20 (dry) 30000
Ethylene vinyl alcohol (EVOH) 0.99 — 9.9 (dry) 1000-3000
Poly(vinylidene chloride) (PVDC) 9.9 — 296 (dry) 100

Table 1-3: Gas barrier properties of synthetic polymers [21].

Nevertheless, the use of plastics has an environmental impact and there is a growing interest
to replace petrochemical polymers by more environmentally friendly materials.
1.2.3. - Paper&board packaging

Paper & boards are used for many applications such as graphic paper, sanitary & household,
newsprint and packaging application (Figure 1-3). The production of case material is 26.3%
corresponding to more than half of the production of paper&board packaging [22].
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Carton Board,;
Other Papers; 8.8%

4.5%
Newsprint; 10.2%

Wrappings; 4.1%

Other P&B for
Packaging; 4.0%

Case materials;

Other Graphic 26.3%

Papers ; 35.0%

Sanitary &
Household; 7.3%

Figure I-3: Paper consumption according to market segment [22].

Concerning the use of papers&boards for barrier and functional packaging, boards are
mainly converted into liquid packages as shown Figure 1-4 [23].

Carton and Sacks and bag;
folding boxboard; 50
16%

Papers; 19%

Corrugated case;
16%

Liquid packaging
board; 44%

Figure I-4: Market for functional and barrier coatings by grade of paper or board [23].

From the environmental point of view, paper and board materials have a lower impact
compared to other packaging materials [24]. However, paper&board materials have some
drawbacks (Table I-4) such as low barrier properties (water and grease resistance, water
vapour and gas permeability).
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Advantages

Disadvantages

Low density

Good stiffness

Can be creased and folded

Can be glued with adhesives

Not brittle, but not as strong as many
plastics, metals or glasses

Permeable to water, water vapour, aqueous
solutions, emulsions, organic solvents,
gases, volatile flavours and aromas

Most grades are not resistant to grease or
fatty substances

Not heat-sealable by itself but it can be

Several grades have inherent
resistance
Excellent surface for inexpensive printing

Many products are approved for direct food

grease | glued

contact

Repulpable and amenable to recycling
processes

Better resistance to high and low

temperatures than many plastics
Low cost

Table I-4: Advantages and disadvantages of paper packaging [11].

To improve the paper properties, several treatments can be used [14]:

» A chemical or physical reaction at the paper surface to improve its water or grease
resistance. The vegetal parchment, used for packed cheese for instance, is an
example. This paper is formed from blotter paper by acid hydrolysis and possesses a
good grease resistance [14].

* Treatment of the pulp with a barrier solution before or after the sheet formation.

* The production of complex materials by lamination, extrusion or both of barrier films.
The combination of a paper/board, an aluminium foil and a polymer film is often used
to obtain a rigid, barrier and thermo sealable materials.

* The application of barrier materials by coating process. This online process presents
the advantage of being in-line compared to the off-line extrusion or laminating
processes. The deposited products are generally waxes and paraffins, fluorinated
products or water based polymer dispersions.

[.2.3.1. - Coating techniques

1.2.3.1.1. - Extrusion coating and lamination

Two major off-line processes are used to produce complexes, by combining board with
polymer films. Figure I-5 presents one of these techniques, i.e. the extrusion coating. The
major polymers used are: polyethylene, polypropylene, polyamide, or polyethylene
terephthalate.
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Extrusion device

*
*e

CHILL - ROLL
Base paper c |
& board omplexe

Figure I-5: Extrusion coating process [14].

The second technique is the lamination process (Figure 1-6). In this case, the paper&board
base is combined to the polymer or aluminium foil using an adhesive.

Base
paper&board

Corona
treatment

Complexe

Polymer film
or Aluminium

Figure 1-6: Lamination process [14].

1.2.3.1.2. - Classical coating processes

The three main coating techniques used for the paper surface treatment are illustrated in the
followed figures (Figure 1-7, Figure 1-8, Figure 1-9). Firstly, Figure 1-7 presents the metering
size press coating. This technique is the most commonly used process in the paper industry
and generally used for low coat weight.

Paper
Coating
colour

Applicator
roll

@)

Figure I-7: Scheme of metering size press [25].
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The blade coating is described in Figure 1-8. The rod coating is based on the same principle;
the blade is replaced by the wire-wound rod. The blade and rod coatings produce a level
coating layer at the surface. A large range of coat weight is available with these systems.

N

[ \'I \III
|

| |
| |I |
\

/

Paper

Backing roll
/ \ Reer  Ea Coating color
Blade 'F
/ V
|'( 19
\ /- |
3

Applicator roll T

Figure 1-8: Scheme of blade/rod coating [26].

Curtain coating, Figure 1-9, offers the possibility to deposit several layers in one pass.
Moreover, the contour coating allows to obtain a homogeneous layer thickness.

Cavities
Storage Tanks

Slots

Curtain Flow Zone

Curtain Flow Zone

Impingement Zone

. Levelling

!

Pump Web

Figure 1-9: Scheme of curtain coater [27].

Parameters for each coating technique are summarized in Table I-5. Each technique has its
specific parameters such as coating colour viscosity and the coat weight deposited.
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. : . . Coat
Coating Speed | Solids | Viscosity .
process | (m/min) | (%) | (mPa.s) weight
(g/m?)
Meterlng 1000 5-20 | 20-100 | 0,5-8 | One layer “
size Press .
Contour coating
500- _
Blade/Rod | 1500 | 50-70 5-20 | One layer
3000 :
Level coating
. 500- :
Curtain 1800 | 40-70 7-20 | Multilayer _
1500 :
Ideal contour coating

1.2.3.2. - Barrier properties of paper & board pack

Table 1-5: Parameters of coating techniques.

aging

Several possibilities are available to produce packaging from paper & board materials. Table
I-6 summarizes some examples.

Application

Barrier properties

Use

Complex with Polymer
(PE, PP, PA, PET..))

Extrusion coating

PE : Water and water
vapour barrier

Paper/PE : flexible
packaging for meat,
fish
PE/Board/PE: freeze
product, milk box
Board/PET: basket
for fresh foods

Wax and paraffin

Applicator roll,
impregnation, curtain
coater, spray

Excellent water
resistance, good
grease and water

vapour barrier

Paper mould, cup,
board box, cheese
paper, bakery bag...

Fluorinated product

Wet end, coating (size
press, coating,

printing)

Excellent grease
resistance, moderate
water barrier

Fat food packaging,
pet food, fast foods

Water based polymer
dispersion

Size press, blade rod
coating, printing

According to the
dispersion use

Flexible or rigid
packaging, fat, dry,
fresh product...

Table 1-6: Examples of paper & board packaging [14].

Currently, the use of petroleum based polymers is common for the paper&board packaging
production. Paper&board having poor barrier properties, they are generally associated with
petroleum-based polymer films with excellent barrier properties. However, the
implementation of these polymers by extrusion or lamination needs offline processes which
increase the production costs. Moreover, their recycling possibilities are always low
compared to paper&board packaging.
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The use of bio-sourced products is thus one of the priorities of this study in order to preserve
the biodegradability and recycling properties of the paper&board materials. Extrusion
involves specific temperature and viscosity values for the successful film production. Bio-
sourced materials are generally not adapted for the extrusion, hence coating process was
studied here.

[.3. - Microfibrillated cellulose

Biopolymers are currently more and more studied to replace synthetic polymers. There are
three categories of biopolymers [28]:

* Polymers directly extracted from natural materials such as: polysaccharides
(cellulose, starch for example), proteins and lipids,

* Polymers produced by classical chemical synthesis from renewable bio-derived
monomers,

*  Polymers produced by microorganisms or genetically transformed by bacteria.

The development of nanoparticles from cellulose has been extensively studied over the last
decade. Large improvements were carried out for their production method and their yield. A
growing interest was observed for the use of nanocelluloses in composites and in
papermaking.

[.3.1. - Fibres, nanocrystals and microfibrillated cellulose

Cellulose fibres are available in large amount on Earth. Indeed, between 10'° and 10" tons
of cellulose are synthesized each year [29]. They are derived from wood as well as from
higher plants, a wide variety of bacteria, algae and fungi, and some animals such as
tunicates.

Figure 1-10 shows the structure of wood from macro to molecular level. Cellulose fibres are
generally 20 to 40 ym in diameter and about one millimetre long. However, the size of fibres
depends above all on the type of wood: hardwood or softwood. Hardwood mainly consists of
small fibres with length 0.4-1.6 mm and width 10-40 ym. Fibres of softwood are longer with
length 1.4-6 mm and width 20-50 um [30].

--f} ‘— tank 100'102
- ||

! 4— timber 10°-10*

“—— gowthring 107
. | meters

fibers 10°®
cell wall 10°®
macrofibrils 108
microfi brils 10°
OWW 4—— mdecue 10710

Figure I-10: Detailed structure of a tree from macro to molecular level [30].
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The cell wall is a multilaminate composite (Figure I-11) [31]. In the individual cell wall, layers
differ eachother by the orientation of the crystalline cellulose microfibrils within each layer.

Warty layer (W) h
S, (0.1um) ;;;
s )
2 Earlywood (1-2 pm) [~ 2
Latewood (3-5 um) g
S$,(0.1-0.3 um)

Primary wall (P)
(0.1-0.2 um)

Middle lamella (ML)

Figure I-11: Scheme of general structure of the tracheid cell wall of a fibre and the dominant
helical orientation of the microfibrils [31].

The external layer of the fibre or middle lamella with a thickness of 0.5-2 pm mainly consists
of lignin (70%) associated to hemicelluloses and pectin. This layer ensures the adhesion of
the cell with its neighbours.

The primary cell wall is very thin (0.03-1 um) and is made up of several layers of microfibrils
which are embedded in a lignin, hemicellulose and pectin mixture.

The secondary cell wall is the thickest layer and accounts for 60-90% of the volume of the
whole cell wall. This cell wall is divided into three different layers (Si1, S, and S3) which are
composed of microfibrils aligned in an ordered and parallel arrangement which differs from S
layer to S layer. S; is only 0.1-0.3 pm thick and the microfibril angle with respect to the cell
axis is 60° to 80°. S, layer is the most important with a thickness of 1-5 um. In this layer the
microfibril angle is 5° to 30° to the cell axis. S;is a relatively thin layer of 0.1 um and the
microfibril angle is 60° to 90° to the cell axis [32, 33].

Therefore, fibres are composed of an assembly of microfibrils which have nanometer size
and which can be isolated by fibrillation.

At the molecular level, cellulose is a polydisperse linear polymer of poly-p(1,4)-D-glucose
residues, whose molecule is shown in Figure 1-12.

HOHZi/O HO OH HOH;C\/O
e WO\Z\Z—/\ s
0 0%
HO—
HO OH oM, C7\o OH
Cellulose

Figure I-12: Cellulose molecule [34].
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Cellulose exists under several crystalline forms corresponding to allomorphs called: I, II, 11,
[y, 1V, 1Vy. Cellulose | is the native cellulose which could be converted into the other forms
by chemical or thermal treatments.

Cellulose is a very stiff material among natural materials thank to its crystalline regions which
have a very high elastic modulus evaluated to 140 GPa (cf. Figure I-13). Its mechanical
resistance competes with engineering materials too (Figure 1-14). The crystalline regions
could thus bring interesting reinforcing effect.

160004 -

f - A S s &
|Natural materials| Nawra.f fibers
Spider
Modulus, strength, snengy storage dragline sitk | N
silkworm.  Cotton ™ Haing

viscid sith Kenal
Coly Hydioxyapatite

o/ Sisal | Ramie
e wole\...; [/Ri

3 " Aragonite
10004 : } Ll SR = Conical hone
2 i + Chitin
Maolluse shall
+Biosilica
.. Ega shell
| Coral

Tensile strength (MPa)

104 F Mineralized
Elastn i namel  tissue
N i vitae, acress gialn
\ ancellows bone, high density
Elm, acioss grain
T4 Pine, achoss qrain
All'aly : Reail: Lo|k / ) Cnllcoﬂou:hal:t.lew density
it :
Abductin ;
1 ‘;.Em]s:ln across graln Woods ang
014 ) wood-like maleﬂa!s ;
T T T T T
1e-3 0.01 1 10 100 1000

Young s modulus (GPa)

Figure 1-13: Mechanical properties of natural materials [35].
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Figure 1-14: Mechanical properties of engineer materials [35].

In order to exploit the mechanical properties of crystalline cellulose, fibres can be
decomposed into nanocelluloses with higher crystalline ratio. Among nanopatrticles that can
be obtained from cellulose fibres, two types can be distinguished: whiskers (or cellulose
nanocrystals) and cellulose microfibrils (or microfibrillated cellulose). Figure I-15 shows the
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morphology of these nanoparticles and the different corresponding names generally used in
the literature.

Cellulose fibres

s..s-w‘
ﬁ%u N

L = several um
— —very h.h aspect ratio

L =100 nm-300 nm

Cellulose nanocrystals
-Whiskers
-Cellulose nanowhiskers
-Nanocrystalline cellulose

Figure I-15: Nanoparticles obtained from cellulose with their terminologies.

[.3.2. - Overview of the production routes of nanoce lluloses

Whiskers and cellulose microfibrils have different shapes and aspect ratios. This results from
the different methods employed for their production. This part gives thus a short overview of
these production routes.

[.3.2.1. - Production of cellulose nanocrystals (CN  C)

Whiskers are only composed of the crystalline part of cellulose. They consist of highly
crystalline rod-like particles with a high specific area [36]. Stable aqueous suspensions of
cellulose nanocrystals are generally produced by a strong acid hydrolysis treatment allowing
the disruption of amorphous region (cf. Figure 1-16).

3 Amorphous region
Native cellulose

NN %

Crystalline regions l Acid hydrolysis

Individual
nanocrystals

—— —— Individual cellulose polymer

Figure 1-16: Acid hydrolysis of cellulose [34] and TEM image of cellulose whiskers [30].

The structure and properties, specially the size of whiskers depend on the source of the
original material [37] and the hydrolysis conditions. The length of cellulose whiskers is
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generally around 100-300 nm and their aspect ratio (length/diameter) is typically between 10
and 30 [38].

A pilot production plan was recently built by Fplnnovation and Domtar in Canada. The
production can reach one ton nanocrystals per day with a yield of 60%. The product is for the
moment designed for the high added value market with an announced cost between 10 and
100€/kg.

1.3.2.2. - Production of MFC/NFC

Cellulose microfibrils, presented in Figure 1-17, are an assembly of linear glucan chains of
cellulose. The whole structure is stabilized by hydrogen bonds. Cellulose microfibrils are
extracted from wood or plants by mechanical processing or homogenisation [38].

{a) Celulose fibers

e

) Chse o AT
moleetdes - O kTG
T QTG

Figure I-17: Structure [39] and TEM image of cellulose microfibrils [40].

Aggregates of microfibrils consist of both monocrystalline regions and amorphous regions.
Their length is few micrometers and their diameter is generally around 5-30 nm leading to a
very high aspect ratio.

Figure 1-18 describes and summarizes the methods used to obtain these cellulose
nanoparticles and their size.
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Figure 1-18: Methods of fibre treatment (adapted from Paakka) [41].

This project was only focused on microfibrillated cellulose for several reasons: firstly their
aspect ratio is higher and this could be more profitable for the development of barrier
materials. Secondly, MFC is more appropriate for the papermaking market with lower cost.
Indeed, the yield of the mechanical process is of 100%. Spence et al. [18] described energy
& materials cost between 0.75 and 1.9 €/kg. Partners in the SUNPAP european project have
also evaluated production costs of this order.

The following literature review details thus the production of microfibrillated cellulose (MFC)
as well as the development of MFC films, MFC based composites and MFC based
paper&board materials.

[.3.3. - MFC production

1.3.3.1. - From various sources

MFC is prepared as an agueous suspension under the form of nanofibril aggregates with a
lateral dimension in the range of ten nanometers and a high aspect ratio.

Several studies on this subject showed that it is possible to produce MFC from various
cellulose sources. Wood is the first source used but other sources were also investigated
and are summarized in Table I-7.
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Sources
Wood Non wood
Pinus sylvestris/Picea abies [41] Potato tubers [49]
Picea Abies [42] Sugar beet pulp [29, 40, 50, 51, 52, 53]
Pinus pinaster [43] Swede root [54]
Northern black spruce [44, 45] Peel of Opuntia ficus-indica [55]
Radiata Pine [46] Algae [56]
Eucalyptus [47] Sugar cane bagasse [57]
Hardwood softwood [48] Sisal [58, 59]
Rachis of date palm tree [60]
Banana rachis [61]

Table I-7: Cellulose sources used to prepare MFC.

1.3.3.2. - Pre-treatments

Over the years, several procedures were developed for the fibre delamination [62]. The first
MFC suspensions were produced by the method developed by Turbak et al. [5] and Herrick
et al. [63]. This method consisted in passing a dilute cellulose wood pulp fibre/water
suspension through a mechanical homogenizer where a large pressure drop facilitated
microfibrillation. However, about 27000 kWh per ton of MFC were necessary to produce a
suspension from a sulphite pulp with high hemicellulose content [62].

To promote a good fibrillation, it is generally needed to repeat the mechanical shearing
several times. The processing cost is thus very high using these mechanical processes. To
reduce the energy need, three categories of pretreatments were developed in order to
facilitate the disintegration [2]:

* Mechanical treatment with a mechanical cutting,

*  Chemical treatment with acid hydrolysis, TEMPO-mediated oxidation or
carboxymethylation,

*  Enzymatic pre-treatment with cellulases.

1.3.3.2.1. - Mechanical pretreatment

One solution can be to reduce the fibre length by mechanical cutting in a first step. Indeed,
cutting the fibres into shorter lengths increases the rate of homogenisation by exposing
increased fibre cross section area to fibrillation [63].

Nakagaito et al. [64] developed a combination of repeated mechanical forces to promote the
fibrillation of cellulose fibres with 30 passes through a refiner and then 14 passes in a
homogenizer. Recently, Zimmermann et al. [65] developed a general mechanical method
convertible for a later industrial up-scaling. First, a mechanical pre-treatment was conducted
in a thermostatic reactor with on line dispersing system. To reduce the fibre dimensions and
improve the swelling capacity in water, the pulp was milled in a preliminary step. After cooling
to 15°C and dispersion at 20.000 rpm, cellulose fibril bundles were obtained. Then, these
suspensions were introduced in a microfluidizer high shear processor. The mechanical
treatment was done until observation of a highly viscous and homogeneous suspension with
no solid residue.

The mechanical technique has limits and the energy consumption is always high. For this
reason, another solution has been proposed with the pre-treatment of the fibre cell wall prior
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to homogenization. Firslty, a chemical way was tested with acid hydrolysis, TEMPO-
mediated oxidation or carboxymethylation.

1.3.3.2.2. - Chemical pretreatment

The use of acid hydrolysis as pre-treatment showed that the molecular weight of cellulose
polymer was lower with this technique and resulted in short, fibrous crystallites with a low
aspect ratio [66]. However, three other pre-treatments can lead to a more efficient process
and lower processing cost. First, Wagberg et al. [67] described the carboxymethylation
procedure followed by homogenization. The carboxymethylation consists in the substitution
of hydroxyl groups by carboxymethyl groups (CH,COOH). This method produces highly
charged MFC material and this charging of the pulp allows an easier fibrillation. Indeed, the
introduction of charged groups into the fibre pulp has long been known to enhance
delamination of the fibre walls [68]. The fibrils liberated had a diameter of 5-15 nm and a
length of more than 1 pm with a charge density about 0.5 meq.g™.

Saito et al. [43] studied the efficiency of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation of cellulosic fibres used prior the mechanical treatment. This reaction,
described Figure 1-19, provides a negative charge at the microfibril surface [69,70]. The
electrostatic repulsion caused by anionic carboxylate groups between the TEMPO-oxidized
cellulose nanofibers (TOCN) decreases the number of hydrogen bonds present in the wood
cell walls. This combination presents the advantage of disintegrating fibres into microfibrils
with lower width (10-20 nm wood MFC) using a much lower energy input. Several authors
have also chosen this technique to produce MFC [71, 72, 73].

COOH
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OH o
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Figure 1-19: TEMPO-mediated oxidation of cellulose to form C6-carboxylate group [70].

These last two methods lead thus to a modification of cellulose molecule with addition of
carboxymethyl group for the first one and an oxidation that is to say the substitution of
CH,OH groups by carboxyl groups for the second one. The last pre-treatment method is an
enzymatic hydrolysis.

1.3.3.2.3. - Enzymatic pretreatment

The use of cellulases for applications in the pulp and paper industry has been extensively
reported, mainly for paper recycling or fiber refining [3]. Cellulases can be divided into three
groups [74,75]:
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« Endoglucanases or B-1,4-endoglucanases which randomly hydrolyze accessible
intramolecular B-1,4-glucosidic bonds in cellulose chains, generating oligosaccharides
of various lengths and consequently new chain ends,

* Exoglucanases (cellobiohydrolases) acting on the chain termini to release soluble
cellobiose (cellobiohydrolase) or glucose (glucanohydrolase) as major products,

* B-glucosidases which hydrolyze cellobiose to glucose, in order to eliminate cellobiose
inhibition.

The endoglucanases are generally used for the MFC production [42] and lead to the
cellulose degradation through breaking glucosidic bonds to weaken microfibril surface.
Paakko et al. [41] achieved an enzymatic hydrolysis treatment combined with mechanical
shearing and high pressure homogenization. Compared to aggressive acid hydrolysis, this
concept of soft enzymatic hydrolysis allowed to reach a higher aspect ratio of MFC.
Moreover, the constriction chambers of the homogenizer quickly became blocked and the
resulting material was non homogeneous and contained a large amount of intact fibres. The
use of enzymatic treatment improved the suspension homogeneity. At last, the use of
enzymatic pre-treatment shows advantages from the environmental point of view, compared
to chemical methods. This method of enzymatic pre-treatment followed by mechanical
shearing, was also used by Janardhnan and Sain [44] and Henriksson et al. [76] and
patented by Ankerfors [77] in 2009.

[.3.3.2.4. - Conclusion

The pretreatment of pulp before the mechanical shearing improved the suspension
homogeneity and reduced the energy consumption. Some data are summarized in Table [-8.

Pretreatment i?;zéﬁzz Energy requirement (kWht ™)
None Kraft 12000-70000
None Sulphite 27000
Carboxymethylation (DS=0.1) Kraft/Sulphite 500
Enzymatic/Refining Sulphite 1500

Table 1-8: Energy requirement for the MFC production [62].

Therefore, the use of enzyme pretreatment decreased by a factor 20 the energy needs
compared to unpretreated pulp. The carboxymethylation once again reduced by three times
the energy requirements compared to enzymatic pretreatments.

1.3.3.3. - Mechanical treatments

Currently, several technologies are available for the MFC production such as described in
the Table I-9.

Technologies Supplier
Homogenizer Manton - Gaulin
GEA
Microfluidizer Microfluidics
Grinder Masuko

Table 1-9: Technologies for the MFC production.
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1.3.3.3.1. - Homogenizer

The homogenizer used by Turbak et al. [5] was a Manton-Gaulin 15MR homogenizer. The
slurries of cellulose fibres at 1-2 wt% were subjected to a high pressure (55 MPa)
homogenizing action. In this process, the fibre pulp was passed through a thin slit where it
was subjected to large shear forces. Figure I-20 illustrates the forces performed by the valve
opening and closing in rapid succession leading to high shearing of the pulp [3]. This
procedure has to be generally repeated several times (10-20 times) in order to increase the
degree of fibrillation. According to the number of passes, suspensions became more viscous
and translucent.

PR SR SR TR Slit
.--.-_
3
Valve e
o
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Figure I-20: Scheme of the slit Gaulin homogenizer [3].

Several researchers have then followed this procedure for NFC production. Dufresne et al.
[49] used, for example, 15 passes through a laboratory homogenizer at 500 bars and 90-
95°C to produce MFC from potato tubers. Andresen et al. [78] produced MFC from spruce
sulphite pulp using 10 passes at 600 bars in a Gaulin M12 homogenizer. The main
disadvantage of this device is the clogging of the system by the long fibres and particularly in
the in-line valve [18]. The number of cycles is important leading to an excessive energy
requirement and very high processing costs.

More recently, a homogenizer, supplied by GEA, allowed the production of MFC at pilot scale
(Figure 1-21). The process is similar to the one of Gaulin homogenizer but the pressure can
reach 1500 bars with a higher flow rate.

Figure 1-21: Scheme of a high pressure homogenizer (GEA Niro Soavi) [79].
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[.3.3.3.2. - Microfluidizer

An alternative to the homogenizer is the microfluidizer (Microfluidics Inc, USA). The fluid
slurry is pumped through z-shaped interaction chambers where it is submitted to high shear
forces (Figure 1-22). Indeed, the combination of high pressure (2760 bars) and interaction
chambers defibrillates the fibres by shear forces and impacts against the channel walls and
colliding streams. Plugging issues are reduced using reverse flow through the chamber
compared to the homogenizer system. Several passes are required once again to perform a
good fibre fibrillation.

ntrol

Process Pressure
Cantral =

Process Pressure
Gauge Shut off  —__

Aunxiliary Processing __
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f::-Z-shaped chamber]

\
i
: Product Outlet
1

Hydraulic Ol
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Hydraulic Qil Level/
Temperature Gauge

Figure 1-22: Microfluidizer device [80].

[.3.3.3.3. - Grinder

Other researchers performed the mechanical treatment using a friction grinding process by
grinding discs (Figure 1-23). Wood fibres are forced through a gap between a rotor and a
stator disk. These disks have bursts and grooves that contact the fibres to disintegrate them
into the sub-structural components [18]. The upper grinding disc is fixed and the lower one is
rotated at a high speed 1500 rpm. For example, Taniguchi and Okurama [81] obtained MFC
with a diameter of 20-90 nm after 10 passes through the super grinding machine.

rotor adjustable
clearance

1.500 rpm

Figure I-23: Masuko grinder [3,82].
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[.3.3.3.4. - Other methods

Another method of preparation using high shear refining and cryocrushing was studied by
Chakraborty et al. [45]. This technique, seldom used, consisted in the combination of severe
shearing in a refiner and high-impact crushing under liquid nitrogen. Liquid nitrogen was
used to freeze the water in the refined pulp and a mortar and pestle were used to produce a
high impact force to liberate the fibrils [18]. The diameter of microfibrils ranged between 0.1
and 1 um, larger elements compared to the other techniques.

Lastly, the use of simple blender can be sufficient to homogenize TEMPO oxidized pulp.
Saito et al. [43] reached 90% of thin elements from pulp oxidized with 2.5 or 3.8 mmol
NaClO/g cellulose and homogenization in a Waring blendor.

This part summarized the different methods used for the mechanical fibrillation of cellulose.
Several equipments such as homogenizer, microfluidizer and grinder are available for the
production of MFC. Mechanical, chemical or enzymatic pretreatments are generally
associated to mechanical shearing in order to reduce the energy requirements. It is important
to note that these different processes influence the final MFC properties.

[.3.4. - Morphology of MFC/NFC

One of the main techniques currently used to characterise cellulose microfibrils is a
combination of microscopic techniques such as for example SEM, TEM, AFM. Allowing the
study of surface samples, these techniques provide information concerning the MFC
morphology.

[.3.4.1. - Transmission electron microscopy

Transmission electron microscopy (TEM) is a high-resolution microscopic technique often
used to characterise MFC. The principle is that an electron beam is going through the
sample. Electrons are transmitted to the detector according to the interactions between
electrons and atoms of the sample. An image is thus obtained with a resolution around 0.1
nm. For this technique, a drop of dilute MFC suspension is deposited on a substrate. The
drying can lead to MFC aggregation, it is thus difficult to observe individualized MFC.
Therefore, Paakko et al. [41] have suppressed the drying using the cryo-TEM procedure to
obtain images such as in Figure 1-24. The sample was thus studied at cryogenic temperature
in a frozen-hydrated state.
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Figure 1-24: Cryo-TEM image of MFC [41].
Figure 1-24 shows long, well-defined and distinct cellulose microfibrils which are mostly of a

diameter around 5 nm as well as thicker fibrils of a diameter of up to 10-20 nm. However, the

length was not easily evaluated with this technique.
Table 1-10 summarizes the diameter ranges and the TEM images of MFC obtained from

various sources and techniques.
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MFC .
Method Reference Vegetal source width TEM image
[49] Potato pulp 5nm
[55] Opuntia ficus-indica 5 nm
Mechanical parenchyma cell
shearing
0.1-1
[45] Bleached kraft pulp
Mm
Softwood sulphite pulp, < 100
[65] Wheat straw pulp, Beech am
wood
TEMPO oxidation
+
mechanical [43] Bleached sulphite pulp few nm
shearing
Carboxymethylation
+ _ 5-15
mechanical [67] Softwood sulphite pulp am
shearing
10-250
[44] Bleached Kraft pulp
nm
Enzymatic
pre-treatment + 15-30
mechanical [42,76] Bleached sulphite pulp nm
shearing
[41] Bleached sulphite softwood | 5-20
pulp nm

Table I-10: MFC suspensions obtained from various sources and methods.
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[.3.4.2. - Scanning electron microscopy

Scanning electron microscopy (SEM) uses an electron beam which scans the surface of the
sample. The resolution reaches the range of the nanometer when a field emission gun (FEG)
is coupled with SEM. This technique was used by Taniguchi et al. [81] for MFC films. Figure
I-25 shows the network formation with MFC. The MFC suspension is an entangled network:
the MFC size is thus very difficult to measure exactly. Indeed, the extremities of individual
MFC were not observed because of the aggregation and entanglement. Moreover, the scale
used to observe the diameter (~10-30 nm) was too small to measure the length (~1-3 ym).

Figure 1-25: SEM photos of wood pulp (left) and MFC from wood pulp (right) [81].

[.3.4.3. - Atomic force microscopy

Atomic force microscopy (AFM) consists in scanning a cantilever with a sharp tip at its end
across a sample surface with a small constant force. The topography of the sample is
determined by measuring the interactions between the sharp tip and the sample surface
which depend on attraction or repulsion between atoms present at the surface and the tip. A
piezoelectric scanner drives the tip to scan the sample. Using this technique, Paakko et al.
[41] dried the MFC on a mica substrate.

Figure I-26: AFM analysis of MFC dried on mica substrate [41].
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The AFM micrographs shown in Figure 1-26, present a network of objects whose width is 20-
30 nm. The larger widths of fibrils compared to those of the cryo-TEM images can be due to
the drying of fibrils or fibril aggregates.

Therefore, the microscopic techniques give qualitative information on the MFC morphology.
Only the diameter was clearly defined. Most of the MFC consists of nanofibrils with a
diameter ranging between 5 nm and 30 nm and a length around several micrometers.

1.3.5. - Degree of polymerization of cellulose

This intrinsic viscosity measurement is currently used to determine the degree of
polymerisation of cellulose according to the standard ISO 5351. The nanofibrillated cellulose
suspension is firstly dried for 24h at 50°C and then a given amount is dissolved in a cupri-
ethylenediamine (CED) solution. The running time through a marked distance of a capillary
tube viscometer is determined. The limiting viscosity can be calculated from the equation:

[/7]—I|m,7Sp —Ilm,7 ,70

c

(Eq.10)

Nsp COrresponds to the intrinsic viscosity, n to the solution viscosity, no to the viscosity of the
pure solvent and c to the concentration of the polymer in solution. The Mark-Houwink
equation gives the relation between the intrinsic viscosity and the molecular weight M:

7l=kmM®  (Eq.11)

The parameters a and K depend on the particular polymer/solvent system. For cellulose
dissolved in CED, K=0.42 and a=1 for DP< 950 and K=2.28 and a=0.76 for DP> 950 [83].
Table I-11 presents the results obtained by Zimmermann et al. [65] for five types of fibres
and their corresponding MFC obtained from softwood sulphite pulp, wheat straw pulp and
beech wood pulp. The degree of polymerization of cellulose microfibrils allowed to evaluate
the efficiency of high shear fibrillation. For example, the degree of polymerization of softwood
sulphite pulp decreased from 2249 to 825 upon fibrillation process.

Cellulose material Intrinsic Viscosity | Degree of polymerization

n (ml/g) (DP)
Softwood sulphite pulp (SSP) 800 2249
SSP fibrillated 350 825
Wheat straw pulp (WPS1) 570 1433
WSP1 fibrillated 320 749
Wheat straw pulp (WSP2) 441 1025
WSP2 fibrillated 280 674
Beech wood pulp (BWP1) 460 1088
BWPL1 fibrillated 390 930
Beech wood pulp (BWP2) 120 291
BWP2 fibrillated 100 230

Table I-11: Intrinsic viscosity and degree of polymerization
of several pulps and their corresponding MFC [65].

In this study, the authors also showed that the homogeneity of the MFC material was more
important for its reinforcement potential than the degree of polymerization of cellulose. The
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quality of fibrillation as well as the network formation influences strongly the final properties.
FEG-SEM micrographs (cf. Figure 1-27) show less homogeneous and bigger aggregates for
beech wood pulp compared to this pulp after fibrillation process. However, they had almost
the same degree of polymerisation. The mechanical properties obtained for films produced
with the two sources of cellulose are linked to the quality of the suspension. Indeed, films
achieved with the commercial source have an elastic modulus 4 times lower and a tensile
strength 2.5 times lower than those of films obtained from MFC produced from this source.

Figure 1-27: FE-SEM micrograph of commercial refined beech wood pulp (left) and laboratory
isolated nanofibrillated cellulose out of refined beech wood pulp (right) [65].

[.3.6. - Rheology of MFC suspensions

The rheological behaviour is an important characteristic of MFC. Indeed, after
homogenization, MFC suspensions generally have a gel-like behaviour even for low
concentration (2%). Figure 1-28 shows MFC gels corresponding to carboxymethylated MFC
and oxidized MFC.

Figure 1-28: Photos of carboxymethylated MFC gel [84] (left) and
of TEMPO oxidized MFC gel [38] (right).

The viscosity increases with the fibrillation rate. Rheological study can thus give good
information concerning the fibrillation state. The increase of particle aspect ratio is directly
related to the viscosity. The viscosity of fluids made of particles in suspension depends on
the particle volume fraction. This is described by the Einstein equation for low concentration
suspensions of rigid spherical particles [85]:
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n=n,1+25¢ (Eq.12)

where n is the viscosity of the fluid, ns the viscosity of the solvent and ® the percentage
volume fraction of particles.

Clarke et al. [86] have described the viscosity according to the percentage volume
concentration for four shapes of particles (cylinder, disc, grain, sphere) (Figure 1-29).

Viscosily, @/mPa.s
8 8 8 4

=3
L]

T 1 1 i 'y 1
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Percenfoge volume concenlrotion

Figure 1-29: Viscosity according to the percentage volume concentration;
o cylinder, e disc, o grain, m sphere [86].

MFC has a very high aspect ratio leading to low percolation threshold. Therefore, the
viscosity quickly increases with the volume concentration. The study of dynamic viscosity
allows thus a better understanding of the behaviour of MFC suspensions and of their
viscoelastic properties.

Lowis et al. [87] carried out one of the first studies on this topic. The rheological behaviour of
cellulose microfibril suspensions from sugar beet pulp was characterised using a stress-
imposed rheometer. Two different geometries were used, cone-plate for flow measurements
and plate-plate for dynamic measurements.

The influence of MFC concentration was assessed. The existence of a critical microfibril
concentration was demonstrated for C=3 g/L. From this concentration, the viscosity
increased rapidly and a gel-like behaviour was obtained. Therefore, for MFC concentrations
above 3 g/L, MFC forms a physical network (Figure 1-30).
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Figure 1-30: Viscosity of MFC suspensions as a function of MFC concentration (A) compared
with zero shear rate viscosity for xanthan solutions (o) [87].
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The influence of the energy applied during dispersion on the quality of the suspension was
also demonstrated in this study. Ultrasonic dispersion was more efficient than mechanical
stirring, with higher values of yield stress. The rheological study was achieved with oscillatory
measurements as a function of temperature. There was no variation of storage modulus for
the three studied temperatures (25, 40 and 60°C).

Paakko et al. [41] studied the rheological behaviour of MFC suspensions from wood. A
controlled strain rheometer was used with two geometries: cone-plate for the 1-3 % (w/w)
samples and plate-plate for the 0.125-0.5 % (w/w) samples. The shear viscosity was
evaluated according to the shear rate from 0.1 to 1000 1/s (Figure I-31).

o 10

1w 1w 1
v [1/s]
Figure I-31: Viscosity of MFC suspensions at various MFC concentrations (left) [41].

As reported in Figure [-31, the viscosity of the suspension increases with the MFC
concentration. Moreover, a shear thinning behaviour was observed: the viscosity decreased
when the shear rate increased. This shear thinning behaviour was also observed for TEMPO
oxidized MFC, obtained from pine sulphite pulp [88] (Figure 1-32).
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Figure 1-32: Viscosity of TEMPO-oxidized MFC during the Waring-blendor treatment as a
function of shear rate. The arrow shows the increase in treatment time [88].

The range of viscosity was higher for this kind of MFC. Indeed, the viscosity at 100 s™ for the
0.4% oxidized MFC suspension was the same as for the 2% MFC suspension from the same
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pulp treated with 10 homogenizing passes at 55 MPa [88]. This was probably due to the
higher charge surface of MFC after TEMPO-mediated oxidation.

More recently, two articles described the rheological behaviour of MFC suspensions
according to the shear rate. lotti et al. [89] reported the presence of shear rate-viscosity
hysteresis loop. The study used a rotational rheometer with shear rates ranging between 0
and 1000 s™. The viscosity evolution was described according to the shear rate (Figure 1-33).
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Figure 1-33: Rheological measurements of MFC at 25°C with the increasing shear rate curve
(0-1000 s™) and the decreasing shear rate curve (1000-0 s™) [89].

The curve was divided into six different areas. The A and F areas correspond to the no-shear
structure. Under shear, the fibrils were oriented along the flow line leading to the viscosity
decrease. In the C and D areas, the high-shear structure was formed and a shear thinning
behaviour was observed due to the stability and the orientation of the structure. For the
intermediate areas, B and E, low shear structure was induced with the reorganisation and the
network formation by temporary hydrogen bonds or Van der Waals interactions.

Saarikoski et al. [90] used an imaging approach to put in relation the rheological behaviour
and the flocculation of the cellulose fibrils. The study showed that MFC suspensions form a
gel structure consisting of sintered flocs. Upon shearing, the flocculated network structure
was firstly deformed elastically until a limit where the flocs break loose from each other.
Figure 1-34 shows the images of flocs state according to the shear rate. The size of flocs was
inversely proportional to the shear rate.
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Figure I-34: Flocculated flow at several shear rates [90].

The influence of the presence of ions was also studied here. The addition of sodium chloride
decreased the repulsions between microfibrils and increased the aggregation effects.

The MFC suspensions had a gel-like behaviour and their viscosity was related to their
degree of fibrillation. Viscosity measurements were reported by several researchers but no
standard procedure was described. Moreover, few measurements with imposed strain
rheometer were described in the literature. Several studies reported a high viscosity of MFC
suspension at low concentrations which can limit their use in industrial applications. The
chemical modification of the fibril surface could be a solution to reduce the interfibril
interactions and thus the suspension viscosity.

[.3.7. - MFC films

1.3.7.1. - Production of MFC films

Several researchers [49,81] have developed techniques to produce MFC films. The most
used technique is casting/evaporation. Indeed, this method is very simple. The MFC
suspension (0.1% up to 1%) is poured into a mould (Teflon or polystyrene) and then stored,
generally at room temperature, until total water evaporation. For example, Aulin et al. [91]
achieved MFC films by pouring MFC suspension at 0.13% into polystyrene Petri dishes and
storing at 23°C/50% RH.

Another technique used is the suction filtration. Syverud et al. [92] used a suspension at 0.1
wt% poured into a cylindrical mould containing at bottom a polyamide filter cloth (top), a filter
paper (middle) and a supporting Cu wire (bottom). The water was removed by free suction
through the polyamide film into the filter paper. The films were dried by water evaporation at
room temperature.

Henriksson et al. [76] filtered the MFC suspension in a glass filter funnel using filter paper.
Films were then stacked between filter papers and dried at 55°C for 48h under about 10 kPa
applied pressure.

Large and flat films were produced by Sehaqui et al. [93] using a rapid Khoten sheet former.
This procedure, described in Figure 1-35, is a faster technique than casting and the drying
under constrain prevented the shrinkage and avoided the wrinkling.
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Figure I-35: Preparation procedure of MFC films using a semiautomatic sheet former [93].

1.3.7.2. - Properties of MFC films

It is important to emphasize that the properties of MFC films are related to the kind of MFC
used and production technique. For example, the properties of carboxymethylated MFC are
different from those of unmodified MFC.

1.3.7.2.1. - Density and porosity

The physical properties of MFC films are related to their porosity and density. These
parameters strongly depend on the structure of the nanoparticles, the presence of residual
components and the technique used to prepare the films [3].

The MFC film density can be calculated from the thickness and the basis weigth of samples.
Spence et al. [48] compared the density of MFC cast films produced from several pulp types.
After homogenization, films showed a densification. The packing was more important with
thin elements and when using a homogeneous suspension. Densities of MFC films were
between 0.514 and 0.972 g/cm® for the thermo-mechanical pulp (TMP) and unbleached
hardwood (UBHW) pulp, respectively. These values are lower than the ones reported by
Syverud et al. [92] ranging from 0.8 to 1.1 g/cm®. The observed difference resulted in the use
of vacuum filtration to produce MFC films in the latter study. Nogi et al. [94] obtained films
from wood flour with very high density of 1.53 g/cm?® thanks to a drying under pressure of 15
kPa. The density of crystalline cellulose is 1.59 g/cm?® whereas that of pure natural fibre
cellulose reaches 1.55 g/cm?® [95]. The cavities in the sheet were thus almost completely
removed. Figure I-36 summarizes the different density values reported for MFC films in the
literature.
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Figure 1-36: Density values reported in literature for MFC films.

An Archimedes scale was also used to determine the density for MFC films [76,96]. The
density was calculated from the displacement of the sample when immersed in mercury
using the Archimedes scale. The porosity was then deduced from the density with the
formula:

1_
porosity= Pr

(Eq.13)
C

where ps corresponds to the density of the film and p. corresponds to the density of the
cellulose, which is assumed to be 1500 kg/m3.

Henriksson et al. [76] studied the density and the porosity of MFC films prepared in different
solvents. The porosity increased when the films were produced in less hydrophylic liquid.
The values were thus of 28% for films produced in water and of 40% for films produced in
acetone. FEG-SEM images of MFC film surface (Figure 1-37) shows the cellulose microfibril
network formed by interfibrilar hydrogen bonding. The surface of the film was very closed
with pore diameters in the range of 10-50 nm.

Figure 1-37: FEG-SEM micrographs of cellulose microfibril film surface [76].
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Missoum et al. [97] determined the pore size of MFC films by mercury porosimetry. The size
obtained ranged from 4 nm to 20 nm. Fukuzumi et al. [98] analyzed the pore size of wood
and tunicin TEMPO-oxidized MFC films at 0% RH using positron annihilation lifetime
spectroscopy (PALS). This technique is used to study voids and defects in solids. PALS
analysis revealed a pore size around 0.47 nm from the film surface to the interior of the film
explaining the very high oxygen barrier of fiims. The AFM image, Figure 1-38, gave an
overview of the dense structure consisting of thin nanofibril elements.

