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The production and waste management challenges of fossil-based plastics contribute to the
environmental problems such as pollution and greenhouse gas emissions. New European Union
(EU) directives limit the use of single use plastics and set new strategies for packaging materials
in order to reduce the environmental burden the petroleum-based plastics are causing. Therefore,
there is an urgent demand to find alternative materials especially in the packaging applications.
Biopolymers, such as cellulose, is considered as a potential replacement material in the packag-
ing industry. Cellulose is nontoxic, biodegradable, and sustainable polymer that can be found in
nature. It is not thermoformable, but it can be processed via dissolution and regeneration in order
to produce, for example, regenerated cellulose films (RCF).

In this master’s thesis the effect of degree of polymerization (DP), blending samples with dif-
ferent DP values, removal of undissolved cellulose and addition of cellulose fibers on mechanical
on barrier properties of RCFs were evaluated. Four samples from eucalyptus kraft pulp with dif-
ferent DP values (209-509) were used. Non-derivatizing aqueous alkali solvent system was used
to dissolve the samples. The formed cellulose solution was evaluated with optical microscopy and
rheological properties were determined. Tensile strength and elongation at break were deter-
mined for both wet non-plasticized and dry plasticized RCFs with a tensile test. Also, the mor-
phology was evaluated by scanning electron microscopy and the oxygen transmission rate (OTR)
and grease resistance (GR) were measured for certain RCFs.

It was found that none of the studied factors significantly affected the barrier properties against

oxygen and grease. In addition, no films could be prepared from the sample with the lowest DP
due to the brittleness of the films. It was assumed that the polymer chain size was too short to
form entanglements and interact with each other. Blending cellulose samples with different DP
values was shown to decrease the mechanical properties as the amount of smaller DP containing
sample was increased and in other cases no significant changes were observed. Undissolved
cellulose seemed to have mechanical properties decreasing effect because removing it by cen-
trifuging and filtering increased the strength and ductility in both wet and dry films. The addition
of cellulose fibers did not significantly change the mechanical properties of dry films. In wet films
the effects were not clear which was suspected to be due to the undetermined and uncontrolled
amount of moisture in the wet films.
The tensile strength and elongation at break in wet non-plasticized films varied between 0.6-1.8
MPa and 5-45 %, respectively. In dry films the corresponding results ranged between 30-58 MPa
and 3-11%, respectively. The respective OTR and GR results were less than 10 cc/m?-day and >
11 days for all measured films. The tensile strength and oxygen barrier of the dry films were
significantly higher than for commonly used fossil-based plastics polypropylene and polyethylene.
Based on this, the RCFs could be used as a sustainable alternative to replace these fossil-based
plastics in certain packaging applications.
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Fossiilipohjaisten muovien valmistus ja muovien jatehuollon haasteet my6tavaikuttavat eri
ymparistdongelmiin, kuten saastumiseen ja kasvihuonepaastdjen muodostumiseen. Euroopan
unionin uudet direktiivit rajoittavat kertakayttbmuovien kayttda seka asettavat uusia strategioita
pakkausmateriaaleille vahentddkseen ymparistbkuormaa. Taten on pakottava tarve |6ytaa
vaihtoehtoisia materiaaleja fossiilipohjaisile muoveille etenkin pakkausteollisuudessa.
Biopolymeereja, kuten selluloosaa, pidetddn yhtend potentiaalisena korvaavana materiaalina
pakkaussovelluksiin. Selluloosa on myrkytdn, biohajoava ja ympariston kannalta kestava
polymeeri, jota saadaan luonnosta. Se ei ole lampOmuovattava, kuten usein fossiilipohjaiset
muovit ovat, mutta selluloosaa voidaan prosessoida liuottamalla ja regeneroimalla tuottaakseen
esimerkiksi regeneroituja selluloosafilmeja.