Figure 1-38: AFM image of the surface of a TEMPO oxidized cellulose nanofibril film [98].

The literature studies showed the large range of MFC film densities. Indeed, the film density
is determined by fibril interactions and film process. The porosity also plays a role in the MFC
film properties. In most cases, the porosity was determined from the density and the
theoretical density of cellulose. Few studies details the pore size measurement. However the
values obtained are generally very low.

1.3.7.2.2. - Transparency

Elements with diameters less than one tenth of visible light wavelengths are not expected to
cause light scattering [99]. MFC being in this size range, most of MFC films displayed an
important transmittance value under visible light. For example, films formed by filtration in
Nogi et al. study [94], presented a good transparency thanks to a polishing step with emery
paper. The transparency of this nanofibre sheet (thickness 55 um) reached 71.6% at a
wavelength of 600 nm (cf. Figure 1-39).
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Figure 1-39: Transparency of cellulose nanofibre sheets [94].
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1.3.7.2.3. - Mechanical properties

Many authors evaluated the mechanical properties of MFC films having a thickness between
20 and 200 ym and demonstrated their high stiffness.

For example, Henriksson et al. [76] showed the reinforcement potential of MFC. Indeed,
MFC films with a thickness of 70 um presented high strength properties with an average
Young’s modulus equal to 10 GPa despite high porosity (20-28%). These results are
reported in Figure 1-40.

1500 ' ' o
@
[a
O, ({)
W
ém ®
g )
‘Cﬂ
o 5t
c
-1
(@]
>
0]

0 0.2 0.4 0.6 0.8 1
Relative density

Figure 1-40: Young’s modulus of MFC films [76].

Using cellulose nanofibrils from sugar beet pulp, Leitner et al. [53] obtained a material with
an elastic modulus of 9.3 GPa and a tensile strength of 104 MPa. The authors observed a
clear increase of mechanical properties after high pressure homogenisation. Indeed, the
unhomogenised pulp had values of 4.6 GPa for the elastic modulus and 73 MPa for the
tensile strength.

MFC films prepared by Syverud et al. [92] had the same tensile strength value of 104 MPa
for a thickness of 21 ym. However, the elastic modulus of 15.7 GPa was significantly higher.
Similar results were reported by Svagan et al. [96] with MFC films having an elastic modulus
and a tensile strength of 13 GPa and 180 MPa, respectively. The differences observed could
be explained by the various sources of cellulose, or by the process used to produce MFC
films. For example, Syverud et al. [92] produced MFC films from spruce by vacuum filtering
while Svagan et al. [96] prepared films from a blend of spruce and pine by casting.

Chun et al. [100] obtained ultrastrength nanopaper with a potential for various industrial
applications. Microfibrillated cellulose was produced from cellulose powder and 12 passes
through the homogenizer at 1400 bars. Nanopaper with a thickness of 20 um had a tensile
modulus of 10.6 GPa. After the consecutive chemical modification with NaOH and
tetramethoxy orthosilicate (TMOS), the tensile strength increased from 135 to 212 MPa.
Taniguchi and Okamura [81] evaluated the mechanical properties of MFC films obtained
from wood pulp and tunicin. The values were compared with those of commercial print paper,
hybrid composite (from wood pulp, tunicin and collagen) and low-density polyethylene. The
results show that films from wood pulp had a tensile index 2.4 times higher than print paper
and 2.7 times than polyethylene.

Nogi et al. [94] obtained films with good mechanical properties with a Young’s modulus and a
tensile strength of 13 GPa and 223 MPa, respectively.
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Fukuzumi et al. [71] developed transparent and high gas barrier fiims from cellulose
nanofibres prepared by TEMPO-mediated oxidation. Two sources were used: never-dried
softwood and hardwood bleached kraft pulp fibres. From 0.1% (w/v) TEMPO oxidized
cellulose nanofibres (TOCN)/water dispersion, films about 20 um thick presented a good
transparency, with a transmittance value of 90% at 600 nm for the film prepared from
softwood cellulose and of 78% for the MFC film from hardwood cellulose. A high tensile
strength was observed. MFC films from softwood had a tensile strength and Young's
modulus of 233 MPa and 6.9 GPa, respectively, and MFC films from hardwood had values of
222 MPa and 6.2 GPa.

Figure 1-41 compares the mechanical properties of MFC films obtained in the literature.
Values have thus generally a Young’'s modulus value higher than 10 GPa and a tensile
strength higher than 100 MPa. The mechanical properties of wood and crystalline cellulose
were also reported on the graph for comparison. The MFC films have higher mechanical
properties than wood but the values are also very far from crystalline cellulose properties.
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Figure 1-41: Comparison of mechanical properties of MFC films in the literature review.

A comparison of mechanical properties for MFC films produced by several techniques was
established by Sehaqui et al. [93] (Figure 1-42). MFC films produced using the sheet former
had the highest Young's modulus with a value of 13.4 GPa compared to 10.3 GPa for the
cast MFC film.
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Figure 1-42: Mechanical properties of MFC films produced with different techniques [93].

The difference observed between the mechanical properties of MFC films were often due to
the variation of density. Therefore, techniques used to produce more compact films will be
preferentially chosen to produce MFC films.

1.3.7.2.4. - Barrier properties

MFC has a high ability to form web structures and an important crystalline part, which are
favourable criteria for the development of barrier materials.

- Pure MFC films

Barrier properties of MFC films were evaluated by Syverud et al. [92]. The air permeability
values of MFC films with thickness between 20 ym and 33 ym was around 10 nm/Pa.s. The
oxygen transmission rate (OTR) of MFC films was around 17 cm®m?®.day. From these
results, the authors demonstrated that MFC films have a good applicability in packaging
because the usual recommended OTR for modified atmosphere packaging is below 10-20
cm®/m?.day.

Oxygen barrier properties of carboxymethylated MFC films were also reported by Aulin et al.
[91]. Indeed, the cast MFC films (8 g/m?; thickness 5.1 pym) presented a low value of oxygen
permeability equal to 0.06 cm®.um/m?.day.bar at 23°C 0% RH and 85 cm®.um/m?®.day.bar at
23°C-50% RH. These values were very promising compared with values for other materials
used in packaging as indicated in Table I-12.
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Oxygen
Material perm(:abmty Source and conditions
(cm® pm/
M?.day.bar)
MFC (Carboxymethylated) 0.06 [91], 0% RH
MFC (Carboxymethylated) 85 [91], 50% RH
MFC (not pre-treated) 352-503 [92], 50% RH
TEMPO-oxidized nanocellulose 0.4 [71], 0% RH
0-acetylgalactoglucomannan 200 ([201], [102]), 50% RH
0-acetylgalactoglucomannan- 55 ([101], [102]), 50% RH
alginate (7:3)
0-acetylgalactoglucomannan-CMC 128 ([101], [102]), 50% RH
(7:3)
Whey protein-glycerol (3:1-0.8:1) 4000-33000 [103], 50% RH
Whey protein-sorbitol (1.5:1) 103 ([104], [105]), 30% RH
Amylose-glycerol (2.5:1) 700 [106, 50% RH
Amylopectin-glycerol (2.5:1) 1400 [106], 50% RH
Cellophane 41 [107], 0% RH
Cellophane-glycerol 950 [108], 50% RH
Chitosan-glycerol (4:1) 1-4 [109], 0% RH
Chitosan-glycerol (2:1) 4-8 [109], 0% RH
65% Glucuronoxylan/35% xylitol 21 [110], 50% RH
Arabinoxylan 200 [111], 50% RH
Collagen 120 ([104],[205]), 0% RH
Microcrystalline wax 154 ([104],[105]), 0% RH
Carnauba wax 15700 ([104],[105]), 0% RH
Poly(vinylidene chloride) (PVDC) 10-300 [21], 50% RH
Poly(vinylalcohol) (PVOH) 20 [21], (0% RH
Polyamide (PA) 100-1000 [21], 0% RH
Poly(ethylene-terephthalate) PET 1000-5000 [21], 50% RH
Poly(vinyl chloride) PVC 2000-8000 [21], 50% RH
Poly(lactic acid) PLA 18400 [71], 0% RH
Polypropylene (PP) 49400-98700 [21], 50% RH
Polystyrene (PS) 98700-148700 | [21], 50% RH
Low density polyethylene (LDPE) 190000 ([104],[105]), 50% RH
Ethylene vinyl alcohol (EVOH) 1-10 [21], 0% RH

Table I-12: Oxygen permeability data for MFC films and literature values for some renewable
and synthetic polymers [91].

For example, ethylene vinyl alcohol (EVOH) copolymer, a highly efficient barrier material
often used in food packaging, has an oxygen permeability value of 1-10 cm®.um/m?.day.bar
at 23°C-0% RH. It is 41 cm®.um/m?.day.bar at 23°C-0%RH for cellophane.

This study also showed the effect of water and relative humidity (RH) on barrier properties
(Figure 1-43). At a RH higher than 70%, the OTR value increased dramatically. According to
the authors [91], the explanation would be that water present in the amorphous part acts as a
plasticizer, reducing the intermolecular interaction between MFC fibrils thus reducing the
stiffness of the material.
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Figure 1-43: Effect of relative humidity on OTR of MFC films [91].

The mass transport properties of MFC films were investigated in two publications. Firstly,
Minelli et al. [112] analyzed the sorption and the permeation of neat MFC films or in
combination with glycerol. The water sorption of two kinds of MFC films was determined for a
water activity ranging between 20% and 80% (Figure 1-44). Carboxymethylated MFC (MFC
G2) films showed higher water uptake than MFC produced by enzymatic pre-treatment (MFC
G1). Moreover, the addition of plasticizer decreased the porosity of materials but increased
the diffusion coefficient. The presence of plasticizer enhanced thus the water sorption at
higher water activity. The oxygen permeability of films was very low in dry conditions.
However, a significant increase was observed with the increase of water activity as already
observed with hydrophilic membranes.
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Figure 1-44: Water sorption and oxygen permeability of MFC films as a function of water
activity (MFC G1 and MFC G2 corresponded to films produced with microfibrils having a
diameter of 17-30nm and of 5-15 nm respectively; MFC G1P and MFC G2P were plasticized
MFC films with glycerol) [112].

Secondly, the water sorption behaviour and the gas permeation of MFC films were compared
to cellulose nanocrystal films obtained from sisal fibres. Belbekhouche et al. [113] notified
that both films have similar water sorption isotherms but that the water diffusion coefficient
was higher for the nanocrystal films. The possible explanation was the presence of residual
lignin and other extractive substances present at the MFC surface. Films of cellulose
nanocrystals had also the highest gas permeability probably due to the shorter diffusion
pathway compared to the one of MFC films.

Water vapour barrier properties of MFC films were determined by Spence et al. [18]. The
value for pure MFC films reached 0.0215 (g/m?.day)/m corresponding to 21500 g.pm/m?.day.
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This value was not sufficient for the development of packaging. Two techniques were thus
employed to improve this property: the addition of filler and the coating of MFC films.

- Addition of filler

Four different fillers were tested and added to the slurry before the film formation: kaolin clay,
calcium carbonate, cooked starch and uncooked starch. Only the kaolin clay and the calcium
carbonate had a positive effect with a decrease of water vapour transmission rate value. An
improvement of 51.6% was obtained with the addition of 7.5% kaolin clay (cf. Figure 1-45).
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Figure 1-45: Water vapour transmission rate of filled MFC films [18].

- Coating of MFC films

In a second step, MFC films were coated with beeswax, paraffin or cooked starch using a
dipping technique. This second method was more efficient to reduce the water vapour
transport of MFC films. Beeswax coating resulted in the lowest value, with a 1g/m? layer the
water vapour value was much smaller than LDPE value (Figure 1-46).
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Figure 1-46: Water vapour transmission rate of coated MFC films [18].

- Surface coating with MFC

Fukuzumi et al. [71] developed transparent and high gas barrier films from cellulose
nanofibres prepared by TEMPO-mediated oxidation. Indeed, the coating of a polylactic acid
(PLA) film (20 pm) with a 0.4 pm thick nanofibre layer led to a decrease of oxygen
permeance from 74600000 cm®m?.day.bar to 10000 cm*m?.day.bar at 23°C-0% RH. A
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second study on the barrier properties of TEMPO MFC from softwood bleached kraft pulp
was published by Isogai team. Indeed, Fujisawa et al. [72] compared the properties of
TOCN-COOH films with TOCN-COONa films corresponding to TEMPO-oxidized cellulose
with free carboxyl groups. The oxygen transmission rate was determined for poly(ethylene
terephtalate) (PET) films and PET films coated with 1um thick TOCN-COONa or TOCN-
COOH layer at 23°C-0% RH. The value of PET film coated with TOCN-COONa was
improved from 1550 to 0.17 cm®.um/m?.day/bar.

Lately, the properties of TEMPO MFC films were determined according to the starting pulp
and the reaction conditions by Rodionova et al. [73]. The lowest oxygen permeability was
obtained from spruce pulp and the highest carboxylate content (1.4 mmol/g). The OTR of
PET film coated with TEMPO oxidized MFC reached 4 cm®m?.day.

1.3.7.2.5. - Biodegradability

Taniguchi et al. [81] studied the biodegradability of MFC films from several sources such as
wood (spruce and poplar bleached kraft pulp), tunicin, and chitosan. For this, MFC films with
a thickness of 3-100 ym were buried in humus soil for several days. The degradation was
evaluated by the degree of enzyme decomposition due to micro-organisms. The results,
summarized in Table I-13 , reported that films disappeared after 40 days in soil.

Time after burial Biodegradation step
(days)
10 Surface swelling
15-17 Surface softening
20-22 Development of pores on surface
30-33 Corruption of part of surface
40 Disappearance

Table I-13: Biodegradation of MFC films [81].

1.3.7.3. - Conclusion

MFC is a very interesting material for its good mechanical and barrier properties and its good
biodegradability. However, due to its very low solid content, it is very difficult to use it alone.
Embedding in a polymer matrix can be a good way to take full advantage of its properties.

l.4. - MFC based nanocomposites

Nanocomposites in general are two-phase materials in which one of the phases has at least
one dimension in the nanometer range (1-100 nm) [114]. The use of MFC as reinforcement
filler in nanocomposites has many advantages such as the low cost of the raw material, low
density, renewable origin, large availability, high mechanical properties, biodegradability...
MFC was already introduced in several matrices as described in Figure 1-47.
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Figure 1-47: Nanocomposites based on nanocellulosic materials [114].

Starch and poly(vinyl alcohol) were studied in the present work for the development of
nanocomposites. These hydrophilic and biodegradable matrices were chosen for their good
compatibility with MFC and their biodegradability properties.

1.4.1. - Starch matrix

.4.1.1. - Introduction

Starch is a natural, renewable, biodegradable polymer produced as a storage polysaccharide
from various sources of seed endosperm and plant tubers such as maize, wheat and potato.
Starch consists of two glucosidic macromolecules of general formula (C¢H10Os), : amylose
and amylopectin. The ratio of these two macromolecules depends on the starch origin. Their
structures are presented Figure 1-48.
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Figure 1-48: Chemical structure of amylose (left) and amylopectin (right) [115].

The dissolution of the starch powder in water at high temperature leads to the release of
polymer chains and to starch gelatinization. A rearrangement of polymer chains occurs.
Many studies reported the preparation of starch cast films from starch solutions [116,117].
There is a continuous development of environmentally friendly biodegradable plastic films
from starch to compete with and replace synthetic polymers in different applications [118].
Starch is promising because of its low cost and its natural abundance [119]. However, starch
films are generally too brittle, and plasticizers such as glycerol or sorbitol are currently used
for the production of starch films. In their study, Dole et al. [120] showed that the use of such
additives decreases the barrier properties and unfortunately no good compromise can be
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found between mechanical and barrier properties. Indeed, the best barrier properties are
obtained for low plasticizer contents, giving too brittle flms. The oxygen permeability was
increased from 0.53 to 4.66 mol/Pa.m.s for films with 12% and 25% glycerol, respectively.
Nano-biocomposites are a new class of hybrid materials composed of nano-sized filler
incorporated into a bio-based matrix [121]. According to their shape and their nature, nano-
fillers can improve the starch properties such as the mechanical stiffness and the gas barrier
properties [122]. Park et al. [123] have for example developed biodegradable thermoplastic
starch/clay nanocomposites. The interactions between starch and cloisite clay led to
improved tensile properties with an increase of tensile strength value from 2.6 to 3.3 MPa
with addition of 5% clay. Moreover, a reduction of 40% of water vapour transmission rate
value was observed with 10 wt% cloisite compared to neat starch.

1.4.1.2. - Mechanical properties

Many authors have also used MFC as filler to reinforce starch films. The main method to
produce MFC/starch composite is casting/evaporation. Dufresne et al. [49,124] produced
composite materials with MFC from potato tuber cells, starch and glycerol. They reported
that the mechanical properties of composites increase with the increase of MFC content.
Moreover, the MFC content influenced the water diffusion coefficient. Table I-14 presents this
decrease of water diffusion coefficient with the increase of MFC content.

Celulose D (cm?/s)
content (%) 0% Glycerol 30% Gycerol

0 5.04 x 10° 1.10 x 10
10 3.53x10%° 8.39 x 10!
30 1.65 x 10 5.25x 10!
40 1.72 x 10 2.08 x 10

Table I-14: Water diffusion coefficients in MFC/starch composites
conditioned at 95% RH [124].

In Lopez-Rubio et al. study [125], the MFC suspensions were mixed with solutions of starch
and casted in mould. The glycerol content varied between 0 and 38 wt%. The stirring led to
microbubble formation which had a negative impact on the film preparation. They were
removed by degasification before casting. The authors thus obtained high quality films even
without glycerol. Glycerol-free amylopectin film reinforced with 10% MFC had a Young's
modulus around 2 GPa and a tensile strength of 40 MPa at 23°C 50%RH. The increase in
glycerol content increased the ductility of films but decreased their stiffness and strength.
Indeed, films with 10% MFC and 20% glycerol had values two times lower with a Young's
modulus and a stress at break of 1.1 GPa and 16 MPa, respectively, at 23°C 50% RH.
Homogeneous films were obtained by Svagan et al. [96]. The concentration of MFC in
composites reached up to 70 wt%, thanks to a good compatibility between MFC and starch.
A reinforcement effect of the starch/glycerol (50/50) matrix was observed with the increase of
MFC content. The Young's modulus increased from 1.6 MPa for pure starch to 6.2 GPa
when adding 70 wt% of MFC within the starch matrix. All the values for several MFC
contents are given in Table 1-15.
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MEC Young's Tensile S Work of
(Wt %) modulus strength failure (%) fracture
0 0

(MPa) (MPa) (MJ/m?)
0 1.6 0.35 80 0.18
10 180 5.0 25 0.94
20 780 15 22 2.7

30 1600 31 18 4.

40 3100 58 15 6.2
50 4300 80 11 6.5
60 4800 120 9.3 7.8
70 6200 160 8.1 9.4
100 13000 180 2.1 2.4

Table I-15: Mechanical properties of Starch/MFC composites [96].

1.4.1.3. - Barrier properties

Svagan et al. [126] also demonstrated that MFC had a strong reducing effect on the moisture
uptake of starch. Indeed, with 70 wt% of MFC, the moisture uptake was halved compared to
neat starch films.

The introduction of MFC in starch films allowed to reinforce these films and to decrease their
water sensitivity. Plackett et al. [127] also studied the introduction of MFC from 0% to 75% in
the amylopectin matrix with or without glycerol. The reinforcement effect was only visible for
MFC contents higher than 20%. For the oxygen permeability at 23°C 50% RH, the increase
of MFC content decreased the value. However, it was impossible to determine the value for
the unfilled matrix due to the brittleness of the films. No significant difference between pure
MFC films and starch/MFC 50/50 films was observed. This could be a good compromise to
obtain good barrier properties from a suspension with higher solid contents. Indeed, the
values obtained in this study were of the same order of magnitude as the gas permeability of
PVOH.

1.4.2. - Poly(vinyl alcohol) matrix

1.4.2.1. - Introduction

Poly(vinyl alcohol) (PVOH) is the most important synthetic water-soluble polymer produced in
the world [128]. PVOH is prepared from the hydrolysis of poly(vinyl acetate) as presented in
Figure I- 49 and Figure I- 50:

CHZ—(l.‘,H—CHZ—lCH CHZ—(l.‘,H CH2—|CH—CH2—(|3H—

OH OH OHn OAc OH

Figure I- 49: General molecular structure of PVOH.
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CH,—CH— NaOH - CH;—CH—

+ nCH,OH —— + nCH,OCOCH,
OCOCH,), OH ),

Figure |- 50: Hydrolysis of poly(vinyl acetate).

PVOH properties depend strongly on its degree of polymerisation (molecular weight) and
degree of hydrolysis (Figure 1-51). The maximum degree of hydrolysis is 99%, a 1% acetate
remaining thus after hydrolysis.

Low viscosity High viscosity
Increased solubility Tensile strength
Increased flexibility Pigment binding

Molecular weight

Low < > High
Hydrolysis degree

Increased solubility Water resistance

Water sensitivity Barrier properties

Flexibility Tensile strength

Tackiness Solvent resistance

Adhesion to hydrophobic surface Adhesion to hydrophilic surface

Figure I-51: Effect of molecular weight and degree of hydrolysis on PVOH properties [129].

Many studies have developed a large variety of nanocomposites using PVOH as matrix
[130]. For example, clay introduction was studied for PVOH by Strawhecker et al. [131]. The
hybrid polymer/silicate systems had mechanical, thermal and water vapour transmission
properties which were superior to that of the neat PVOH matrix for low loading. Moreover,
the thermal stability was slightly enhanced and the optical clarity was retained. Carbon
nanotubes were also introduced in PVOH matrix leading to the nucleation of crystalline
phase for very low weight fractions. However, the carbon nanotube filler also promoted the
degradation rate of the matrix [132].

1.4.2.2. - Mechanical properties

With the growing interest in fibrous biopolymers, MFC was also introduced in PVOH. For
example, Lu et al. [133] produced composites with MFC contents ranging from 1 to 15 wt%.
PVOH is water-soluble, which allows a good dispersion of MFC in polymer matrix due to the
high stability of MFC in water. MFC had a reinforcement effect on this matrix: the Young's
modulus of the composite increased from 3.7 to 5.2 GPa when adding 15% MFC. Another
study achieved by Leitner et al. [53] presented the reinforcement of PVOH matrix by MFC.
MFC was introduced at high concentrations from 50% to 90% giving composites with tensile
strengths of 60-80 MPa and elastic moduli of 6-8 GPa. For comparison, neat PVOH has a
tensile strength of 17 MPa and an elastic modulus of 0.25 GPa at room temperature.

Poly(vinyl alcohol) nanocomposites reinforced with cellulose fibrils were studied by Cheng et
al. [134]. Several kinds of fibrils (and not MFC) were used and compared to commercial
MFC. Fibrils from microcrystalline cellulose, regenerated cellulose fibres and pure cellulose
fibres were obtained by high intensity ultrasonication. In this study, the introduction of fibrils
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once again increased the mechanical properties of PVOH and the reinforcement effect was
still more important with the small fibrils. The composites made of PVOH and the smallest
fibrils (6%) reached a Young’s modulus of 7 GPa and a tensile strength of 113 MPa.

Bruce et al. [54] reported the development of high performance composites from low-cost
plant primary cell walls. Two kinds of cellulose were used, purified cell wall fragments
(PCWEF) and fibrillated cell wall materials (FCWM). Composites were produced from 4 types
of matrices (poly(vinyl alcohol), acrylic polymer, epoxy, and hemicellulose). The composites
PVOH and cellulose microfibrils offered the highest mechanical properties (tensile strength of
145 MPa and tensile modulus of 6 GPa) compared to other cellulose based composites in
this study.

All results are summarized inFigure 1-52. The reinforcement potential of MFC was clearly
observed for the PVYOH matrix in each study.
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Figure I-52: Comparison of mechanical properties values for PYOH/MFC composite films.

1.4.2.3. - Barrier properties

Paralikar et al. [135] developed PVOH/cellulose nanocrystal barrier nanocomposite films.
PAA, Poly(acrylic acid) was used as a cross linking agent to provide water resistance to
PVOH. A heat treatment improved the cross linking density. The barrier properties of the
films were evaluated from water vapour transmission rate measurements and chemical
vapour transmission rate measurements. The films prepared with 10% cellulose nanocrystal
and 10% PAA presented a good potential for the development of barrier membranes. Indeed,
these films were three times more water vapour resistant than 100% PVOH films. The water
vapour transmission rate (WVTR) of composites reached 240 g/m®.day instead of 720
g/m?.day for PVOH film at 30°C and 30% RH.

Cellulose nanocrystals were added to poly(vinyl alcohol) and poly(vinyl acetate) copolymers
by Roohani et al. [130]. Results showed stronger interactions between the matrix and the
filler for fully hydrolyzed PVOH compared to partially hydrolyzed PVOH. Indeed, the
reinforcement effect was found to be higher for the highest degree of hydrolysis of PVOH.
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The relative tensile modulus reached 1.2 and 2.2 for a composite filled with 12%
nanocrystals and PVOH hydrolyzed at 80% and 99%, respectively.

1.4.3. - Conclusion

The literature survey on MFC nanocomposites showed that the addition of MFC has a
positive effect on starch and PVOH matrix properties. Most studies focused on the
mechanical properties and detailed the reinforcement potential of MFC. The enhancement of
mechanical properties was due to the strong interaction between MFC and hydrophilic
matrix.

The barrier properties of these materials were little detailed although they are essential for
the development of packaging materials.

1.5. - MFC based paper & board materials

In spite of a strong interest for cellulose microfibrils, their use in papermaking process is still
less studied compared to composite materials. Indeed, up to now few studies were realized
on the introduction of MFC in coating colour or on the production of paper & board materials
with MFC. First studies on the reinforcement of bulk are firstly described and the introduction
in coating colour is treated in the second part.

[.5.1. - Introduction of MFC into pulp

Eriksen et al. [136] studied the fabrication of thermo-mechanical pulp (TMP) with MFC
addition. The authors evaluated the effect on physical properties of TMP handsheets with
MFC at various concentrations between 1 and 8 %. An increasing tensile index with
decreasing average particle size was observed in this study. The tensile index increased at
the 95% confidence level compared to the reference sheet. Moreover, the addition of MFC
reduced the light scattering and the light absorption coefficients, also decreased the
brightness but decreased the air permeability. The authors observed that the energy
consumption for the MFC production was very high and this may be a major objection
against the use of MFC for industrial application although its positive effect on the paper
strength was proved.

Ahola et al. [137] used microfibrillated cellulose as a paper strength additive. The ability of
MFC to improve the wet-strengthening was studied in order to reduce the amount of
poly(amideamine) epychlorohydrin (PAE) used in papermaking. A preliminary adsorption
study with quartz crystal microbalance (QCM) showed that a uniform and viscous layer of
MFC could be adsorbed using a bi-layer system with a preliminary layer of PAE. The
treatment with PAE and MFC of pulp slurries resulted in an increase of wet and dry strengths
even at low added amounts of PAE (cf. Figure 1-53).
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Figure 1-53: Wet and dry tensile index of paper treated with PAE
according to the addition of cellulose nanofibrils [137].

Mdrseburg et al. [138] developed a new concept of layered sheets using thermo-mechanical
pulp (TMP), clays and MFC. Several compositions were tested (cf. Table 1-16) and the
strength and optical properties were evaluated for each sample. The best sheets (N3) were
composed of fillers and TMP in the top layer and MFC and refined TMP in the centre of the
sheets. The use of MFC in top and wire layer led to worse results. The quality index,
represented in Figure 1-54, shows the results obtained.

Sheet structure | 1 ] T2 | F1 | F2 | N1 | N2 | N3

Wire layer TMP A TMP A TMP A+ Clay | TMP A+ Clay [TMP A+ Clay+0. 5NFC| TMP A + Clay + 0.25 NFC | TMP A + Clay
Interface 0.25 NFC

Centre layer TMPR | TMPR+BSK | TMPR +BSK | TMP R + BSK TMP R TMP R TMP R+ NFC
Interface 0.25 NFC

Top layer TMP A TMP A TMP A+ Clay | TMP A+ Clay [TMP A+ Clay+0. 5NFC| TMP A + Clay + 0.25 NFC | TMP A + Clay
BSK/NFC content (%) 0 9.6 8.8 8.8 2.8 2.6 2.9
Filler content (%) 0 0 30,4 373 33.7 33.6 34.6

Table I-16: Composition of the layered sheets [138].
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Figure I-54: Quality index of layered sheets [138].

[.5.2. - MFC in coating colours

Concerning the coating with MFC suspensions, the objective of the studies was to improve
the barrier properties or the printing quality.
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Syverud et al. [92] worked on the spraying of MFC as a surface layer on paper. First,
oriented sheets were prepared using a dynamic sheet former and then MFC suspension was
deposited on the top of the wet base paper. The results showed that the strength of the base
paper increased significantly upon coverage with a layer of less than 10 g/m? of MFC and the
air permeability decreased dramatically (cf. red ring in Figure 1-55). The addition of MFC
layer with a coat weight between 2 and 8 g/m? allowed decreasing the air permeability from
40000 to 300 nm/Pa.s. The value is thus divided by 2 for a 2 g/m? coating and by 300 for a 8
g/m? coating compared to the uncoated base paper.

0 10 20 30 40
MFC basis weight (g/m?2)

Figure I-55: Air permeability of the base paper (x), MFC coated papers (A)
and MFC films (¢ [92].

A kraft paper and a greaseproof paper were coated with an aqueous carboxymethylated
MFC suspension in a study carried out by Aulin et al. [91]. In this case, the oxygen
transmission rate of the paper decreased dramatically even with a thin MFC layer. The
values for the two papers are presented in Figure 1-56. The coverage of MFC on paper fibres
is observed on E-SEM micrographs in Figure I-57.

However, the concentration of the suspension was very low and the deposited coat weight
was thus limited. To reach higher coat weights, higher solid contents should be used.

100000 17—
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| Cme-o.
1000 § 2.,
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10| ..
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1}
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Figure 1-56: Air permeability as a function of MFC-coat weight for an unbleached (o)
and a greaseproof paper (¢ [91].
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Figure 1-57: E-SEM micrographs of uncoated (A) and MFC coated with coat weights of 0.9
g/m?(B), 1.3 g/m?(C) and 1.8 g/m? (D), Scale bar 100 um [91].

Hult et al. [1] presented another approach to high barrier packaging using MFC and shellac.
Shellac is a natural hydrophobic resin. The suspension was prepared in ethanol and used in
two coating processes: rod coating and spray coating. The coating was achieved on three
base papers (A/B/C). The results obtained were a reduction of air, water and oxygen
permeability. As shown in Table I-17, the air permeability value decreased with MFC coating
(series AM/BM/CM), from 49 nm/Pa.s to 0.752 nm/Pa.s at 25°C-50% RH for the base paper.
A new decrease was obtained with shellac coating (series AMS/BMS/CMS) and the air
permeability of AMS sample reached 0.150 nm/Pa.s at 25°C-50% RH. The same trend was
observed as other barrier properties. The authors observed in this study that a multi-layer
system gave better barrier properties than one layer with a MFC/Shellac blend. Although a
sufficient oxygen barrier for high barrier packaging was not achieved, the reduction of OTR
was significant.

Series  Air permeance (nm/Pa s) OTR {01113;'1112 24'h) WVTR {gf’m2 24 h) Fmax (kPa)

A 49 = 14 - 5329 £3.25 815.2 £ 38.1
B 184 £ 92 - 64.58 &£ 2.14 807.4 £ 41.1
C 813 £ 97 - 72.38 £ 0.58 819.6 £ 23.5
AM 0.752 £ 0.031 34578 £ 1227 52.80 £2.27 -
BM 0.482 £ 0.054 35034 £ 1287 64.24 £ 1.72 -
CM 0.671 £ 0.042 35275 £ 1197 70.89 £ 1.41 -
AMS  0.150 £ 0.003 4466 £ 103 6.54 £ 1.12 822.3 £49.5
BMS  0.054 £ 0.007 5090 £+ 94 7.68 £ 0.54 808.6 = 77.9
CMS  0.073 £ 0.004 5438 £ 165 8.14 £ 0.43 812.0 £ 20.2

Table 1-17: Barrier properties of untreated papers and coated samples [1].

Hamada and Bousfield [139] reported the coating of thin MFC layer on a PVA synthetic
sheet. The aim was to improve the printability. Three coat weights, namely 0.5, 1.5 and 3
g/m? were deposited at the sheet surface using various wire wound rods. The 3 g/m? layer
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gave a good coverage and improved the printing quality. Indeed, the presence of MFC on the
surface allowed to capture the ink pigments improving the ink density (Figure 1-58).

W o

Figure 1-58: Images of inkjet printed samples: uncoated synthetic fibre sheet (A),
coated sheet of MFC with 3 g/m® (B) [139].

A Patent was also deposited by Ankerfors et al. [77] in 2009, relating to compositions for
coating of printing papers. This coating colour combining MFC and one or more
polysaccharide hydrocolloids could reduce the linting and dusting propensity of paper during
printing. The polysaccharide can be starch for example. The use of polysaccharide
hydrocolloid presents three advantages; it offers a coating that holds the linting particles in
place, partially anchors particles internally in the sheet and anchors the MFC layer to the
sheet. This invention can alleviate the linting tendency via surface sizing treatment with MFC,
starch or a mixture of the two additives.

[.6. - Conclusion

First, the production of MFC has been improved these past years with more efficient and less
energy-consuming processes. MFC can be obtained from several cellulose sources and
MFC properties depend directly on this source and mainly on preparation conditions.

MFC films, produced by different techniques, presented good mechanical and barrier
properties, promising for the development of packaging.

Several investigations have demonstrated the reinforcement potential of MFC in different
matrices such as starch or poly(vinyl alcohol) for example. However, few studies detailed the
barrier properties of these MFC based composites.

The use of MFC in coating colours has just started to be studied. From results obtained so
far, coating offers good resulting properties in spite of very low coat weights. However, higher
solid contents of MFC suspensions are necessary to increase the coat weight.

The use of MFC has thus a great interest in packaging area. However, more research has to
be conducted to solve the current drawbacks, mainly their low concentration and their high
viscosity.
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[1.1. - Introduction

This chapter describes the raw materials, the experimental protocols and the characterisation
methods employed throughout the project. The first part deals with the raw materials and
mainly the microfibrillated cellulose (MFC). Several sources of MFC were studied. Their
methods of production are thus detailed for each kind of suspension. Moreover, a codification
was used to clearly define the MFC suspensions and to improve the understanding.
Subsequently, the experimental protocols are described with the developed techniques to
produce MFC or composite films and the coating methods used to manufacture the MFC
based paper & board materials. The last part of the chapter is devoted to the characterisation
techniques such as microscopy, viscosity measurements, mechanical and barrier properties,
thermal properties....

[1.2. - Materials

[1.2.1. - Microfibrillated cellulose (MFC)

MFC is the main material of this study and it is very important to clearly define it. Indeed, the
terminology used for this material is not clearly defined yet and authors use various
nomenclature for the same product. Therefore, microfibrillated cellulose can also be
described by other terms such as: Cellulose nanofibrils, Cellulose microfibrils, Cellulose
nanofibers or Nanocellulose. Here, a codification is employed to describe the kind of MFC
according to the production method that is to say the pretreatment and the mechanical
shearing treatment. This codification is detailed in Figure II-1.

Pulp

E T
{(Enzymatic treatment) ] { (TEMPO oxidation) ]

MH GH MG CR
Microfluidics Homogenizer GEA Homogenizer Masuko Grinder Cavitron Rotor/stator
Mechanical W o :
treatment
MFC grades [MFC—E-MH] [MFC-E-GH] [MFC-E-MG] [ MFC-T-GH ] [MFC-T-MG] [ MFC-T-CR]

Figure II-1: Codification used to define MFC.

MFC was produced at different scales to allow the achievement of trials. Three sources were
thus obtained from laboratory productions (MH and MG) and three others from pilot
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productions (GH and CR). In addition to the six MFC grades, a commercial source, called
MFC-Arbo, was also studied as reference and compared with other MFC suspensions.

Each MFC source is detailed thereafter with its supplier or the method used for the
production.

11.2.1.1. - Commercial MFC

MFC-Arbo corresponds to the material called Arbocel, a commercial fine cellulose supplied
by JRS company (Germany). This MFC was delivered with a concentration of 13%. Figure II-
2 shows its visual aspect which looks like a fine pulp. Morphological investigation showed a
diameter of ~30 um and a length of ~500 pm.

Figure II-2: MFC-Arbo.

All other MFC suspensions were produced at lab or pilot scale using an enzymatic or
chemical pretreatment followed by a mechanical shearing treatment. All productions were
carried out from the spruce/pine (60/40) dissolving pulp delivered by the Domsjé company
(Sweden).

[1.2.1.2. - Production of enzymatically pretreated @~ MFC

[1.2.1.2.1. - General protocol

The production of MFC was performed in several steps: refining, enzymatic pretreatment and
mechanical shearing of the pulp. The general protocol is described in Figure II-3.
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Pulp at 3.5%

I
Pre-refining
at 25° SR 3.5%

I
Enzymatic treatment
50°C, pH 5, 1h
I

Post-refining
at 80° SR 3.5%
I

Pretreated pulp at 2%

[ | ]

Microfluidics Masuko Grinder GEA Homogenizer
Homogenizer
I ! '

MFC-E-MH MFC-E-MG MFC-E-GH

Figure 11-3: General protocol to produce enzymatically pretreated MFC.

[1.2.1.2.2. - Enzymatic pretreatment

To improve the accessibility to enzymes, the pulp, disintegrated at 3.5%, was firstly pre-
refined using a 12" single-disc pilot refiner system. The prerefined pulp at 25°SR was then
treated with enzymes (Novozym 476; 0.1 kg/t) at 50°C, pH 5 for 1 hour. A second refining,
until 80°SR, was then carried out to cut the fibres and then improve the cellulose fibrillation

[140].

[1.2.1.2.3. - Mechanical treatments

Three devices were used to perform the mechanical shearing on the enzymatic pretreated
pulp in order to produce microfibrillated cellulose:

Microfluidizer M-110EH (Microfluidics Corp.) (MH) is a high-pressure homogenizer
equipped with 3 Z-like chambers with internal diameters of 400 um, 200 um or 100
um. The suspension pulp at 2% flowed at 350 mL/min corresponding to an applied
pressure of 1500 bar for the 400 um chamber, 2000 bar for the 200 um chamber and
2500 bar for the 100 um chamber. The pulp fibre slurry was passed once through the
400 pm diameter chamber, 3 times through the 200 pm diameter chamber and 5
times in the last 100 um diameter chamber.

Supermasscolloider (Masuko Sangyo Co) (MG) is an ultra-fine grinder using a
rotor/stator technology; pulp suspension around 2% was thus only passed 5 times in
the device at 1500 rpm.

Ariete homogenizer (GEA Niro Soavi) (GH) allowed MFC production at pilot scale
with a flow rate of 1000 I/h. The production was performed into three steps: a first
pass at 500 bars, a second pass at 1000 bars followed by four passes at 1500 bars.
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Table 11-1 summarizes the main parameters for each technique.

Mechanical Microfluidics Masuko GEA
treatment Homogenizer Grinder Homogenizer
Scale Lab Lab Pilot
1 pass 400 pm 1 pass 500 bar
5 passes
Parameters 3 passes 200 pm 1500 rom 1 pass 1000 bar
5 passes 100 um P 4 passes 1500 bar

Table 1I-1: Mechanical shearing used after enzymatic pretreatment.

11.2.1.3. - Production of TEMPO oxidized MFC

[1.2.1.3.1. - General protocol
TEMPO oxidation is a chemical modification treatment of fibres. Here MFC was produced in
only two main steps: fibres were pretreated by TEMPO oxidation before the mechanical

shearing as shown in Figure 1l-4.

Pulp at 5%

I
TEMPO treatment
Room temperature, 2H

o Oxidized pulp Oxidized pulp
0,
Oxidized pulp at 2% at 2/4% at 10%
I ' '
_ _ Cavitron
Masuko Grinder GEA Homogenizer Rotor/Stator
I ' :
MFC-T-MG MFC-T-GH MFC-T-CR

Figure II-4: General protocol of TEMPO oxidized MFC production.

[1.2.1.3.2. - TEMPO oxidation
The TEMPO oxidation step was performed in the redox system TEMPO (2,2,6,6-
Tetramethyl-piperidin-1-oxyl) / NaBr / NaOCIl. The TEMPO molecule is observed in Figure II-

5.
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TEMFO

Figure II-5: Molecule of TEMPO.

The oxidation rate was defined to 1.1 mmol/g in order to preserve a yield around 70%. Pulp
at 5% consistency was stirred with TEMPO reagent, NaBr and NaOCI during 2 hours.
Ethanol was then added to stop the reaction. Four washing cycles were then carried out by
centrifugation leading to an oxidized pulp with a concentration between 5-10 wt%.

[1.2.1.3.3. - Mechanical treatment

Three types of mechanical shearing were also used to fibrillate the oxidized pulp.

* Supermasscolloider (Masuko Sangyo Co) (MG): the oxidized pulp was passed 3
times in the device at 1500 rpm in order to obtain the fibrillation.

* Ariete homogenizer (GEA Niro Soavi) (GH): two passes at 1500 bar were sufficient to
reach a good fibrillation state.

» Cauvitron rotor/stator: during the SUNPAP project, another device was developed and
used to produce TEMPO MFC. It consists of concentric rings of rotor and stator with
nozzle geometry (Figure 11-6). The homogenization occurred by shear forces in the
rogor-stator gap and by pressure pulsation in the nozzle. Its capacity was 0.2-120
m°/h.

Figure 11-6: Rotor-stator device developed in SUNPAP project [140].

As observed in Table 1I-2, the mechanical shearing was less intensive (severe) after the
TEMPO pretreatment compared to enzymatic reference. Indeed, the fibrillation was easier
after this pretreatment. The TEMPO oxidation replaces the hydroxyl groups by carboxyl
groups. This modification of fibres increases the space between fibrils, decreases the degree
of polymerization as well as the fibre length.
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Mechanical Masuko GEA Cavitron
treatment Grinder homogenizer rotor/stator
Scale Lab Pilot Pilot

3
Parameters passes 2 passes 1500 bar 22 runs
1500 rpm

Table 1I-2: Mechanical shearing used after TEMPO pretreatment.

[1.2.2. - Starch

A modified waxy corn starch was provided by Cargill. This starch mainly consisted of
amylopectin at 98%. The modification was performed by hydrophobic octenyl succinic
groups.

11.2.3. - PVOH

Poly(vinyl alcohol) (PVOH) was the Mowiol 4-98 delivered by Kuraray. The degree of
hydrolysis of the polymer was 98% and its molecular weight was 27000 g/mol.
PVOH is a product already used in paper for several applications such as:

» Carrier for optical brightening agents, co-binder and water retention aid in the coating
colour.

» In silicon based papers and oil grease and fat-proof papers as surface treatment
* Intissue and cigarette papers for high mechanical values [141].

[1.2.4. - Sorbitol

The sorbitol D-Sorbit (98 wt%) provided by Carl Roth Gmbh was used as plasticizer for the
matrix to develop composites.

[1.2.5. - Poly(ethylene oxide)

A poly(ethylene oxide) from Sigma Aldrich was used for the inverted dialysis procedure. Its
molecular weight was 100000 g/mol to avoid any diffusion through the dialysis membrane.
[1.2.6. - Base boards

Two base boards provided by Stora Enso (SUNPAP partner) were used for the coating trials
during the project.
« An uncoated kraftboard of 220 g/m? dry

* Ensocoat board of 182 g/m? dry: a coated solid bleached sulphate (SBS) board with
light pigment coating on reverse side (Figure II-7).
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Double coating

Top-layer (sulphate puip)
Middle-layer {sulphate pulp)
Back-layer (sulphate pulp)

Light pigment coating

Figure 1I-7: Sketch of Ensocoat board 182 g/m?.

[1.3. - Experimental methods (for material producti  on)

[1.3.1. - Production of MFC films

Two techniques were employed to produce the MFC films:
* The casting-evaporation technique, also simply called casting.
* The handsheet technique.

[1.3.1.1. - Casting-evaporation technique

In order to obtain a homogeneous suspension, MFC was preliminary diluted at 1 wt% and
magnetically stirred for 1 hour. Then, 43 g of suspension were poured into polystyrene petri
dishes with a diameter of 13.5 cm. MFC films of 30 g/m? were obtained after a few days of
drying in conditioned room at 23°C-50% RH (Figure 11-8).

-
23°C /50% RH %

MFC suspension 48-72H MFC film 30 g/m ?
1%, 43g

Figure II-8: Casting process.

All films were conditioned at 23°C-50% RH before the characterisation tests.

11.3.1.2. - Handsheet method

The handsheet method used a semi-automatic sheet former (Rapid-Khéten) to produce MFC
films (Figure 11-9). This device is currently used to produce model paper called handsheet at
lab scale.
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Figure 11-9: Semi-automatic sheet former Rapid Khdoten.

This method was adapted from the protocol described by Sehaqui et al. [93]. All steps are
described in Figure 11-10. A MFC suspension was firstly prepared at 0.5% and stirred using a
disperser during 30 min. The diluted suspension was then poured into the bottom of a hollow
cylinder containing a metallic sieve at its bottom covered with a mixed cellulose ester
(nitrocellulose, cellulose acetate) membrane with 0.65 um pore size (Milipore DAWP29325).
After filtration, the gel cake was peeled off from the membrane and stacked between two
cover papers and two carrier boards. Films were dried in a sheet dryer at 93°C and under
vacuum for 10 min. At last, the films of 30 g/m? were separated from the cover papers. The
diameter of the films reached 20 cm with this method. All samples were stored at 23°C-50%
RH for at least one day before testing. As casting method, no preferential orientation of fibres
in x and y direction occurred with this process, films was an orthotropic material.
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Figure 11-10: Production of MFC films using a semi-automatic sheet former.

[1.3.2. - Development of MFC based composites

All composites from PVOH or starch were produced with the same protocol (Figure 11-11).
The matrices were firstly solubilised in water at 95°C for one hour to obtain a 25% PVOH or
starch aqueous solution. The MFC based composites were then prepared by addition of
MFC suspension in the matrix aqueous solution to reach MFC contents in the dry film
ranging from 0 wit% to 75 wt%. In order to obtain homogeneous composites, the
concentration of matrix/MFC mixtures was adapted to obtain a good spreading and to avoid
sedimentation. The suspensions were diluted according to the MFC content as follows Table
1-3:

MFC content Concentration
< 30 wt% 5 wt%
30 wt% 3 wt%
2 50 wt% 1 wt%

Table 11-3: Concentration of the matrix/MFC mixture according to the MFC content.

After stirring for one hour, matrix/MFC suspensions were poured into petri dishes of 13.5 cm.
Samples were stored and conditioned at 23°C-50% RH until complete water evaporation.
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MR s8] ~ |m
23°C-50% RH

Matrix/MFC Composite film
mixture 24 to 72 hours (30 g/m?)

Figure II-11: General scheme for the preparation of matrix/ MFC composites.

11.3.3. - MFC based paper & board materials

11.3.3.1. - Increase of MFC solids

[1.3.3.1.1. - Centrifugation

Centrifugation was used to increase the MFC concentration in the suspension. MFC
suspensions were introduced at 2% in test tubes of 175 ml. To do so, 5 cycles were
performed with a centrifuge Sigma 3-16 (Fischer) at 4000 rpm.

11.3.3.1.2. - Inverted dialysis

A cellusep T4 tubular membrane made of regenerated cellulose (cylinder diameter 47.7 mm,
wall thickness 40 um) was used to carry out the inverted dialysis. The amount of introduced
MFC suspension was 17.9 ml/cm of membrane. The membrane with a molecular weight cut
off (MWCO) of 12000-14000 g/mol was firstly filled with the MFC suspensions and then
immersed in a PEG solution at 15% with a molecular weight of 200000 g/mol. The dialysis
lasted 22 hours.

[1.3.3.2. - Coating trials at lab scale

[1.3.3.2.1. - PVOH solubilisation in MFC suspensio n

The preparation of coating colour was carried out by PVOH solubilisation in MFC suspension
(Figure 11-12). The MFC suspension was firstly stirred using a disperser and the PVOH
powder was slowly added. The mixture was stirred and heated at 95°C for 1 hour.

Figure 11-12: Solubilisation of PVOH in MFC suspension.
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[1.3.3.2.2. - Production of coated board at lab sca le

Coating lab trials were carried out using a laboratory rod coater (Figure 11-13). This device is
composed of a mobile coating plate, a fixing system of rod and a drying system. The coating
colour was deposited at the surface of the substrate using the wire wound rod and dried
using infra-red dryers.

Figure 11-13: Laboratory rod coater (left) and several wire wound rods (right).
After drying, the coated sheets were stored at 23°C-50% RH in a conditioned room before
characterization.

11.3.3.3. - Coating trials at pilot scale

11.3.3.3.1. - PVOH solubilisation in MFC suspension  at pilot scale

50 kg of coating colour were prepared by batch in the cooker using
direct steam injection (Figure 11-14). The suspension was stirred at
1000 rpm and 92°C for one hour.

Figure II-14: Preparation of coating colour at pilot scale.

11.3.3.3.2. - Production of coated board at pilots cale

Board reels were coated on the CTP pilot coater using a SoftTip blade (Figure 1I-15). During
the trials, the machine speed was 70 m/min and the drying system used a combination of
electric infra-red and forced hot air.
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Figure 1I-15: CTP's pilot coater.

A coat weight between 10 and 20 g/m? was applied on the board. The applicator roll firstly
deposited the coating colour at the surface and subsequently the blade adjusted the coat
weight (Figure 11-16).

Figure II-16: Wet paper after coating and applicator roll.

I1.4. - Characterisation techniques

I1.4.1. - Chemical composition analysis

The chemical composition analysis of samples was carried out according to the standard
TAPPI T249 om-85 corresponding to “Carbohydrate composition of extractive-free wood and
wood pulp by gas liquid chromatography”. This technique involves two steps: an acid
hydrolysis of sugars followed by a chromatography analysis which determines the kind of
sugars which constituted the pulp. The hemicelluloses are thus determined following the
presence of sugars. The analysis was carried out on MFC films. A sulphuric acid solution
(24N) was added to the samples and after 1h the samples were put in an autoclave at 120°C
for 1 hour. After autoclaving, the samples were filtered and analysed with gas liquid
chromatography.
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[1.4.2. - Microscopic techniques

[1.4.2.1. - Optical microscopy

Optical microscopy observations were performed using an optical microscope AXIO Imager
M1m (Zeiss) in transmission mode. The observations were obtained with a natural source
visible light or a polarised light.

[1.4.2.2. - Scanning Electron Microscope (SEM)

SEM micrographs of surfaces were obtained from a FEI Quanta 200 ESEM with an
acceleration voltage of 12.5 kV and a magnification of 1200x. Samples were cooled in liquid
nitrogen and then fractured. The surface was sputter coated with a thin layer of gold prior to
analysis.

[1.4.2.3. - Field Emission Gun Scanning Electron Mi  croscope (SEM-FEG)

The morphology and the average width of MFC were studied using a Zeiss Ultra 55 Field
Emission Gun Scanning Electron Microscope (SEM-FEG). The acceleration voltage was 3
kV and the magnification reached 20000x. A thin Au-Pd conductive coating (ab.1nm) was
deposited on top of the sample to reduce the charge effect.

[1.4.2.4. - Transmission electron microscope (TEM)

Transmission electron microscopy (TEM) micrographs were obtained with a Philips CM200
transmission electron microscope using an acceleration voltage of 80 kV. The resolution was
about one Angstrém. A drop of MFC suspension diluted 1000 times was deposited on a
carbon-coated grid electrically polarized. Microfibrils were immediately adsorbed on the
surface and the excess water was removed with a blotting paper. The grid was dried before
putting in the microscope.

[1.4.2.5. - Atomic force microscope (AFM)

Atomic Force Microscopy observations were performed on a Multimodal AFM (DI, Veeco,
Instrumentation Group) with the tapping mode. The tip was a Multil30 with a radius of 10 nm
and the scan rate for tapping was 1 Hz. The roughness of the samples was determined for
an area of 10 pum2.

[1.4.2.6. - TOPO 3D

The topography surface was observed and measured by TOPO 3D. As described on the
Figure 11-17, this measurement used light interferometry principle. The technical data of this
data are detailed in Table I1-4.

Technical data
Vertical range up to 500 um
Vertical resolution 0.02 um Ra
Measurement field 7.31t0 0.36 mm
Lateral resolution range 9.51t0 0.47 pm
Vertical scan speed 1 um/sec
Acquisition time 1 to 2 minutes

Table 1I-4: Technical data of TOPO 3D.
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camera

light source

Figure 1I-17: Measurement principle: Interferometry.

11.4.3. - Viscosity measurements

11.4.3.1. - Brookfield viscosimeter

The Brookfield viscosimeter is an instrument used to measure the fluid viscosity using the
principle of rotational viscosimetry (Figure 11-18). The device measures the resulting torque
on a spindle rotating at a definite and constant speed immersed in the fluid. The viscosity
was calculated from the spindle size and rotational speed.

==

Figure 11-18: Brookfield viscosimeter.

11.4.3.2. - Rheometer

During this study, the rheological behaviour of MFC suspensions was studied with a control
stress rheometer AR-1000 (TA-instrument) using a plate-plate geometry. A 40 mm diameter
quartz plate geometry was selected for the measurements with a gap of 1 mm. A
representation of the rheometer is given in Figure 11-19.
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Figure 1I-19: Rheometer with plate-plate geometry.

The flow procedure mainly used for the measurements was:

* A conditioning step with a shear rate of 100 s-1 for two minutes at 20°C followed by
an equilibrium step for 1 minute.

* A steady state flow with a shear rate ramp from 1000 to 0.02 s-1 with 10 points per
decade and a maximum sample period of 1 min 30 s.

» A steady state flow with a shear rate ramp from 0.02 to 1000 s-1 with 10 points per
decade and a maximum sample period of 1 min 30 s.

This procedure allowed to determine the viscosity according to the shear rate as well as the
thixotropy of the fluids.

[1.4.4. - Transparency properties

The transmittance of MFC films was determined using a Hazemeter device for visible light.
Three values represent the transparency of materials:

* Total transmittance of visible light corresponding to the fraction of the intensity of the
incident radiation on the intensity of the radiation coming out from the sample. These
measurements were evaluated according to the standard ASTM D1003-07.

* Haze corresponding to the percentage of light transmitted through the sample and
diffused with an angle over than 2.5°. This was measured according to the standard
ASTM D1003-07.

» Clarity which represents the percentage of light transmitted through the sample and
diffused with an angle under than 2.5°. This value was determined according to the
standard ISO 14782:1999.

[1.4.5. - Surface roughness testing

The mean roughness (Ra) of film surface was measured using the perthometer M2 (Mahr)
(Figure 11-20). Roughness average Ra is the arithmetic average of the absolute values of the
roughness profile ordinates. The roughness profil was determined with a traversing length of
56 mm and according to the standard DIN 4768. The top and reverse sides were tested
during the measurements.
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%

Figure 11-20: Perthometer M2 (Mahr).

[1.4.6. - Density of materials

All samples were stored for 24h in conditioned room at 23°C-50% RH before
characterisation.

11.4.6.1. - Basis weight

The basis weight of the samples was determined for a 70 cm? area with a precision balance
(0.00019).

11.4.6.2. - Coat weight measurements

Coat weight was measured by the weight difference between the board before and after
coating. For this, the thermobalance METTLER TOLEDO LJ16 was used. Five uncoated and
coated sheets of 70 cm? were dried at 120°C for 5 minutes and weighted. The coat weight
corresponds to the average value obtained from these measurements.

11.4.6.3. - Thickness

The thickness of films or boards was determined according to the [Ff —
standard ISO 534. Thickness measurements were carried out under & =

a specific charge with a precision micrometer Adamel Lhomargy §
MI.20 (Figure 1I-21). Measurement was performed on a 16 mm2 | 7
area under a pressure of 100 + 10 KPa. An average thickness was -.
determined from 10 measurements per sample and 5 sheets per -
series.

Figure 11-21: Micrometer Adamel Lhomargy MI.20.

[1.4.7. - Mechanical properties

11.4.7.1. - Tensile tests
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Tensile tests were carried out at 23°C-50% RH with an Instron device
equipped with a load cell of 500 N (Figure 11-22). Measurements were done
according to the standard ISO 1924-2 and performed with a crosshead
speed of 10 mm/min on samples of 15 mm in width and 100 or 180 mm in
length. At least 5 replicates were tested per reference.

Figure 11-22: Tensile test with an Instron device.

11.4.7.2. - Burst measurements

Burst measurements were determined according to the standard NF EN ISO 2758. This
measurement allowed to determine the interactions between fibres. The device used was a
burst tester (Frank PTI). At least 5 replicates were tested per reference.

11.4.7.3. - Tear measurements

Tear measurements were evaluated by Elmendorf method according to the standard NF EN
21974. The test gives an overview of the entanglement fibres ability. A L & W Tearing tester
SE009 was used for the tests. At least 5 replicates were tested per reference.

11.4.8. - Barrier properties

[1.4.8.1. - Water absorption capacity (Cobb measure ments)

This method, based on standard 1SO 535: 1991, allowed to determine the water amount
(Cobb index) absorbed at the surface of the substrate for a given time. The water absorption
ability of the cellulosic substrate depends, among other parameters, on the porosity, and the
sizing of the substrate.

Measurements were done on a rigid plate with a smooth and plane surface. The sample was
fixed between the plate and a metallic cylinder (Figure 11-23).

Figure 11-23: Cobb equipment.
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10 mm in height of water was poured inside the cylinder at the sample surface. After a given
contact time, the water was removed and the water remaining at the sample surface was
wrung with a blotter paper and a roll of 10 kg + 0,5 kg. Sheets were weighed before and
immediately after the water exposition and wringing. The result was calculated from the mass
difference divided by the area (g/m?) with the formula:

Q= 10000*(M1-m2)/S

Where Q is the Cobb index (g/m?); m1 and m2 the sheet weight before and after the Cobb
test (g) and S the sheet area in contact with water (cm?).

Five replicates were tested for each series and the value corresponds to the average of
these measurements. The measurement areas were 10 cm? or 25 cm? and the test durations
60s, 300s or 1800s.

11.4.8.2. - Grease absorption capacity (Cobb measur ements)

Cobb measurements were also used to determine the grease resistance of materials. In this
case, water was simply replaced by coloured peanut oil. The contact time was set at 24
hours.

11.4.8.3. - Sorption behaviour of paper at several relative humidities

A varimass or hygrosorption analyser was designed to measure the water sorption of paper
in controlled humidity environment from 15 to 90% RH. Samples previously conditioned at
23°C-50% RH were weighted all along the humidity ramp from 50% RH to 85% RH.
Eventually, the samples were dried to determine their dry weight and to calculate the water
uptake of samples for each humidity level.

[1.4.8.4. - Bendtsen air permeability

Bendtsen air permeability measurements were carried out with a Lorentzen and Wettre
device according to the standard NF QO03-076. At least 5 replicates were tested per
reference.

11.4.8.5. - Water vapour transmission rate

The water vapour transmission rate (WVTR) of samples was determined according to the
standard 1SO 2528. The water vapour transmission rate corresponds to the water vapour
having passed through the sample per unit area for a given time and conditions. Samples
were put on dishes containing CaCl2 anhydrous salt and the system was hermetically closed
by wax. Then dishes were stored at constant temperature and humidity (23°C-50% RH,
23°C-85% RH or 38°C-90% RH) (Figure 1I1-24). Dishes were weighed at regular time intervals
for one week. The increase of weight allowed determining the WVTR. Six replicates were
tested by series and one of them was without CacCl, in order to determine the swelling of the
material.
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Figure II-24: Dish method to determine the WVTR of samples.

CacCl,

[1.4.8.6. - Oxygen transmission rate

The oxygen transmission rate (OTR) of samples was measured with a MOCON OX-TRAN®
2/21 ML according to the standard ISO 15105-2:2003 Annexe A. The principle is described in
Figure 11-25. One side of the sample was exposed to an oxygen flux and the molecules,
diffusing through the tested material, were measured by the oxygen detector. At least two
replicates were analysed on the surface area ranging between 0.5 and 5 cm? according to
the available samples.

Oxygen T
detector N,

Figure 11-25: Principle of oxygen transmission rate measurement.

[1.4.9. - Mercury porosimetry

Samples, previously dried at 60°C for several days, were coiled and placed in a mercury
penetrometer (Figure 11-26). A vacuum was created before the mercury introduction at low
pressure in penetrometer. Then, the pressure was progressively increased step by step.
Each pressure increment corresponds to a volume which penetrates the sample pores. The
mercury volume was measured according to the mercury pressure. The measurement gave
thus the mercury volume per mass unit (mL/g).
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Figure 11-26: Scheme of mercury penetrometer.

[1.4.10. - X-ray diffraction

A wide angle X-ray diffraction analysis was generally used to determine the crystalline
structure of the compounds. When the X-ray photon beam interacts with a crystalline sample,
a radiation part is diffracted at angles defined according to the Bragg law:

2*d,*sing =n*A (Eq.14)

Where d; corresponds to the spacing between the planes in atomic lattices, 6; is the angle
between the incident ray and the scattering planes, A is the wavelength of the incident wave,
n is an integer.

The radial distributions and their magnitudes are characteristic of a lattice structure and
atomic organisation.

Films were placed on a plate with tape and the measurements were performed with a
PANanalytical, X'Pert PRO MPD diffractometer equipped with a X'celerator detector. The
operating conditions for the refractometer were: Copper Ka radiation, 20 between 6 and 44°,
step size 0.067°, counting time 90 s.

[1.4.11. - Thermal properties

11.4.11.1. - DSC

Differential scanning calorimetry allows to determine the glass transition temperature (Tg),
the melting temperature (Tm) of materials and also the degree of crystallinity of
semicrystalline materials. For this, the sample was subjected to a heating rate and the
changes of states were determined by the difference of heat flow between the sample and a
reference. The measurements were performed using a DSC2920 CE modulated differential
calorimeter from TA Universal analysis. Around 10-15 mg of samples were placed in an
aluminium DSC cell. Each sample was heated from -50°C to 250°C with a heating rate of
10°C/min under nitrogen atmosphere. The melting temperature was determined at the peak
temperature of the endothermic peak. A minimum of two replicates was analysed for each
sample.

11.4.11.2. - TGA

The thermogravimetric analysis measures the sample weight according to the temperature
giving the thermal stability of samples. The samples were heated from 30°C to 600°C with a
heating rate of 10°C/min with a STA 6000 (Perkin Elmer Instruments model, USA). A
minimum of two replicates was analysed for each sample
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[11.1. - Introduction

Investigating microfibrillated cellulose has dramatically increased over the past decade. Its
ability to replace polymers coming from petrochemical resources was explored. Its
reinforcement potential as well as its barrier properties are now well known. Microfibrillated
cellulose (MFC) refers to mechanically treated cellulose fibres regardless the technique used
for its production. However, MFC properties are related to the cellulose source and to the
treatment applied to the pulp for the fibrillation.

Several grades of MFC, defined according to the production method, were characterized in
this study. Besides commercial MFC, all MFCs were produced from only one wood source:
spruce/pine dissolving bleached pulp. Commercial MFC was compared with MFC produced
at laboratory and pilot scale. The influence of the pretreatment and the mechanical treatment
implemented on the initial pulp was investigated by the study of MFC morphology and MFC
properties.

One objective of this PhD was thus to characterise the MFC suspensions delivered by our
partners in the European project SUNPAP. This allowed selecting the MFC with the best
properties in order to develop composites and/or MFC based coating colour. This chapter
consists of two major parts.

The first part concerns the characterisation of MFC suspensions. The techniques used to
analyse the morphology of fibrils are described and their limits are discussed. Moreover, the
rheological behaviour was characterized for each kind of MFC suspensions.

The second part deals with the study of MFC intrinsic properties. To carry it out, self-standing
MFC films were firstly elaborated by two methods: casting-evaporation and handsheet
method. Their visual aspect, their morphology, their mechanical and barrier properties were
analysed according to the source and to the method of production.
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[11.2. - Characterisation and comparison of several grades of MFC
suspensions

Different grades of MFC suspensions used during this work were studied and characterized.
It is very important to clearly define each kind of MFC because the method of production
strongly influences the final suspension behaviour. Concerning the codification used to
describe the MFC samples, the first letter corresponds to the pretreatment (enzymatic (E) or
chemical with the tempo oxidation (T)) applied to the pulp and the second letter to the
mechanical shearing equipment (Microfluidics homogenizer (MH), Gea homogenizer (GH),
Masuko grinder (MG), Cavitron rotor/stator (CR)) used for fibrillation as described in Figure
-1.

Pulp

E T
Pretreatment LEnzymatic treatment)} [ (TEMPO oxidation) }

MH GH MG
Microfluidics Homogenizer GEA Homogenizer Masuko Grinder

CR
Cavitron Rotor/stator

Mechanical =2 shepedchante | T
treatment
\
MFC grades [MFC-E-MH] [MFC-E-GH] [MFC-E-MG] [MFC-T-GH] [MFC-T-MG] [MFC-T-CR]

Figure llI-1: Codification of the MFC samples.

Two ways were studied to pretreat the pulp and make the fibrillation easier during the
mechanical shearing. First, the enzymatic treatment: it does not modify the surface chemistry
of cellulose fibres and randomly hydrolyzes accessible intramolecular f1-4 glucosidic bonds
in order to improve the fibrillation. TEMPO-mediated oxidation was the second way used to
pretreat the fibres before the mechanical shearing. The TEMPO-mediated oxidation of fibres
substitutes the carboxyl groups for hydroxyl groups. This increases the space between the
fibrils and facilitates the fibrillation. The aim of these two pretreatments was to reduce the
energy input required for the fibrillation by decreasing the number of passes in the
homogenizer. The number of passes was thus of five for enzymatic pulp and of two for
TEMPO-oxidized pulp.

The morphology of MFCs and the viscosity of suspensions have been studied in this part and
compared with those of commercial MFC source, caller MFC-Arbo. Several aspects have
thus been considered; the influence of the pretreatment, the homogeneity of the suspension,
and the impact of the up-scaling of production.
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[11.2.1. - Visual aspect of MFC suspensions

Figure IlI-2 shows pictures of the three kinds of MFC in agueous suspension. The visual
aspect was very different according to the source. MFC-Arbo, corresponds to fine
commercial cellulose, its initial concentration reached 13% and the suspension diluted at 2%
flowed easily in the tube. At lab scale, MFC was produced at a concentration of 2% whatever
the pretreatment. The suspensions appeared with a gel-like behaviour. The suspensions did
not flow in the tube, thus revealing their high viscosity. The MFC obtained by using TEMPO-
mediated oxidation pretreatment showed a lower turbidity and higher translucence.

Figure IlI-2: Photos of MFC suspensions: MFC-Arbo (A), MFC-E-MG (B), MFC-T-MG (C).

The visual aspect is a first step of the characterisation because the apparent viscosity and
the turbidity gave an overview of the MFC fibrillation state. Fibrillation is the production of
nano-scale elements from the cellulose fibres. The fibrillation state, also called degree of
fibrillation, defines the degree of disintegration of fibres into microfibrils.

In the following parts, methods used to characterize the MFC suspensions are detailed.

[11.2.2. - Influence of the fibrillation process on the MFC morphology

The morphology of MFC plays an important role in the MFC properties because they are
related to the degree of fibrillation. One of the main techniques used to characterize MFC
suspensions is the microscopic observation and most particularly the combination of three
techniques: optical microscopy, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

[11.2.3. - Optical microscopy

Optical microscopy was firstly employed to investigate the quality of MFC suspensions.
Photos gave an overview of the fibrillation state and the homogeneity of MFC suspensions
linked to the treatment applied to the pulp. This is illustrated in Figure IlI-3 with the
observation of the enzymatic pretreated wood pulp after several passes in the Gea
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homogenizer. The increase of the number of passes in the homogenizer decreased the
element size, improved the suspension homogeneity and the fibrillation state.
1*500 bars

*1000 bars 3*1500 bars

Figure IlI-3: Influence of the number of passes on the fibrillation state for the case of MFC
obtained by enzymatic treatment and Gea homogenizer [140].

Figure llI-4 shows images obtained for each suspension and the results were different
according to the production method.
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Figure IlI-4: Optical microscopy images of MFC suspensions used in this work.

The commercial fine cellulose (MFC-Arbo) had a low fibrillation state with the presence of big
and large elements. The Morphi analysis confirmed this result with an estimated element size
of 10-30 ym in width and 500 pm in length.

The other suspensions had large size distributions and were more or less made of thin
elements. For example, MFC-E-MH suspension consisted of very thin elements but larger
elements were also observed. The size distribution was thus very broad in this sample. The
MFC-E-MG suspension shown was more homogeneous with a majority of thin fibrils. Due to
the high thinness of the particles, they were not clearly seen when using this technique.

The production at pilot scale used other homogenisation techniques compared to lab scale
production. The thinness of microfibrils MFC-E-GH, produced on a larger scale, seemed to
be of intermediate sizes between the one of MFC-E-MH and MFC-E-MG (cf. Figure III-5).
The homogeneity and the quality of the MFC suspension produced at pilot scale show that
the fibrillation quality remained very good after the up-scaling of the production and the use
of new equipment.
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Figure IlI-5: Influence of scale production.

The influence of pretreatment is observed in Figure IlI-6. A higher degree of fibrillation was
obtained after TEMPO pretreatment and two passes through the Gea homogenizer (MFC-T-
GH) compared to the enzymatic pulp, which needed to be passed five times in the
homogenizer (MFC-E-GH).

MEGTBH

= ‘f

2 3 = iy | 188 #n

Figure IlI-6: Influence of pretreatment.

In spite of TEMPO pretreatment, the use of rotor stator, developed by cavitron in SUNPAP
project, showed a lower efficiency. Indeed, short fibres were always present in the
suspension after the mechanical treatment demonstrating the bad homogenization of MFC-
T-CR.

The visualisation of the suspension by light microscopy gave a good overview of the MFC
suspensions. The quality of the suspension can be compared and most specifically the MFC
size distribution. The commercial source showed very large elements compared to MFC
suspensions produced in this project. These images proved that the state of fibrillation
strongly depends on the treatment applied to the pulp. Moreover, the pretreatment made the
fibrillation easier and influenced the morphology of MFC.

To complete the morphological characterization and to estimate the element sizes, SEM-
FEG and TEM micrographs were analysed.

1.2.3.1. - SEM-FEG

The magnification of scanning electron microscopy with a field emission gun (SEM-FEG)
gives a better visualisation of the fibril size. However, the suspension was dried during the
preparation of the sample. This drying process led to strong aggregation of fibrils and it was
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difficult to observe individualized fibrils. Figure I111-7 shows micrographs of MFC observed by
SEM-FEG. The micrograph of MFC-Arbo showed large elements slightly fibrillated at the
surface. Here, the microscopic imaging showed that the commercial MFC suspension
doesn't correspond exactly to microfibrillated cellulose suspension. This sample seemed to
be an ultra-refined pulp.

Figure 1llI-7: SEM-FEG micrographs of dried MFC suspensions.

Concerning the others MFC, the diameter could be approximated in a 10-30 nm range. Due
to entanglements and different scale observations, the length of the fibrils cannot be
measured here; it is generally estimated to 1-3 pm.

The MFC-E-MG suspension was the thinnest fibril enzymatic suspension from the light
microscopy images. It corresponded to a closer network showing the importance of particle’s
size on the network formation. The aggregation during the drying was more or less important
according to the source. With the TEMPO oxidized suspension MFC-T-GH, the aggregation
was very strong and it was very difficult to distinguish the elements.
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[1.2.3.2. - TEM

The visualisation of individualized microfibrils was made possible using the TEM technique.
The preparation of samples allowed individualizing the fibrils thanks to a 1000 times dilution.
In Figure I11-8, single fibrils were well distinguished and the diameter was evaluated at 10 nm.

Figure 11I-8: TEM images of MFC-E-MG.

A comparison of MFC produced at pilot scale was made using TEM images (Figure 111-9).

Figure I1I-9: TEM images of MFC produced at pilot scale:
MFC-E-GH, MFC-T-GH, MFC-T-CR (C).

The difference in MFC diameter was well observed here. MFC produced by TEMPO
pretreatment followed by 2 passes in the homogenizer showed the thinnest elements.

These images were scanned only a small part of the suspension and it was not always
representative of the entire suspension.

111.2.3.3. - Conclusion

The combination of these three microscopic techniques allowed to partially characterise the
morphology of MFC suspensions. The mechanical shearing and the increase of passes in
the homogenizer led to the fibrillation and a homogeneous suspension. Enzymatic and
TEMPO pretreatments were used in this study to pretreat the pulp; the images showed that
the MFC morphology was impacted by these pretreatments. The transfer on a larger scale
and the use of different techniques also influenced the fibril size.

Moreover, few appropriate techniques are currently available to determine the size
distribution of MFC in suspension. In the SUNPAP project, some partners used fractionation
techniques to separate the MFC particles according to their size. Six fractions were thus
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obtained with particle size >20 ym for the first fraction and <0.1 pm for the last fraction. The
studied suspensions in the project had between 60% and 80% of fibrils in the fraction 1-0.1
pm [142].

[11.2.4. - Chemical composition analysis of MFC

The chemical composition of MFC was analysed using the sugar hydrolysis method and
compared with the initial bleached pulp. According to the results (Table IlI-1), the commercial
fine cellulose consisted of 85% glucose and 14% xylose. This carbohydrate composition is
characteristic of a hardwood pulp.

MFC-Arbo Pulp MFC-E '\E'LCZ]T

Glucose 85.4% 96,5% 94.9% 71.4%
Xylose 14.1% 1.5% 2.2% 15.0%
Mannose 0.5% 2% 2.9% 12.1%
Galactose <0.05% <0.05% <0.05% <0.05%
Arabinose <0.05% <0.05% <0.05% <0.05%

Table IlI-1: Carbohydrate composition of pulp and MFC according to the pretreatment.

The composition of MFC produced at lab scale was compared with the initial pulp. It was
composes of about 95% of glucose and traces of xylose and mannose. The enzymatic
pretreatment and the mechanical shearing treatment did not impact the carbohydrate
composition of the pulp. Conversely, TEMPO pretreatment influenced the chemical
composition of the pulp. The degree of polymerization of cellulose was decreased and this
explained the glucose content decrease and the increase of xylose and mannose
corresponding to hemicelluloses.

Lignin is a fibre component which influences the surface properties and particularly the
hydrophilic properties. Here, the starting pulp was a bleached pulp and no lignin residues
were detected.

[11.2.5. - Influence of the fibrillation state ont he rheological behaviour of
MFC suspensions

The rheological characterisation of MFC suspensions had two objectives. The first one was
to obtain some information about the degree of fibrillation of samples and the second one
was to evaluate their flow behaviour.

Indeed, the rheological behaviour of fluids is an important parameter for industrial processes.
At each step, the viscosity could be modified by the process. During the coating process, for
example, the range of shear rates applied to the coating colour is very high as shown in
Figure 111-10. Throughout the process, going from the stirring stage to the coating stage, the
fluid is submitted from middle to high shear rates. The study of the rheological behaviour of
coating colours allows to anticipate the behaviour of fluids during the trials and to adapt the
most convenient coating process.
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Figure I1I-10: Shear rate ranging in different coating process [25,143].

However, a MFC suspension is a particular fluid and the determination of its viscosity and its
rheological behaviour is not obvious. Two main parameters could influence the rheological
measurements of MFC suspensions. First, a MFC suspension is a heterogeneous fluid
consisting of particles with a high aspect ratio and a high flexibility leading to possible
entanglements, flocculation or phase separation. Secondly, colloidal interactions occur linked
to electrostatic effects between fibrils due to the charge at the microfibril surface [90].
Conventional Brookfield measurements, currently used for coating processes, were not
adapted for example. During the measurement, a film of water was formed between the
spindle and the suspension which did not allow a valid measurement.

In our study, plate-plate measurements were chosen to determine the flow behaviour of MFC
suspensions. This technique gave repeatable and reproducible results and no phase
separation was observed after measurements.

[11.2.5.1. - Viscosity of MFC produced by enzymatic  pretreatment

[11.2.5.1.1. - Conditions of viscosity measurements

As detailed in the introduction, the particularity of MFC suspensions leads to an adaptation of
common rheological protocols. In order to obtain good rheological measurements, the
rheometer geometry is selected according to the particle size. Indeed, the gap must be at
least ten times greater than the particle size. The size of individualized fibrils is around 1-3
um in length but it is difficult to evaluate the size of aggregates. Plate-plate geometry was
thus selected instead of cone plate geometry. Indeed with the former, it is possible to set the
gap between the parallel plate, thereby eliminating the problems due to the particle size.

Plate-plate measurements were thus carried out on suspensions for shear rates ranging from
10 s to 1000 s™. Two curves were obtained, one for the increasing shear rate and one for
the decreasing shear rate. To reduce potential history effects on the samples, a pre-shearing
step was applied on all samples before the rheological characterisation. A preliminary study
showed the need to apply a pre-shearing. MFC la and MFC 1b corresponded to the same
MFC-E-GH suspension but the MFC l1la was freshly stirred before the measurement and
MFC 1b was not. Figure IlI-11 showed different curves obtained for these two samples
although this was the same suspension.
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Figure IlI-11: Viscosity of MFC 1a and MFC 1b according to the shear rate.

The measurements were carried out once again on the two samples in the same conditions
but using a preshearing at 100 s™ for two minutes (Figure 111-12). This time, similar curves
were obtained for both samples proving the efficiency of a preshearing to reduce the history
effect of MFC suspension.
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Figure IlI-12: Viscosity of MFC 1a and MFC 1b according to the shear rate
after preshearing.

All viscosity measurements carried out with the rheometer were made with a parallel plate
geometry and a shear rate range from 0.02 to 1000 s™ after a preshearing (two minutes at
100 s™).

[11.2.5.1.2. - Influence of the degree of fibrillat ion

The viscosity of MFC suspensions is a critical point for their use on a large scale. Indeed, a
gel-like behaviour was observed for a low solid content (2%). Several reasons could explain
this high viscosity.

Firstly, an increase of the specific surface area (SSA) was observed during the fibrillation
process. Homogenized microfibrils have a higher SSA compared to the starting pulp. Spence
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et al. [18] described an increase of SSA from 11 m?/g to 195 m?%g for a bleached softwood
pulp after homogenisation using the Congo red adsorption method. These values
corresponded to values for wet suspensions. The SSA values, determined on dry pulps by
BET technique, are lower about 1.27 m?%g for whatman paper for example and 23 m?/g for
MFC [144]. The SSA is related to the number of hydroxyl groups accessible on the surface.
The fibrillation increases thus the number of OH groups on the surface and this favours the
hydrogen bonding interactions between fibrils or between fibrils and water. This is why, in
agreement with microscopic images, the viscosity of the pulp increased with the number of
passes in the homogenizer or grinder.

Figure 111-13 shows the evolution of the MFC viscosity as a function of the shear rate
according to the number of passes in the homogenizer. The viscosity increases with the
degree of fibrillation. This measurement gives thus an indication of the fibrillation state and
allows to compare the homogeneity of different MFC suspensions.

1000

100 %

w [ °
g 107% e,
e F %, 1 pass
> F O, A -® 3 pass
.g [ ...0 ‘\Al ) pass
S 14 ). 0...“,4—“ A p
> i e, A

F A

ooo.. A, ay
L .... “‘\A*A
0.1 b ...
F b 1)
0.01 ‘ ‘ ‘ R
0.01 0.1 1 10 100 1000

Shear rate (s )

Figure 111-13: Evolution of the viscosity of MFC-E-GH suspensions as a function of the shear
rate after several passes in the homogenizer.

Secondly, MFC has a high ability to form a tight and entangled network due to its very high
aspect ratio (L/D). The fibril dimensions were estimated to 10-30 nm in width (D) and 1-3 pym
in length (L) corresponding approximately to a L/D ratio around 100. The maximum packing
fraction is thus very low and this explained the high viscosity associated with the low solid
content. Figure 11l-14 details the viscosity of a MFC-E-GH suspension according to the
volume concentration and for several shear rates (1 s*, 10 s™, 100 s*and 1000 s™).
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Figure IlI-14: Evolution of the viscosity of MFC-E-GH as a function of the concentration
for different shear rates.

A strong increase of the viscosity was observed for concentrations higher than 0.67 vol%,
corresponding to the percolation threshold. If the density of cellulose is assumed to be 1.5
g/cm?, this concentration corresponds to 1 wt%.
The percolation threshold (vge) can be calculated for rigid rods such as whiskers from the
equation [145]:

" L/d
This equation is based on the statistical percolation theory for cylindrical-shaped rigid
particles. MFC are flexible but if the aspect ratio of MFCs is estimated to 100, their
theoretical percolation threshold is around 0.7 vol%. This is in agreement with the results
obtained here. Therefore, from 0.67 %vol (1 %wt) of solid content, MFC formed a network in
the suspension. From this concentration, the viscosity increased significantly with the
concentration. [146, 147]
Therefore, the entanglement is probably one of the reasons leading to the high viscosity of
MFC suspensions. However, the fibril charges also play a role on the physico chemical
properties of suspensions and thus on the rheological properties. Complementary works will
determine the real impact of the interactions between fibrils and between fibrils and water.
For this, the rheological measurement must be coupled with a visual examination to observe
the formation of aggregates according to the ionic charge in solvent.
Recently, Saarikoski et al. [90] characterized the flocculated network structure of MFC
suspensions. The floc size was inversely proportional to the shear rate. Moreover, the
addition of sodium chloride decreased the inter fibrillar repulsion encouraging the
aggregation.

[11.2.5.1.3. - Determination of flow behaviour

The thixotropic behaviour of MFC suspensions was determined using decreasing shear rates
(1000-0 s™) followed by increasing shear rates (0-1000 s™). Figure I1I-15 shows the shear
rate dependency of the MFC suspension viscosity.
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Figure 111-15: Rheological behaviour of MFC suspension (MFC-E-MG).

The viscosity of MFC-E-MG could be described in three phases: firstly at low shear rate
(between 0.02 and 5 s™) a shear thinning behaviour was observed due to the breakdown of
the structure and to the orientation of MFC aggregates in the flow direction. The second
phase showed a hysteresis loop, in this intermediate shear range (3 - 50 s™). lotti et al. [89]
suggested that this phenomenon was due to the formation of a new structure and to a
reorganisation. The third part once again showed a shear thinning behaviour due to the
breaking of the MFC structure (network) under the highest shear rates.

The thixotropic behaviour of MFC suspensions was thus demonstrated by this measurement.

[11.2.5.1.4. - Comparison of MFC suspensions

The influence of MFC properties on the viscosity was observed by the comparison of MFC
suspensions. The suspension viscosities were measured for a solid content of 2 wit%.
According to the size reduction and the homogeneity of the suspension, the viscosity differed
from 11 to 100 Pa.s for a shear rate of 0.1 s and from 0.03 to 0.2 Pa.s for a shear rate of
1000 s®. These results are in agreement with microscopic observations: the most
homogeneous suspension (MFC-E-MG) had the highest viscosity (Figure 111-16).
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Figure IlI-16: Influence of the degree of fibrillation: Evolution of the viscosity as a function of
the shear rate for different MFC suspensions.

[11.2.5.1.5. - Influence of the production scale

The production of MFC at pilot scale was carried out with Gea homogenizer. This technique
is different from the Microfluidic homogenizer or the Masuko grinder used at lab scale. The
rheological properties give an indication of the quality of suspensions. Curves, Figure 111-17,
show quite similar viscosities for both MFC suspensions. This demonstrated the quality of
suspensions produced on a larger scale.
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Figure 1lI-17: Shear rate dependency on the viscosity for MFC suspensions
produced at lab and pilot scale.

The comparison of the different kinds of MFC showed that the viscosity was related to the
degree of fibrillation. Three main structures were described for the thin MFC suspensions,
namely a structure at low shear rates with a shear thinning behaviour, an intermediate
structure formed by hydrogen interactions in the range of 10-100 s™ and the broken structure
at higher shear rates.
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[11.2.5.2. - Viscosity of MFC produced by TEMPO oxi  dation pretreatment

The viscosity of TEMPO-oxidized MFC was compared with enzymatically pretreated MFC at
2% (Figure 111-18). Although TEMPO MFC had a lower aspect ratio, its viscosity was in the
same range as the one obtained for enzymatic MFC. In this case, the high viscosity was
established by the higher surface charge of TEMPO MFC leading to strong interactions.
Indeed Missoum et al. [97] showed that the surface charge (peg/g) determined using
polyDADMAC was equivalent to the total charge of MFC measured by the Gramm method.
The percentage of the surface charge in TEMPO MFC was thus around 100%. It was
significantly higher than the one of enzymatically treated MFC around 30%. The shear
thinning behaviour was also observed for the TEMPO MFC suspension and its viscosity was
lower at high shear rates compared to the enzymatic MFC. It was supposed that the
hydrogen bonds were totally broken under high shearing, thereby destroying the gel
structure. The aspect ratio of these fibrils was lower and consequently this also reduced the
entanglements between fibrils. Here, there probably was not the structural change observed
previously. No thixotropy was revealed according to the shear rate contrary to enzymatic
MFC.
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Figure I1I-18: Influence of pretreatment on the MFC viscosity as a function of the shear rate.

Figure 1lI-19 shows the results obtained for the viscosity of TEMPO MFC suspensions
produced at lab and pilot scale. Both curves exactly displayed the same trend and the
viscosity was slightly higher for the MFC produced at pilot scale. The degree of fibrillation
was thus similar whatever the production scale.
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Figure 111-19: Thixotropic behaviour of TEMPO MFC.

Here, no thixotropy effect was observed: the viscosity evolved in the same way during the
decreasing shear rate and the increasing shear rate. The structure of the TEMPO system
was thus not time dependent. The size of the elements of this MFC grade is lower and more
homogeneously distributed.

111.2.5.3. - Conclusion

The characterisation using a rheometer was quite long and difficult to use during the
production process. Sneck et al. [142], our partners in the SUNPAP project, have developed
a routine method using a Brookfield viscosimeter. The use of vane spindles was required to
reduce the disruption and keep a homogeneous mixture during the measurement. The
viscosity was determined for several speeds and for one known concentration. Repeatable
and reproducible results were obtained in a short time. This method was complementary to
the rheometer and only allowed to evaluate the viscosity and thus the fibrillation quality.