Tassa diplomitydssa tutkittin  polymerisoitumisasteen, seoksien (naytteista, joilla oli eri
polymerisoitumisasteet), liukenemattoman selluloosan ja lisattyjen kuitujen vaikutusta
regeneroitujen selluloosafilmien mekaanisiin seka lapaisevyysominaisuuksiin. Tarkoituksena ol
ymmartaa kuinka nama edelld mainitut tekijat vaikuttavat filmien ominaisuuksiin ja voisivatko ne
parantaa filmien ominaisuuksia. Kokeellisessa osuudessa kaytettiin neljaad naytettd eukalyptus
sulfaattisellusta, joilla oli eri polymerisoitumisasteet (209-509). Naytteiden liuottamiseen
kaytettiin vesipitoista emasliuotinsysteemia. Muodostunutta selluloosaliuosta tarkasteltiin
valomikroskoopilla seka maariteltin sen reologisia ominaisuuksia. Vetolujuus ja murtovenyma
maariteltiin seka kuivaamattomille ja plastisoimattomille etta kuivatuille ja plastisoiduille filmeille
vetokokeella. Lisaksi tietyille filmeille maariteltin hapenlapaisevyys ja rasvankesto seka niiden
morfologiaa tutkittiin pyyhkaisyelektronimikroskoopilla.

Hapenlapaisevyys ja rasvankesto eivat muuttuneet merkittavasti eri tekijoistda huolimatta.
Alhaisimman polymerisoitumisasteen omaavasta naytteestd ei voitu valmistaa filmeja niiden
haurauden vuoksi. Taman oletettiin johtuvan liian Iyhyestd polymeeriketjun pituudesta, jonka
vuoksi  polymeeriketjut  eivat kykene  kietoutumaan toisten  ketjujen  kanssa.
Polymerisoitumisasteen vaikutus mekaanisiin ominaisuuksiin muissa filmeissa ei ollut selkea.
Taman arvioitiin johtuvan naytteiden eri selluloosapitoisuuksista. Seoksista valmistettujen filmien
mekaaniset ominaisuudet joko laskivat, kun pienemman polymerisoitumisasteen omaavan
naytteen maara kasvoi, tai mekaanisissa ominaisuuksissa ei ollut merkittdvdd muutosta.
Liukenemattomalla selluloosalla oli mekaanisia ominaisuuksia laskeva vaikutus filmeissa.
Liukenemattoman selluloosan poistaminen sentrifugoimalla ja suodattamalla kasvatti lujuutta ja
venyvyyttd kuivaamattomissa ja kuivatuissa filmeissd. Selluloosakuitujen lisddminen ei
merkittdvasti  vaikuttanut  kuivien  filmien mekaanisiin  ominaisuuksiin.  Vaikutukset
kuivaamattomissa filmeissd eivat kuitenkaan olleet selkeitd. Taman oletettin johtuvan
kontrolloimattomasta ja maarittelemattomasta filmien kosteudesta. Kuivaamattomien filmien
vetolujuudet ja murtovenymat vaihtelivat valilla 0.6-1.8 MPa ja 545 % edelld mainitussa
jarjestyksessa. Vastaavat tulokset kuiville plastisoiduille filmeille olivat 30—-58 MPa ja 3—11 %.
Hapenlapaisevyys ja rasvankesto kaikille mitatuille filmeille olivat edella mainitussa jarjestyksessa
alle 10 cc/m2-vuorokausi ja > 11 paivaa. Kuivien filmien vetolujuudet ja hapenlapaisevyydet olivat
huomattavasti paremmat verrattuna vyleisesti kaytettyihin fossiilipohjaisiin  muoveihin,
polypropeeniin ja polyeteeniin. Tdman perusteella regeneroituja selluloosafiimeja voitaisiin
kayttdd ymparistéd saastavana vaihtoehtona naiden fossiilipohjaisten muovien tilalla eri
pakkaussovelluskohteissa.

Avainsanat: Selluloosa, regeneroitu selluloosafilmi, selluloosan liuotus

Taman julkaisun alkuperaisyys on tarkastettu Turnitin Originality Check -ohjelmalla.
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1. INTRODUCTION

The global production of fossil-based plastics has been rapidly increasing from 5 million
metric tons (Mt) to over 400 million Mt from 1950s to 2022 [1]. The production is esti-
mated to reach almost 1.4 billion Mt by 2050 [2]. Over 54 Mt of plastics were produced
in Europe in 2022 from which approximately 80 % were fossil-based plastics [1]. Of these
54 Mt of plastics, almost 40 % were used in packaging applications (Figure 1) which are
typically single-use plastics (SUP). [3], [4] Globally, the packaging sector produces ap-
proximately 46 % of the total plastic waste and is the largest plastic waste producer [5].
If the fossil-based plastic production keeps expanding, as it has been expected to, the
extent of the environmental burden will be increasing as well. Therefore, there is a de-

mand for replacing these fossil-based plastics with more sustainable materials.