The present rheological study had two objectives: firstly the comparison of MFCs according
to the fibrillation state and their pretreatment, secondly the characterisation of their
rheological behaviour.

MFC suspensions had a high viscosity for a concentration of 2% and it was found to increase
with the degree of fibrillation. Moreover, the pretreatment also played a role on the viscosity
value and the rheological characterisation. The shear thinning behaviour observed during the
measurements is a positive point which favours their use in process. In the end, the study
showed that viscosity measurements can also be a good method to check the quality of MFC
suspensions.

I11.2.6. - Conclusion

The characterisation of MFC suspensions is currently carried out using a combination of
microscopic techniques and viscosity measurements. The visualisation at different
magnifications allowed to observe the suspension homogeneity and the morphology of MFC.
However, the size determination of individualized elements and more particularly the length
is difficult due to the entanglement and the high aspect ratio. The quality of fibrillated on
suspensions was very dependent on the pretreatment and on the homogenisation technique.
Viscosity measurements are complementary studies giving an indication of the degree of
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fibrillation. Moreover, the analysis of their rheological behaviour determined their future
behaviour in coating processes. This work also showed the impact of the production process
on the final MFC suspension viscosity.

This first part also showed that the MFC suspensions are very difficult to characterize. None
of this measurement gives the size distribution of fibrils in MFC suspensions. Therefore, the
definition of quality was currently impossible as well as the control of the reproducibility of
MFC production. In the SUNPAP project, the size distribution was examined by a
fractionation study giving interesting results although the characterization was long, around
1.5 day [142].

111.3. - Development of MFC films

To study the intrinsic properties of MFC, self-standing or 100% MFC films were produced
and their mechanical and barrier properties were characterised. Two methods were used for
the film production. The first method is casting/evaporation, a very easy technique to
implement which is overused in the literature. The second one was adapted from Sehaqui et
al. [93] using a semi-automatic sheet former. Only films prepared from MFC suspensions
produced at lab scale were characterised. Firstly part, the two methods have been compared
as well as the degree of fibrillation using enzymatic pretreated cellulose as source of MFC.
Secondly, the properties obtained for films prepared from the TEMPO-oxidized source have
been dealt with. Thirdly two possibilities to improve the MFC films properties and most
particularly the water sensitivity have been presented.

111.3.1. - Production of MFC films

The comparison of the two methods, casting/evaporation and handsheet method was
established with three kinds of MFC: MFC-Arbo, MFC-E-MH and MFC-E-GH. The aspect of
the film was compared according to the degree of fibrillation and to the technique used.

[11.3.1.1. - Film production by casting/evaporation

Films were firstly produced by the casting/evaporation technique. MFC suspensions were
diluted at a concentration of 1% before being poured in a polystyrene petri dish. Water
evaporation was performed at ambient conditions (23°C-50% RH) for 72 hours. Films of 30
g/m? for each suspension were obtained and are visually represented Figure 111-20.
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Figure I11-20: Cast films produced from MFC-Arbo (A), MFC-E-MH (B), MFC-E-MG (C).
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The visual aspect of MFC films was very different according to the sources. The main
differences were most particularly observed for the homogeneity, the shrinking and the
transparency of the films. The best film quality was thus obtained from the most
homogeneous suspension and the thinnest elements previously observed in microscopy, i.e.
MFC-E-MG.

[11.3.1.2. - Films production by the Handsheet meth  od

The casting/evaporation technique is a quite simple method to implement at lab scale.
Nevertheless, this technique has some disadvantages such as a long drying time and the
possible shrinkage of films. Sehaqui et al. [93] found a novel technique to limit these
problems. Indeed, flat MFC films were quickly produced using a semi-automatic sheet
former. The method is described in Figure 111-21.
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3 T Woven
metal
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Figure I1I-21: Production of cellulose nanopaper using a semi automatic sheet former [93].

The first trials using this method were not satisfactory. Films produced were not
homogeneous due to the presence of flocs clearly observed by a visual observation (Figure
11-22).

Figure I11-22: First MFC films by Handsheet method.

The low transparency of the film indicated a high roughness. The microscope visualisation of
the film surface revealed a high roughness due to the marks of woven metal cloth (Figure IlI-
23). Due to this high roughness, the apparent density (determined from thickness) was only
0.46 g/lcm?.
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Figure IlI- 23: Microscopic images with grazing incidence light on the film surface.

The surface roughness of this film was determined by Perten measurements. The mean
value of Ra was 3.41 um.

To limit these defects, the method was adapted:

- The suspension concentration was increased from 0.2% to 0.5% in order to reduce the
MFC flocculation and the aggregate formation.

- The woven metal clothes were replaced by cover papers (calendered papers) to reduce the
roughness of the films.

Thereby, the suspension at 0.5% was stirred and filtered on a nitrocellulose ester membrane
(pore size 0.65 pm) covering the metallic sieve. After filtration, the gel cake was peeled off
from the membrane and stacked between two cover papers and two carrier boards. Films
were dried in a sheet dryer at 93°C and under vacuum for 10 min (Figure 1lI- 24).

STEP1

STEP2 STEP3

MFC
suspension
at 0.5%

Calendered
papers

0.65umfilter vacuum
membrane
on a metallicsieve

93°Cand 70 mbar
for 10 min

Figure IlI- 24: Method of film production by semi-automatic sheet former.

Flat and homogeneous films of 30 g/m? were thus produced by this technique as observed in
Figure 111-25.

20cm

Figure Il1-25: MFC films obtained by Handsheet method from MFC-Arbo (A)
and MFC-E-MG (B).
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The improvement of the film surface quality was checked by microscope visualisation in
Figure 1lI-26. The adapted method strongly reduced the roughness and improved the
smoothness of films.

Figure IlI-26: Films surface obtained by the first (left) and the second (right) handsheet
method from MFC-E-MG.

[11.3.1.3. - Comparison between the two techniques

From the process point of view, these two techniques showed advantages and drawbacks.
Table I1I-2 summarizes the parameters used for each technique. Casting/evaporation is easy
to carry out and achievable without any specific device. However, the drying time is long and
it is not obvious to obtain film with homogeneous thickness. Moreover, the free drying
generally gives a wrinkling effect to the MFC film. The advantages of the handsheet method
are its fastness and the smoothness of the films. Indeed, the drying under constraint allowed
the formation of flat film. The impact of this drying condition on final properties might be
determined.

Casting/evaporation Handsheet

Means Petri dishes Semi automatic sheet former
Preparation time 73 h 1-2h

Solids 1% 0.5%

Drying temperature 23°C 93°C

Drying atmosphere 50% RH 0% RH

Drying time 72 h 10 min

Drying under restraint No Yes

Film diameter 13.5cm 20 cm

Visual aspect Shrinkage Flat

Table 111-2: Parameters of film production techniques.

The film properties were characterized according to the degree of fibrillation and the
technique of production, using mainly MFC suspensions produced at lab scale. The structure
of films was firstly analysed by microscopy, porosity and XRD measurements. Secondly, the
mechanical and barrier properties were determined for each kind of suspension.
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[11.3.2. - Properties of enzymatic MFC films: Influ ence of the fibrillation
and process

[11.3.2.1. - Physical properties and morphology of MFC films

11.3.2.1.1. - SEM-FEG images

The fibril network obtained after the film formation was firstly observed by SEM-FEG
microscopy. Here, the surface of the three films (MFC-Arbo cast film, MFC-E-MG cast film
and MFC-E-MG handsheet film) showed their porosity and pores with more or less large
sizes (Figure 1l1-27). Commercial fine cellulose showed higher porosity compared to the MFC
film as expected from the coarse dimensions of constituting fibrils. The magnication was
lower for this sample.

Concerning the film process, the surface state of the film produced by the handsheet
technique was different compared to cast films. A linting effect was observed, probably due
to the process and most particularly the drying step. Indeed, films are peeled from savoyeux
paper in the last step of the process leading to an eventual fluffing of the surface. The strong
network formed by MFC after drying was observed on these images but also the porosity of
the surface. The impact of porosity on the final film properties will be described in the
following parts.

Grenoble INP - CMTC

Date 5 Jul 2012

Figure 111-27: Surface images of MFC films: MFC-Arbo cast film, MFC-E-MG cast film
and MFC-E-MG handsheet film observed by SEM-FEG.

The film cross-sections were also observed in Figure 111-28. As already described by
Henriksson et al. [148] in the literature, films were organised in a layered and interlamellar
structure. No obvious difference was observed between the two techniques of production as
shown in Figure I1I-28. However, films prepared by the handsheet method seem to be more
compact.
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MFC-E-MG (cast film
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Figure I11-28: Cross-section of MFC films: MFC-E-MG cast film
and MFC-E-MG handsheet film observed by SEM-FEG.

111.3.2.1.2. - Film density

Figure IlI-29 presents the apparent density values (calculated from basis weight and
thickness measurements) for all the films. The film network produced from MFC-Arbo was
less dense than the other MFC films whatever the technique used. Indeed, the density of the
films produced by the handsheet method was 1.16 g/cm® and 1.1 g/cm® for the MFC-E-MH
and the MFC-E-MG films respectively and only 0.76 g/cm?® for the MFC-Arbo films. In the
case of cast films, the apparent density was lower with values of 0.67, 0.97 and 1.04 g/cm?®
for MFC-Arbo, MFC-E-MH and MFC-E-MG respectively.
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Figure I11-29: Apparent density of MFC films produced by casting and handsheet method.

The density is linked to several parameters: the packing of fibrils, the number of bonds and
contact points between fibrils and the residual water in films. The thinnest elements in MFC
suspensions possessed a higher specific area promoting the formation of interfibrillar bonds.
Thus, the film density increased with the degree of fibrillation. The handsheet method
showed denser films compared to casting/evaporation films due to the vaccum filtration and
the drying under contraint.
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[11.3.2.1.3. - Determination of the roughness by to  pography

The roughness of the films was determined by topography measurements after metallization.
The roughness of films impacts their optical properties. Table [lI-3 reports the results
obtained for each film.

Fibres were detected for the MFC-Arbo and the roughness was evaluated to be 2.5 um.
Enzymatic MFC sources produced films with lower roughness about 0.7 um and 1 um for
cast and handsheet films, respectively. Therefore, the casting evaporation technique formed
the smoothest films. This is probably ascribed to the different substrates used for film
formation in each case.

3D Images of top side Roughness (Ra)
of top side
MFC-A
.rbo 2.41 £0.02 ym
cast film
MFC-E'-MG 0.70 £0.02 ym
cast film
MFC-E-MG
+
Handsheet 1.02+0.05 ym

Table I1I-3: Roughness measurements by topography.

These results were completed by Perten measurements carried out on the both sides of
films. The mean values of Ra, described in Table IlI-4, are in agrement with values obtained
by topography. The surface of films produced by casting/evaporation was lower compared to
films produced by the Handsheet method.
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Top side Reverse side
MFC-Arbo cast film 2.8 (x0.3) 0.9(x0.2)
MFC-E-MG cast film 0.7 (£ 0.1) 1.0 (x0.1)
MFC-E-MG handsheet 1.2 (x0.1) 1.2 (x0.2)

Table 1lI-4: Roughness measurements by perten

[11.3.2.1.4. - Mercury porosimetry

To complete the structural analysis of MFC films, the pore size distribution was determined
using mercury porosimetry. The measurement of the paper porosity by mercury porosimetry
was demonstrated by Silvy et al. [149]. They defined two ranges of porosity in paper: the
surface porosity (in the range of 10-100 pm) and the internal porosity (with pores from 0.1 to
10 ym). This techniqgue was here used for the MFC films and showed interesting results.
Mercury porosimetry is more generally used with heavy and dense materials such as clays
for example. The preparation of samples was less obvious with paper or MFC films. Indeed,
it was necessary to roll the sample on itself in a snail form to compact the samples.

Two replicates of MFC-E-MG samples were first analysed in order to check the
measurement quality on this kind of material. Results are summarized in the Table IlI-5.

MFC-E-MG MFC-E-MG Mean SD

cast film A cast film B
Apparent density (1ISO) 1.04 1.04
Bulk density . 1.02 0.97 0.99 0.04
Skeletal density 1.48 1.41 1.45 0.05
Total porosity (%) 31 31 3 1 'O
Surface porosity (%) 25 22

. 23.5 2.1

Surface pore size (um) 3.8 3.9 3.85 0.07
Internal porosity (%) 6 9 7 : 2 1
Internal pore size (um) 0.021/0.010 0.029/0.020 ' '

Table 11I-5: Mercury porometry measurements on two films of MFC-E-MG.

The values were very closed for the two replicated except for the internal pore size. The pore
size was very low closed to the detection limit of this measurement explaining the difference
observed between the two samples.

MFC-Arbo and MFC-E-MG films were also analysed and the Figure I1I-30 shows the results
obtained for each type of MFC films.
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Figure I11-30: Mercury porosimetry measurements.

Here, the presence of peaks around 150 um on the derivative curve is representative of the
filling of wraps and does not correspond to the real porosity of the samples. These first points
were thus removed for the result analysis.

The pore size distribution is presented in Figure III-31 after the calculation. The surface
porosity and the internal porosity were represented by the two peaks. The internal porosity
was very low for each sample between 7 and 30 nm. This explains the high transmittance
values for these materials.
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Figure 111-31: Derivative of cumulative porosity of MFC films.
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The porosity data for MFC films are summarized in Table IlI-6.

MFC-Arbo MFC-E-MG MFC-E-MG

cast film cast film A handsheet
Apparent density (1ISO) 0.67 1.04 1.16
Bulk density 0.75 1.02 1.03
Skeletal density 1.44 1.48 1.62
Total porosity (%) a7 31 36
Surface porosity (%) 36 25 28
Surface pore size (um) 21.2 3.5 5.3
Internal porosity (%) 11 6 8
Internal pore siez (um) 0.021/0.007 0.021/0.010 0.029/0.015

Table 111-6: Density and porosity of MFC films.

The bulk density and thus the total porosity, obtained by the mercury porosimetry are of the
same order of magnitude as the ones determined from the apparent density (ISO method).
As observed from SEM micrographs, films produced from the biggest fibrils (MFC-Arbo) have
the higher porosity reaching 47%. This also corresponds to the largest pore size with a
surface porosity of 25 ym. Films prepared with the thinnest elements have a more compact
structure and thus a lower porosity around 31%. By comparison, paper produced from
softwood bisulphite pulp has a porosity of 67% after a low refining (a °SR of 15) and of 48%
after a high refining (a °SR of 77) [149]. The surface porosity was also reduced to 3.5 ym.
Concerning the film production method, it seems that the film porosity is higher with a value
of 36% when the handsheet method was used. The film density was in the same range of
cast films contrary to the value determined from the thickness. The size of pores at the
surface was around 6.5 pym. This result is in agreement with previous MEB-FEG images of
the film surface and the roughness results. Once again, this could be due to the film peeling
from the calendered paper in the last step of the manufacturing process.

These results were higher compared to the results obtained by Henriksson et al. [76]. The
MFC films porosities were between 20 and 28% depending on the degree of polymerization.
The drying under 10 kPa applied pressure used for the film formation could be one of the
reasons for this discrepancy.

The mercury porosity measurements gave interesting information concerning the structure of
MFC films. The fibrillation of fibres led to more compact materials compared to paper.
However, in spite of the strong ability of MFC to form a network, MFC films kept an important
porosity compared to polymer materials. The low pore size (in the range of nm) explained the
good transmittance values of MFC films and their low permeability reported in literature [91,
92].

[11.3.2.1.5. - Bendtsen permeability

Firstly, the air permeability was evaluated using Bendtsen measurements. Each sample had
a low air permeability in ambient conditions (23°C-50% RH) with values lower than 107
cm®m?.Pa.s, the detection limit of the device.
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111.3.2.1.6. - XRD diffraction: Determination of th e crystallinity index

The density and the structural organization of the fibrils have a strong impact on the final
properties of the films. Nevertheless, the film properties depend also on the crystallinity index
of the material. Indeed, it is believed that the highest crystallinity leads to the highest tensile
strength of fibres and thereby improves mechanical properties of the corresponding
nanocomposites [150]. Moreover, the crystalline part impacts the barrier properties because
it is considered to be impermeable [151]. X-ray diffraction measurements were carried out on
films using two modes: the reflection mode and the transmission mode. Two kinds of films
were compared (casting and handsheet method) to check the influence of the drying step on
the crystallinity index (Figure 111-32).
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Figure I11-32: X-ray diffraction patterns of MFC cast films.

The results were very similar for all the samples and it was not possible to observe any
significant difference between the mechanical treatments used. Sird et al. [114] indicated
also that there was no significant change in the crystallinity as a result of increasing
homogenization.

The cellulose IB was identified on this spectra. The crystallinity index, summarized in Table
I1I-7, was evaluated for each film using the Segal method [152]:

I.=1-1,/1, (Eq.15)

with 1; = Intensity at the minimum 26=18° corresponding to the amorphous domain and I,=
Intensity for 26=22.5° corresponding to the crystalline region.

Films Crystallinity index
MFC-Arbo cast film 71.5
MFC-Arbo handsheet 72.0
MFC-E-MH cast film 75.2
MFC-E-MH handsheet 75.8
MFC-E-MG cast film 76.3
MFC-E-MG handsheet 75.5

Table III-7: Calculated crystallinity index of each MFC film.
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No significant difference was observed between the two kinds of films (obtained by
casting/evaporation or by handsheet method). The difference observed between the films
was thus not due to a difference in crystallinity ratio. The values 71% and 75% were in
agreement with values reported in literature for the MFC. Alemdar and Sain [150] obtained
MFC with a crystallinity degree of 70% for wheat straw source and 78% for soy hull source.
However, Moon et al. [153] showed that MFC from wood and plant fibres had a crystallinity of
51-69% compared to 43-65% for the initial source.

The Segal method is very fast to use but remains a qualitative method and is limited to
precisely determine the crystallinity [154].

A second X-ray experiment was carried out in transmission mode to observe the possible
orientation of fibrils in films. Only MFC-E-MG films were tested here. In this mode, the
symmetric and asymmetric crystalline plans were detected. The two diffractograms obtained
by this method were different although the film was exactly the same. An isotropic material
always reflected in the same way whatever the diffusion angle. Therefore an orientation was
well revealed here. Figure IlI-33 compares the two diffractograms (symmetric and
assymmetric). The difference in signal intensity was clear, most particularly for the diffraction
angle around 35°. The orientation could be more or less accentuated according to the film
formation but this cannot be quantified by this measurement.
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Figure 111-33: X-ray diffraction patterns of MFC-E-MG film measured in symmetric and
asymmetric mode.

XRD measurements allowed determining the crystallinity index of MFC films. No significant
difference was observed here meaning that the difference of film properties were mainly due
to the film organisation.

[11.3.2.2. - Measurement of transparency

Pictures of MFC films (see Figure 111-20, Figure 111-25) showed the difference in transparency
according to the source. This was quantified by three measurements: the total transmittance,
the transmission haze and the clarity values. Obtained values are summarized in Table I11-8.
The transmittance allowed quantifying the light which passes through the sample. This value
depends on the material and its homogeneity. Here again, the most fibrillated samples
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offered the highest transmittance values. However, the haze values were very high
explaining that the films were highly translucent but not totally transparent. Thus, on the
contrary, the clarity values were very low. Moreover, the global transparency was generally
higher for films produced by casting-evaporation compared to the handsheet method. Two
reasons could explain this result. First, the content in thin elements was probably higher after
casting-evaporation because no material loss is possible contrary to what occurs with the
filtration technique. The second reason is the higher roughness and porosity of films
produced by the handsheet method. This explanation is in agreement with the porosity
results described previously.

MFC-Arbo MFC-E-MH MFC-E-MG
Cast Handsheet Cast Handsheet Cast Handsheet
Transmittance | 81.4 (0.9) | 69.6 (0.8) | 83.1 (0.8) | 83.4 (0.5) | 91.3 (0.4) | 85.2 (0.6)
Haze 97.0(0.0) | 97.2(0.1) | 97.5(0.2) | 98.1 (2.3) | 90.0 (0.7) | 95.5(0.2)
Clarity 5.2 (0.0 5.3(0.1) 5.1(0.1) 4.6 (0.1) 7.1 (0.4) 6.1 (0.1)

Table 11I-8: Transparency measurements of MFC films.
Standard deviations are indicated into brackets.

This first part described the physical properties of films and firstly showed the strong
difference between the MFC-Arbo and MFC-E-MH films. Indeed, the film produced from the
commercial source showed low density, high porosity and low transparency. The film quality
was largely improved when using the thinner elements produced at lab scale. Concerning the
technique of film formation, the handsheet method produced films with higher surface
roughness. The impact of the physical properties of films was observed on the resulting
mechanical and barrier properties of films in the next parts.

[11.3.2.3. - Mechanical properties of MFC films

[11.3.2.3.1. - Tensile tests

Regarding the source, the Young’s modulus values were significantly higher for the films
obtained from the microfibrillated cellulose compared to the commercial source MFC-Arbo
(Figure 111-34). The ability of thin MFC to form a dense structure with high number of
interfibrillar bonds led to stiffer materials. The density of films and the element size being
very similar for the MFC-E-MH and MFC-E-MG, their Young’'s modulus values were also in
the same range.
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Figure 111-34: Young’s modulus values of MFC films.

The Young’s modulus values of films produced by the handsheet method were greater than
those of cast films. The apparent density of these films showed more compact films, which
was not the case when considering the mercury porosimetry results.

However, the difference in density was probably not the only reason for this improvement.
Indeed, Figure III-35 reports the specific Young’s modulus values obtained by dividing the
experimental data by the density of MFC films. The values were always slightly higher for the
films produced by the handsheet method compared to casting/evaporation.
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Figure 111-35: Specific Young modulus values of MFC films.

The drying method could be a reason for this result. Indeed, the drying conditions were very
different for the two techniques: the handsheet method used a fast vacuum drying at 93°C for
10 min compared to the slow drying in ambient conditions for the casting/evaporation
technique.

Several phenomena could thus be envisaged. Firstly, the effect of the rate of drying on the
degree of hornification studied by Brancato et al. [155]. The comparison between the drying
of fibres in ambient air, on a hot plate, and in a microwave oven showed that the drying at a
faster rate increased the degree of hornification. The hornification phenomenon is a
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rearrangement of cellulose molecules in fibrils and interfibril aggregation upon drying. This
leads to a slight increase of the degree of crystallinity of cellulose. However, no significant
difference was observed in our case from X-ray diffraction measurements.

A second possibility, described by Sehaqui et al. [93], is the increase of the fibril orientation
in the plane by drying under constraint. Our results are in agreement with those obtained by
Sehaqui et al. [93] for films quite twice as thick as. Their cast films presented a Young's
modulus of 10.3 GPa which is smaller than the 13.4 GPa obtained for films produced by the
handsheet method. The values obtained here were much lower compared to the literature
values. The thinness of our films led to brittle films, weakened by the jaws during the
measurement. Thicker films should be analysed to check the Young’s modulus value.

The third possible explanation is that the drying conditions also influence the shrinkage of the
fibres. More shrinkage giving higher strain at break was observed. Drying under constraint
decreased the shrinkage, formed less extensible paper and increased the bonding strength
[156]. The increase of bonding strength leads to an increase of the Young’s modulus.

The tensile strength values were also determined during these tensile tests and are
described in Figure 111-36. Once again, the tensile properties of commercial fine cellulose
(MFC-Arbo) were largely lower compared to the MFC produced at lab scale. As observed
previously with Young’'s modulus values, the handsheet method formed films with higher
strength compared to the casting/evaporation method.
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Figure I11-36: Tensile strength values of MFC films.

The elongation at break values were very dependent on the technique used as observed in
the Figure 111-37. Indeed, the elongation at break of cast films was twice as high as the one of
handsheet films. The results clearly indicated the influence of drying under constraint on the
shrinkage and the extensive properties of films.
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Figure 111-37: Elongation at break (%) of MFC films.

[11.3.2.3.2. - Burst index

In the paper industries, other measurements are commonly used to evaluate the mechanical
properties of paper such as the burst and the tear index. Firstly, Figure I1I-38 shows the
results concerning the burst index of MFC films produced by the two methods. For films
prepared by the handsheet method, the values were 3 or 4 times higher with the use of more
fibrillated sample. Once again, the higher number of interfibrillar bonds and contact points
between fibrils leads to a higher strength. Nevertheless, this time cast fiims showed the
highest values. Burst index depends on the number of inter-fibrils bonds and on the
entanglement. The number of bonds between fibrils was probably higher after a slow and
free drying compared to a fast drying. Moreover, if the handsheet films display a preferential
orientation as described by Sehaqui et al. [93], the burst resistance could be lowered.
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Figure 111-38: Burst index of MFC films.

[11.3.2.3.3. - Tear resistance

Tear resistance is an important property in the applications and more particularly for the
processability of sheets under strain. Figure I11-39 shows the results obtained for MFC films
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produced by the two methods. The length of the fibrils is an important factor influencing the
tear properties. Indeed, entanglements occur more easily with long fibres, thereby giving the
tear resistance of the material. MFC-Arbo had a length of 500 um, which is much higher than
the length of other MFC estimated at 1-3 um. This explained the better tear resistance of
MFC-Arbo films. However, the aspect ratio should be taken into account assessing the
possibility of entanglements. Once again the casting method offered results showing a higher
entanglement of fibrils thanks to a long drying.
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Figure I11-39: Tear index properties for MFC films.

It is worth noting that the tear index of MFC films was very low compared to standard paper
and this can lead to limitations for the use of MFC films. It could be interesting to study
solutions to improve this property. To date, no paper reports this kind of results in literature.

[11.3.2.3.4. - Conclusion

Tensile test results showed high Young’s modulus values for the films produced with the
thinnest elements. However, the values were low compared to the literature values. As
described in the literature review, the method of film production determined the density of
films linked to final mechanical properties. In this present work, the influence of drying
conditions was observed on the final tensile properties of films. Several possible
explanations were thus established. The tearing and bursting properties were generally not
studied in the literature. However, they both are essential properties for packaging
applications. Thus, the low tear index observed for MFC films could be a drawback for their
use in such applications.

[11.3.2.4. - Barrier properties of MFC films

MFC is promising for the development of barrier materials. The ability of MFC to entangle
and to form a network offer good barrier properties. The fibrillation influence on the film
barrier properties has been here studied according to the production method.

[11.3.2.4.1. - Grease resistance

The grease resistance was determined using a Cobb measurement with peanut oil during
24h. The value was around 1 g/m® Greaseproof paper corresponds to dense and well
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bonded paper. To create this kind of paper, a high degree of beating is necessary. The high
density and the small number of large surface pores give the grease resistance properties
[157]. The MFC films thus showed the conditions required to develop a good grease
resistance material.

[11.3.2.4.2. - Water resistance

The water absorption as well as the swelling of MFC films was determined to evaluate the
water resistance of the latter. For this, Cobb measurements were carried out with thickness
measurement before and after the exposure to water. Cobb 60 index values, shown in Figure
[11-40, were not valid in our case according to the standard because some water passed
through the films during the measurement. However, this could give an indication of the
water resistance.
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Figure 111-40: Cobb 60s index of MFC films (Area 10 cm?).

MFC produced at lab scale were less sensitive to water compared to MFC-Arbo. The strong
interactions between fibrils reduced the number of accessible OH groups at the surface.
Conversely, MFC films strongly swelled in the presence of water compared to commercial
MFC. The structure was very sensitive to water and thin elements swelled more easily than
big elements (Figure 111-41). This swelling effect generally leads to the network being
loosened reducing barrier properties.
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Figure 111-41: Water swelling of MFC films.

For the use of MFC films in barrier materials, it will be necessary to improve the resistance to
water. Indeed, the total immersion of films in water under moderate stirring lead to fast
disaggregation of films (<1min).

111.3.2.4.3. - Water vapour transmission rate (23°C -50% RH)

Figure 111-42 shows the results concerning the water vapour transmission rate (WVTR) of
MFC films produced by the two methods at 23°C-50% RH.
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Figure IlI-42: Water vapour transmission rates values of MFC films at 23°C-50% RH.

The water vapour transmission rate values obtained at 23°C-50% RH were quite high with
the lowest value of 100 g/m?.day corresponding to 3400 g.um/m®.day for MFC-E-MG cast
films. By comparison, the value for a PVOH film is around 30 g.um/m?.day. The water vapour
permeability results from two main factors:

»  The diffusivity which depends on the porosity and the tortuosity of the material.

* The water vapour solubility depending on the water affinity of the material.
Cellulosic materials are highly sensitive to water, the water affinity is very high and the water
sorption at the fibre surface is very important. Okubayashi et al. [158] studied the water
sorption on staple lyocell and cotton fibres. Water molecules directly adsorbed on the
hydroxyl groups of external surface, amorphous regions, inner surface of voids and
crystallites (Figure 111-43).
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Figure I1I-43: A schematic diagram of direct and indirect sorption onto external surface (1),
amorphous regions (2), inner surface of voids (3) and crystallites (4) [158].

In Figure I11-42, WVTR values of MFC films obtained by the handsheet method were higher
than those observed for cast films except for MFC-Arbo. The reason could be the higher
porosity of these films because MFC-E-MG handsheet films showed 36% of porosity
compared to 31% for the cast film.

In the case of cast films, a trend was well observed according to the degree of fibrillation.
The WVTR values decreased with the increase of the degree of fibrillation.

The sorption measurements showed the same evolution for each sample. The sorption and
desorption curves are described Figure 111-44 for relative humidity between 40% and 85%.
The quantity of water at the equilibrium was different according to the thinness of elements.
Indeed, the increase of the degree of fibrillation, by increasing the specific surface area,
increased the water sorption. A paper made from spruce/pine pulp was used as reference
here and clearly showed the influence of fibrillation on the water sorption.
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Figure IlI-44: Sorption and desorption measurements for MFC cast films.

Although the water affinity was higher for the MFC-E-MH and MFC-E-MG films, their WVTR
(23°C-50% RH) values were the lowest ones. Therefore the difference of permeability was
mainly due to the film porosity. MFC-Arbo cast films had the highest porosity leading to the
highest diffusivity and high WVTR values. The homogeneous MFC-E-MG formed a closer
network leading to the lowest diffusivity and thus showed the best value of WVTR.
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The WVTR strongly depends on the porosity of the network. A homogeneous MFC
suspension and the thinnest fibrils gave the tightest network and thus the best results.

However, the porosity and water affinity of cellulose did not allow to obtain sufficient water
vapour barrier materials for self-standing MFC films. This conclusion was also made recently
by Rodionova et al. [159]. The WVTR (23°C-50% RH) of MFC films, produced by filtration
through a paper filter, was of 170 g/m?.day for a thickness of 28 um corresponding to 4760
g.um/m?.day. This moisture barrier is not sufficient for an application in food packaging and
has to be improved. This study showed the effect of hornification on the barrier properties of
films. Indeed, the drying strategies showed a clear influence on the hornification leading to
morphological changes. Spence et al. [18] also obtained a value of 21500 g.um/m?.day.
Several additives were tested to improve this value. Indeed starch, calcium carbonate and
kaolin clay were added in wet-end leading to the permeability reduction with 10% of calcium
carbonate. Subsequently, the MFC films were coated by beeswax, paraffin or starch, the
best value was obtained using 10 g/m? of beeswax.

The water vapour transmission values obtained in this work were in agreement with the few
results reported in literature (Table 111-9).

References WVTR (g.um/m 2.day)
Present work 3400
[159] 4760
[18] 21500

Table 111-9: Summary of WVTR of MFC films (23°C-50% RH) reported in literature.

[11.3.2.4.4. - Oxygen transmission rate (23°C-0% RH )

To preserve food from oxidation phenomena, packaging materials limit the oxygen transport
through the film. The oxygen transmission rate (OTR) measurements were carried out at
23°C-0% RH. The results are described in Figure IlI-45 and in Table I1I-10.
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Figure IlI-45: Oxygen transmission rate of MFC films.
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In dry conditions, strong entanglements between fibrils allowed to obtain promising values.
Indeed, the OTR value around 2 cm®m?.day was in the same range as the one obtained for
PVOH films which are well-known for their excellent oxygen barrier properties. The influence
of the element size was once again observed with a strong difference between OTR values
of MFC-Arbo films and MFC-E-MG films. All values are summarized in Table 11I-10.

MFC-Arbo MFC-E-MH MFC-E-MG
Hand- o Hand- G Hand- G
sheet sheet sheet
°_NO,
OTR 23°C-0% RH >10000 >10000 1.8 2.1 1.7 1.4

(cm®/m?.day)
Oxygen permeability

23°C-0% RH >400000 >460000 53 64 44 44
(cm®.um/m?.day.bar)

Table 11I-10: Oxygen transmission rate and permeability of MFC films.

Table 11I-11 summarized some literature results. Our results were of the same order of
magnitude as the values obtained by Rodionova et al. [159]. However, a high dispersion of
the results is found in the literature. Once again, film properties depend strongly on the
source, on the methods to produce the MFC and on the methods used for the film
production.

. Oxygen permeability
References t'::iﬁ;i; Thlzll(rr:)ass 23°C-0% RH
(cm?®.um/m?.day.bar)
Present work Enzymatic 30 44
[92] Mechanical 22 357
[159] Mechanical 22 54
[91] Carboxymethylation 5 0.06

Table 11I-11: Comparison of oxygen permeability of MFC-E film with literature values.

111.3.2.5. - Conclusion

Two methods of the film production were employed and compared: casting/evaporation and
handsheet method. The handsheet method was firstly adapted to improve the film quality.
Films were very different according to the process: casting/evaporation produced films with
the highest transparency while the handsheet technique allowed obtaining flat and
homogeneous films in thickness in a shorter time. Film properties depended on the MFC
source and production process. Indeed, films produced from the most fibrillated MFC gave
the best values in mechanical and barrier properties. The drying condition also seemed to
influence the MFC network properties. Except for the tensile properties, the properties of
films were better for the films produced by casting/evaporation. Finally, the high strength of
the films showed the reinforcement potential of these materials. Oxygen barrier permeability
as well as their ability to form a tight network demonstrated the possibility to use them in
order to develop barrier layers. However, the porosity and the water sensitivity of the films
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limit their water vapour permeability. Solutions must be found to improve these properties for
the use of MFC in packaging applications.

[11.3.3. - Influence of the TEMPO pretreatment on M FC film properties

Properties of TEMPO MFC films were compared with those of enzymatic MFC films in order
to assess the impact of the modification induced by the chemical treatment. Here films were
only prepared by the casting method because the high water retention of oxidized MFC led to
long filtration time.

As previously seen in the morphological characterisation section, the TEMPO MFC
suspension was more homogeneous in size compared to the enzymatic pretreatment. The
fibril length was also lower after this pretreatment leading to lower aspect ratio.

The first important difference was the aspect of films. Films prepared from TEMPO MFC
presented a very high transparency, high brightness but also higher brittleness compared to
enzymatic MFC films [Figure I11-46].

Figure 111-46: Visual aspect of TEMPO MFC film. Compared with enzymatic?

[11.3.3.1. - SEM-FEG images

The high transparency of TEMPO MFC films as well as resulted from the thinness of fibrils
and from their highly closed surface, as observed in Figure IlI-47. Contrary to the MFC films
previously observed, the porosity of the surface was very low and no large pores were
detected.

Figure IlI-47: SEM-FEG photos of oxidized MFC film surface.
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The white dots, observed at the surface, were due to chemical residues resulting from the
TEMPO reaction. Indeed, a MEB Micro X analysis was carried out at the surface of the film
produced with MFC obtained by Tempo and enzymatic pretreatment. Figure 111-48, the
element composition of TEMPO film showed a high concentration of sodium, used for the
TEMPO reaction [160].
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Figure 111-48: MEB Micro X analysis of TEMPO MFC films (left)
and enzymatic MFC films (right).

[11.3.3.2. - Roughness measurement by topography

The smoothness of films was investigated with topography images of the film surface (Figure
[11-49). Here the image reached the limit of the device with the interference strips emergence.
The roughness was estimated to be 0.15 ym. This low value was confirmed by perten
measurement with a mean value Ra of 0.30 pum.

Figure I11-49: Topography image of the TEMPO MFC film surface.

[11.3.3.3. - Mercury porosimetry

TEMPO oxidized MFC formed more compact films than enzymatic MFC. The apparent
density reached 1.25 g/cm?®. The mercury porosimetry confirmed the lower void fraction in the
film with a total porosity of 27% (Figure I11-50).
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Figure 111-50: Mercury porosimetry measurements of MFC films: Cumulative porosity.

Results of size distribution showed that the surface porosity was very low with a pore size of
1.5 ym. This is in agreement with SEM-FEG images from which a very closed surface was
observed. The size of internal pores was of the same order of magnitude as for the other
films but the percentage was more important in this case. The comparison of pore size
distribution between the two kinds of MFC films is visualized in Figure 111-51.
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Figure IlI-51: Mercury porosimetry measurements of MFC films:
Derivative of cumulative porosity.

The density and porosity data are reported in Table 111-12 for the TEMPO oxidized MFC and
enzymatic MFC films. For the TEMPO oxidized MFC films, a difference was observed
between the density determined from the basis weight and the thickness and the one
measured by mercury porosimetry. It is worth noticing that the porosity values were
calculated after deduction of interstrip points. This calculation method only gives an
approximate value. However, the comparison between samples was quite possible and the
pore size was accurate.
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Enzymatic TEMPO

pretreatment pretreatment
Bulk density (ISO) 1.04 1.25
Bulk density 1.02 1.13
Skeletal density 1.48 1.55
Total porosity (%) 31 27
Surface porosity (%) 25 15
Surface pore size (um) 3.5 1.6
Internal porosity (%) 6 12
Internal pore size (um) 0.021/0.010 0.041/0.010

Table 111-12: Density and porosity for MFC films according to the pretreatment.

Fukuzumi et al. [98] determined a very low porosity for TEMPO MFC films by positron
annihilation lifetime spectroscopy. Indeed, a constant pore size of 0.47 nm was revealed
from the film surface to the interior. This value was extremely low compared to values
obtained by mercury porosimetry. But, the pore size of 10 nm corresponds to the detection
limit of the measurements. It was thus impossible to check the presence of smaller pore in
the film. However, the pore size detected was in agreement with MEB-FEG and topography
visualisation.

[11.3.3.4. - Properties of TEMPO oxidized MFC films

Film properties were determined and the results were compared for both kinds of
microfibrillated cellulose in Table I11-13.

Enzymatic TEMPO
pretreatment pretreatment

Density (g/cm®) 1.02 1.2
Transmittance 91.3 (x0.4) 91.2 (x0.3)
Haze 90.0 (x0.7) 34.9 (x1.7)
Clarity 7.1 (x0.4) 73.1 (£5.7)
Young’s modulus (Gpa) 5.3 (£0.9) 8.6 (x1.2)
Tensile strength (MPa) 323 (x72) 384 (+90)
Elongation at break (%) 1.5 (20.3) 0.4 (+0.06)
Cobb index 60s (g/m?) 33 (+1.0) 157 (+2)
WVTR 23°C-50% RH (g/m?.day) 107 (x4.0) 144 (+4)
Water vapour permeability 3400 3744
23°C-50% RH (g.um /m?.day)
OTR 23°C-0% RH (cm*/m?Z.day) 1.4 (+0.3) 1.3 (£0.3)
Oxygen permeability 44 36
23°C-0% RH (cm®.um/m?.day)

Table 111-13: Comparison of enzymatic and TEMPO MFC film properties. Standard deviation
is indicated in brackets.

Firstly, TEMPO MFC formed a denser film with a density of 1.2 (g/cm®). TEMPO MFC
suspensions had thinner elements favouring a more compact arrangement of the fibrils in the

film.
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The mechanical properties of TEMPO MFC were improved with a Young’'s modulus value of
8.6 GPa compared to enzymatic MFC films. This result was in agreement with the literature.
Indeed, Fukuzumi et al. [71] reported a Young’'s modulus value of 6.9 (+1.4) GPa for a 20 um-
thick film made from TEMPO-oxidized softwood cellulose. However, TEMPO MFC films were
less flexible with an elongation at break three times lower compared to enzymatic MFC films.
Concerning the water absorption capacity determined by Cobb measurement, TEMPO MFC
films had lower properties with a value almost five times higher than for enzymatic MFC
films. The carboxyl groups give a higher surface charge to fibrils which increased the
hydrophilic character of the films. This is one of the drawbacks of the use of TEMPO MFC in
the film productions.

The hydrophilic character was confirmed by the film water sorption results Figure [lI-52. The
sorption and desorption curves exactly showed the same trends for both curves. However,
the percentage of absorbed water is higher for a given relative humidity level than for
TEMPO MFC films.
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Figure IlI-52: Sorption measurement for MFC films according to the pretreatment.

This higher hydrophilicity was probably the reason for the higher water vapour transmission
rate observed for TEMPO MFC films. Indeed, the high density of TEMPO MFC films might
improve the barrier properties and decrease the permeability. This was the case for the
oxygen transmission rate measurement in dry conditions where the value was lower than the
one observed for the enzymatic MFC films. A comparison with results obtained in literature is
observed in Table 11l-14. Rodionova et al. [73] showed the influence of carboxyl content on
the oxygen permeability. An important difference was observed with values decreasing from
1293 to 4 cm®.um/(m?.day.bar) for a carboxyl content of 0.3 and 1 mmol/g, respectively.
TEMPO MFC films obtained in this study had a higher oxygen permeability. However, in our
study the measurements were carried out for self-standing MFC films and not for MFC films
casted on PET film as in this earlier study.
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Carboxyl . Oxygen permeability
References content Thickness 23°C-0% RH
(mmol/g) (um) (cm?®.um/m?.day.bar)
Present work 11 26 36
[98] 1.4 1 (casted on PET) 0.08
[73] 0.3-1 5 (casted on 50um PET) 1293 -4
[72] 1.7 1 (casted on PET) 0.17

Table I1I-14: Comparison of oxygen permeability value (23°C-0% RH) with literature values.

111.3.3.5. - Conclusion

This part of the study demonstrated the influence of pulp pretreatment on the final film
properties. The use of TEMPO-oxidized MFC showed many advantages such as: the
decrease of the number of passes through the homogenizer, reducing energy costs, the
production of homogeneous suspensions, the preparation of more compact films and the
production of highly transparent films. But some drawbacks were also observed such as: the
use of chemicals for the production, lower tensile properties and a highly hydrophilic
character.

111.3.4. - Conclusion

Two methods were firstly selected to develop MFC films: casting/evaporation and handsheet
method. The handsheet method seemed to be more appropriate for the development of films
on a large scale. However, the influence of drying on the network formation should be
studied more in detail. The properties of MFC films, obtained here, showed a high Young's
modulus value but the tear index must be improved for the use of this kind of film for
packaging applications. Concerning the barrier properties, the WVTR was not sufficient and
a solution should be proposed to improve these values. The oxygen permeability of films in
dry conditions was promising compared to those of common packaging materials described
in the literature (Figure 111-53).

Poly(vinylidene chloride)

Ethylene vinyl alcohol

Poly(vinyl alcohol)

Polyamide

Poly(ethylene
terephtalate)

Cellophane

MFC-T-G

MFC-E-G

T
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Oxygen permeability (cm  3.pm/(m.day.bar))

Figure 111-53: Oxygen permeability in dry condition of several packaging materials.
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For example, the value for MFC films was of the same order of magnitude as for a PVOH
film, described as an excellent barrier film. The influence of the pretreatment on film
properties was clearly defined that's why it is important to define a common nomenclature for
these materials and to differentiate the MFC according to the process used.

To conclude, the development of MFC films was successful in this study. In the future, work
must focus on the improvement of water sensitivity and the increase of the MFC packing
should be interesting to study.

[11.4. - Addition of sorbitol in MFC films

The results presented in this part are only preliminary results and a deeper investigation
should be implemented.

Sorbitol is a polyol found in several fruits like apple or synthesised by hydrogenation of
glucose. It is currently used in association with starch playing a plasticizer role. In our study,
it was added to MFC to improve its film forming properties. Two effects were reported, firstly
an improvement of the flexibility of MFC films and secondly an improvement of their barrier
properties.

The porosity of MFC remained a drawback for their barrier properties and most particularly
for the water vapour transmission rates. The introduction of additives could fill the voids and
decrease the permeability like observed in Table 11l-15. Indeed, the WVTR at 23°C-50% RH
was decreased from 107 to 34 g/m*.day. The OTR 23°C-0% RH showed similar values with
and without sorbitol.

MEC films MFC + 20' pph sorbitol
films
WVTR 23°C-50% RH (g/m*.day) 107 (4) 34 (3)
OTR 23°C-0% RH (cm®m?.day) 1.4 (0.3) 1.3 (0.3)
Cobb index 60s (g/m?) 33 (4) 62 (12)
Swelling (%) 47 110

Table 111-15: Properties of MFC films in presence or not of sorbitol.

However, the presence of sorbitol in the film increased the water sensitivity. Indeed the Cobb
index 60s of MFC/sorbitol films, measuring the water adsorption of films, was twice as high
as MFC films without sorbitol. This could be explained by both the hydrophilic nature of the
polyol and the limitation of interfibrilar bonds.

These results showed that solution could be found to improve the water vapour permeability
of MFC films. Indeed, the addition of sorbitol allowed to reduce the WVTR values but
increase the water sensitivity of films. Others stategies to improve the MFC film properties,
could be envisage such as the use of modified MFC, the addition of cross linkers or the
grafting by chromatogeny of the film surface.

[11.5. - Conclusion

Several kinds of microfibrillated cellulose (MFC) suspensions were firstly characterised in this
chapter. Their properties were compared according to the treatment used and to the
production scale.

- 148 -



Chapter IlI: Study of microfibrillated cellulose suspensions/fiims

MFC produced by the disintegration of cellulose corresponds to very thin elements with a
diameter of 10-30 nm and a length of 1-3 um. The MFC morphology and their aspect ratio
depend on the process used; the fibril length was for example shorter after the TEMPO-
mediated oxidation pretreatment. MFC suspensions have a gel-like behaviour for low solid
content (2%). Indeed, the high aspect ratio coupled with high specific surface area of MFC
leads to strong interactions and entanglements. Moreover, it is worth noticing that the drying
of MFC led to irreversible aggregation, impossible to redisperse. This material has thus two
major drawbacks for their use on a large scale: their low solid content and their viscosity.
Subsequently, the development of films was carried out using two methods. The fast
Handsheet method produced flatter and more homogeneous films compared to the
casting/evaporation technique. However, the drying step seems to have an impact on the
network formation and thus on films properties. Except for the Young's modulus, the
mechanical and barrier properties of cast films were higher than that of handsheet films. The
handsheet method using the sheet former is a more industrially viable method to produce
films on a large scale. However, the effect of drying must be largely studied to control the
hornification phenomenon.

The use of TEMPO pretreatment allowed to reduce the number of passes in the
homogenizer. However, the surface modification with the presence of carboxyl groups leads
to more hydrophilic properties.

The last part of this chapter concerned the use of sorbitol to improve the MFC films
properties. Strong reduction of WVTR at 23°C-50% RH was observed althought the water
sensitivity remained high.
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IV.1. - Introduction

A composite material results from the combination of two or more materials. Most
composites consist of two main constituents: a continuous matrix material and a dispersed
reinforcing phase or filler. The filler mainly consists of fibres from various origins such as
glass, carbon, or natural fibres (flax, hemp...). More recently, the introduction of nanoparticles
in a matrix has attracted the interest of many researchers. Indeed, these materials offer
unique mechanical, electrical, optical and thermal properties with low loading requirements
[161].

In chapter 3, the advantages of microfibrillated cellulose (MFC) materials but also their
drawbacks have been outlined. The low concentration and the high viscosity of MFC
aqueous suspensions should be considered for the processing of composites. Indeed, strong
inter-particle interactions occurring during drying limit the possibility to work with dry powder.
As a consequence a hydrophilic and water-soluble matrix was used in order to process the
composite films from a water medium. It allowed to keep the good dispersion level of MFC in
aqueous medium. Starch and PVOH were thus selected, starch for its natural origin and the
PVOH for its good barrier properties. The introduction of MFC in such matrices has already
showed some reinforcement potential in the literature [53, 124, 125, 133,]. However, its
influence on barrier properties was not studied in detail.

The present chapter aims at investigating the combination of MFC with either starch or
PVOH matrices in order to obtain improved materials suitable for packaging. In order to
determine the best conditions for the manufacture of composites, a preliminary study was
conducted. The mechanical and barrier properties of starch/MFC composites were then
discussed as well as the influence of the addition of sorbitol. A similar approach was
conducted for PVOH/MFC composites. A comparison between both composite systems was
carried out in the last part.
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I\VV.2. - Manufacture protocol of MFC composites

In this chapter, the influence of MFC addition on matrix properties was only studied for one
MFC source. This MFC source corresponded to an enzymatic pretreated pulp homogenized
in a Masuko grinder (MFC-E-MG) (Figure 1V-1).

Figure IV-1: Photos of MFC-E-MG suspension at 2 wt%.

Few solutions could be envisaged for the production of composite films. The
casting/evaporation technique was thus used for the development of MFC films. A study was
firstly conducted to determine the proper casting/evaporation conditions for the development
of matrix/MFC composite films.

Casting/evaporation being a slow process, the mixture have to be stable over time to develop
final homogeneous composites. The density of starch was considered equivalent to the one
of amylopectin, i.e. 1.26 g/cm® [96] because waxy maize starch consists of 98 wt%
amylopectin. The density of poly(vinyl alcohol) is 1.24 g/cm® [162]. The density and viscosity
of starch or PVOH solutions at low concentration between 1 and 5 wt% at room temperature
are reported in Table IV-1.

Starch PVOH
Solution Density Viscosity Density Viscosity
concentration (g/cm?®) (mPa.s) (g/cm?®) (mPa.s)
1 wt% 1.001 1.003
3 wt% 1.006 <10 1.005 <10
5 wt% 1.024 1.021

Table IV-1: Density and viscosity of starch and PVOH solutions at room temperature.

The density of cellulose is considered to be 1.5 g/lcm®. The Stokes law is generally used to
determine the sedimentation rate of spherical particles. The formula (1) defines the
sedimentation rate v (m/s) according to the particle size and the fluid viscosity:

_2r*gA(p)
&)

where r is the radius of the sphere, A(p) is the difference in density, n is the viscosity of the
solution.

In this case, the formula is not valid because MFC is made of particles that are not spherical;
they have high aspect ratio and interact with the water by swelling. The real diameter of MFC
as well as its real density in suspension are unknown due to their flexibility and swelling in
water medium. In order to determine the sedimentation rate, visual examination was thus

U (Eq.16)
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carried out according to the concentration of the mixture and stirring time. The mixture
concentration is directly linked to the viscosity of the suspension. The influence of stirring
time could increase the filler/matrix interactions and limit the sedimentation. Three
concentrations were selected, namely 1%, 3% and 5% which corresponded to the limit of the
good spreading of the suspension. The stirring times ranged between 1 hour and 24 hours.
After mixing, the PVOH/MFC suspensions were poured into test tubes and the sedimentation
was observed every hours.

Figure IV-2: PVOH/MFC (90/10) suspension at 1 wt% (left) and at 5 wt% (right)
after different stirring times and 1h of rest.

Figure 1V-2 (left) shows photos of tubes filled with PVOH/MFC (90/10) with a total
concentration of 1%. The observation showed that whatever the stirring time ranging
between 1h and 24h, particle settling always took place and this phenomenon appeared just
after stopping the stirring. After 1 h of rest, the sedimentation phenomenon was clearly
observed.

Conversely, no phase separation was observed for the suspensions concentrated at 5%
regardless the stirring time (Figure IV-2 (right)). These experiments showed that the stirring
time has a weak influence on the sedimentation rate compared to the concentration (related
to the medium viscosity). For the intermediate concentration (3%), the sedimentation
phenomenon also appeared although the sedimentation rate was slower than for
suspensions at 1%. This means that a concentration gradient was formed in composite when
using low concentration suspensions. Figure IV-3 compares the sedimentation level of
PVOH/MFC (90/10) suspensions after 24h of stirring and 24h of rest. Thus for this
PVOH/MFC ratio, it is necessary to use a total concentration of 5% to form a homogeneous
composite by casting/evaporation.
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Figure IV-3: PVOH/MFC suspensions at 1 wt%, 3 wt% & 5 wt%
after 24h stirring and 24h of rest.

This test was also carried out with starch/MFC suspensions for the concentration of 5 wt%
(Figure 1V-4). Whatever the stirring time, no sedimentation was observed for the starch/MFC

mixture. The same behaviour was observed for PVOH and starch solutions because the
density and viscosity of these solutions were very similar.

Figure IV-4: Starch/MFC (90/10) suspension at 5 wt%
after different stirring times and 1h of rest.

According to these results, the casting/evaporation procedure was defined as described in
Figure 1V-5:

Matrix/MFC 23°C'254?_(:/° RH Composite film
mixture 5% (30 g/m?)

Figure IV-5: Method for composite production.
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The concentration of 5 wt% was used for MFC contents lower than 30 wt%. Indeed the
concentration was adapted for higher MFC contents in order to obtain good spreading of the
suspension in the mould and thus films with homogeneous thickness.

IV.3. - Influence of MFC addition on the starch mat  rix properties

IV.3.1. - Introduction

Starch is a widely available polymer source, extracted from renewable materials and largely
studied as a potential substitute of petroleum plastics. Additive-free starch films (without
plasticizers) are very brittle and difficult to handle. However, the introduction of plasticizers
has a negative effect on the barrier properties of starch films [120]. The processing of
composites based on starch was extensively studied these last years. The introduction of
fillers such as nanoclays is a possible solution to confer barrier properties to starch films. The
compatibility between starch and nanoclays is not always optimal and the use of additives
(cationic starch for example) is required to obtain good exfoliation of nanoclays in starch.
MFC displays a good compatibility with starch thanks to the hydrophilic character of both
materials. These interactions should thus lead to the improvement of starch properties.

The starch chosen in this study was a modified starch with hydrophobic groups, developed
by Cargill to reduce its water sensitivity. Moreover, the solution obtained from this starch had
a low viscosity.

First, MFC was added in unplasticized starch and its influence was studied for ratios ranging
from 0% to 100%. The structure of composites was analysed by microscopic observation.
The mechanical properties as well as the barrier properties were evaluated according to the
MFC content. The effect of the addition of sorbitol in the starch/MFC composites was
investigated in a second step.

IV.3.2. - Structure of starch/MFC composites

The structure of the composite determines the end properties of the material. The
homogeneity of the filler distribution and dispersion in the matrix is an essential criterion to
produce composites with optimized properties. A schematic representation of the degree of
dispersion and distribution of particles in a polymer matrix is given in Figure 1V-6.
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Figure IV-6: Concept of dispersion and distribution of particles in composites:
(a) good dispersion poor distribution, (b) poor dispersion good distribution,
(c) poor dispersion and distribution, (d) good dispersion and distribution [163].

Moreover, the improvement of mechanical and barrier properties could result from several
phenomena:

* An increase of the starch crystallinity. Indeed, MFC filler could act as nucleating agent
for the polymeric matrix and favour the crystallisation of starch films.

e Strong interactions between MFC and the starch matrix.

IV.3.2.1. - Visual aspect

The influence of MFC addition on the visual aspect of starch films was firstly investigated.
Figure IV-7 shows photos of unplasticized starch films filled with three different MFC contents
(10 wt%, 30 wt% and 50 wt%). Starch films were very brittle, very difficult to handle and to
characterize. The introduction of MFC clearly improved the film quality and most particularly
their handiness. Films containing MFC seemed more ductile than unfilled starch films.
However, the transparency slightly decreased with the presence of MFC in starch films. The
values of transparency measurement are detailed in Table 1V-2. The transmittance values
were similar whatever the MFC content in starch matrix. However, the Haze value increased
strongly with the MFC introduction explaining the decrease of film transparency. Moreover,
the haze increased with the increase of MFC content.

MFC content (%) Transmittance Haze Clarity

0 91.7 (¥2.3) 1.7 (£0.5) 85.3 (£0.3)
5 92.5 (x0.2) 62.2 (£2.8) 9.9 (£1.6)
10 92.5 (x0.2) 71.3 (£2.8) 9.9 (0.6)
30 93.1 (x0.2) 77.2 (£2.0) 9.7 (£0.5)
50 93.1 (x0.2) 83.2 (£1.5) 9.2 (0.6)
75 92.8 (x0.3) 75.9 (£2.5) 9.4 (£0.4)

Table IV-2:Transparency measurements of MFC films according to

the MFC content in starch matrix.
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Figure IV-7: Pictures of starch/MFC films for several MFC contents.

IV.3.2.2. - Thickness and density of films

The thickness and apparent density (p.) of films were determined for the films conditioned at
23°C-50% RH. These values were compared with theoretical densities (p,) calculated from a
rule of mixture involving starch and cellulose densities, i.e. 1.26 and 1.5 g/cm?®, respectively.
The void content (V) in percent was thus determined from these values using the formula:

v =P " Pesx100 (£q.17)

t

The results obtained with films conditioned at 23°C-50% RH are summarized in Table 1V-3.

MEC content _Film Experim.ental Theore_tical Void
(Wt %) thickness denS|t3y densr;y content (%)
(Hm) (g/cm’) (g/cm’)
0 28.4 (+3.4) 1.18 (+0.12) 1.26 6
5 23.4 (£1.1) 1.23 (+0.05) 1.27 3.3
10 28.2 (£2.1) 1.14 (+0.07) 1.28 11.2
30 27.7 (£2.6) 1.21 (+0.07) 1.33 9.5
50 31.6 (£1.9) 1.12 (+0.07) 1.38 18.8
75 28.4 (+£3.2) 1.12 (+0.14) 1.44 22.2
100 31.8 (#2.5) 1.04 (+0.09) 15 30.7

Table IV-3: Film thickness, theoretical and experimental density and void content
of composite films according to the MFC content.
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These results showed that the void content continually increased according to the MFC
content.

IV.3.2.3. - Polarized light microscopy

Starch and cellulose have similar chemical compositions which restricted the composite
characterization. Polarized light microscopy is a method used to check the homogeneity of
composites and observe the presence of MFC within the starch matrix. Indeed, highly
crystalline and birefringent cellulose nanocrystals can rotate light and thus appear bright
when observed between crossed polarizers [135]. The crystalline part of MFC should thus be
visible under polarized light.

Unfilled starch film was firstly analysed in transmission by light polarized microscopy. No

bright points were observed at the film surface (Figure 1V-8). This suggested that the starch
film was amorphous or poorly crystallized.

100 pm

Figure 1V-8: Polarized light microscopy image of a starch film.

Composite films with 5 wt% and 10 wt% MFC were secondly analysed and presented in
Figure 1V-9. This time, bright points appeared and were found to be homogeneously
dispersed over the surface.

Figure IV-9: Polarized light microscopy images of starch/MFC films
with a ratio of 95/5 (left), 90/10(right).

This proved the good distribution level of MFC in starch films. However, the size of these
points was quite high (around 10 um) and revealed that MFC was not totally individualized in
the matrix but under the form of small aggregates. Therefore, the distribution of MFC in
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starch was good but the dispersion seemed low. This corresponded to the case b in Figure
IV-6.

Therefore, the polarized light microscopy revealed the crystalline part of MFC and gave a
good visualization of the composite homogeneity. No similar results were reported in
literature with MFC. However, this technique was also used by Vigneshwaran et al. [164] to
determine the efficiency of Gum arabic for cellulose nanocrystal distribution in starch film.
The distribution of whiskers firstly was very poor like observed in Figure 1V-10a. The Gum
arabic addition improved the whisker distribution and optical photos were similar to those
obtained in this work in Figure IV-10b.

Figure IV-10: Polarized optical micrographs of starch nanocellulose film (a)
and starch nanocellulose (dispersed by Gum arabic) films (b) [164].

Thus, the distribution of MFC was good in the nanocomposites but the dispersion could
probably be improved by the use of additives.

IV.3.2.4. - SEM-FEG

The MFC distribution seemed homogeneous according to polarized light images.
Subsequently, SEM-FEG observation was carried out to study the structure and the
homogeneity in the cross section of starch/MFC composite films. The cross section of starch
films was compared with the one of starch/MFC composites (Figure IV-11). Starch films were
very smooth compared to the structured section of starch/MFC films. No phase separation
was observed and this proved the good general settling of MFC in the matrix.

Grenoble INP - CMTC 0 A= = Grenoble INP -CMTC
Date :20 Jul 2011 Date ul 2011

Figure IV-11: SEM-FEG of cross-section of starch (left) and starch/MFC (70/30) (right) films.
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A lamellar organisation was observed in Figure 1V-12. As Svagan et al. [96], the fractured
surface showed a fibrous lamellar structure. The large presence of voids inside the
composite also appeared in this micrograph. This is in agreement with the density value
showing a void percentage of 10% for the starch/MFC (70/30) composites.

Grenaoble INP - CMTC
Date :20 Jul 2011

Figure 1V-12: SEM-FEG images of starch/MFC (70/30) film at higher magnification.

The film surface images also were very different depending on the presence or the absence
of MFC (Figure 1V-13). The surface observed corresponded to the top surface that is to say
the opposite side to the side in contact with the mould. The fibril network was clearly
observed on the film surface with a random orientation of fibrils. The presence of MFC at the
surface increased the roughness of starch films and this explained the decrease of their
transparency after MFC addition observed visually on composite films. The surface seemed
to be quite close which is a positive aspect for the development of barrier properties.
However, some larger elements were visible at the surface; these aggregates could affect
the mechanical properties of composites.

Figure IV-13: SEM-FEG images of the top surface of unfilled starch (left)
and starch/MFC (70/30) (right) films.

The microscopic observations demonstrated the satisfactory distribution of MFC within the
starch film. This homogeneous morphology is a key factor for reinforcing conditions.

IV.3.3. - Mechanical properties of starch/MFC compo  sites

The influence of MFC on the mechanical properties of the starch matrix was studied by
tensile tests. Figure IV-14 shows the evolution of the Young’s modulus value according to the
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MFC content. The reinforcement effect was clearly observed with an increase of the Young's
modulus as a function of the MFC content. It increased from 1284 to 2137 MPa with the
addition of 10 wt% MFC and to 3874 MPa with 30 wt%. From 50 wt% of MFC, the Young's

modulus value levels off and starch/MFC composites display the same stiffness as pure MFC
film.
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Figure IV-14: Young's modulus of starch/MFC films.

Figure 1V-15 shows the evolution of the tensile strength value according to the MFC content

and the same trend was observed confirming once again the reinforcing capability of MFC for
the starch matrix.
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Figure IV-15: Tensile strength of starch/MFC films.

An improvement of the elongation at break was also observed as shown in Figure IV-16. The
value increased for the low MFC contents (5 wt% and 10 wt%) and reached a maximum

value of 1.2%. However, the elongation at break remained very low for these materials that
were very brittle.
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Figure IV-16: Elongation at break of starch/MFC films.

Therefore, the addition of MFC improved the rigidity of starch films as well as its ductility.

As observed previously from microscopic investigation, MFC was well distributed within the
matrix and the composites were thus homogeneous. This favoured the observation of good
mechanical properties. Moreover, the reinforcement effect should be partly due to the
formation of a MFC network and to favourable interactions between MFC and matrix
favouring the matrix/filler stress transfer through the interface. This explained the highest
Young’s modulus value for the starch/MFC (25/75) film compared to the MFC film.

Other studies in literature [96,127] also reported the effect of the addition of MFC produced
by enzymatic pretreatment followed by mechanical shearing in amylopectin films. Similar
reinforcing effect was observed with a strong improvement of the Young’s modulus with the
MFC content (Figure IV-17). Compared to literature values, the Young's modulus values
obtained in the present study are lower but the strength values are higher.
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Figure IV-17: Comparison of the mechanical properties of starch/MFC films

with literature values.
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Mechanical properties of MFC composites were analysed according to the MFC content. An
improvement of mechanical properties was observed for the Young’s modulus as well as the
tensile strength values. This reinforcement effect of MFC was also reported in literature but
the final values depend on the initial matrix and on the MFC used.

I\VV.3.4. - Barrier properties of starch/MFC composit es

Starch material generally displays good grease and oxygen barrier properties in the dry
state. Indeed, the water sensitive character of starch negatively impacts the barrier
properties. Moreover, the presence of plasticizer in starch film improves the ductility but
decreases the barrier properties. Indeed, the plasticizer increases the chain mobility reducing
the glass transition temperature and increasing the permeability. The problem with starch
based membrane is to find the proper balance between good barrier properties and
mechanical performances [120]. Here, MFC played two roles:
* Arrole of plasticizer with the improvement of ductility,

* Arole of filler with the increase of tortuosity in order to enhance the barrier properties
of starch films.

IV.3.4.1. - Water vapour transmission rate

The water vapour transmission rates of composites (conditioned at 23°C-50% RH) were
measured to study the influence of MFC addition on barrier properties. A decrease of water
vapour permeability was observed according to the MFC addition as shown in Figure 1V-18.
The lower value reached 110 g/m?®.day for a MFC concentration of 50 wt%. This value
corresponded also to the value obtained for the MFC film. This showed that the resulting
network obtained from 50% in MFC was the same as in pure MFC films.
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Figure IV-18: WVTR of starch/MFC films at 23°C-50% RH.

Several reasons could explain this improvement of WVTR values. First, MFC with its
crystalline domains increased the global crystallinity of the material and then the tortuosity
limiting the diffusion phenomenon. The gas molecule diffusivity of MFC film was described by
Belbekhouche et al. [113]. Figure IV-19 schematically shows the increase of molecule
pathway in the MFC network. SEM-FEG images showed the fibril network within the matrix
which reduced the molecule diffusion.
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Starch
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Figure IV-19: Schematic representation of the gas molecule diffusivity
in starch and starch/MFC (70/30) films.

Secondly, the improvement in barrier properties could result from the decrease of the water
solubility of composite films. The influence of MFC addition on the water solubility was
studied by water sorption measurements. The water content of films conditioned at 23°C-
50% RH was firstly determined by TGA analysis (Figure 1V-20). Starch film had an initial

water content of 12% at equilibrium. The introduction of MFC decreased this value to 7% for
a MFC content of 50%.
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Figure 1V-20: Water content in starch/MFC films conditioned at 23°C-50% RH.

Moreover, Figure IV-21 shows the water sorption and desorption of starch/MFC films
according to relative humidity for several MFC concentrations (0, 10 and 100 wt%). Once
again, the water sorption was linked to the MFC concentration. The sorption of starch

decreased with the MFC introduction. Moreover, after desorption the structure found again its
initial state.
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Figure IV-21: Water sorption of starch/MFC films.

These results demonstrated that the presence of MFC decreased the water sorption of
starch films. This conclusion was also reported by Svagan et al. [126]. One of the reasons is
that cellulose nanofibers are less hygroscopic than starch. Indeed, cellulose has a higher
degree of molecular order and a higher crystallinity. This reduced water sorption could be
also related to strong interactions between MFC and starch matrix decreasing the starch
chain mobility and then swelling.

IV.3.4.2. - Oxygen permeability

The oxygen permeability of starch/MFC composites was determined for the films with the
50% MFC content. Indeed, the films with lower MFC content were too brittle for the
measurements. The oxygen permeance of starch/MFC (50/50) films was 5 cm®/m?.day.bar
for a 25 pm thick film corresponding to an oxygen permeability value of 125
cm®.um/m?.day.bar at 23°C-0% RH. Plackett et al. [127] obtained better value for the same
starch/MFC (50/50) film with an oxygen permeability of 20 cm®.pm/m?.day.bar at 23°C-50%
RH. The starch/MFC (50/50) value was high compared to the oxygen permeability of PVOH
or cellophane, viz. 20 and 41 cm®.um/m?.day.bar, respectively, but in the same magnitude
range as polyamide [21,107]. All of these results are summarized in Table 1V-4.

Oxygen permeability .

(cm®.um/m?.day.bar) Conditions
Starch/MFC (50/50)
Present work 125 23°C-0% RH
[127] 20 23°C-50% RH
PVOH [21] 20 23°C-0% RH
Cellophane [107] 41 23°C-0% RH
Polyamide [21] 100-1000 23°C-0% RH

Table 1V-4: Oxygen permeability of Starch/MFC (50/50),
PVOH, Cellophane and polyamide films.
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IV.3.5. - Influence of MFC addition on the structur e of starch film

The characterisation of samples showed an improvement of mechanical and barrier
properties. Three analyses were carried out to establish the influence of MFC on the
structure of starch films. X ray diffraction (XRD) was firstly used to evaluate the crystallinity of

composites and it was completed by DSC measurements. Finally, TGA experiments were
carried out to determine the thermal stability of composites.

IV.3.5.1. - X-ray diffraction
XRD analysis was carried out on starch/MFC films (Figure 1V-22).
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Figure IV-22: XRD analysis of starch/MFC films.

Starch and MFC films were firstly studied. The diffractogram of starch film in grey showed a
broad hump and did not show any diffraction peak. This means that starch film is mainly an
amorphous material. As observed in the first part on the characterisation of MFC film,
microfibrillated cellulose films presented two main peaks around 16° and 23° corresponding
to cellulose IB (red curve). The orange curve corresponds to the diffractogram of starch/MFC
(90/10) film. These experimental data were compared with the theoretical curve in blue
determined by a rule of mixture. No significant difference was observed between the
theoretical and experimental curves. The impact of MFC on the crystallinity of starch was
thus not revealed by this technique. Svagan et al. [96] obtained the same results and
reported that no data supported the crystalline order or transcrystallinity order in the matrix.

IV.3.5.2. - DSC measurements

XRD experiments were completed by DSC analysis. The DSC measurements on starch
materials are difficult to analyse because the crystallinity of starch is linked to the humidity in
the material.

The DSC measurements showed an endothermic peak for each starch/MFC composite
samples (Figure 1V-23). However, this peak seemed to correspond to the water evaporation

and not to a melting endotherm. This result is in agreement with XRD experiments that did
not show any diffraction peaks related to starch in films.
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Figure IV-23: DSC analysis of starch/MFC films.

These analyses showed that the starch matrix was amorphous and that the MFC addition
had no effect on the crystallisation of the matrix. Therefore, the improvement of mechanical
and barrier properties was not due to the increase of crystalline order of starch.

IV.3.5.3. - TGA experiments

TGA experiments were carried out to study the influence of MFC on the thermal stability of
starch. Two data were obtained from TGA measurements: the mass loss of the samples and
the heat flow as a function of temperature.

The evolution of the sample weight as a function of temperature was firstly investigated and
shown in Figure IV-24. An initial weight loss of the samples occurred around 100°C. This
corresponded to the water evaporation.
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Figure IV-24: TGA of starch/MFC films.

A second weight loss for the samples was observed from 275°C with the degradation of the
samples. An increase by 45°C of the degradation temperature of starch films was observed
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according to the MFC content. This confirmed the presence of strong interactions between
starch and MFC.

The heat flow, Figure 1V-25, showed an endothermic peak in this temperature range which
confirmed the results previously obtained from DSC analysis.
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Figure IV-25: Heat flow measurement determined from TGA experiments.

To conclude this part on the structural investigation of nanocomposites, the addition of MFC
did not show any significant effect on the crystallinity of the starch matrix. However, TGA
confirmed the presence of strong interactions between starch and MFC. These interactions
allowed the improvement of starch properties with an increase of its mechanical properties
and a reduction of its water vapour permeability. The addition of plasticizer was tested to
observe its influence on the composite properties.

IV.3.6. - Study of the influence of sorbitol additi  on

Starches are continuously studied to compete with and replace synthetic polymer for different
applications [118]. However, as observed in the first part, starch films are very brittle. To
reduce this brittleness, starch are currently associated to plasticizers such as glycerol,
poly(ethylene glycol), or sorbitol for example. The improvement of the film quality leads to the
enhancement of the barrier properties but the addition of plasticizer reduces the barrier
properties. This part investigates the influence of the addition of sorbitol (S) on the composite
film properties. Sorbitol was mainly chosen for its natural origin. Indeed, sorbitol is extracted
during the conversion of corn wheat and potato into starch (Figure 1V-26).
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Figure IV-26: Sorbitol molecule.

Only one sorbitol content was tested in this study. The ratio was fixed at 20 wt% in order to
avoid the degradation of barrier properties [165]. A new series of composites was thus
produced following the same procedure but using starch/sorbitol as matrix. Starch was firstly
solubilised at 95°C and the plasticizer was added after cooling to 60°C. Once again, MFC
suspensions were added to starch/sorbitol mixture with a ratio ranging from 0% to 100%
according to starch/sorbitol.

The mechanical and barrier properties of starch/SIMFC composites were evaluated and
compared with the previous results.

IV.3.6.1. - Structure of starch/S/MFC films

IV.3.6.1.1. - Visual aspect

The sorbitol content (20% wt) was not high enough to form a good plasticized starch film.
Indeed, cracks appeared in starch films after water evaporation (Figure 111-54). A good film
formation was nevertheless observed after the addition of MFC, as shown from the visual
aspect of the starch/S/IMFC composite (54/16/30) in Figure 111-54. Compared to sorbitol-free
starch, composite films were more flexible.
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Figure I11-54: Films of 30g/m?of starch/sorbitol (80/20) (left) and
starch/S/IMFC (56/14/30) (right).

A previous study by Viguié et al. [166] showed the possibility to process starch films with 20
wt% sorbitol. Another investigation, reported by Gaudin et al. [167], showed that the
plasticisation of starch and its classical improvement effect of ductility were only possible for
higher plasticizer contents. With sorbitol, the increase of elongation started from a content of
27%. For low sorbitol contents, the plasticizer does not play its role and this phenomenon
was called antiplasticization. The consequences of this effect were described in the literature
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[168]. Here, the combination of MFC and sorbitol were studied to improve the mechanical
and barrier properties of the starch matrix.

IV.3.6.1.2. - Thickness and density

The apparent density was determined for each starch/S/MFC composite conditioned at 23°C-
50% RH (Table I1V-5).

Compared to starch/MFC films, the void content was slightly reduced. However, these values
were only qualitative due to the variation of the film thickness which strongly influenced on
the final values.

Film Calculated Theor etical Void
MFC content . . ;
(Wi%%) thickness densms/ densn)S/ content

(M) (g/cm”) (g/cm”) (%)
5 27.9 (+1.8) 1.24 (+0.06) 1.32 5.9
10 28.4 (+1.1) 1.22 (+0.05) 1.33 8.8
30 30.2 (+1.9) 1.17 (0.03) 1.37 14.3
50 29.7 (x2.2) 1.18 (+0.07) 1.40 15.9
75 33.1 (#3.4) 1.12 (+0.05) 1.45 22.9

Table 1V-5: Film thickness, theoretical and experimental density and void content
of composite films according to the MFC content.

IV.3.6.1.3. - SEM-FEG

The introduction of sorbitol in composite films was expected to modify their structure. The
cross section of plasticized starch/SIMFC (56/14/30) films was observed by SEM-FEG
microscopy in Figure 1V-27. The appearance of the structure was more closed and the
lamellar structure was no more distinguished. The voids seemed to be filled by the sorbitol
molecules.
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Figure IV-27: SEM-FEG images of the cross-section of
plasticized starch/S/IMFC (56/14/30) films.

IV.3.6.2. - Mechanical properties

IV.3.6.2.1. - Tensile properties

The evolution of the Young’s modulus value of composites as a function of MFC content is
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shown in Figure 1V-28 for both two kinds of matrix, i.e. sorbitol-free starch and starch/sorbitol
(80/20).
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Figure IV-28: Young’s modulus of starch/MFC and starch/S/IMFC composites.

The addition of sorbitol decreased the Young’'s modulus of composite films compared to
sorbitol-free starch films as expected. However, the introduction of MFC had once again a
reinforcement effect because the Young’s modulus values increased when increasing the
MFC content. The stiffness of starch films was thus decreased in presence of sorbitol but the
starch/MFC interactions seemed to be unaffected leading to good mechanical properties of
composite systems.

The same trend was also observed for the tensile strength values (Figure 1V-29). As reported
by several researchers, the increase in polyol concentration in starch leads to the decrease
of the glass transition and the tensile strength [169]. Indeed, the plasticizer reduces the
intermolecular forces in starch films increasing the mobility of polymer chains and the
flexibility of films.
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Figure IV-29: Tensile strength of starch/MFC and starch/S/MFC composites.
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Figure 1V-30 shows the evolution of the elongation at break for composite films as a function
of MFC content. Surprisingly, the introduction of plasticizer did not enhance the ductibility of
the films. Indeed, the values were lower for plasticized matrix based composites than for
unplasticized starch systems.
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Figure IV-30: Elongation at break for starch/MFC and starch/S/MFC composites.

Therefore, the investigation of the mechanical properties of plasticized starch films showed
that the sorbitol did not play the role of classical plasticizer in this case. This behaviour was
similar to the antiplasticization phenomenon. This result is in agreement with Gaudin et al.
[167] who found an antiplasticization phenomenon for sorbitol contents lower than 27%.

The antiplasticization could be due to strong interactions occurring between the polymer and
the plasticizer inducing a “cross-linking” effect at low concentrations in addition to possible
crystallisation [170].

IV.3.6.2.2. - TGA analysis

TGA measurements were carried out in order to determine the influence of MFC on the
thermal degradation of plasticized starch. shows that the thermal degradation was the same
for the starch/sorbitol film and sorbitol-free starch film. Moreover, the addition of MFC
increases slightly the degradation temperature of plasticized starch. This confirmed that
favourable interactions between MFC and starch still exist in presence of sorbitol.

- 174 -



Chapter IV: Development of MFC based nanocomposites

100
% &
80

70
60 | \ — Starch/MFC (100/0)

i — Starch/S/MFC (80/20/0)
g Starch/SIMFC (72/18/10)
. \ Starch/SIMFC (56/14/30)

50 1

Sample weight (%)

10 +

50 150 250 350 450 550
Temperature (°C)

Figure IV-31: TGA thermograms of starch/sorbitol (80/20)
and starch/S/IMFC composites films.

IV.3.6.2.3. - Conclusion

The addition of sorbitol decreased the mechanical properties of starch film but once again
the addition of MFC improved the mechanical strength of plasticized starch. Moreover, the
elongation at break of composite films was also reduced indicating that the sorbitol content
was insufficient to plasticize the matrix.

I\V.3.6.3. - Barrier properties

The barrier properties of starch/S/IMFC composites were evaluated according to the MFC
content except for the neat matrix (sample without MFC). The MFC/S/MFC (80/20/0) was
effectively too brittle to measure its WVTR by the dish method. The evolution of the water
vapour transmission rate (WVTR) value at 23°C-50% RH as a function of MFC content is
plotted in Figure IV-32. The introduction of sorbitol had a very positive effect on barrier
properties: the WVTR value was 8 times lower for the starch/S/MFC (72/18/10) compared to
the sorbitol-free composite. This improvement could be the consequence of the
antiplasticization effect and interactions between starch and sorbitol. Gaudin et al. [167]
observed a decrease of the oxygen permeability of starch film by addition of low sorbitol
gquantities. The diffusion decreased thanks to hydrogen interactions between starch and
sorbitol. Indeed, these interactions reduced the molecular motion needed for the oxygen
diffusion.
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Figure IV-32: Effect of sorbitol and MFC addition in composites on WVTR measurements.

However, the addition of MFC had no significant influence on the water vapour permeability
of plasticized starch matrix. The value reached 20 g/m?.day for the MFC contents lower than
50% and increased to 50 g/m°.day for higher MFC contents. Plackett et al. [127] also
observed this trend for the oxygen permeability of composites. The addition of glycerol
counteracted the positive influence of MFC in terms of improvement of barrier properties.

The water content of plasticized composites was also determined by TGA for films
conditioned at 23°C-50% RH (Figure IV-33). The water content was strongly decreased with
the addition of sorbitol with a value of 11.8% and 6.8% for starch and plasticized starch,
respectively. Most probably, sorbitol molecules replaced the water in films.

Moreover, the obtained values were almost the same for all films regardless the MFC
content.
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Figure IV-33: Water content in starch/MFC and starch/S/MFC films
conditioned at 23-50% RH.
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This trend was confirmed by the sorption measurements as shown in Figure 1V-34. Indeed,
there was no strong difference between the sorption curves associated with the different
MFC contents.
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Figure 1V-34: Water sorption desorption of starch/S/MFC films.

Thus, the presence of sorbitol in composite films decreased the water vapour permeability of
starch probably thanks to the filing of voids by sorbitol molecule which decreased the
diffusion of water molecules. These results also showed that the presence of water in films
mainly influenced the water vapour transmission rate values. The effect of MFC on the
barrier properties was no significant for unplasticized starch. However, for the chosen sorbitol
content (20 wt%), starch/plasticizer system did not form film without MFC. Thus the addition
of sorbitol allowed improving the water vapour permeability of starch and MFC gave the film
forming ability.

IV.3.7. - Conclusion

The development of starch/MFC composites was successful. The introduction of MFC
improved the mechanical properties and decreased the water vapour permeability. Moreover,
the oxygen permeability showed an acceptable value. The addition of sorbitol was a first step
to improve the composite film properties. Indeed at low concentration, the presence of
sorbitol did not affect the starch/MFC interactions. The reinforcement potential of MFC was
thus preserved and the water vapour barrier properties were improved.

Currently, the performance of this composite remains too low for barrier material
applications. The water sensitivity and their high water vapour permeability are the main
limitations of these materials.

I\VV.4. - Influence of MFC addition on the PVOH matri X properties

IV.4.1. - Introduction

The starch/MFC composite materials have barrier properties that are not sufficient to develop
a biosourced packaging material. Another polymeric matrix, poly(vinyl alcohol) (PVOH) was
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thus selected. This third part discusses the results obtained for PVOH/MFC composite films.
PVOH is a partly biodegradable polymer and is already known for its excellent barrier
properties. The addition of MFC in PVOH could act on several aspects such as the
reinforcement effect, the improvement to the water sensitivity or the increase of the
biodegradability.

Therefore, composites were developed and their mechanical and barrier properties were
assessed for MFC contents ranging from 0 wt% to 75 wt%. In this study, the PVOH used had
a degree of hydrolysis of 98.4% (+/- 0.4%) and a molecular weight of 27000 g/mol [162]. This
high degree of hydrolysis meaning a high density of hydroxyl groups, was chosen to favour
the compatibility and the interactions with MFC.

Once again, the composites were produced using the casting/evaporation technique detailed
previously. PVOH was firstly heated at 95°C in water to ensure its solubilisation before the
addition of MFC.

IV.4.2. - Structure of PVOH/MFC composites

IV.4.2.1. - Visual aspect

The PVOH/MFC composite films, observed in Figure 1V-35, were produced by
casting/evaporation. Films seemed homogeneous with no apparent flocculation but a
decrease of the transparency was firstly visually observed for films containing MFC. This
could result from the presence of MFC aggregates in films. Indeed, Lu et al. [133] reported
that the transparency of the resulting films confirms the homogeneous dispersion of MFC in
PVOH.

Figure 1V-35: Photos of pure PVOH film (A), PVOH/MFC composite films
with 10% MFC (B) and 30% MFC (C).

Secondly, these observations were confirmed by the transparency measurements (cf. Table
IV-6). The total transmittance of light was quite the same for all composite films whatever the
MFC content. However, the haze values increased with the increase of MFC content leading
to the lower transparency after MFC addition.
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MFC content (%) Transmittance Haze Clarity

0 92.9 (x0.2) 4.2 (x0.8) 85.3 (£0.3)
5 92.8 (+0.1) 63.7 (£1.9) 12.2 (£0.3)
10 93.1 (x0.1) 75.9 (20.8) 11.1 (x0.2)
30 93.6 (x0.0) 81.4 (£0.2) 9.4 (£0.1)
50 93.2 (¥0.1) 83.4 (£0.3) 9.3 (x0.1)
75 91.9 (x0.6) 82.0 (x0.6) 9.4 (£0.2)

Table IV-6: Transparency measurements of PYOH/MFC composites.

IV.4.2.2. - Thickness and density of films

Table V-7 summarizes the values of apparent density, theoretical density and void content
for each PVOH/MFC film according to the MFC content.

PVOH films showed a density close to the theoretical density demonstrating the good film
formation and the production of dense PVOH films. The introduction of MFC increased the
void content of final composites. For MFC contents of 5 and 10% wt, the void content
remained very low.

MFC content Film Calculated Theoretical Void content

(wt %) thickness density density (%)

0 25.0 (x2.2) 1.20 (+0.08) 1.24 3.2

5 27.0 (x1.1) 1.18 (+0.05) 1.25 5.8

10 26.2 (x1.3) 1.21 (+0.06) 1.27 4.4

15 27.8 (x1.3) 1.10 (x0.04) 1.28 14.0

30 33.7 (x1.2) 0.96 (x0.05) 1.32 27.1

50 31.2 (#3.4) 1.04 (+0.01) 1.37 19.7

75 28.8 (+0.8) 1.25 (x0.03) 1.44 12.9

100 31.8 (x2.4) 1.04 (x0.09) 1.5 30.7

Table 1V-7: Film thickness, theoretical and experimental density and void content
of composite films according to the MFC content.

The increase of MFC content in PVOH matrix led to the increase of film porosity. The barrier
properties were measured to confirm if this porosity impacts or not on the properties of
PVOH/MFEC films.

IV.4.2.3. - SEM-FEG images

A good dispersion level of the filler in the matrix is a key parameter to achieve effective
reinforcement. Here, only SEM-FEG observations were done to investigate the homogeneity
of composites. Indeed, PVOH is a semicrystalline polymer and its crystallites are revealed
under polarized light microscope. Thus, it was impossible to detect and differentiate the
microfibrils by the polarized light microscope technique.

The SEM-FEG images of the cross-section of PVOH and PVOH/MFC films are presented in
Figure IV-36.
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Figure IV-36: SEM-FEG images of the cross section PVOH film (left)
and PVOH/MFC (95/5) film (right).

The PVOH film was a very dense and smooth material. This confirmed the density values
reported previously. For the PVOH/MFC composites, it was very difficult to detect MFC in the
matrix. Indeed, the microfibrils were probably well embedded in the PVOH matrix. The
observed white dots may correspond to the thin microfibrils. Their repartition was
homogeneous in the material thickness. The global distribution of MFC was homogeneous
but the size of these white dots suggests the presence of fibril aggregates.