The production and use of the fossil-based plastics contribute to the greenhouse gas
emissions, overconsumption of fossil resources and environmental pollution. This is be-
cause their production heavily relies on fossil fuels and globally most of the plastic waste
ends up in the landfills (46 %), environment as a litter (22 %) or to be incinerated (17 %)
[5]. Each of these has serious impacts on the environment and health. For example,
incineration of the plastics is known to emit carbon dioxide and release toxic gases into
the environment. Plastics, that end up as a litter in oceans and lands, pollute and con-
taminate the environment and cause a threat to the organisms living there. In addition,
the degradation of fossil-based plastics in nature can take over 100 years, whereas in
landfills it can take even thousands of years. In nature the plastic waste also reduces the
fertility of the land and safety for its inhabitants. [6] Recycling the fossil-based plastics
could reduce the above-mentioned drawbacks and their effects but it is estimated that
only approximately 9 % of the plastic waste is recycled [7]. In addition, the fossil-based

plastic production produced approximately 3.4 % of the total global emissions in 2019

[5].
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Figure 1. Converted plastic products in Europe in 2022 by application. Adapted
from source [1].

European Union has set a new directive for SUPs produced from fossil fuels [8]. It aims
to prevent and reduce the environmental burden caused by the fossil-based plastics. The
new rules for the SUPs state that certain plastic products, that have more environmen-
tally friendly alternatives, are being banned from the market. Therefore, many companies
have to find new alternative materials for the production of their products. Hence, there
is an urgent need to find renewable and more sustainable alternatives for replacing SUPs

for packaging applications.

Research has focused on bio-based materials, such as cellulose, which can be derived
from nature from plant fiber such as wood biomass, cotton, and other plants. Cellulose
is a renewable resource that could be utilized in packaging applications to reduce the
environmental burden of fossil-based plastics. In addition, cellulose is biodegradable
which could improve the global waste management challenge. However, there are some
challenges in the use of cellulose derived from nature. The polymer structure makes
cellulose non-fusible in its natural state since it is not thermoformable and does not dis-
solve in common solvents, such as, water and organic solvents. Cellulose can be dis-
solved in certain types of solvents and regenerated in an antisolvent in order to produce,

for example, regenerated cellulose films (RCF) and membranes, fibers, and beads. [9]

In early 1900s a Swiss chemist, Jacques E. Brandenburger, discovered and developed
a viscose process for producing RCFs which are generally known as cellophane [6].
Cellophane was one of the first materials that has been used in packaging applications,

such as food packaging. Even though cellophane is biodegradable and has been widely
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used, the manufacturing process and the properties of cellophane have many disad-
vantages. Some of the major concerns include the environmental pollution from the man-
ufacturing process, high cost, cellophane’s limited shelf life and poor performance at low
temperatures. Therefore, synthetic fossil-based polymers, such as, polypropylene (PP)
and polyethylene (PE) have been used to replace cellophane in the packaging applica-
tions. [10] The environmental issues of cellophane are due to the formation of a hazard-
ous side-products which is why there is a need to find alternative ways to produce RCFs
with properties suitable for packaging applications. This way it could be ensured that no
harmful substances involved in viscose process nor fossil fuels would be required to
produce packaging materials. An alternative way to produce RCFs is to use different
types of solvents, known as non-derivatizing solvents. Typically, they tend to be simpler,
less toxic, and more environmentally friendly than the derivatizing viscose process. [11]
An example of non-derivatizing, non-toxic, low cost and simple solvent is aqueous alkali
solvent system which was selected for the experimental section of this thesis due to the

above-mentioned advantages.

This thesis studied the effect of the degree of polymerization (DP) of cellulose, blending
of samples with different DP, undissolved cellulose, and addition of cellulose fibers on
the properties of RCFs prepared with aqueous alkali solvent system. The four main

research questions were:

1. How does the degree of polymerization affect the properties of regenerated cel-

lulose films?

2. How does the blending of cellulose samples with different DP values affect the

properties of RCFs?

3. How does the undissolved cellulose in the formed cellulose solution affect the

properties of RCFs?