The PVOH/MFC (95/5) composites appeared compact for this MFC content because no
voids were detected on the micrograph.

IV.4.3. - Mechanical properties of PVOH/MFC composi  tes

Tensile tests were carried out for PVOH/MFC composite films to evaluate the effect of MFC
on the mechanical properties of PVOH matrix. The combination of MFC with PVOH improved
the mechanical properties of this matrix as confirmed by the evolution of the Young's
modulus value in Figure 1V-37. Indeed, it increased continuously according to the MFC
content. Composites were stiffer with values reaching 2500 MPa and 3300 MPa with 10 wt%
and 30 wt% of MFC, respectively, compared to the pure PVOH film value of 1800 MPa.
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Figure IV-37: Young’s modulus of PVOH/NFC films.
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The addition of MFC also improved the tensile strength value of the PVOH matrix but only for
the lowest contents below 15 wt% (Figure IV-38). For the highest MFC contents, between 30
wt% and 75 wt%, the tensile strength was lower although the standard deviation was very
high.

500

400

300 T T~

200

10 { i S

Tensile strength (MPa)

0 20 40 60 80 100
Microfibrillated cellulose (%)

Figure IV-38: Tensile strength of PVYOH/MFC films.

Several explanations of this result were possible. MFC aggregation within the matrix was
possible leading to the decrease of PVOH/MFC interactions and to the decrease of the film
cohesion. This was observed with the high void content values for high MFC contents.
Another potential explanation is the production method. Indeed, to reach a correct spreading,
the PVOH/MFC mixture for the ratios (70/30) and (50/50) was diluted to 3% compared to 5%
for the lowest MFC ratios. This dilution could have an impact on the material formation and
its structure. Complementary works could be interesting to perform to determine the real
impact of the dilution on the final material structure.

The value of the elongation at break confirmed this trend with a slight improvement after the
addition of MFC up to 15% and a reduction for the highest MFC contents (Figure 1V-39).
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Figure IV-39: Elongation at break of PVOH/MFC films.
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The addition of MFC in the PVOH matrix had a positive effect with good reinforcement
potential.

In the literature, the reinforcement potential of MFC in PVOH matrix was also reported for a
broad MFC content range. The graph, shown in Figure 1V-40, summarizes the reported
strength and Young’s modulus values which are compared with the values obtained in this
study. As observed at the bottom of this graph, the mechanical properties of pure PVOH
films generally were quite low. In this present work, the PVOH selected showed higher
tensile strength compared to PVOH films reported in literature. This explained the high
tensile strength of PVOH/MFC composites in this study compared to other reports.
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Figure 1V-40: Comparison between the mechanical properties reported in the literature for
PVOH/MFC composites and our results.

Therefore, the mechanical properties of PVOH/MFC composite films showed a good
improvement of the stiffness of the material with MFC addition for the lowest MFC contents.
From 30 wt% MFC, a probable aggregation decreased the tensile strength of the material.
PVOH is a hydrophilic polymer which should allow good interactions with MFC. However, the
properties of these polymers generally depend on the relative humidity. Tensile tests were
carried out for the composite samples in tropical conditions at 38°C and 90% RH. The
Young’'s modulus value is shown for composites conditioned at 23°C-50% RH and 38°C-90%
RH in Figure 1V-41.
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Figure IV-41: Young’'s modulus of PVYOH/MFC composites films
at 23°C-50% RH and 38°C- 90% RH.

Under highly moist atmosphere, the mechanical properties were strongly modified with a
significant decrease of the Young's modulus from 2500 MPa to 300 MPa for the composite
PVOH/MFC (90/10). The addition of MFC increased the Young’s modulus although the
reinforcement effect was also lower at 38°C-90% RH compared to 23°C-50% RH.

This trend was also observed, Figure IV-42, for the tensile strength values. Once again, the
increase of relative humidity decreased the tensile properties. However, the tensile strength
values were higher, with a slight increase from 275 to 300 MPa for the composite
PVOH/MFC (90/10).
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Figure IV-42: Tensile strength of PVOH/MFC composites films
at 23°C-50% RH and 38°C- 90% RH.

At last, the elongation at break values demonstrated the good ductibility of materials under
these humidity conditions (Figure 1V-43). Indeed, the elongation of composite films during the
tensile tests were strongly increased compared to measurements carried out in ambient
conditions. However, the introduction of MFC strongly decreased the elongation at break
value showing thus the decrease of PVOH chain mobility in presence of MFC. This result
could be due to favourable interactions between PVOH and MFC.
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Figure IV-43: Elongation at break of PVOH/MFC films
at 23°C-50% RH and 38°C- 90% RH.

Thus, PVOH/MFC materials were more elastic under high relative humidity. Indeed, water
molecules play the role of plasticizer for PVOH chains. Roohani et al. [130] studied the
evolution of the glass transition temperature for films of copolymer of poly(vinyl alcohol) and
poly(vinyl acetate) for several relative humidity conditions. The study showed that the glass
transition temperature was lower than ambient temperature at 98% RH. This explains the low
Young’s modulus value obtained at high relative humidity.

The reinforcement potential of MFC was less significant in this case: the value was
unmodified after addition of 5% MFC. The formation of an aqueous or highly moist interface
decreasing the filler/matrix interactions was suggested by Roohani et al. [130]. In this work,
the elongation at break being lower in presence of MFC, it could be supposed that the
PVOH/MFC interactions also took place under high moisture atmosphere.

IV.4.4. - Barrier properties of PVOH/MFC composites

Even if the reinforcement potential of MFC in PVOH matrix has been extensively reported,
few studies described the barrier properties of PVOH/MFC composites.

IV.4.4.1. - Water vapour transmission rate at 23°C- 50% RH

The water vapour transmission rate values at 23°C-50% RH for PVOH/MFC composites
were determined according to the dish method (standard I1ISO 2528). The values for
composite films of 30 g/m? were very low, as observed in Figure IV-44. For MFC content
lower than 25%, values were bellow 1g/m®.day corresponding to the lower limit detection of
the dish standard.

- 184 -



Chapter IV: Development of MFC based nanocomposites

1000

100 +

10 +

Lower limit of measurements

s dish method

WVTR 23°C / 50%HR (g/m2.day)

0 20 40 60 80 100

Cellulose microfibrils (%)

Figure IV-44: WVTR at 23°C-50% RH of PVOH/MFC films.

Therefore, the PVOH matrix kept its good barrier properties after MFC addition for the lowest
MFC contents. The interactions between PVOH and MFC allowed to obtain very cohesive
films and to keep their excellent water vapour permeability at 23°C-50% RH. From 50%
MFC, the barrier properties of the films were strongly altered, probably due to the presence
of aggregates for these high MFC contents. These results are in agreement with the
mechanical results.

IV.4.4.2. - Water vapour transmission rate at 38°C- 90% RH

The moisture sensitivity of PVOH films is one of their drawbacks for the use of this polymer.
Indeed, at high humidity level the water vapour permeability of films is strongly increased. As
described previously, water molecules plasticized the PVOH film leading to an increase of
chain mobility. A second series of WVTR measurements was thus carried out in tropical
conditions in order to determine the effect of MFC in these high moisture conditions (Figure
IV-45).
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Figure IV-45: WVTR at 38°C-90% RH of PVOH/MFC films.

Under such high moisture conditions, the WVTR value of PVOH film reached 2750 g/m?.day,
well above 1 g/m®.day observed in ambient condition. However, the curve showed an
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important decrease of water permeability values with the introduction of MFC up to a ratio of
25% (Figure 1V-45). Once again, a degradation of the barrier properties was observed for the
highest MFC contents.

This improvement of moisture permeability observed for the low MFC contents could be
ascribed to several phenomena. A first explanation is the decrease of available OH interfacial
groups involved in H-bonding with cellulose because of favourable matrix-filler interactions,
hence decreasing the water sensitivity of PVYOH. The second phenomenon is the decrease of
interfacial chain mobility induced by PVOH/MFC interactions. The result is in agreement with
the elongation at break values previously observed for composite films, proving a decrease
of the chain mobility in presence of MFC.

IV.4.4.3. - Water sorption of PVOH/MFC films

TGA experiments were firstly used to determine the water content of PVOH/MFC films
conditioned at 23°C-50% RH. The moisture content was lower for films containing MFC, as
indicated in Figure 1V-46. Moreover, the moisture level was the same regardless the MFC
content in composite films.
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Figure IV-46: Water content in PVOH/MFC films conditioned at 23°C/50%RH.

Subsequently, the sorption was determined according to the different moisture levels. The
same trend was observed and the water content was found to decrease by adding MFC as
shown in Figure 1V-47. As observed from mechanical properties, the presence of MFC in film
decreased the PVOH chain mobility thanks to favourable interfacial interactions.
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Figure IV-47: Water sorption of PVOH/MFC films for different relative humidity conditions.

IV.4.4.4. - Oxygen transmission rate at 23°C-0% RH

The oxygen transmission rate (OTR) at 23°C-0% RH was measured for the films with the
lowest MFC content which showed the best results for water vapour permeability. The results
showed no significant difference between samples (Table 1V-8). Whatever the MFC content,
the OTR values were very low with values smaller than or equal to 35 cm®.um/m?.day.bar.

PVOH PVOH/MFC (95/5) | PVOHIMFC (90/10)
Test 1 Test 2 Test 1 Test 2 Test 1 Test 2
OTR
(cmim day) 11 0.75 11 0.6 13 0.7
Oxygen Permeability . o | 155 20.7 16.2 35.1 18.9

(cm®.um/m?.day.bar)

Table IV-8: Oxygen permeability of PVOH/MFC films at 23°C-0% RH.

These values are in agreement with the literature values which define the oxygen
permeability in dry conditions of PVOH film at 20 cm®.um/m?.day.bar. The low permeability of

composite films confirmed the good cohesion and strong interactions between PVOH and
MFC.

IV.4.5. - Thermal behaviour of PVOH/NFC composites

IV.4.5.1. - Differential scanning calorimetry

DSC measurements were carried out to determine the influence of MFC addition on the

degree of crystallinity of the PVOH matrix (Figure 1V-48). Measurements were carried out on
films stored at 23°C-50% RH.
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Figure IV-48: DSC analysis of PVOH/MFC films conditioned at 23°C-50% RH.

DSC analyses were carried out for the most homogeneous composite films corresponding to
MFC contents lower than 15%. Two main peaks were observed on the DSC thermograms,
the first one corresponding to the evaporation of moisture contained in films and the second
one to the melting of PVOH crystalline domains.

All results are summarized in Table IV-9. The glass transition temperature slightly increased
according to the MFC content. This could be ascribed to the strong interactions between
PVOH and cellulosic filler. This is in agreement with the results obtained from tensile tests.
However, this evolution is very low and within the experimental error.

Tg (°C) Tm (°C) AHmM (J/g) X¢ XP
PVOH 15.7 226 77 0.47 0.47
+ 5% MFC 16.0 224 63 0.39 0.41
+ 10% MFC 16.6 222 54 0.33 0.37
+ 15% MFC 17.0 222 53 0.33 0.39

Where X° = AHm/ AHm° with AHm°= 161.6 J/g corresponding to the heat of fusion for 100%
crystalline PVOH; XP = X°/w with w being the weight fraction of polymeric matrix in the composite.

Table IV-9: DSC measurements of PVOH/MFC films.

The crystallinity of PVOH matrix was also slightly influenced by the MFC addition. Indeed,
both the melting temperature and the degree of crystallinity of the matrix decreased with
MFC addition. Indeed, the PVOH/MFC interactions restricted the ability of PVOH chains to
form crystalline regions. The PVOH crystallite growth was thus lowered in presence of MFC.
Hrabalova et al. [171] reported the same observations after MFC addition in PVYOH matrix.
The decrease of the melting temperature was explained by the restriction of spherulite
growth or crystalline imperfection. The authors suggested a second explanation of this result:
in some composite systems, especially in well miscible system, the decrease of the melting
temperature confirms specific interactions between the blended components [130].

These results were comparable to those reported by Lu et al. [133] in Table IV-10. In this
study, the addition of MFC only had a slight influence on the thermal properties of PVOH
films. For low MFC contents (1 wt%, 5 wt%) an increase of the polymer crystallinity was
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observed and conversely a decrease was observed for higher MFC contents (10 wt%, 15
wt%0).

Tg (°C) Xc (%) Tm (°C)
PVOH 69.9 55.5 221.1
1 wt% MFC 71.2 57.1 220.9
5 wt% MFC 69.3 59.1 222.1
10 wt% MFC 70.5 52.2 219.6
15 wt% MFC 70.8 51.4 217.7

Table IV-10: Glass transition temperatue, degree of crystallinity and melting temperature
literature values for PVOH/MFC films [133].

IV.4.5.2. - Thermogravimetric analysis (TGA)

TGA experiments were performed to determine the degradation temperature according to the
MFC content.

Figure IV-49 shows the weight loss of samples as a function of the temperature. The
degradation of PVOH and PVOH/MFC films occurred in two steps: the first one for
temperatures around 275°C and the second one around 450°C. A shift towards higher values
of the degradation temperature was observed with the addition of MFC. Once again, this
proved the presence of favourable PVOH/MFC interactions.
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Figure IV-49: TGA experiments for PVOH/MFC films.

IV.4.6. - Effect of thermal treatment on the PVOH/M  FC films

PVOH/MFC composite films seemed very promising for the development of new packaging
materials. However, as already observed for the WVTR at 38°C-90% RH these materials are
water sensitive. For example, the Cobb measurements were impossible because films were
destroyed by water during the 60s of the measurement. To limit this phenomenon, a thermal
treatment could be a simple solution.
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IV.4.6.1. - DSC analysis

A proper heat treatment can enhance the crystallinity of PVOH films without materially
affecting the Tm or the Tg values of the polymer [172]. In order to check this, DSC analysis
was carried out on films treated for 5 min at three different temperatures, namely 120°C,
140°C and 160°C (Figure 1V-50). The curves showed differences in the heat of fusion and
thus in crystallinity according to the heat treatment. Indeed, the crystallinity increased from

39% to 46% after the heat treatment at 160°C.
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Figure IV-50: DSC thermograms for PVOH films conditioned at 23°C-50% RH
according to the thermal treatment.

IV.4.6.2. - Water solubility

According to DSC analysis, PVOH and PVOH/MFC films were heat-treated at 160°C during
60s to avoid film degradation and high brittleness. The influence of heat treatment was only
tested on the water sensitivity of films. For this, films were immersed in water during one
hour under stirring. After filtration and drying overnight the weight of the residue was

determined and compared to the initial weight.
This corresponds to the “water solubility” of films which values are collected in Table IV-11.

% solubilised PVOH material
Without treatment Treatment at 160°C
PVOH 92% 7%
PVOH/MFC (90/10) 90% 7%
PVOH/MFC (75/25) 89% 12%

Table IV-11: Percentage of solubilised PVOH material after immersion in water for 1 hour.

These results mainly showed the efficiency of the thermal treatment to reduce the water
sensitivity of films. Indeed, the “water solubility” decreased from 92% to 7% after a treatment
at 160°C. Once again, the introduction of 10% MFC within the matrix preserved the
properties of PVOH film. However, the film cohesion decreased for the highest MFC contents

(25%) and a degradation of the properties was observed.
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IV.4.7. - Conclusion

PVOH/MFC composites displayed very interesting materials. Indeed, the addition of MFC
improved the performances of PVOH films. A first positive effect was demonstrated with a
good reinforcement ability of MFC in PVOH matrix. Moreover, it was shown that MFC
improved the barrier properties of the polymer. Although the MFC addition had no influence
on water vapour permeability under ambient conditions, its effect was clearly observed in
tropical conditions with a significant decrease of water vapour permeability. These
improvements were mainly due to strong interactions between PVOH and the cellulosic filler.
The presence of hydroxyl groups in both materials allowed developing hydrogen interactions
leading to a close network. The oxygen permeability remained excellent after the MFC
addition.

Thus the addition of low MFC content (< 15 wt%) in PVOH matrix offered a material with
improved properties compared to neat PVOH films.

Once again, the most important limitation of these products is their water sensitivity. A
preliminary study showed that a thermal treatment is a first way to decrease this water
sensitivity.

I\VV.5. - Comparison of the properties of starch/MFC  and PVOH/MFC
nanocomposite properties

The required properties to develop packaging materials are very high and difficult to reach.
However, packaging manufacturers and consumers seek for biodegradable and recyclable
materials. Here, two model systems were investigated from microfibrillated cellulose and two
matrices, nhamely starch and PVOH.

Starch based materials are environmentally friendly systems because they combined two
materials derived from renewable resource and have a high biodegradability. However, the
barrier performance of starch/MFC system was too low for a possible use in packaging. The
development of new formulations must be conducted for this system.

PVOH is a good film forming polymer and its barrier properties are better those of starch.
The addition of MFC allowed improving again the properties of the polymer, mainly the
mechanical properties and the water sensitivity.

Table 1V-12 summarizes and compares the final properties obtained for the best starch and
PVOH systems reinforced with MFC.

Starch/MFC | Starch/S/IMFC PVOH/MFC
Stareh | 56/50) 614/30) | VO | (osm)
Young’'s modulus (MPa) 1200 5300 3900 1800 2400
WVP (g.um/m?.day) 4920 3410 600 17 18.9
OP (cm®.um/m?.day.bar) - 125 49 18.8 16.2

Table IV-12: Summary of properties obtained for the best starch/MFC
and PVOH/MFC films.

The barrier propertie level of packaging firstly depends on the final packed product. The
second aspect is naturally the cost of the layer. This economic aspect directly impacts the
material choice for an industrial. Although the starch/MFC system showed the lower barrier
properties, the starch price is very low compared to PVOH. For this reason, it would be really
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interesting to find means to improve this system thanks to plasticizers or cross linking agent
for example.

PVOH/MFC composites showed an interesting efficiency barrier system. However, for the
moment it is difficult to report the link performance/cost because the MFC cost was not
evaluated on an industrial scale.

IV.6. - Conclusion

This study allowed the development of composite films using two different matrices and
evaluating the influence of MFC on their mechanical and barrier properties. A protocol was
firstly established to manufacture composites from PVOH or starch matrices. MFC content
varied from 5 wt% to 75 wt% in composite in order to find the optimal system with the best
properties. The results showed that the MFC addition improved the final properties of both
matrices. A reinforcement effect as well as an enhancement of thermal properties was clearly
demonstrated. Regarding the barrier properties, the introduction of MFC reduced the WVTR
value of starch under ambient condition and the one of PVOH in tropical conditions.
Structural analysis allowed also understanding the impact of MFC addition on the structure of
the matrices. The influence of sorbitol on the properties of starch/MFC composites was
studied. Their mechanical properties were degraded for a low sorbitol content with a
reduction of tensile properties. However, the barrier properties were highly improved
particularly with a reduction of WVTR at 23°C-50% RH and of OTR at 23°C-0% RH. These
results could be explained by an antiplasticization effect. This work should be completed with
several sorbitol contents and other types of plasticizers.

For the moment, the results obtained with the PVOH system are more promising for the
development of packaging materials. The addition of MFC showed several advantages such
as mechanical reinforcement and a reduction of water vapour permeability. However,
possible improvements could be made out on the MFC dispersion with additives, on their
water resistance with the possible addition of cross-linker or the impregnation of films.

The chapter allowed to understand the layer formation and to select the best formulations for
coating process. PVOH/MFC was thus selected to develop paper & board packaging at
larger scale.

The coating colour formulation as well as the properties obtained with coated paper & board
is described in the last part of this report related to the development of new barrier paper &
board materials using microfibrillated cellulose.
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V - Development of barrier packaging
board based on MFC
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V.1. - Introduction

There is a growing interest for the development of biosourced materials combining low
environmental impact and high barrier properties in order to minimize the use of petroleum
based polymers. Currently, few technically and economically competitive solutions are
available. The aim of this study was thus to develop a new packaging material using
microfibrillated cellulose. The packaging materials were elaborated from a base board for its
good mechanical properties, its biodegradability and its recycling ability as well as its folding
resistance. Indeed, box boards have three main advantages: the protection, the converting
ability and the print quality. The Table V-1 summarized characteristics influencing these
properties and which might be preserved after coating process.

Protection Converting Printing
Mechanical properties Basis weight Smoothness
(Bursting, Tearing) Rigidity Whiteness

Rigidity Cohesion Ink absorption
Surface cohesion in Z Dimensionnal stability Brightness
Glueing

Table V-1: Main characteristics of box board.

Therefore, a first barrier layer was deposited on the board surface by coating processes to
provide the barrier properties to the final material. Effectively, MFC has a real potential for
developing a barrier layer thanks to its ability to form a close network. However, the low solid
content (2%) of the suspension as well as its high viscosity is the main drawback for its use
in coating processes. To limit these problems, MFC was combined with a PVOH matrix to
form a gas and grease barrier layer. Indeed, this system showed very good barrier properties
in the previous chapter on nanocomposites. A second barrier layer, more particularly a water
resistant layer was then applied on the top of the first layer to form a packaging material. This
multilayer system is described in Figure V-1.

Water resistant layer

Gas barrier layer, Grease resistance
Base board

Printing layer

Figure V-1: Scheme of the barrier packaging board.

This chapter describes the development of packaging materials using MFC. The first two
parts deal with the production of PVOH/MFC layer on the board surface from lab to pilot
scale. The first section details the development of the formulation, the choice of the coating
process and the first results obtained at lab scale. The second part expands on the transfer
of the process to pilot scale and the properties of the obtained coated board. The last part
presents the final demonstrator with the additional top coating layer and its barrier properties.
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Moreover, an overview of the biodegradability and converting aspects concludes this
chapter. The choice of MFC grades used in this chapter was carried out in the framework of
the SUNPAP project and according to the available quantity.

V.2. - Optimisation of the formulation and coating parameters at lab
scale

V.2.1. - Introduction

The first step in this work was the adaptation of PVOH/MFC cast films to the coating process
in order to deposit a PVOH/MFC layer onto the board surface. These lab trials were carried
out using MFC-E-MG (Enzymatic pre-treatment and Masuko grinder treatment).

V.2.2. - Matrix selection

The chapter 4 showed that the barrier properties of films were more efficient for PYVOH/MFC
composites compared to starch/MFC composites. The main properties are summarized in
theTable IV-12: Summary of properties obtained for the best starch/MFC
and PVOH/MFC films. Table 1V-12. According to these results, the matrix chosen in this
study was poly(vinyl alcohol) (PVOH).

Starch/MFC | Starch /S/IMFC PVOH/MFC
Stareh | 56/50) 614/30) | VO | (osm)
Young’'s modulus (MPa) 1200 5300 3900 1800 2400
WVP (g.um/m?.day) 4920 3410 600 17 18.9
OP (cm®.um/m?.day.bar) - 125 49 18.8 16.2

Table 1V-12: Summary of properties obtained for starch/MFC and PVOH/MFC composites.

For these coating trials, the PVOH grade was unchanged with a degree of hydrolysis of 98%
in order to guarantee good barrier properties.

V.2.3. - Preparation of coating colours

V.2.3.1. - Influence of MFC addition on the coating  colour solids

PVOH granules were totally dissolved in water under stirring at 95°C for one hour. The
polarity of PVOH building blocks induced association phenomena. According to the PVOH
supplier [162], its viscosity solution rose very quickly when increasing the polymer
concentration that should be limited to 25% to have an acceptable processability (Figure V-
2).
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Figure V-2: Viscosity of PVOH solutions at 20°C according to the concentration [162].

After the preparation of the PVOH solution, the addition of the MFC suspension with 2%
solids led to a significant decrease of the solid content depending on the MFC content. This
Is represented by the grey curve in Figure V-3. In red, the evolution of the viscosity was also
reported according to the MFC content. The MFC content was expressed as the percentage
of MFC in the solid nanocomposite films. The curve is divided into two parts: at low MFC
contents (up to 10 wt%) a decrease of the viscosity is observed due to the dilution of the
formulation. For higher MFC contents the viscosity leveled off.
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MFC content in the PVOH Matrix

Figure V-3: Solid content and viscosity of coating colours according to the MFC content.

The solid content of the coating colour is an important parameter for the coating process.
Indeed, a formulation with a low solid content deposits a low coat weight and the number of
passes must be adapted according to the concentration as observed in Figure V-4. These
values corresponded to a coat weight of 8 g/m?.
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Figure V-4: Number of passes according to the solid content
to get a dry coat weight of 8 g/m®.

However, the increase of the number of passes leads to an important increase of the
production cost and to the degradation of the base substrate. Moreover, low solid contents
increase the quantity of water to evaporate and thus the drying energy cost or the difficulties
to dry on pilot machine.
Thus, the concentration strongly impacts the coating process and it is necessary to work with
a formulation having a concentration as high as possible.
In our case, it was impossible to increase the concentration of the initial PVOH solution.
Three strategies were thus imagined and studied:

* Increase of the concentration of MFC suspension with centrifugation process

* Increase of the concentration of MFC suspension with dialysis process

* Increase of the solid content of the mixture by directly solubilizing PVOH in MFC
suspensions

V.2.3.2. - Methods tested to increase the concentra tion of MFC based coating
colour

V.2.3.2.1. - Increase of MFC concentration by centr ifugation

Centrifugation is a rapid method to remove water from a suspension. Indeed, the centrifuge
force applied to the suspension induces the formation of a two phases system with water at
the upper side of the suspension. After centrifugation, water was easily extracted and the
concentration of the MFC suspension increased. The MFC suspension was introduced in
centrifuge tubs with a solid content of 1.85% and was centrifuged for 6 cycles of 15 min each
(cf. Figure V-5). The maximum MFC concentration obtained by this technique reached 6.3%.
Indeed, no phase separation was obtained with additional cycles.
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Figure V-5: Increase of MFC concentration by centrifugation.

The visual aspect of MFC concentrated to 6.3% is observed in Figure V-6

Figure V-6: Photos of MFC suspension at 6.3% after centrifugations.

This increase of the solid content naturally led to the increase of the viscosity. As observed in

Figure V-7, the viscosity increased 10 times although the increase in concentration only was
of 3.4 times.
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Figure V-7: Viscosity of MFC suspension before and after centrifugation.

This 6.3% MFC suspension was then mixed with a PVOH solution to check the dispersion
ability of this very viscous material. The final mixture was very homogeneous showing the
possible dispersion of concentrated MFC suspensions after centrifugation.
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V.2.3.2.2. - Increase of MFC concentration by inver ted dialysis

Inverted dialysis is the second method used to increase the concentration of MFC
suspension. The principle, described in Figure V-8, was firstly to introduce the MFC
suspension in a membrane having a molecular weight cut off (MWCO) of 12000-14000
g/mol. This system was then immersed in a polyethylene glycol (PEG) agueous solution at
15%. PEG used had a molecular weight of 100000 g/mol in order to prevent its diffusion
inside the membrane. Only water can enter and go outside the membrane. A strong
concentration gradient between both sides of the membrane led to the water migration
outside the membrane in order to reach a concentration balance.

Dialysis membrane Water molecule

22 hours
MFC :
suspension suspension
1.85% 10.5%

Figure V-8: Concentration of MFC suspension by inverted dialysis.

The concentration of the MFC suspension increased from 1.85% to 10.5% with this
technique and the visual aspect of the suspension is seen in Figure V-9.

Figure V-9: Visual aspect of MFC concentrated at 10.5 wt% by inverted dialysis.

However, tests showed that the dispersion of this highly concentrated MFC suspension in the
PVOH matrix was difficult and inhomogeneous. Indeed, after a long stirring with high shear
forces, residual aggregates were always visualized in PVOH/MFC solutions.

V.2.3.2.3. - Direct solubilization of PVOH in MFC s uspension

The third and last technique used to increase the solid content of the coating colour
consisted in adding the PVOH powder directly in the MFC suspension (cf. Figure V-10).
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Figure V-10: Solubilization of PVOH in MFC suspension.

The solubilization of PVOH was carried out in the MFC suspension at 95°C under stirring for
1 hour. For a 90/10 wt%/wt% PVOH/MFC ratio, the solid content of the mixture reached
17%. This technique was very fast and allowed to obtain directly a homogeneous coating
colour.

This technique was thus chosen and used to perform the following coating trials. Indeed, the
preparation method was very fast in only one step and provided a homogeneous suspension.
This was not the case for the centrifugation and dialysis, which were more difficult to apply
on large quantities with a longer process and dispersion problems in the case of dialysis.
Moreover, the influence of the temperature (95°C) on the MFC properties was determined in
order to validate the choice of this technique. For this, a MFC suspension was stirred and
heated at 95°C for 1 hour in the same conditions as for the solubilization of PVOH. Its
viscosity value was compared with the one of the initial MFC suspension in Figure V-11. No
significant difference was observed between both curves meaning that the network of the
MFC was not impacted by the heating at 95°C.

1000 7,

100 1 >

10 o0, MFC 20°C
] o, @ MFC heated at 95°C

Viscosity (Pa.s)

™

0.01 0.1 1 10 100 1000
Shear rate (1/s)

Figure V-11: Viscosities of MFC before and after heating at 95°C during 1 hour.

Moreover, films made from MFC before and after heat treatment were produced and
characterized. Mechanical properties of these films, observed in Table V-2, did not show
significant differences between the two kinds of films.
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Young’s modulus Tensile strength Burst index | Tear index
(MPa) (MPa) (kPa.m?/g) | (mN.m?qg)
MFC bef
- before 5780 (+720) 323 (472) 3.52 20.51) | 1.42 (20.14)
heating
MFC after heating
95°C 1 hour 6199 (+494) 388 (x37) 3.84 (x0.82) | 1.32 (x0.15)

Table V-2: Mechanical properties of MFC cast films produced from MFC before and after
heating at 95°C during 1 hour.

V.2.3.3. - Preparation of PVOH/MFC coating colour

The influence of the MFC addition in PVOH coating colour was carried out for three ratios:
5%, 10% and 15%. As described previously, the solubilization of PVOH was carried out
directly in the MFC suspension at concentrations described in Table V-3. Finally, a dilution
was carried to reach a final solid content of 15% for each PVOH/MFC mixture.

MFC content Mixture concentration during
(% wt) the solubilization (% wt)
5 20
10 17
15 15

Table V-3: Concentration of mixture according to the MFC content
during the preparation of coating colours.

V.2.4. - Viscosity measurement and choice of the co  ating technology

The viscosity and the rheological behaviour of coating colours are important factors which
influence the choice of the coating process. The Brookfield viscosity was determined at 100
rpm for each suspension with a concentration of 15% and at 20°C. Values are reported in
Table V-4.

: : Brookfield vi it

Coating colour T (°C) Spindle roo '(iqp‘;i‘;OS'y
PVOH 20.2 3 218
PVOH/MFC (95/5) 20.5 4 876
PVOH/MFC (90/10) 20.1 4 1340
PVOH/MFC (85/15) 19.8 5 2280

Table V-4: Brookfield viscosity of coating colours according to the MFC ratio.

The range of viscosity observed for the PVYOH/MFC suspensions was compared with the
advised viscosity of each coating technology. Here, the viscosity corresponds to usual
Brookfield viscosity values and did not considered the shear thinning behaviour of
PVOH/MFC mixtures. The PVOH/MFC suspensions had high viscosity especially for 15%
MFC. Thus, the most appropriate coating process was the rod and blade coating as
observed Figure V-12. This process also was one of the most currently used to develop
barrier layers.
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Figure V-12: Coating colour viscosity according to the coating technology [25].

First, coated board samples were thus produced with a laboratory rod coater.

V.2.5. - Production of coated board samples usingr  od meyer coating

Coated board samples were produced at lab scale to study the influence of PVOH/MFC
addition on the final properties of coated board. Coating colours with several MFC ratios
ranging from 0% to 15% were deposited on the uncoated bleached kraftboard 223 g/m* dry
(from Stora Enso) surface using lab rod coater.

Figure V-13 shows the principle of the rod coating system. The coating colour was deposited
on the board surface and spread with the wire wound rod. Figure V-14 describes the
structure of the rod with wire coils. The amount of material and thus the coat weight
deposited can be adjusted according to the size (width) of the wound. Two other parameters
had an influence on the final coat weight: the spreading speed adjusted by the speed of the
moving board and the load applied to the rod by weights. Drying was carried out by an
infrared dryer system during 3 minutes.

Wire V\Lound rod

”

”
”

A
——

\ Endupap “\
\
Coating colour Wet coated layer

Figure V-13: Scheme of principle of the lab rod coating system.
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Wire wound
Rod

coating colour Substrate to be coated
Figure V-14: Scheme of the wire wound rod [173].

A homogeneous and sufficient coverage of the substrate is necessary for the development of
barrier properties. According to the kind of substrate, its roughness and its absorption
capacity, the required level of the coat weight is different to reach the same level of
properties.

Stinga [129] showed in their study that the minimum coat weight to obtain a good coverage
with PVOH (Mowiol 4 _98) on an uncoated board was between 9 and 15 g/m? From a
coating colour concentration of 15%, two passes were necessary to reach this value.

Ten A4 sheets were produced for each formulation after two passes in the rod coater and an
infra-red drying.

V.2.6. - Characterisation of PVOH/MFC coated boards

V.2.6.1. - Observation of the surface by SEM

SEM images were firstly performed to check the adequate coverage of the surface with 10
g/m? coating. Indeed, a good coverage is required to develop a barrier layer. The fibres and
the porosity of initial board were clearly observed in Figure V-15 (left). Except a small hole,
probably due to a blistering effect, the coverage of the surface by PVOH/MFC (95/5) layer
was very good, reducing completely the permeability of the base board.

Figure V-15: SEM-FEG images of board before and after coating.
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V.2.6.2. - Properties of coated board samples

V.2.6.2.1. - Thickness and coat weight

Table V-5 summarized the basis weight and the thickness of coated samples produced at lab
scale. The basis weight deviation of the base board reduced the precision of the calculated
coat weight. The layer deposited at the board surface reached between 7.4 and 10 g/m°.

Coated board Coating layer
Bas(l;;/nvcze)lght Thickness (um) Basilgs/:/nv;e)lght Thickness (um)
Base board 219.0 (3.4) 324.7 (4.4)
PVOH 227.7 (1.4) 330.3 (4.0) 8.7 5.6
MFC 5% 228.0 (1.0) 328.4 (3.9) 9.0 3.7
MFC 10% 229.4 (1.2) 327.7 (3.9) 10.4 3
MFC 15% 226.4 (1.4) 3329 (3.1) 7.4 8.2

Table V-5: Basis weight and thickness of coated board and coating layer.

The determination of the thickness by the deduction of the base board thickness from the
coated board thickness gave very low values. This showed that the uncoated board had high
roughness and that the coating colour closed the surface as observed Figure V-16. Once
again, this justified the need to have a minimum coat weight quite high to close the surface of
the uncoated board.

T

Base board

\ 4

Figure V-16: Effect of the roughness of the uncoated board on the final thickness.

V.2.6.2.2. - Mechanical properties

The objective of this study mainly was to bring barrier properties to board. However, it is
important to check that the process used for this don’t degrade the mechanical properties.
Indeed, the mechanical properties of board are needed to transport products in the best
conditions. Therefore, mechanical properties of coated samples were systematically
analysed in parallel to barrier properties.

Results regarding the mechanical properties (Figure V-17) showed that the coating slightly
increased the Young’s modulus of the board. However, the results were roughly similar
regardless the MFC ratio. The breaking length of coated boards also was in the same range
as the one of the base board.
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Figure V-17: Mechanical properties of coated boards.

The results of tear and burst index are described in Figure V-18. The coating led to a
decrease of the tear index and an increase of the burst index values. The swelling of the
board during the coating trials could reduce the bonding forces between fibres and explain
this first trend. On the contrary, the PVOH/MFC surface coating increased the adhesion
between fibres and improved the burst of the board.
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Figure V-18: Tear and burst index of coated boards.

Thus, the layer deposited did not have a major influence on mechanical properties.
Interestingly no degradation was observed despite the two rod coater passes with a coating
colour with a 15% solid content.

V.2.6.2.3. - Barrier properties

Bendtsen air permeability measurements showed that the coating layer strongly improved
the air permeability of the board (Figure V-19). The initial value of 6 cm*m?Pa.s was
decreased to 0.2 cm®m?.Pa.s. This value corresponds to the lower detection limit of the
device and all coated samples reached this limit value. Thus this measurement only gave an
overview of the coating efficiency but did not allow to conclude which of the samples gives
the best properties.
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Figure V-19: Bendtsen air permeability and WVTR (23°C-50% RH) values of coated board.

Water vapour transmission rate measurements at 23°C-50% RH also presented good
enhancement after coating. Indeed, the PVOH/MFC coating offered interesting values from 2
to 4 g/m?.day corresponding to a transmission rate reduction by a factor 100 (Figure V-19).
Samples containing 5% showed the best results.

The oxygen transmission rate (OTR) was also determined at 23°C-0% RH and showed
significant differences between the samples (Figure V-20). Once again, the coating improved
the barrier properties of board with a strong reduction of OTR values: whereas the OTR of
base board exceeded the maximum detection of our device (10 000 cm®m?.day), the value
obtained for PVOH coating was 2500 cm®m?®.day. Then the addition of 5% MFC even
decreased the OTR of PVOH coated board reaching a value of 340 cm*/m?.day . However, a
degradation was observed with higher MFC addition rates. This lack of improvement could
be due to the presence of some pinholes in the layer.
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Figure V-20: Oxygen transmission rate at 23°C-0% RH.

These OTR measurements thus confirmed the WVTR results and showed interesting barrier
properties for 5% MFC content.
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V.2.7. - Comparison with PVOH/MFC composite results

The results obtained for coated layers were compared to the results obtained previously with
PVOH/MFC composite films. The permeance equation for multilayer materials is described
by Rogers [174]:

1/Qtot = Ltot/Ptot = L1/P1 + L2/P2 +...Ln/Pn (Eq.18)
where Qtot = Transmission rate of the multilayer; Ptot = permeance of the coated film; Ltot =
total thickness of the coated samples; P1, P2, Pn = permeance of the n single layers; L1, L2,

Ln = thickness of the n single layers. Figure V-21 gives a schematic representation of the
permeance in multilayer materials.

v

Figure V-21: Schematic representation of the permeance in multilayer materials.

The water vapour and oxygen transmission rates of films and coated layers are compared in
Table V-6.

Thickness WVTR OTR
23°C-50% RH 23°C-0% RH
(um) (g./m?.day) (cm®/m?2.day)
PVOH Film 25 0.6 0.8
Coated layer 5.6 2.5 2500
PVOH/MFC Film 27.0 0.7 0.6
5% Coated layer 3.7 2 340
PVOH/MFC Film 26.2 0.8 0.7
10% Coated layer 3 2.7 12000

Table V-6: Comparison between barrier properties of PVOH/MFC films
and PVOH/MFC coated layer.

The permeance of the base board was very high compared to the barrier layer. Thus, the
total permeance of the coated board was mainly due to the permeance of the barrier layer.
The experimental thickness of the coated layer was probably underestimated here. However
regarding the WVTR at 23°C-50% RH, similar values were obtained for 1 um cast films and 1
pm coated layer. Therefore, model films gave an overview of the final product developed by
coating. But it is not sufficient. Indeed, the OTR values showed important differences
between films and coated layers. The drying of cast films was carried out in ambient
conditions whereas an infra-red system was employed for coated layers. The drying
influences the layer surface quality with the eventual formation of pinholes due to blistering
effects. The low OTR of the coated layer compared to model films could be induced by some
defects at the layer surface. At last, the absorption ability of the board and its roughness also
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influenced on the final layer thickness and thus impacted the barrier properties of the coated
layer.

This comparison showed that the preparation of model films is a good way to test the
efficiency of formulations and evaluate the properties of future layers deposited by coating
processes. However, the final properties of coating layers differed according to the substrate
and to the drying quality.

V.2.8. - Conclusion

The possibility to use MFC in a coating process was demonstrated during these first lab
trials. For this, the method of preparation was adapted with the solubilization of PVOH
directly in the MFC suspension to reach the highest possible solid content. Coated samples
were produced at lab scale with a good coverage without strips. Regarding the properties of
coated boards, the improvement of water vapour permeability and oxygen permeability was
clear after coating and the addition of 5% MFC showed a positive effect on the PVOH layer.
Moreover, the mechanical properties were preserved after coating. However, the OTR values
were low compared to values obtained with model films. The use of more closed boards and
a better drying control are possibilities to improve the final properties.

The concept was thus tested at pilot scale in order to confirm or not the interest of MFC use
to develop barrier coating layer.

V.3. - Development of PVOH/MFC barrier layer fromlabto p ilot
scale

V.3.1. - Introduction

This part addresses the development of a PVOH/MFC barrier layer at pilot scale. This layer
corresponding to the pre-coat (Figure V-22) was applied to bring a gas and grease barrier
layer to the board. The up-scaling and the runnability of trials were firstly detailed and the
results of coated board sample characterisations were then analysed. Three kinds of
MFC/NFC were tested during these pilot trials. The formulation giving the best results was
then selected for the production of the final packaging material.

Figure V-22: Production of final barrier packaging board: Gas barrier layer.

V.3.2. - Formulation of the grease/O , barrier layer

Three types of MFC produced at pilot scale were introduced in the PVOH solution (Mowiol 4-
98): MFC-E-GH, MFC-T-GH and MFC-T-CR. Figure V-23 shows the TEM images of each
type of microfibrillated cellulose.
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e B

Figure V-23: TEM images of MFC produced at pilot scale.

According to the results obtained previously at lab scale, only two MFC contents were
selected, namely 5 pph (= 5 wt%) and 10 pph (= 9 wt%). Figure V-24 summarizes the
formulations tested at pilot scale.

MFC kinds MFC contents Coating colours
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Figure V-24: Formulations of the barrier layer tested at pilot scale.

Moreover, two strategies were employed for the preparation of the formulation in relation to
the MFC concentration:
*  PVOH was directly solubilized in the MFC suspension for MFC contents lower than
2%.

* For higher solid contents of MFC suspensions (4% and 10%), PVOH was first
solubilized and then mixed with the MFC suspension.

V.3.3. - Runnability

The pilot trials are a first and important step in the up-scaling stage; they allowed to confirm
the feasibility of formulations at larger scale and to maintain or the not the lab results.

V.3.3.1. - Parameters to control

The transfer from lab to pilot scale requires the control of a higher number of parameters as
described in Table V-7. Indeed, the preparation of coating colour involving the direct
solubilization of PVOH in the MFC suspension was optimised at lab scale using a 1L quantity
with a water bath. The preparation in larger quantity using the direct steam injection was thus
a step to validate.
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Moreover, the possibilities in terms of viscosity and drying are reduced at pilot scale
compared to lab scale. On the pilot coater, the viscosity has to be adapted according to the
pumping and coating system. The coat weight and the drying were also determined
according to the machine speed. To succeed the pilot trials, all these parameters have to be
controlled and adapted in consequence.

Lab scale Pilot scale

Solubilization of PVOH

. _ Water bath Direct steam injection
in MFC suspension

Rheology of coating Viscosity adapted to the

colour Broad viscosity range equipment (pumping, coating

system)

. . Machine speed,
Coat weight Several passes possible P

Blade parameters
Electric Infra-red system
. Infra-red system :
Drying + forced hot air

Long drying time possible Time set by the machine speed

Table V-7: Parameters to be monitored at pilot scale.

V.3.3.2. - Rheological behaviour of PVOH/MFC coatin g colours

Rheological properties of PVOH/MFC mixtures were studied to check the application
possibilities. As shown in Figure V-25, the coating colours displayed a shear thinning
behaviour, i.e. the viscosity decreased largely when the shear rate increased.
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Figure V-25: Viscosity of PVOH and PVOH/MFC coating colours
as a function of the shear rate.

Shear rates applied on coating colours during the different steps of the coating process are
indicated on the graph. Pumping induces the lower shear rates between 1 and 100 1/s. In
this shear rate range the viscosity was very high and this critical point has to be check. The
stirring, in the middle range of shear rates could beneficiate from the shear thinning
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behaviour to facilitate the stirring step. The blade coating and the applicator roll both induce
very high shear rates; the viscosity corresponding to these shear rates are acceptable.

V.3.3.3. - Brookfield viscosity of formulations

To limit the problems on the pilot machine, the Brookfield viscosity of each formulation was
determined according to its concentration and adapted if necessary to reach the optimum
conditions. The pumping system and the coating colour flow in the system were possible until
the upper limit viscosity of 1200 mPa.s. A very low flow back was observed for highly viscous
coating colour leading to the overflowing as observed in Figure V-26.

Figure V-26: Overflowing of coating colour.

Each formulation was diluted according to its viscosity in order to reach the limit value of
1200 mPa.s. However, the dilution involves a decrease of the coat weight deposited and an
increase of the drying demand. In our case, the lower limit in solids had to be fixed at 14% in
order to deposit a minimum coat weight of 10 g/m®. The obtained results for each formulation
are given in Figure V-27. With the limitations, two formulations were impossible to run.
Indeed, it was impossible to reach 1200 mPa.s in viscosity for the formulations containing
MFC-T-GH at 2% and 4% with a concentration of 14%.
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Figure V-27: Concentration and viscosity parameters for all PVOH/MFC formulations

Therefore, pilot trials were carried out using seven final formulations. For all coating colours,
the preparation of 50L of coating colour by solubilization of PVOH in a MFC suspension was
successful. Indeed, no aggregates were visually observed and the viscosity of the
PVOH/MFC blend was closed to the values observed during the lab trials. The upscaling of
this protocol was thus validated during these trials.

V.3.4. - Sample production

Coated board samples were prepared on CTP’s pilot coater with a Soft-Tip blade equipment
and a speed of 70 m/min. Indeed, the Soft-Tip equipment gave the best layer quality without
stripes compared to the rod coating system.

Here, the blade scrapes the coating excess at the board surface as described in Figure V-28.
The final coat weight was determined according to the length of the blade and the angle
between the blade and the paper.

Figure V-28: Principle of the Bent blade [25] (left), photo of DUBLADE Soft-Tip [175].

The barrier layer was thus deposited at the surface of the Ensocoat board. This board was
different from the one used for lab trials. This board already pre-coated, had a closed surface
which decreased the adsorption of coating colour in board and allowed to obtain a better
coating hold out and a more homogeneous layer favouring the barrier properties.
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According to the runnability of the formulation, several samples were produced with one or
two passes through the blade coater resulting in coat weight comprised between 10 and 20
g/m? (Figure V-29).

PVOH or PVOH/MFC layer

~

2 passes PVOH or PVOH/MFC layer
20 g/m?

Figure V-29: Coating strategy.

At last, twelve different samples were produced and characterized. Table V-8 details the
coating parameters for each sample.

Barrier layer composition Coating parameters
Matrix Grade of MEC MFC content Number of Coat Wezlght
(wt%0) passes (g/m9)
Without MFC 0 1 10
10
1
S) 14
2 20
MFC-E-GH
1 10
9 10
PVOH 2
20
MFC-T-GH-4% 5 1 10
MFC-T-GH-2% 5 1 10
10
5 1
MFC-T-CR 14
9 1 10

Table V-8: Coated board samples produced at pilot scale.

Table V-8 gives the list of the coated samples produced and characterized. However, several
trials, not indicated here, were done and did not offer good results. More particularly trials
were carried out to produce boards with a higher PVOH coat weight. None of these trials
were satisfactory because the deposition of two pure PVOH layers one on the other was
impossible. Indeed, difficulties in drying the reels were observed leading to the total gluing of
reels. On the contrary, a strong blistering phenomenon was obtained. More generally, the
samples with a PVOH barrier layer were very difficult to produce. Indeed, PVOH is a good
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film forming material and the appropriate drying strategy was very hard to find. The limit
between the reel blocking and the blistering of the surface was effectively very narrow.
However, this conclusion is really dependent on the coat weight deposited and on the drying

potential of pilot coater.

V.3.5. - Characterisations of coated boards

V.3.5.1. - Thickness and basis weight

The basis weight and the thickness of coated boards are summarized in Table V-9. From this
data, the basis weight and thickness of the coated layers were calculated by subtraction.

Coated board Coated layer
References
Basis weight Thickness | Basis weight | Thickness

Base board 182.0 (£1.6) 209.3 (£2.5)

PVOH 10 g/m? 191.6 (£2.0) 224.1 (+2.6) 9.6 14.8
MFC-E-GH (5%) 10 g/m? 192.1 (+1.1) 224.5 (+1.6) 10.1 15.2
MFC-E-GH (9%) 10 g/m? 190.5 (x1.1) | 222.7 (x2.2) 8.5 13.4
MFC-E-GH (5%) 20 g/m? 202.6 (+1.5) 233.8 (+1.4) 20.6 24.5
MFC-E-GH (9%) 20 g/m? 199.2 (£2.3) 230.4 (x2.8) 17.2 21.1
MFC-T-GH-4% (5%) 10 g/m? 192.5 (x0.7) 227.2 (x1.9) 10.5 17.9
MFC-T-GH-2% (5%) 10 g/m? 192.5 (x0.4) 231.0 (x1.7) 10.5 21.7
MFC-T-CR (5%) 10 g/m? 193.4 (x0.4) 227.5 (¥2.1) 11.4 18.2
MFC-T-CR (9%) 10 g/m? 192.5 (+0.5) 230.7 (+1.8) 10.5 21.4

Table V-9: Basis weight and thickness of coated boards.

The thickness of coated layers was quite high for this basis weight compared to the model
films obtained in chapter 4. It is really difficult to know the exact thickness of the coated layer
due to the influence of the substrate. Here, the high thickness could be due to the swelling of
the board during the first past in the blade coater. Swelling effect is described by a schematic
representation in Figure V-30. The density of the layer seemed more important after two
passes in the blade coater. Indeed, the swelling of board occurred only during the first pass
when the coating colour is directly in contact with the substrate.

PVOH or
1 pass PVOH/MFC layer

ﬁ

Calculated thickness

PVOH or
PVOH/MFC layer

ms alculated thickness

Figure V-30: Effect of board swelling on the final thickness of coated board.
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V.3.5.2. - Surface observation

Barrier properties are depending on the layer quality. The surface of coated boards was thus
observed in order to confirm the good coverage of the board.

V.3.5.2.1. - SEM images

The surface of coated samples was firstly observed using SEM and a backscattered electron
(BSE) detector (Figure V-31). This detector gives images with an atomic number contrast.
The light elements appear dark corresponding mainly to organic rich regions. On the
contrary, heavy elements appear white corresponding mainly to inorganic area. Here the
precoated layer of the base board, containing mineral charges, was well observed covering
the fibre surface slightly observed in dark. The coverage by PVOH and PVOH/MFC layers
was clearly observed on the other images. Indeed, the inorganic layer (white) disappeared
under the organic layer (dark).

Base board Pure PVOH PVOH/MFC-E-GH (5%)

Figure V-31: SEM images with BSE detector of the base board and 10 g/m* coated samples.

Figure V-32 shows the surface topography with SEM observations with secondary electron
(SE) detector. The surface aspect was different according to the presence or not of MFC.
Indeed, the PVOH layer seemed very smooth compared to the PVOH/MFC layer where MFC
could be slightly distinguished.
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Base board Pure PVOH

Figure V-32: SEM images with SE detector of the base board and 10 g/m?® coated samples.

During the SEM observations, blistering phenomenon was also revealed on the PVOH layer
(Figure V-33), an important defect which reduces the barrier properties. As soon as MFC
was introduced into the PVOH, the blistering phenomenon was largely reduced showing that
MFC improved the drying quality of the PVOH layer.

Pure PVOH

Figure V-33: Blistering phenomenon in PVOH layer.

The cross section of the coated board was also observed by SEM-FEG (Figure V-34). The
coated layer observed on the base board was very dense and smooth. It was not possible to
observe the presence of MFC which was totally embedded in the PVOH matrix.
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Grenol INP - CMTC
Date 3 Jui 2012

Figure V-34: SEM-FEG images of the coated board (PVOH/MFC-E-GH (5%)) cross section.

These observations firstly showed the good coverage of the base board with PVOH and
PVOH/MFC layers. Moreover, the blistering effect occurring during the PVOH coating was
revealed but this phenomenon was reduced in presence of MFC in the layer.

V.3.5.2.2. - AFM

In order to improve the understanding of the surface structure, the study of the surface
topography and roughness was completed by AFM observations. This technique allowed
obtaining a detailed description of the surface and to measure its roughness. The
topography, the 3D images and the roughness (determined from this 3D view for an area of
100 pm?) of the coated board surfaces are shown in Table V-10 for layers of neat PVOH and
with 5 wt% and 9 wt% of MFC. The PVOH layer was very smooth with a very low average
surface roughness (Ra) of 0.7 nm compared to 40 nm for the layer containing 5 wt% MFC.
The presence of MFC at the layer surface was well seen on these micrographs which leads
to higher surface roughness. However, the surface roughness was not influenced by the
MFC content. Moreover, the coating process did not lead to a possible orientation of the
fibrils according to these images. Indeed, MFC seemed randomly oriented at the surface.
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Reference Topography 3D view Roughness
PVOH layer Ra=0.70 nm
on board Rg=0.69 nm
Rmax=25 nm
PVOH/MFC-
Ra=40.1 nm
E-GH (5%
I: er(on") Rg=27.9 nm
y Rmax= 304 nm
board
PVOH/MFC-
Ra= 33.4 nm
- )
E EHefloonA)) Rg=26.3 nm
y Rmax= 267 nm
board

Table V-10: AFM images: Topography of PVYOH and PVOH/MFC surface.

These images revealed the structure of PVOH/MFC layer surfaces. MFC was embedded in
the matrix in the layer thickness but even appeared at the layer surface. This led to an
increase of the roughness of the surface layer compared to neat PVOH. Thus, this explained
thus the difference observed in glossy surface after MFC addition. Indeed, this difference in
roughness had an impact on the glossy aspect.

V.3.5.3. - Mechanical properties

The impact of the coating process on the mechanical properties of the board was determined
by tensile tests. A slight improvement of the Young's modulus of the base board can be
observed with the addition of a PVOH layer (Figure V-35). This value was maintained with
the MFC introduction whatever the kind of MFC used and the final coat weight.
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board

Figure V-35: Young’'s modulus of coated board samples.

The improvement of breaking length values of the boards was also observed after PVOH
coating (Figure V-36). This time, the MFC addition slightly decreased the value compared to
neat PVOH coated board but the values were always higher than for the uncoated board. No
trend was observed according to the type or content of MFC.

Breaking length (m)
N
o
o
o

5% 5% 9%
PVOH MFC-E-GH  |MFC-T-|MFC-T-| MFC-T-CR MFC-E-GH
GH-4%
Base 10 g/m2 - 1 pass 20 g/m2 - 2
board passes

Figure V-36: Breaking length values of coated board samples.

As previously observed at lab scale, the deposition of the coating did not degrade the
mechanical properties of the board. On the contrary, the tensile properties were slightly
improved with coating although the MFC addition had no significant influence. Moreover, the
increase of MFC content did not lead to higher improvement of mechanical properties.
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V.3.5.4. - Barrier properties

Barrier properties of coated samples were studied covering several aspects such as:
+ Grease resistance,

*  Water resistance,
*  Water vapour transmission rate for several humidity conditions,

*  Oxygen transmission rate at 23°C-0% RH.

V.3.5.4.1. - Grease resistance

The grease resistance is an interesting characteristic for packaging applications because it is
generally required to pack a broad range of food.

Here, the coating brought a very good grease barrier. Indeed, Cobb measurements were
carried out after an exposure to coloured oil for 24 hours. The amount of absorbed oil after
24 hours was 212 g/m? for the base board. After PVOH/MFC coating, the value reached only
1-2 g/m? according to the MFC content and the type of MFC (Figure V-37).

2
N
S
o

[ 212.1
200

160 |

120 |

80 |

40 +
11 15 15 22 11 11 19 | 24 17

Cobb index 24h with coloured oil (g/m

5% 9% 5% 5% 5% 9% 5% 9%

PVOH MFC-E-GH |MFC-T-|MFC-T-| MFC-T-CR MFC-E-GH
GH-4% | GH-2%
Base 10 g/m? - 1 pass 20 g/m2-2
board passes

Figure V-37: Cobb index 24h with coloured oil for coated board samples.

The difference before and after coating was clearly visible on the pictures of the boards after
the Cobb oil measurements (Figure V-38). Indeed, the base paper was totally red showing
that the oil had largely penetrated inside the upper layer. On the contrary, all the barrier
coated boards (PVOH/MFC 5% in this picture) remained white, meaning that they were
highly resistant to grease.
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prFc s le

Figure V-38: Photos of board and coated board after Cobb measurements with oil.

PVOH was already known for its good grease barrier properties; here this property was
preserved after the MFC addition.

V.3.5.4.2. - Cobb index 60s measurements

The water resistance of coated board samples was determined by specific Cobb60 index
measurements. The solubility of the layer was taken into account in the calculation of the
Cobb index. For this, the dry weight of the samples was determined before and after the
Cobb measurements in order to quantify the layer weight dissolved during the measurement.
This weight loss was then added to the water quantity absorbed during 60s. Figure V-39 and
Figure V-40 give the results of solubility and specific Cobb index for each coated board
sample.

Concerning the water solubility, the PVOH layer showed a high water sensitivity with 40% of
the layer solubilised within one minute (Figure V-39). The introduction of MFC-E-GH greatly
improved the water resistance of the layer. Indeed the dissolved part of PVOH/MFC layer
was only 2%. However, the important standard deviation showed that the measurement was
not accurate enough for very low values. The kind of MFC introduced in the layer had an
influence on the layer solubility. Indeed, the use of TEMPO pretreated MFC had a lower
impact on the reduction of PVOH layer solubility; 30% of the layer was always solubilised
after 60s exposition to water.

60

50

N
o

Layer solubility (%)
N w
o o

10 +— 1 —
0 1 !_]_\
5% ‘ 9% 5% 5% ‘ 9%
PVOH MFC-E-GH MFC-T-GH- MFC-T-CR

4%

10 g/m? - 1 pass

Figure V-39: Water solubility of the layer after contact with water for 60s.
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Several reasons could explain these results. As observed in AFM images, MFC are present
at the surface of the coating layer. The strong interactions between PVOH and MFC were
demonstrated in Chapter 4. MFC could thus retain the PVOH on the layer. However, the
retention seems to be different according to the type of MFC. Indeed, the impact of MFC-T-
GH was lower than for MFC-E-GH. The hydrophilic character of TEMPO-oxidized MFC was
probably the reason of this observation. Indeed, as previously observed in Chapter 3 dealing
with MFC films and their properties, TEMPO MFC has a more important anionic charge at
the fibre surface and this increase its hydrophilic character and water sensitivity. Moreover,
the thinness of MFC-T-GH (observed in TEM images in the Introduction) could also reduce
the retention ability of MFC for PVOH. Another possibility is that the surface charge of
TEMPO MFC reduced the compatibility with no charged PVOH.

At last, it is needed also to consider an eventual influence of the drying on the final layer
solubility. As detailed in the chapter 4, the heating of PVOH films at high temperature
reduced their water solubility. During the pilot trials, it was difficult to control precisely the
drying conditions; it is thus impossible to guarantee unchanged drying conditions for all
coated samples.

The Cobb values showed a decrease of the water absorption from 20 g/m? to 5 g/m? with the
use of 5% of MFC-E-GH (Figure V-40). However, the increase of the MFC content to 9% led
to the increase of the Cobb value to 18 g/m?. The film cohesion was possibly lower for this
MFC content or there were MFC aggregates.

5 ,
15 ~
10 ~ i

5% ‘ 9% 5% 5% 9%

Cobb index* 60 (g/m ?)
N
o

ol

o

PVOH MFC-E-GH MFC-T- MFC-T-CR
GH-4%
Base 10 g/m? - 1 pass

board

Figure V-40: Water resistance of coated board samples determined by Cobb index 60.

Following the same trend as the solubility, PVOH/TEMPO MFC layer showed the highest
values. An important difference was observed between MFC-T-GH and MFC-T-CR. This was
probably due to their difference in element size. Effectively, MFC-T-GH was very thin
compared to the other and thus was also more sensitive to water. Indeed, the thinnest
elements had also the highest specific area.

V.3.5.4.3. - Cobb index 300s measurements

When the measurement was performed for longer times (300s), the layer solubility was
almost the same compared to 60s. No increase of the phenomenon was reported when
increasing the water contact time (Figure V-41). This could mean that the interactions
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between PVOH and cellulose were all the same strong and only the upper layer of PVOH

layer can be dissolve in presence of water. Moreover, MFC has the same effect on the
solubility of the PVOH layer.
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MFC-E-GH - MFC-T-CR

Base 10 g/m? - 1 pass
10 g/m?- 1 pass board

Figure V-41: Water resistance of coated board samples determined by Cobb index 300.

For this measurement time, the differences between samples were reduced and the Cobb
index 300 values were closer. Although the difference in water resistance with and without
MFC was largely lower, the best value was always obtained with 5% MFC.

This means that the water absorption rate of the PVOH/MFC layer was lower than the one of
neat PVOH but the layer remains similarly water sensitive.

After these Cobb measurements, the layer removal was revealed by grease application.
Indeed contrary to the layer, the board absorbed the grease. Photos in Figure V-42 show

thus the impact of water on the layer. These results are in agreement with the solubility
results.

B [P E A0 e I R ] i
§ PVOH/MFC-E-GH (5%) W PVOH/MFC-E-GH (9%)

Figure V-42: Photos of coated boards after Cobb measurements and grease test.
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To increase the contrast and to improve the visualisation, images editing was performed by
coloration in black and white the pink and white area respectively (Figure V-43). The
degradation of PVOH layer after Cobb measurement was thus clearly observed. The
influence of MFC grade was also revealed; layers produced from TEMPO oxidized MFC
were very affected compared to the layers with enzymatic pretreated MFC.

PVOH/MEC-E-GH (5%) PVOH/I\/IFC¥§E-C§|—|'

$e

Figure V-43: Edited images of coated boards after Cobb measurements and grease test.

The addition of MFC-E-GH had a positive effect on the water resistance of the PVOH layer.
An improvement of the layer adhesion could also be envisaged in presence of this MFC.

V.3.5.4.4. - Water vapour permeability

The water vapour transmission rate (WVTR) was studied under three conditions: 23°C-50%
RH, 23°C-85% RH, and 38°C-90% RH in order to observe the influence of relative humidity
on the barrier layer properties. The values of WVTR 23°C-50% RH are presented in Figure
V-44 and Figure V-45. At ambient conditions, the WVTR obtained for a deposition of 10
g/m?.day in one pass was around 2 g/m?.day for neat PVOH or PVOH/MFC layer. Compared
to the initial board value of 274 g/m®.day, the improvement of barrier properties was obvious
after coating.
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Figure V-44: WVTR at 23°C-50% RH for coated board samples.

The comparison of formulations was observed on the graph with smaller scale (Figure V-45).
On this graph, no significant difference was observed according to the kind of MFC used and
the MFC content. The increase of coat weight to 20 g/m?®allowed decreasing the value to less
than 1 g/m?.day, the limit of the standard. This improvement was partially due to the masking
of the defects of the 1* layer by the second layer.
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Figure V-45: WVTR at 23°C-50% RH of coated board samples (Zoom).

These results were compared with those obtained previously at lab scale (Figure V-46).
Despite the fact that the substrates were initially different, results were very similar whatever
the MFC content. The WVTR values of coated boards corresponded to the WVTR values of
the PVOH or PVOH/MFC layers. This also confirmed the good coating quality obtained at
pilot scale.
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Figure V-46: Comparison of WVTR 23°C-50% RH of samples produced
on a lab and on a pilot scale.

The influence of the relative humidity on the water vapour permeability was determined for
three humidity levels: 23°C-50% RH, 23°C-85% RH, and 38°C-90% RH. Each condition
corresponded to the water quantity in air according to the diagram of Mollier described in
Table V-11.

Conditions Water_ quanti:;cy in
air (g/m )
23°C-50% RH 10
23°C-85% RH 17
38°C-90% RH 41

Table V-11: Water quantity in air for different relative humidities.

Figure V-47 clearly shows the loss of water vapour barrier properties with the increase of
relative humidity. Here, the MFC addition did not have a significant effect on these properties
contrary to the results obtained in Chapter 4 for nanocomposites. Here, the adhesion of the
PVOH layer on board reduced the PVOH chain mobility and the impact of humidity on the
layer properties. The impact of MFC addition, with hydrophilic character, also was lower in
the coating case.
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Figure V-47: Influence of the relative humidity on the WVTR of coated board samples.

At 38°C-90% RH (Figure V-48), the three types of MFC gave WVTR values in the same
range around 1800 g/m®.day slightly below the value for neat PVOH (1935 g/m?.day). The
use of two passes and the deposition of 20 g/m?® of PVOH + 5 wt% of MFC-E-GH allowed
decreasing the WVTR down to 1200 — 1400 g/m?.day. However, this decrease was not
sufficient to justify the use of a layer twice as thick.

WVTR 38°C-90% RH (

5%

MFC-T-CR MFC-E-GH

MFC-T-| MFC-T-
GH-4%

MFC-E-GH

10 g/m? - 1 pass 20 g/m2 -2

passes

Base
board

Figure V-48: WVTR at 38°C-90% RH of coated board samples.

As observed from the water resistance results, the PVOH/MFC layer was very sensitive to
water and the barrier properties were degraded with the increase of relative humidity. The
use of MFC did not modify significantly the water vapour barrier properties of PVOH. Indeed,
the values remained very low in ambient conditions and a slight improvement was observed
for the highest humidity level.

V.3.5.4.5. - Oxygen permeability (23°C-0% RH)

To complete the characterisation of Dbarrier properties of coated samples, oxygen
transmission rate measurements were carried out at 23°C-0% RH (Figure V-49). The results
clearly showed the problem of blistering encountered with neat PVOH. Whereas PVOH is
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known for being a very good oxygen barrier, the OTR values obtained for board coated with
10 g/m® of PVOH were very poor, above 600 cm®/m?.day. OTR values were around 5-6
cm®/m?.day.bar for MFC-E-GH and MFC-T-GH and around 9 cm*m?.day.bar for MFC-T-CR.
These results showed the improvement of runnability and drying of the PVOH layer with the
MFC addition, already observed form SEM images and during the pilot trials.
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Figure V-49: OTR at 23°C-0% RH for coated board samples.

V.3.6. - Discussion

All the results demonstrated the beneficial effect of using MFC in terms of runnability and
productivity. Indeed, MFC played a major role in the drying quality with the large reduction of
blistering in PVOH layer after MFC addition. This led to the improvement of barrier properties
directly linked to the layer quality. Moreover, MFC had strong interactions with PVOH
allowing the development of a highly cohesive layer and the achievement of very promising
barrier properties.

V.3.6.1. - Study of drying rate

In order to gain an understanding on the effect of MFC, the drying rate for each formulation
was determined. Figure V-50 reveals a difference between the formulations of same solids
with and without MFC. After MFC addition, the drying rate was higher compared to the drying
rate of PVOH layer. Thus, It was to dry PVOH/MFC layer easier than neat PVOH layer. The
water was evaporated faster probably thank to interfacial area between PVOH chain and
MFC.
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Figure V-50: Drying speed of PVOH and PVOH/MFC formulations.

This could explain the observation made during the pilot trials. Indeed, the blistering effect is
mainly due to a drying in two steps (Figure V-51):
»  Firstly the drying of the top layer catching the water molecule inside the layer.

» Secondly the drying of the bottom of the layer leading to the layer blistering to allow
the water evaporation.

Dry coating layer with

Wet coating layer Dry coating layer some blisters
ﬁ —
Base board Base board Base board

Figure V-51: Schematic representation of blistering effect.

This effect was not observed with MFC formulations which dried faster and more uniformly in
the layer thickness.

V.3.6.2. - Influence of MFC on PVOH viscosity

The evolution of the viscosity according to the temperature could also give information on the
interactions between macromolecules. Indeed the viscosity of PVOH aqueous solutions is
linked to inter and intra hydrogen bonding between the PVOH chains and to PVOH-water
hydrogen bonding [176]. In the PVOH/MFC mixture, the viscosity also depends on the
PVOH/MFC hydrogen bonding. An increase of the temperature leads to the breaking of
hydrogen bonds reducing the suspension viscosity.

Here, the viscosities of PVOH and PVOH/MFC formulations with a concentration of 15%
were measured for different shear rates according to the temperature between 20°C and
80°C. The same trend was observed for each shear rate. Figure V-52 shows the results
obtained for a shear rate of 800 s™. The influence of temperature on PVOH viscosity followed
the same trend as the one described by the supplier (Figure V-53).
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Figure V-52: Viscosity of PVOH and PVOH/MFC-E-GH (5%) suspensions at 15 wt% wt in
solids for a shear rate of 800 s™ according to the temperature.

The evolution of the viscosity as a function of temperature was different according to the
presence or not of MFC. Indeed, the slope of the curve was largely higher in the case of
PVOH/MFC 4.8% suspension (estimated at -8.3) compared to the PVOH suspension
(estimated at -2.4). The result means that the hydrogen interactions between
macromolecules and between macromolecules and water were lower in PVOH/MFC
suspensions than those between PVOH chains.

Therefore, it could be deduced of the result that the water retention was lower in the
PVOH/MFC formulation leading to an improved drying quality during the coating process.
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Figure V-53: Viscosity of Mowiol 4-98 according to the temperature
and the solid content [162].

V.3.7. - Conclusion

These pilot trials studied the influence of several MFC grades on PVOH coated layer
properties. Coated samples were thus produced from several formulations and with two MFC
contents. The potential use of MFC in coating processes has thus been demonstrated at pilot
scale. No similar results were reported before in literature. The first conclusion that can be
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drawn from these trials is the improvement of the runnability and productivity with the
introduction of MFC in the PVOH layer. Indeed, the blister number was reduced for the
PVOH/MFC layer compared to pure PVOH layer. Regarding the MFC grades, the enzymatic
MFC greatly improved the water resistance of PVOH compared to TEMPO treated MFC.
Moreover, the use of 9% of MFC instead of 5% degraded the water resistance and did not
improve significantly the WVTR and OTR.

At last, the improvement provided by a 20 g/m? layer compared to a 10 g/m? layer is not
sufficient to justify the use of two times more product. Therefore, the barrier layer selected for
the barrier packaging demonstrator was thus based on a 10 g/m? barrier layer of PVOH + 5%
of MFC-E-GH.

V.4. - Production of barrier packaging materials using MFC at pilot
scale

V.4.1. - Production of demonstrator with additiona | top coating layer

To protect the barrier layer, commercial latex was used to impart water and water vapour
resistance. Commercial latex, defined as water barrier, was directly deposited onto the first
barrier layer as a topcoat (Figure V-54). According to the results from the previous part, the
barrier layer selected for the final demonstrator was the layer PVOH/MFC-E-GH (5%).

Water resistant layer

Figure V-54: Production of final packaging materials: Water resistant layer.

This part describes the production at pilot scale of the final packaging materials and their
characteristics. Here, the results were compared before and after top coating.

Moreover, biodegradability results and converting ability is then detailed. At last, the
performance of materials is compared with market products.

V.4.1.1. - Production of samples

The barrier latex was directly applied at 5-7 g/m? on the reels pre-coated with PVOH/MFC
layer. Once again, these trials were carried out on the pilot coater with a SoftTip blade.

V.4.1.2. - Mechanical properties

Regarding the Young’'s modulus values of coated board, a slight improvement was observed
for the base board value with the top coating layer (Figure V-55). Compared to this top
coated base board, the values obtained for the barrier coated board were in the same range
with or without the top coating layer.
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Figure V-55: Young’s modulus of final packaging material.
V.4.1.3. - Barrier properties

V.4.1.3.1. - Water resistance

As expected, the barrier latex played perfectly its protection role: the water resistance was
strongly improved with the top coating (Figure V-56). Indeed, the top coating applied onto the
base board, without barrier layer, had a good Cobb index 60s value of 2 g/m® The value
reached 1 g/m? for the board coated with both layers.
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Figure V-56: Water resistance determined by Cobb index 60s measurements.
The reference for packaging applications is generally the Cobb index 1800s. In this case, the
value reaches 2 g/m®.
V.4.1.4. - Water vapour transmission rate

The top coating allowed also to reduce the WVTR of the base board and the barrier coated
board as observed in Figure V-57. Indeed, this layer reduced the affinity of the substrate with
water leading to the WVTR decrease.
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Figure V-57: WVTR 23°C-50% RH of the final packaging material.

Moreover, these results demonstrated the importance of the first gas barrier layer. Indeed,
the best values were obtained for the demonstrator and the combination of two layers with a
value of 0.5 g/m°.day. After coating with barrier latex, the WVTR value of the base board was
only of 70 g/m?.day.

The same trend was observed as the water vapour permeability in tropical conditions (Figure
V-58). Once again, the top coating largely reduced the value from 2600 g/m®day to 450
g/m?.day, confirming the efficiency of this barrier latex as top coat to bring a water protection.
The value of the final packaging material thus reached 250 g/m?.day.
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Figure V-58: WVTR 38°C-90% RH of the final packaging material.

V.4.1.5. - Oxygen transmission rate at 23°C-0% RH

The measurements of OTR represented in Figure V-59, showed once again that the single
top coating layer did not improve the oxygen barrier of the base board. The barrier properties
to O, are quite entirely brought by the barrier layer and slightly reinforced by the top coating
layer. The best values were obtained for the 2 layer demonstrator (barrier + top coating layer)
with an OTR around 5 cm*/m?.day.bar at 23°C-0% RH.
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Figure V-59: OTR at 23°C-0% RH of the final packaging material.

V.5. - Comparison with other packaging materials

To complete this study, the properties of the demonstrator were compared with two kinds of
materials:
* Firstly, materials developed using MFC and described in the literature

» Secondly, existing materials in the packaging market

V.5.1. - Comparison with the literature values

At the beginning of the PhD work, very few studies were reported on the development of
barrier properties using MFC by coating processes. An interesting product was developed by
Hult et al. [1]. Indeed the application of MFC and shellac by bar coater in one layer or
multilayer system showed good properties with a WVTR at 25°C-50% RH of 6.54 g/m®.day
and an OTR at 25°C-50% RH of 4466 cm®m?®.day from a base paper of 60 g/m?, an MFC
layer of 3 g/m?and a 10 g/m® top layer of shellac. It was difficult to make a real comparison
but this gave an idea of results available in the literature for MFC barrier coating.

V.5.2. - Comparison with existing materials

Figure V-60 compares the barrier performances of the demonstrator with polymer films
currently used in packaging applications.
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Figure V-60: Comparison of the barrier performances of the demonstrator
with existing materials.

In terms of barrier properties, the final packaging materials had properties equivalent to those
of EVOH or PA MXD6 films. The values were also better than cellophane for example.

V.6. - Converting

The ability to convert coated board into packages was checked as observed in Figure V-61.

Figure V-61: Production of boxes from coated board samples.

Coated board samples resisted well to groove and creasing allowing the production of boxes.
However, grease tests after folding showed a degradation of the grease resistance probably
due to the layer cracking during the converting. Further investigation should be carried out to
decrease the brittleness of the layer and improve its creasing resistance. A solution could be
the use of plasticizer although, as already described, it leads generally to the decrease of the
barrier properties.

V.7. - Biodegradability

Biodegradability and compostability tests were carried out on intermediate and final
packaging demonstrator. To complete the assessment, disintegration in composting process
of paper boards was tested and the quality of the obtained final compost was checked as
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well as the absence of any ecotoxicity effects with respect to seed germination and plant
growth. The certification of compostability of packages and/or products in general is
regulated by EN standard norms that list the specific requirements (EN 13432-2000 and EN

14995:2006)/1/2/. These tests were carried out in collaboration with Innovhub, one of the
SUNPAP partners.

V.7.1. - Biodegradability of paper board samples

The board samples coated with PVOH/MFC coating were tested for biodegradability in

compost. The results showed a fast biodegradation reaching 90% biodegradation within 50
days of test (Figure V-62).

b) Biodegradability of Coated board PVOH-NFC 10-10

Biodegradability (%)
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Figure V-62: Biodegradability of coated boards.

V.7.2. - Degradation tests in simulated composting conditions

Paper board samples were subjected to the disintegration test.

Figure V-63: Photos of board box samples (A) paper board before the test (B),
residues after composting process (C).
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As evidenced from the results reported in Table V-12, the only sample that was not
completely degraded was the box board sample PVOH-MFC 10 g/m2 PVOH -5 pph MFC, +
commercial latex top coat of 5 g/m?. The amount of the sample residues was very low (6 %
of the initial weight), by hand and visual inspection the residues appeared as constituted by
“plastic thin film” that could be ascribed to the commercial latex present on the overall board,
or more likely, due to the very low number of piece residues, it could be due to the glued
parts of the box.

Inltla! sample ReS|du.aI sample % darrdatan
weight (g) weight (g)

10.01

Reference board 10.03 0 100
10.02

Coated board with 10 g/m? 188; 0 100
of PVOH/MFC-E-GH (9%) 10.09

Board box with 10 g/m? of 10.04 0.46 95

PVOH/MFC-E-GH (5%) + 10.06 0.52 95

water barrier layer 10.04 0.78 92

Table V-12: Degradation test results.

V.7.3. - Ecotoxicity effects of final compost

As reported in Table V-13, the board samples after disintegration did not affect the
composting mixture. In fact, no toxic effect was detected with respect to seed germination
and plant growth with the compost obtained in the presence of these samples.

25 % mixture of sample 50 % mixture of sample
compost with test soil compost with test soil
S I t obtained in th % %
ample compost o .'?une in the o % growth o % growth
presence of the specified samples. | germination germination
Base board 96 (+3) 95 (x6) 89 (+4) 92 (+7)
: 2
Coated banr)(j/ vOV||:h 10 g/m* of 98 (+ 4) 102 (= 7) 88 (+ 4) 88 (+ 6)
Coated board with 10 g/m? of
90 (£5 89 (£3 89 (x6 92 (x4
PVOH/MFC-E-GH (9%) (+5) (*3) (+6) (=4)
Board box with 10 g/m?
PVOH/MFC-E-GH (5%) 92 (+6) 91 (+5) 87 (£5) 93 (¢ 5)
+ water barrier layer

Table V-13: Percentage germination and growth of compost obtained by the disintegration
tests in the presence of the different board samples, the reported results are the average of
ecotoxicity tests run in triplicate.

The biodegradability in compost of coated paper board samples containing MFC and PVOH
in the coating colour was demonstrated to be similar to MFC-free coated paper board. The
90% degradation limit was reached quite fast, i.e. within 55 days testing, while the required
time limit for biodegradability in compost is 90-180 days. The results of disintegration tests as
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well as ecotocixicy tests confirmed that the analysed samples fulfilled the compostability
requirements therefore they could be disposed in composting plant at their end of life.

V.7.4. - Conclusion

During this work, the possibility to use the MFC in coating process was determined at lab and
pilot scale. Mechanical and barrier properties were evaluated for several PVOH/MFC coated
board according to the MFC grade, the MFC content and the coat weight. The best
PVOH/MFC layer was then selected to develop the final demonstrator. The final properties of
the barrier board were thus determined as well as its converting ability and its
biodegradability.

All the performed work allowed demonstrating, at pilot scale, the use of MFC in the
development of a barrier layer packaging board. In the case of barrier layer, not any other
study at pilot scale was currently referenced. Firstly, it was shown that runnability and
productivity of the pilot coater were greatly improved with the introduction of MFC-E-GH in
PVOH layers.

Moreover, the barrier packaging demonstrator was produced with good barrier properties,
summarized in Table V-14:

Barrier properties Demonstrator
Grease resistance (Oil Cobb index 24h) 2g/m2
Water resistance (Cobb index 60s) 1 g/mz
Water resistance (Cobb index 1800s) 2.5 g/m2
WVTR @ 23°C-50% RH 0.5 g/m?/day
WVTR @ 38°C-90% RH 250 g/m?/day
Oxygen permeability @ 23°C-0%RH 6 cm®/m2/day

Table V-14: Barrier properties of the demonstrator.

Lastly, the biodegradability and compostability tests were very positive and demonstrated the
possibility to dispose these materials in composting plant at their end of life.

The negative point was the suggested loss of performance during the step of converting.
Indeed, the grease resistance was lower after folding meaning a possible loss of barrier
properties. Another measurement should be conducted to confirm this result.

V.8. - Conclusion

In this chapter, an example of industrial application based on the microfibrillated cellulose
was studied. Indeed, the production of barrier packaging board with PVOH/MFC was carried
out at lab and pilot scale. For this, coating colour preparation was adapted to reach the
highest possible solid content and to guarantee acceptable drying conditions on a pilot
coater. The solubilisation of PVOH at 95°C directly in MFC suspensions was selected
allowing the preparation of homogeneous coating colours in only one step and the possible
adaptation at large scale. Regarding the coating process, rod or blade systems were
employed in order to deposit around 10 g/m? on the base board. In spite of quite high coating
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colour viscosity, the PVOH/MFC suspension was successful coated and the surface of
coated board showed a homogeneous surface and a good coverage. However, the drying
behaviour was different in presence or not of MFC. Problems of blistering were mainly
observed with pure PVOH layer leading to some defects in the layer and a reduction of the
barrier layer efficiency. This effect was reduced by the MFC introduction in PVOH layer
which decreased probably the interactions between PVOH chains and water, increasing the
drying rate. This results demonstrated the possibility of the use of MFC as drying agent.
Moreover, the layer of PVOH/MFC showed a good barrier level with high grease resistance,
low WVTR (23°C-50%RH) and low oxygen permeability (23°C-0% RH). However, the layer
being water sensitive, a top layer was added to water protect the PVOH/MFC layer. A
commercial barrier latex was thus deposited on the PVOH/MFC layer and showed a good
water barrier efficiency.

This barrier material offers thus a new possibility to minimize the use of petroleum based
polymer and to favour the use of renewable source.
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This work was achieved in the frame of the EU SUNPAP project (NMP4-LA-2008-228802).
The general objective of this project was the scale up of nanoparticles in modern
papermaking.

This PhD work aimed at proposing a new board based packaging material as an alternative
to current products minimizing the use of petroleum based polymers thanks to the use of
microfibrillated cellulose (MFC).

A state of the art allowed to identify the challenges to take up for the up-scaling the use of
MFC in barrier coating. Some challenges are linked to the MFC intrinsic properties and their
potential use for making materials and some others challenges are linked to industrialization
of processes making real the manufacture and the use of MFC on full-scale existing
machines.

Microfibrillated cellulose is a material of high interest, as illustrated by the number of studies
growing every year. Indeed MFC combined both interesting properties (tensile strength,
barrier to oxygen and grease) and renewable source. This materials has been known for
more than 30 years, but its development was limited by the extremely high energy required
for its production.

These last years, the interest in this material was renewed since the production of MFC has
been improved with more efficient and less energy-consuming processes thanks to the use
of either chemical or enzymatic pretreatments which make possible to produce various MFC
grades from different sources. Nevertheless, due to the high aspect ratio of fibrils and to the
MFC aggregation during the MFC drying, none measurement technique is available to
determine the size distribution of fibrils in MFC. This makes difficult to characterise them and
establish structure/properties laws.

The potential of MFC for the packaging development has been widely described when
considering self standing MFC films, which showed generally good mechanical and barrier
properties and high transparency. Some studies have also shown an interest for the use of
MFC as reinforcement material in composites, but then the barrier properties were only
seldomly detailed. Moreover, only very few studies reported the use of coating processes to
apply either MFC or water based composites,. All these studies were achieved at laboratory
scale and up today (2012), none product use MFC as key component of a material.

If most of the reported works were carried out at lab scale;it is because the production
capacities of MFC were generally low with lab scale production. At the beginning of this
project, the pilot building was reported by some research centers but the MFC production
was not yet effective on a large scale. Moreover, the low solid contents and high viscosity of
MFC suspensions are major drawbacks for their use at larger scale, in particular for coating
processes. The introduction of MFC in matrices could be a solution to reduce these
problems.

The thesis was divided into three main parts. Firstly, the study focussed on the
characterisation of the MFC suspensions, on the manufacturing of MFC free films and on the
determination of their properties. Secondly, the development of MFC based composites was
studied as model films. The last part was devoted to the introduction of MFC in coating
colours in order to develop a barrier layer at the board surface and to the demonstration at
pilot scale of the industrial feasibility.
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To study the influence of the fibrillation process on the intrinsic properties of MFC, several
MFC suspensions of different grades were firstly characterized by combination of
microscope techniques and viscosity measurements. The suspensions were more or less
homogeneous according to the MFC production processes and seemed to be more
homogeneous after the TEMPO pretreatment. The fibril size was estimated between 10-30
nm in width and 1-3 pm in length. However, microscope techniques were not sufficient to
characterise completely the MFC suspensions and did not allow to measure the size
distribution of MFC. Viscosity measurements gave complementary results with a qualitative
indication on the degree of individualisation of MFC. A protocol, which was developed with a
controlled shear stress rheometer, allowed to compare the different kinds of MFC
suspensions. The viscosity of MFC suspensions appeared to be quite high for low solid
contents (about 2%) but their highly pronounced shear thinning behaviour should improve
their flow in high shear processes.

Two production methods of films, the casting/evaporation and the handsheet methods were
developped and employed for this study. The size of fibrils as well as the homogeneity of
suspension impacted directly the final properties of films: Films showed good tensile
properties, interesting oxygen barrier and good transparency. However, the water vapour
transmission rate and the water resistance of films were quite low and have to be improved
to match requirements for packaging applications. Compared with enzymatic pretreatment,
TEMPO MFC films showed higher transparency but lower tensile properties and more
important water sensitivity attributed to the carboxylation of cellulose that brings a more
hydrophillic behaviour. The first part of the study confirmed the interesting properties of MFC
for the packaging applications; However, their low solid content reduces strongly the
possibilities of use of MFC alone in coating processes. The introduction of MFC in water
based matrices was thus envisaged to find a compromise between runnability and final
properties.

The second part of this work dealt with the development of composite films using two
matrices: a poly(vinyl alcohol) and a starch. The influence of MFC addition was assessed
with respect to the mechanical and barrier properties of self standing films for MFC contents
between 5 and 75 wt%. An improvement of final properties of the two kinds of matrix was
observed with the reinforcement effect of MFC and the increase of the thermal degradation
temperature of matrices. Structural analysis allowed to understand the impact of MFC
addition on the structure of the matrices. The improvement was thus the effect of strong
interactions between the MFC and matrix. The introduction of MFC also showed a reduction
of WVTR value of starch film but the end performances were not sufficient for barrier
applications. The sorbitol addition showed very positive results. Indeed, the barrier properties
were highly improved with particularly a reduction of WVTR at 23°C-50% RH and of OTR at
23°C-0% RH. This was explained with an antiplasticization effect,observed at this sorbitol
content reducing the tensile strength of starch. Nevertheless, the MFC introduction offered a
good compromise thank to its reinforcement potential. Regarding the barrier properties of
PVOH matrix, the MFC addition allowed to save low WVTR of the matrix under ambient
conditions and to improve it in tropical conditions. At last, the heating treatment of
PVOH/MFC films showed a very good influence on their water sensitivy with a strong
reduction of film solubility when they were immersed in water. From these results, the best
formulations were selected for the next step of the work that dealt with the use of coating
processes to apply the water based composite onto a paperboard. The barrier properties
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obtained with PVOH/MFC system are currently more promising compared to starch/MFC
system for the development of packaging materials.

The potential of the use of MFC in coating process was firstly studied at lab scale. In order to
guarantee the best coating quality, the higher coat weight and the minimum drying energy
demand, an innovative startegy was carried out to obtain the coating colour with the highest
possible solid content: The solubilisation of PVOH was carried out directly into the MFC
suspensions. It was demonstrated that this strategy which allowed to get PVOH/MFC colours
with a solid content reaching 15 wt%, didn’t alter the material properties compared to a
separate solubilization with a post mixing. Good gas barrier properties were obtained for the
coated samples and more specifically for the PVOH/MFC layer with a MFC content of 5 wt%.
These results were partially in agreement with the values obtained for PVOH/MFC films
demonstrating a good transposition from model films to coated boards. However, it was
underlined that both the board substrate and the drying of the coating layer played important
roles on the final barrier properties. These results allowed to envisage the transfer of the
PVOH/MFC formulations at larger (pilot) scale.

In the framework of the SUNPAP project, new means were developped to up-scale the MFC
production capacities allowing to produce larger MFC quantities suitable for pilot coating
trials.To develop a barrier board suitable for the market, a multilayer system was designed
associating a base board and two barrier layers: the first one, a PVOH/MFC layer, offering
grease resistance and oxygen barrier properties, the second one, a commercial barrier latex,
giving a water resistant layer and water vapour barrier properties. The results of pilot trials
showed that the runnability and the productivity of the coating pilot were greatly improved
with the introduction of MFC in PVOH layers. Indeed, the increase of the drying rate in
presence of MFC improved the drying of the coating and reduced the blistering phenomena
observed on pure PVOH layers. This demonstrated the potential of MFC to be used as a
drying additive.

Several coated samples were produced from several grades of MFC and two MFC contents.
MFC enhanced the water resistance of PVOH layer revealing the high interactions between
PVOH and MFC. The best properties, obtained with 10 g/m* layer of PVOH/MFC-E-GH 4.8
wt%, showed high grease resistance, low WVTR (0.5 g/m?/day at 23°C-50% RH) and a low
oxygen permeability (6 cm®mz2/day at 23°C-0% RH). Commercial barrier latex was top
coated on this layer to produce the final demonstrator. With a Cobb index 1800s value of 2.5
g/m?, the top coating offered an efficient water protection. In partnership with Stora Enso,
these trials were completed by the converting of coated samples into some folded boxes. But
it seemed that the layer did not resist totally to the creasing and folding steps.
Biodegradability and compostability tests, carried out by Innovhub, were very positive and
demonstrated the possibility to dispose these materials in composting plant at their end of
life.

Some perspectives could be envisaged to follow of this project.

The rheological characterisation of MFC suspensions showed a hysteresis loop attributed to
the formation of structures under shear. Strain rheological characterizations could complete
this study on the rheology of MFC suspensions. The implementation of techniques allowing
the visualisation and the characterisation of these structures under flow should improved the
understanding of phenomenon. The present work focus on the rheology of MFC suspensions
“as produced” and a dedicated study coupling physical chemistry and rheology would be of
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interest to understand the interactions between fibrils and between fibrils and solvent. This
would permit to define ways to increase the MFC solids will keeping the viscosity as low as
possible.

Concerning the use of MFC , this work improved the protocol to manufacture self standing
MFC films ,in a shorter time, using a semi-automatic sheet former. The influence of drying
and pressing on the final MFC film properties has not been studied in detail and it should
makes possible to better understand the film formation mechanisms and to get films with
better properties. This would also pave the road to prepare a way to produce MFC reels on
large production machine.

Some drawbacks were observed on the MFC films such as poor water resistance, moderate
permeability to water vapour and transparency/tear strength. Complementary developments
could be carried out with modified MFC or some additives such as the nanofillers to improve
the water resistance and the WVTR of film. The transparency could be also improved by an
eventual local water rewetting, a polishing or by impregnation. The tear resistance could be
improved by the use of longer fibres or thanks to impregantion of other polymers.

Regarding the MFC based composites, the addition of MFC showed several advantages
such as mechanical reinforcement and a reduction of water vapour permeability. However,
several improvements could still be achieved: The MFC dispersion into the matrix could be
improved using others starch or PVOH grades, more or less charged, or some dispersing
agent. Nanoclays are recognized for their barrier improvement potential, so their use could
be tested to reinforce the barrier properties of the matrix/ MFC layer. Other kinds of plasticizer
and different contents could be studied to avoid the antiplasticization effect and find a better
compromise between mechanical and barrier properties. Several strategies could also be
developed to improve the water resistance of matrix/MFC layer with the possible addition of
cross-linkers or the use of surface grafting such as the chromatogeny.

In the particular case of PVOH/MFC films, complementary works should be achieved to
better understand the PVOH/MFC interactions and the effect of heating treatment. Finally,
the coating colour formulation could be improved according to the results obtained with MFC
based composites and a more accurate focus should put on understanding the mechanisms
occuring during the drying of the coating layer.

For the first time, MFC were used in coating processes at pilot scale and demonstrated their
potential for the production of barrier paperboards. However, the flexibility of the layer and its
folding resistance should be improve to save their barrier efficiency after the converting the
coated board into boxes.

We hope that this work will be useful both to scientists to bring another brick in the wall of

MFC material science and to industrialists to convince them of the potential of MFC either as
a drying additive or as a useful component in barrier coating.
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List of abbreviations

AFM Atomic force microscope

CNC Cellulose nanocrystals

CTP Centre technique du Papier

DP Degree of polymerization

DSC Differential scanning calorimetry

MFC:  Microfibrillated cellulose

NFC: Nanofibrillated cellulose

OTR:  Oxygen transmission rate

PEG Poly(ethylene glycol)

PVOH Poly(vinyl alcohol)

RH Relative humidity

SEM Scanning electron microscope

SEM-FEG Field Emission Gun Scanning Electron Microscope
SR° Schopper-Riegler degree

TEM Transmission Electron Microscope

TGA Thermal gravimetry analysis

SUNPAP Scale-up of nanoparticles in modern papermaking
WVTR Water Vapour Transmission rate

XRD X-ray diffraction
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Introduction

La fabrication des matériaux d’emballage est un secteur industriel majeur porteur
d’'innovations pour répondre aux attentes des donneurs d’ordres. Poussés par les évolutions
réglementaires, sociétales, économiques et technologiques, les industriels demandent des
matériaux toujours plus performants (résistance mécanique et propriétés barrieres
notamment), toujours plus légers, constitués de matériaux bio-sourcés avec un impact
environnemental et un co(t réduits. Dans le secteur des papiers et cartons d’emballage, les
matériaux les plus performants sont généralement des combinaisons de plusieurs
matériaux : papier/carton, film polymére pétrosourcé et éventuellement feuille d’aluminium.
Cependant, ces matériaux dérivés du pétrole présentent plusieurs inconvénients tels que
leur origine non renouvelable, leur colt directement indexé sur le prix du pétrole, leur faible
recyclabilité et leur impact sur I'environnement. La prise de conscience de l'impact
environnemental des emballages, percue a travers des analyses du cycle de vie, poussent
les industriels utilisateurs de ce type d’emballage & demander le remplacement des
polyméres pétrosourcés par des polymeres biosourcés ne posant pas de problemes de
recyclage. De plus, l'utilisation de nanoparticules est une voie prometteuse pour développer
des matériaux plus légers et plus performants. Parmi les nanomatériaux disponibles ou en
cours de développement, les micro et nanofibrilles de cellulose semblent étre les produits les
plus intéressants car ils offrent les avantages naturels de la cellulose (ressource issue de la
biomasse non compétitive avec l'agriculture vivriere, biodégradabilité), de surprenantes
propriétés barrieres (a l'huile et a l'oxygéne) et de bonnes propriétés de résistance
mécanique (résistance a la traction).

Les micro et nanofibrilles de cellulose (M-NFC) ont initialement été étudiées par Turback et
al.’ en 1983 et lintérét pour ces nanomatériaux s'est vraiment accentué¢ depuis 2005 au
regard du nombre de publications et de brevets réalisés sur le sujet donné en Figure 1.
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Figure 1: Nombre de brevets et d’'articles contenant le terme « microfibrillated cellulose ».

La cellulose est un dérivé du bois ainsi que de diverses plantes annuelles, des algues ou
encore de bactéries. Synthétisée a hauteur de 10™ tonnes par an, la cellulose est un
matériau renouvelable et abondant. La structure du bois, représentée Figure 2 a différentes
échelles, montre que celui-ci est constitué de fibres elle-méme constituées d'un assemblage
de microfibrilles de cellulose.
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Tronc 10°-102
Bois 100-101
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Figure 2 : Structure du bois®.

Les microfibrilles de cellulose, appelées MFC, peuvent étre extraites et isolées par des
procédés de fibrillation correspondant & la délamination de la fibre. Turback et al.' et Herrick
et al.® ont initié la production de suspension de MFC en introduisant une suspension de
fibres diluée dans un homogénéiseur sous une forte pression plusieurs fois de suite.
Cependant ce procédé avait une forte demande énergétique. Afin de réduire les codlts de
production, différentes techniques ont été développées en utilisant des prétraitements
facilitant la fibrillation. Les trois principaux prétraitements sont :
- Le prétraitement mécanique permettant de diminuer la longueur de la fibre
- Le prétraitement enzymatique diminuant les interactions hydrogenes
- Le prétraitement chimique (hydrolyse acide, oxydation TEMPO, carboxyméthylation)
gui reduit la longueur des chaines, et/ou modifie la surface des fibres et/ou augmente
I'espace interchaine glucosidique.
Suite aux prétraitements, un traitement mécanique imposant un fort cisaillement est
nécessaire pour défibriller la fibre et obtenir une suspension de MFC. Trois appareils sont
principalement utilisés : 'homogénéiseur, le Masuko grinder et le microfluidizer décrit Figure

3.
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Figure 3 : Description des appareils d’homogénéisation .
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Les MFC ainsi produites ont un diametre de 10-30 nm et une longueur d’environ 1-3 um (cf.
Figure 4). De plus, le procédé de fibrillation permet de conserver la partie cristalline tout
comme la partie amorphe des microfibrilles.

Partie cristalline  Partie amorphe

Figure 4 : Image MET de microfibrilles de cellulose®.

Hormis leur caractére biosourcé, les MFC présentent de multiples avantages tels que leur
faible densité, leur facteur de forme important, leur surface spécifique élevée et leur
résistance mécanique. En effet, si on compare le module de Young spécifique des MFC
avec ceux de divers matériaux, sa valeur est bien supérieure comme observeé Figure 5.

L. Module de Densité Module
Materiau 3 L
Young (GPa) (g/cm”™) spécifique (J/g)

Aluminium 69 2,7 26
Acier 200 7,8 26
Verre 69 2,5 28
Cellulose cristalline 139 1,5 92
Microfibrilles de cellulose 80-100 1,5 53-66

Figure 5 : Comparaison des propriétés mécaniques de divers matériaux’®.

De plus, il a été reporté dans la littérature que les MFC forment des films possédant des
propriétés barrieres prometteuses et supérieures a d’autres matériaux barrieres (Figure 6).

EVOH

Polyamide

PVOH |

Cellophane |

TEMPO oxidized MFC
et ]
(carboxymethylated)

0.1 1 10 100 1000

Perméabilité a 'oxygéne (cm  3.um/mz.jour.bar)

Figure 6 : Comparaison des perméabilités a 'oxygéne de divers matériaux’.
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L'objectif de cette thése était ainsi de développer de nouveaux matériaux barriéres a partir
des microfibrilles de cellulose. Une partie des travaux a été réalisée dans le cadre d'un projet
européen ayant pour principal objectif la mise a I'échelle industrielle de [l'utilisation des
MFC/NFC dans les procédés papetiers. L'étude est consitituée de trois principales parties
comme décrit Figure 7.

Figure 7: Organisation de I'étude.

Tout d'abord, I'étude s’est focalisée sur l'influence du degré de fibrillation sur les propriétés
des suspensions de MFC et le développement de films 100% MFC. La seconde partie a été
dédiée au développement de composites a partir de MFC et de deux matrices différentes
'amidon et I'alcool poly(vinylique) afin d'évaluer linfluence des MFC sur les propriétés
mécaniques et barrieres des deux matrices. Enfin, des formulations & base de MFC ont été
établies dans une troisieme partie permettant de reporter le potentiel des MFC pour produire
des couches barrieres a la surface d’'un carton. Chacune de ces trois parties sera décrite de
facon synthétique dans ce résumé étendu.

1. - Etude des suspensions et des films de MFC

Trois suspensions de MFC ont été étudiées afin d’établir l'influence du process sur les
propriétés finales des suspensions et des films produits a partir de celles-ci. La
caractérisation des MFC est difficile et il est actuellement impossible de déterminer la
distribution de taille des éléments présents dans une suspension. En effet, les microfibrilles
présentent un haut facteur de forme ne permettant pas d’évaluer le diamétre et la longueur
des éléments aux mémes échelles par microscopie. De plus, I'agrégation des MFC lors du
séchage pour la préparation de [I'échantillon rend difficile la visualisation de MFC
individualisée. Ainsi, la combinaison de plusieurs techniques est nécessaire afin de
caractériser et comparer plusieurs grades de MFC.

Les moyens de caractérisations mis en ceuvre étaient premiérement la caractérisation
microscopique et I'étude de la rhéologie des suspensions afin d’obtenir des indications sur la
taille des éléments et le degré de fibrillation. Deuxiemement, des films produits par deux
méthodes ont permis d’évaluer les propriétés intrinseques des MFC.

1.1. - Matériels et méthodes

1.1.1. - Matériels

Trois types de MFC ont été étudiés dans cette étude. Les premiéres, nommées MFC-Arbo,
correspondent a de la cellulose fine fournie par JRS et sont utilisées comme référence
commerciale. Deux autres grades de MFC, MFC-E-MG et MFC-T-MG, produits a I'échelle
laboratoire comme décrit Figure 8, ont été étudiés et compareés.
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Figure 8 : Procédés de production des MFC-E-MG et MFC-T-MG.

Les trois grades de MFC ont ainsi une concentration et un aspect différent (cf. Figure 9). Les
MFC-Arbo livrées a une concentration de 13% ont une apparence de pate hyper raffinée.
Les suspensions produites a I'échelle laboratoire, ont une concentration de 2% avec un
comportement de type gel. La viscosité des suspensions est influencée par le prétraitement
de la pate avant fibrillation avec notamment une viscosité deux fois plus importante pour les
MFC obtenues par traitement TEMPO.

Référence
commerciale

Figure 9 : Apparence des trois grades de MFC étudiés.

1.1.2. - Méthodes

Deux techniques ont été utilisées pour la production de films de MFC, la premiére est la
coulée/évaporation et la seconde utilise une formette semi-automatique.

Tous les tests de caractérisation ont été réalisés sur les films apres 24h de conditionnement
a 23°C-50% HR.

Les films ont été soumis a des tests de traction en utilisant un Instron équipé d’une cellule de
500N. Les mesures sont réalisées selon la norme 1SO 1924-2, & une vitesse de 10mm/min
sur des échantillons de 15mm de large et 100 mm de long. Un minimum de 5 échantillons
était testé par référence.
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Les coefficients de transmission a la vapeur d'eau et a l'oxygéne des films étaient
déterminés suivant la norme ISO 2528 et la norme ISO 15105-2:2003 Annexe A
respectivement.

1.2. - Résultats et discussion

1.2.1. - Morphologie des éléments

Les images de microscopie des trois grades de MFC, obtenues avec un microscope optique
et un microscope électronique a balayage montrent des différences de taille des éléments
(cf. Figure 10). En effet, les MFC-Arbo apparaissent avec des tailles d'éléments bien
supérieures aux deux autres suspensions. Avec une production a I'échelle laboratoire, on
observe au MEB l'obtention d’éléments fins, toutefois il est impossible d’en déterminer la
longueur. D’autres techniques comme la rhéologie ont permis de confirmer que la taille des
élements de MFC-Arbo était supérieure a celle des MFC-E-MG elle méme légerement
supérieure a MFC-T-MG.

Figure 10 : Images microscopiques des trois grades de MFC.
1.2.2. - Propriétés des films de MFC produits par ¢ oulée/évaporation

1.2.2.1. - Apparence

L’apparence des films et leurs propriétés finales dépendent de la taille des éléments. En effet
comme observé sur les photos Figure 11, la transparence des films augmente en fonction de
la finesse des éléments.
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Figure 11 : Apparences des films obtenues a partir de MFC-Arbo, MFC-E-MG, MFC-T-MG.

Ces observations sont confirmées par les valeurs de transmittance Figure 12. Ces
différences peuvent étre en partie dues a des différences de rugosité également observées.
Enfin, la taille des éléments impacte directement sur la densité finale, en effet les éléments
fins entrainent un compactage plus important avec un grand nombre d’intéractions entre
fibrilles.

MFC-Arbo MFC-E-MG MFC-T-MG
Transmittance (%) 81 91 98
Rugosité (um) 2.5 0.3 0.15
Densité (g/cm °) 0.67 1.0 1.2

Figure 12: Propriétés des films de MFC produits a partir de
MFC-Arbo, MFC-E-MG, MFC-T-MG.

1.2.2.2. - Résistance a la traction

Les propriétés mécaniques des films et en particulier leurs modules de Young résultent des
intéractions entre microfibrilles et ainsi de la densité du film. Les MFC-T-MG permettent ainsi
le développement de films plus résistants comme observé Figure 13. Ces valeurs sont
comparables avec celles décrites auparavant dans la littérature.
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Figure 13: Propriétés mécanique des films de MFC0:1+12131415

1.2.2.3. - Propriétés barriéres

Concernant les propriétés barrieres, deux mesures ont été réalisées sur les films obtenus a
partir des trois suspensions de MFC : mesures des coefficients de transmission a la vapeur
d’eau (WVTR) a 23°C-50% HR et a I'oxygene (OTR) a 23°C-0% HR. Les valeurs de WVTR
23°C-50% HR montrent que la meilleure performance est obtenue pour les films MFC-E-MG
(cf. Figure 14). Le réseau formé a partir des éléments les plus fins permettent en effet de
former une couche barriére performante. Cependant, le prétraitement de la pate influence
également cette propriété. En effet, malgré une taille plus fine pour les MFC TEMPO, la
modification de chimie de surface des MFC due a l'oxydation augmentant le caractére
hydrophile des MFC, la perméabilité a I'eau de leurs films est supérieure a celles des films
de MFC prétraitées par enzymes.
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Figure 14 : Propriétés barriéres des MFC.

Des écarts importants sont observés pour les valeurs de perméabilité a I'oxygene. En effet,
'OTR du film MFC-Arbo est supérieur a 10000 correspondant a la limite du détecteur. Ceci
montrait bien que ce type de MFC ne permet pas d'obtenir de films avec de bonnes
propriétés barriéres a I'oxygéne contrairement aux deux autres grades produits a I'échelle
laboratoire qui montraient des valeurs prometteuses inférieures a 2.

-271 -



Résumé étendu

1.2.3. - Comparaison des méthodes de production des films de MFC

La méthode par coulée/évaporation est une méthode couramment utilisée pour I'élaboration
de films modéles a I'échelle laboratoire. Toutefois, afin d’étudier les possibilités d’'un transfert
industriel, une deuxieme technique a été étudiée pour la production de films. Cette
technique, appelée technique formette, utilisant une formette semi-automatique, se
rapproche des procédés papetiers et permet la formation rapide de films de MFC.

Les propriétés des films obtenues ont ainsi été comparées avec celles obtenues pour les
films produits par coulée/évaporation a partir des MFC-E-MG. Toutes les valeurs sont
résumeées dans le tableau Figure 15.

Coulée/ Méthode p ar
évaporation formette
Densité (g/cm 3) 1.05 1.15
Transmittance (%) 91 85
Rugosité (um) 0.3 0.7
Module de Young (GPa) 5.6 7.7
WVTR 23°C-50% HR (g/m?Z.jour) 107 172
OTR 23°C-0% HR (cm®m?Z.jour) 1.8 1.7

Figure 15: Comparaison des propriétés de films de MFC-E-MG obtenus par
coulée/évaporation et par méthode formette.

Il apparait ainsi que la technique de film formette permet I'obtention de films plus denses
entrainant ainsi un module de Young plus important. Cependant, la transparence est
légerement plus faible avec une rugosité plus importante. Les propriétés barriéres a
'oxygéne sont équivalentes pour les deux types de film, toutefois les films formette montrent
une barriere a la vapeur d’eau inférieure. Ces résultats montrent ainsi l'influence de la
technique de production des films sur les propriétés des films.

1.3. - Conclusion

Cette étude a ainsi permis de démontrer l'influence de la taille des éléments sur les
propriétés des suspensions puis des films 100% MFC. En effet, la rhéologie des
suspensions augmente généralement avec la finesse des fibrilles. De méme, les films les
plus performants sont produits a partir des suspensions les plus homogénes et des éléments
les plus fins. Il a également été observé que le prétraitement utilisé lors de la production des
MFC impacte également sur les propriétés. En effet, 'oxydation TEMPO introduisant des
groupements carboxyle augmente le caractére hydrophile des MFC entrainant une
augmentation de leur sensibilité a I'eau. Enfin la méthode de préparation des films et
notamment le séchage joue également un réle sur les propriétés finales des films.

Les films de MFC ont montré des propriétés intéressantes avec notamment une bonne
résistance mécanique et une forte barriere a I'oxygene. Toutefois, des améliorations devront
étre apportées pour entrevoir la possibilité d’'un transfert a I'échelle industriel. En effet, la
sensibilité a I'eau des films restent un frein majeur a leur utilisation dans les applications
emballages.
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2. - Développement de composites polymere/MFC

by

L'utilisation des MFC a I'échelle industrielle peut étre difficle a cause de leur faible
concentration (2%) accompagnée de leur forte viscosité. C’est pourquoi, il peut-étre
intéressant de les coupler avec différentes matrices. Dans cette étude, deux matrices
hydrosolubles ont été sélectionnées : un amidon et un alcool poly(vinylique) (PVA)) afin
d’obtenir une bonne compatibilité avec les MFC. L'influence de I'addition des MFC a ainsi été
étudiée sur les propriétés des deux matrices. Les propriétés mécaniques et barrieres des
films composites ont été déterminées en fonction du ratio de MFC allant de 0% a 100%.

2.1. - Matériels et méthodes

2.1.1. - Matériels

Les microfibrilles de cellulose utilisées dans cette étude étaient les MFC-E-MG, produites a
partir d’'une pate épiceal/pin et utilisant un prétraitement enzymatique suivi de 5 passages
dans un masuko grinder. Deux matrices sont étudiées, la premiére est le polyvinyle alcool
(PVA)) le Mowiol 4-98 (Kuraray) et la seconde est un amidon modifié par des groupements
hydrophobe (Cargill).

2.1.2. - Méthodes

Des films composite polymére/MFC de 30 g/m? ont été élaborés avec des ratios de MFC
allant jusque 100% par coulée/évaporation.
L’organisation des microfibrilles au sein de la matrice a été observée en utilisant deux
techniques : la premiére est la microscopie électronique a balayage (MEB) et la seconde est
la microscopie optique a lumiére polarisée.
Les propriétés mécaniques et barrieres de ces matériaux ont été déterminées en suivant les
méthodes décrites dans la premiére partie.

2.2. - Résultats et discussion

2.2.1. - Apparence des films de MFC

Les films de PVA_ avec ou sans MFC sont représentés Figure 16. Visuellement, les films
paraissent homogéenes bien que lintroduction de MFC entraine une |légére diminution de la
transparence. Ceci est confirmé par I'observation de la coupe des films en MEB ou aucune
aggrégation n’est observée indiquant une bonne distribution des MFC au sein de la matrice
PVA..
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Grenoble INP - CMTC
Date 24 Jan 2011

Figure 16 : Photos et image MEB de la coupe de films
PVA_ (gauche) et PVA/MFC (95/5)(droite).

Les mémes observations ont été faites avec les composites a base d’amidon (Figure 17). Ici,
des images au microscope optique a lumiere polarisée permettent la mise en relief des
parties cristallines des MFC. Une nouvelle fois, cette technique montre la bonne dispersion
des MFC dans la matrice et 'homogénéité du composite.

Figure 17 : Photos et image de microscopie optique a lumiére polarisée de
films d’amidon et d’amidon/MFC (95/5).
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2.2.2. - Influence des MFC sur la résistance alat raction des matrices

Les valeurs de module de Young des matrices PVA, et amidon, décrites Figure 18, sont
déterminées en fonction du pourcentage de MFC introduit.
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2 / \0
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4000 -
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3 3000
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2000 § //, 2
<
1000 1
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0 20 40 60 80 100
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Figure 18: Module de Young des films composite PVA /MFC et Amidon/MFC.

Un effet de renfort est clairement observé pour les deux matrices lors de I'ajout des MFC. La
résistance mécanique s’accroit en fonction du taux des MFC et quel que soit ce taux. Cet
effet est d0 & deux phénoménes majeurs : les intéractions entre microfibrilles avec la
formation d’'un réseau et les intéractions polymere/MFC.

2.2.3. - Influence des MFC sur les propriétés barri  eres des matrices

2.2.3.1. - WVTR 23°C-50%HR

Les propriétés barriéres a la vapeur d’eau de I'amidon et du PVA_ sont tres différentes
comme observé Figure 19.
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WVTR 23°C-50% HR (g/m?2.jour)
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r
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Figure 19: WVTR 23°C-50% RH des matrices en fonction du taux de MFC.

Le PVA_ montre une trés faible perméabilité a la vapeur d’eau en condition ambiante.
L'introduction de MFC permet de conserver ces valeurs jusqu’a un taux atteignant 30% en
MFC. Au-dessus de ce taux, une dégradation des propriétés est observée. La matrice
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amidon et sa faible cristallinité montrent des propriétés barrieres a la vapeur d'eau plus
modérées. L'addition de MFC montre alors un effet positif en divisant quasiment la valeur par
2 avec un mélange amidon/MFC (50/50).

Le PVA_ est un film barriere sensible a 'humidité et ses propriétés sont dégradées en
condition tropicale (38°C-90% HR). Toutefois, I'ajout de MFC permet d’améliorer cette
propriété pour un taux de MFC inférieur a 30%. Une nouvelle fois, lorsque le taux en MFC
est tres important une dégradation des propriétés est observée.

4000
| / |
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Figure 20: WVTR 38°C-90% RH du PVA_ en fonction du taux de MFC.

Les valeurs de perméabilité a 'oxygene (Figure 21) confirment que le PVA_ permet d’obtenir
de meilleures propriétés barrieres comparé a lI'amidon. L'ajout de MFC dans le PVA_
influence peu les valeurs et permet de conserver les bonnes propriétés barriéres tout en
améliorant leurs propriétés mécaniques.

Concentration en Amidon PVA,
MFC (cm®.um/m2.jour.bar) (cm®.um/m2.jour.bar)

0% - 18 - 27

5% - 16 - 29

10% - 19- 35

50% 125 21 - 45

Figure 21: OTR 38°C-90% RH des matrices en fonction du taux de MFC.

2.3. - Conclusion

Au cours de cette étude, des films composites polymére/MFC ont été élaborés par
coulée/évaporation afin d’obtenir une bonne distribution des MFC au sein des deux matrices.
L'ajout de MFC a permis d’améliorer les propriétés des deux matrices avec tout d’'abord une
augmentation de leur résistance mécanique grace a une augmentation de leur module de
Young. Il a ainsi été possible de réaliser des films d’amidons sans plastifiants qui sont
généralement néfastes pour les propriétés barrieres. Une amélioration des propriétés
barrieres a été démontrée lors de l'ajout de MFC et notamment sur le coefficient de
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transmission a la vapeur d'eau. Concernant la matrice PVA_, les composites les plus
performants restaient ceux ayant un ratio inférieur a 30%.

Le systéme PVA /MFC s’est révélé étre le plus performant au niveau de la barriére et a ainsi
été sélectionné pour les essais d’enduction afin de développer cette couche a la surface d’'un
carton et produire un emballage carton barriere.

3. - Développement d’'un emballage carton barriere a  partir d’'un
mélange PVA [ /MFC

3.1. - Introduction

L'utilisation des microfibrilles de cellulose dans des procédés de couchage est un véritable
challenge a cause de leur faible concentration (2%) associée a une viscosité élevée
entrainant des poids de couche déposés trés faibles et un céut d’energie de séchage trés
important. Comme observé précédemment avec le développement de composite PVA /MFC,
l'utilisation du PVA_ permet de développer des couches barrieres et offre la possibilité
d’augmenter la matiére seche initiale des formulations. Cette partie étudie la machinabilité
d’enduire des couches PVA /MFC a la surface d’'un carton afin de lui proférer des propriétés
barriéres. De plus, un démonstrateur a été produit a I'échelle pilote a partir d'un carton et de
deux couches comme décrit (Figure 22): la premiére est une combinaison PVA/MFC
correspondant a une couche barriere aux graisses et a I'oxygéne, la seconde réalisée a

partir d’'un latex commercial apportant la résistance a I'eau.

«——— Couche résistante a I'eau
Couche barriere aux graisses et a I'oxygene
«———— Carton

/4— Couche imprimée

Figure 22: Design du démonstrateur.

3.2. - Matériels et méthodes

3.2.1. - Matériels

Les couches barrieres ont été déposées sur des bobines de carton couché fournies par
Stora Enso (Ensocoat 182 g/m? sec).

La pré-couche est composée de MFC introduites dans une matrice PVA_. a deux
concentrations différentes 5 et 9%. Les MFC sont obtenues a partir d’'un prétraitement
enzymatique et de plusieurs passages dans un homogénéiseur GEA.

Cette pré-couche barriére étant sensible & I'eau, 5-7g/m? d’'un latex commercial sont

déposés en top couche afin d’apporter de la résistance a I'eau au matériau final.
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3.2.2. - Méthodes

3.2.2.1. - Préparation de la sauce de couchage

L'introduction de MFC a 2% dans une solution de PVA, entraine une forte réduction de la
concentration finale. Afin d’'atteindre la concentration la plus haute possible, la solution
retenue fat de dissoudre directement les granules de PVA_ dans la suspension de MFC
comme décrit Figure 23.

Injection directe

Addition du PVOH de vapeur d’eau 95°C Conggr:?r]:tliztrllgnl 4%
dans la suspension Agitation 1 heure - ONLE? X
de MEC Viscosité < 1200 mPa.s

Figure 23: Préparation de la sauce de couchage.

3.2.2.2. - Essais d’enduction a I'échelle pilote

Les échantillons ont été produits sur le pilote de couchage du CTP (Figure 24). Les deux
couches ont été déposées en utilisant une Soft-Tip blade a une vitesse de 70 m/min.

Figure 24 : Pilote de couchage du CTP.

3.2.2.3. - Caractérisation des échantillons

Les propriétés barriéres suivantes ont été déterminées pour chaque échantillon :

Le coefficient d’absorption d’eau en utilisant la méthode classique du Cobb60 réalisée
suivant la norme 1SO535 mesurant I'eau absorbée par 1 m? de papier en 60 secondes.

La résistance a la graisse est évaluée a 23°C-50% HR en utilisant la méthode du Cobb mais
en remplagant I'eau par de I'huile d’arachide colorée. La résistance a la graisse correpsond a
la masse d’huile absorbée par 1m? de papier en 24 heures.
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Les méthode utilisés pour mésurer la perméabilité a la vapeur d’eau ainsi que la perméabilité
a l'oxygene ont été préalablement décrites ci-dessus.

3.3. - Résultats et discussion

3.3.1. - Propriétés barriére de la couche PVA | /MFC

3.3.1.1. - Photos MEB des cartons couchés

Les échantillons avec une couche barriere de PVA, seule étaient tres difficiles a produire. En
effet, le PVA_ est un matériau trés filmogene et la stratégie de séchage appropriée est tres
difficile a obtenir. Des phénoménes de cloquage étaient ainsi observés sur la plupart des
échantillons entrainant de faibles propriétés barriéres (Figure 25).

Lors de I'ajout de MFC dans la matrice de PVA,, le séchage de la couche est grandement
amélioré et le nombre de cloque est fortement réduit. L'utilisation de MFC améliore ainsi la
machinabilité et la productivité.

Carton PVA, /MFC 5%

Figure 25 : Photos MEB — Effet de cloquage sur les cartons couchés PVA,.

3.3.1.2. - Résistance a la graisse

Un exemple de résultat obtenu aprés mesure de la résistance aux graisses est donné Figure
26.

Figure 26 : Résistance a la graisse des couches PVA /MFC.

Aprés exposition d’huile colorée pendant 24h, le papier support est totalement rouge,

montrant que I'huile a largement pénétré a l'intérieur du papier. A l'inverse, tous les cartons

couchés PVA /MFC restent blanc, prouvant la forte résistance a la graisse de ces couches.
3.3.1.3. - Coefficient de transmission a I'oxygene

Les valeurs de transmission a I'oxygene sont données Figure 27. Les résultats montrent
clairement le probléme de cloquage rencontré avec les couches de PVA_ seul. En effet, le
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PVA_ est connu pour étre une bonne barriere a I'oxygéne, or ici la valeur obtenue pour 10
g/m? de PVA, déposés a la surface du carton est vraiment élevée avec une valeur d’environ
600 cm®/m?.jour.bar. Dés que les MFC sont introduites dans la couche, la machinabilité, le
séchage et ainsi la barriere a I'oxygene sont améliorés avec des valeurs d'OTR d’environ 5
cm®/m?.jour.bar.

100000

10000

1000

100
10
1 . -

5% 9%
PVOH PVOH/M FC
Support 10g/m2

OTR 23°C-0% HR (cm?3/m2.jour)

Figure 27: OTR a 23°C-0% HR.

3.3.2. - Propriétés barriéres du démonstrateur fina |
Afin de protéger la couche barriére, un latex commercial est utilisé pour apporter de la
résistance a I'eau et a la vapeur d’eau.

3.3.2.1. - Adsorption d’eau

Comme espéré, la couche barriere joue bien son rdle de protection, le coefficent
d’'adsorption d'eau est fortement réduit aprés enduction de la top couche signifiant une
bonne résistance a I'eau. La valeur du Cobb60 est en effet relativement faible avec une
valeur de 1 g/m? comme observé Figure 28.

< 35

2

30 ~

25 ~

20 A

15 A

10 A

Coefficient d'absorption d'eau Cobb 60s (g/m

Support Support + Support +
PVOH/MFC PVOH/MFC +
latex barriere

Figure 28 : Résistance a I'eau d’emballage carton final.
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3.3.2.2. - Coefficient de transmission a la vapeur  d’eau (WVTR)

Tout comme pour la résistance a I'eau, la couche barriere latex joue également un réle sur la
perméabilité a la vapeur d’eau et particulierement & 90% HR (cf.Figure 29 & Figure 30) .

1000 ¢

WVTR 23°C-50% HR (g/m?2.jour)

Support Support + Support +
PVOH/MFC PVOH/MFC +
latex barriére

Figure 29 : Coefficient de transmission a la vapeur d’eau a 23°C-50% HR de I'emballage
carton final.
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WVTR 38°C-90% HR (g/m2.jour)

Support Support + Support +
PVOH/MFC PVOH/MFC +
latex barriére

Figure 30 : Coefficient de transmission a la vapeur d’eau a
38°C-90% HR de I'emballage carton final.
La top couche permet ainsi de diminuer le WVTR des cartons précouchés PVA /MFC et
notamment en condition tropicale ou la valeur diminue de 1700 & 250 g/mZ.jour. Toutefois,
les deux couches sont complémentaires et nécessaires pour obtenir une bonne barriere au
gaz, a la graisse et a I'eau.
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Les travaux réalisés dans cette étude ont ainsi permis de démontrer, a I'échelle pilote la
production d’un emballage carton présentant de bonnes propriétés barrieres comme résumeé
dans le tableau .

Carton de Objectif du

Propriétés barrieres

référence

projet

23°C-50%RH « Perméabilité »

Coeff. de transmission a la vapeur d’eau @

0.6 g/m3/jour

<0.5 g/m?/jour

Coeff. de transmission a la vapeur d’eau @

1250 g/m2/jour

<100 g/m3/jour

38°C 90%RH « Perméabilité »

Solubilité de la couche (exposition a I'eau de

0 0
605) 5% <1%

Coeff. de transmission a I'oxygéne @ 23°C-

3 .
0%RH « Perméabilité » <5 cm*/m?fjour

6 cm*/m2/jour

Absorption d’huile (exposition type Cobb 24h) 2g/m2 <2g/m2

Figure 31 : Propriétés des cartons couchés produits par enduction.

3.4. - Conclusion

Durant ce projet, la possibilité d'utiliser les MFC dans des procédés de couchage a été
démontrée a I'échelle pilote. Dans le domaine des couches barriéres, aucune autre étude a
I'échelle pilote n'avait été décrite précédemment dans la littérature.

La préparation de la sauce de couchage a été adaptée afin d’atteindre la concentration la
plus élevée possible et de garantir des conditions de séchage acceptables sur le pilote de
couchage. La solubilisation du PVA_ directement dans la suspension de MFC a permis une
sauce de couchage homogene en une seule étape.

Concernant le procédé de couchage, I'utilisation d’une lame Soft-Tip a permis d’obtenir des
cartons couchés avec une surface homogene et une bonne couverture. Des différences ont
été observées au niveau du séchage en présence ou non de MFC. En effet, l'introduction de
MFC réduit fortement les problémes de cloquage observés lors de I'application de PVA, seul.
Il a ainsi été montré que la machinabilité et la productivité des essais pilotes avaient été
fortement améliorées avec l'introduction de MFC dans les couches de PVA,.

La couche barriere PVA//MFC a montré un bon niveau de barriére avec une forte résistance
a la graisse, un faible coefficient de transmission a la vapeur deau et a l'oxygene.
Cependant la couche présentant une sensibilité a I'eau, une topcouche composée d’un latex
barriere a été ajoutée afin de protéger la couche PVA/MFC. Les propriétés barrieres

obtenues montrent des résultats proches des matériaux existants comme observé Figure 32.
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Figure 32: Propriétés barrieres des matériaux existants.
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Conclusion

Cette thése a ainsi permis de mieux cerner les possibilités d'utilisation des MFC dans le
domaine de I'emballage. Plusieurs grades de MFC ont été dans un premier temps étudiés
afin de déterminer l'influence du degré de fibrillation sur les propriétés des suspensions mais
également sur celles des films. Pour cela, des méthodes ont été développées afin de
produire ces films de maniére homogéne et reproductible. Concernant les propriétés des
films, le module de Young tout comme la perméabilité a 'oxygéne montrent des valeurs
intéressantes. Cependant, la résistance au déchirement et & I'eau restent leurs points faibles
et devront étre améliorées afin d’envisager un transfert a I'échelle industrielle. La seconde
partie consacrée a I'élaboration de composites polymere/MFC a montré une bonne
distribution des MFC au sein du film ainsi qu’'une bonne synergie matrice/MFC. L’influence
positive des MFC sur les propriétés des matrices a clairement été observée avec un effet
renfort et une amélioration des propriétés barrieres. De plus, I'association d’'un polymere
avec les MFC augmente la concentration a 15% permettant ainsi d’envisager une application
par procédés d’enduction. Le systeme PVA /MFC montrant une plus grande performance au
niveau des propriétés barrieres a ainsi été testé dans une troisieme partie sur le
développement d'un carton barriére. Des formulations PVA /MFC ont donc pu étre testées
sur un procédé d’enduction afin de vérifier leur machinibilité. Une amélioration de la qualité
du séchage a ainsi été observée au cours des essais pilote montrant le potentiel d’utilisation
des MFC comme additif de séchage. Le démonstrateur obtenu montre des propriétés
intéressantes avec une bonne barriére a I'oxygene, a la vapeur d’eau, a la graisse ainsi qu'a
'eau. On obtient ainsi des propriétés équivalentes a celles des matériaux plastique existants
sur le marché avec une bonne biodégradabilité et compostabilité.

Figure 33 : Démonstrateur.

Des améliorations pourront tout de méme étre apportées afin de renforcer les propriétés et la
résistance a I'eau de la couche PVA /MFC. De plus, I'évaluation de la performance aprés
transformation fait partie des perspectives intéressantes a cette étude.
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Développement de nouveaux matériaux d’emballage a base de micro- et nano-fibrilles de
cellulose.

Les micro- et nano-fibrilles de cellulose (MFC/NFC) sont des nanomatériaux issus de
ressources renouvelables présentant un fort intérét notamment pour le domaine de
l'emballage. En plus des avantages naturels de la cellulose, ces matériaux offrent des
propriétés barriéres prometteuses (Oxygene, graisse), de bonnes propriétés de résistance
mécanique ainsi que la possibilité de produire des films transparents. L'objectif de cette
thése était de développer par des procédés d’endution un carton barriere aux gaz et aux
graisses en utilisant les MFC/NFC. Différentes suspensions de MFC/NFC ont été
premierement characterisées puis utilisées pour la production de films afin de déterminer
leurs propriétés intrinseques. Des films modéles ont ensuite été développés avec la
production de composites polymére/MFC. Une derniere partie était focalisée sur
l'introduction de MFC/NFC dans des sauces de couchage afin de développer une couche
barriere a la surface d’'un carton. Un démonstrateur a ainsi été validé a I'échelle pilote. Le
potentiel des MFC/NFC a été démontré comme agent de séchage et comme composant
principale d’'une couche barriére.

Mots clés: Micro- et nano-fibrilles de cellulose, couche barriéres, procédés d’enduction
Development of new packaging materials based on micro- and nano-fibrillated cellulose.

The micro- and nanofibrillated cellulose (MFC/NFC) are nanomaterials from revewable
resource with a high interest and partly for the packaging development. MFC combined both
interesting properties (high tensile strength, good barrier to oxygen and grease, good
transparency) and the advantages of natural cellulose source. The objective of this thesis
was to develop a barrier packaging board based on MFC/NFC by coating processes. Firstly,
the study focussed on the characterisation of the MFC suspensions, on the manufacturing of
MFC self-standing films and on the determination of their properties. Secondly, the
development of MFC based composites was studied as model films. The last part was
devoted to the introduction of MFC in coating colours in order to develop a barrier layer at the
board surface. Trials at pilot scale demonstrated the industrial feasibility of this product. The
potential of the use of MFC/NFC was demonstrated to be used as a drying additive and a
main composant of barrier layer.

Keywords: Micro- and nanofibrillated cellulose, barrier layer, coating processes