4. How does the addition of cellulose fibers (in the form of dry grinded pulp) into the

cellulose solution affects the properties of RCFs?

Thus, there were four factors that were studied separately, and they were the DP, blend-
ing, undissolved cellulose, and addition of cellulose fibers. The objective was to evaluate
how these factors affect the mechanical and oxygen and grease barrier properties of the
RCFs. Also, the effect of these parameters on the rheological properties and stability of
the cellulose solutions were analyzed. The aim was to investigate, whether the mechan-
ical and/or oxygen barrier properties could be improved by forming films from samples
with these different factors Also, the results were compared to the literature findings of

other RCFs and their mechanical properties. The literature part (Chapters 2-5) briefly
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introduces the basics related to cellulose and its dissolution, cellulose solution charac-
terization, regenerated cellulose films and factors affecting the properties of the RCFs.
The experimental section (Chapters 6-7) focuses on the characterization of the cellulose
solutions, determination of mechanical and barrier properties of the RCFs and presenta-
tion of the results. In the last chapter (Chapter 8) conclusions and recommendations

based on the results and literature are introduced.
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2. CELLULOSE

Cellulose is a biopolymer that exists in nature as the main reinforcing component of the
cell walls of all plants. In addition, certain algae, bacteria, and fungi biosynthesize cellu-
lose. The purest form of cellulose can be found in the seed hairs of cotton. There, the
dry weight of cellulose is over 90 %. In the cell walls of wood, cellulose can be found in
a form of a composite together with hemicelluloses, lignin, and other extractives. The
total dry weight of cellulose ranges from 40 to 50 %, depending on the type of wood,
such as, hardwood and softwood. In order to utilize cellulose, it must be separated from
its source and remove the other components, including lignin and other non-cellulosic
materials. Cellulose can be extracted via mechanical and/or chemical pulping processes

which results in fibrous cellulose mass, known as pulp. [12]

There is no other polymer existing in the nature as much as cellulose which makes it the
most common polymer in the world [13]. The total cellulosic biomass production is esti-
mated to be approximately 1.5x10'2 tons per year [14]. Cellulose is commercially used
in various applications, such as paper and paperboard manufacturing and in pharma-
ceutical, cosmetic, packaging and textile industries [15]. In industrial scale, small fraction
of cellulose is converted into different derivates which are used to manufacture some
commercial regenerated cellulose products, such as, cellophane and rayon fibers. Since
cellulose is renewable, non-toxic, biocompatible, and biodegradable, it has potential to
be utilized as a renewable raw material in many other applications, such as, packaging,
fibers, biofuels, reinforcing fillers, pharmaceuticals, drug delivery, biomedical products,

batteries and electronic components. [16], [17]

The use of chemically non-modified cellulose as a replacement for petroleum-based
plastics remains still as a challenge. PE is one of the most commonly used polymers as
a packaging material in food packaging and plastic bags. It can be processed in its mol-
ten state with various different processes such as injection and blow moulding and ex-
trusion. [18] Cellulose cannot be processed this because its thermal decomposition tem-
perature is below the melting point. Therefore, heating cellulose to its melting point would
lead to thermal degradation. [19] For this reason, cellulose has to be processed with
other methods than thermoforming in order to be able to prepare different products from
it. One way is to dissolve and regenerate cellulose produce regenerated cellulose prod-
ucts. However, cellulose is insoluble to the most common solvents, such as water and

organic solvents. This is due to the chemical structure of cellulose consisting of high
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number of inter- and intramolecular hydrogen bonds. In addition, self-aggregation ten-
dency via intermolecular hydrogen bonds, semi-crystalline structure and amphiphilic na-
ture of cellulose contribute to the insolubility. [20] The limited processability of cellulose
excludes the usage of conventional processing methods which can be considered as a
disadvantage in comparison to many thermoformable petroleum-based plastics. How-
ever, there are certain solvent types that can be used to dissolve cellulose and specific
antisolvents that can be used to coagulate cellulose from the solution. Many of the sol-
vents and antisolvents are recyclable which makes this alternative processing method

sustainable [11].

2.1 Molecular structure

Cellulose is a linear semi-crystalline homopolymer, consisting only of carbon, oxygen,
and hydrogen atoms. Its repeating unit consists of two D-anhydroglucopyranose units,
(CsH100s5)n, which are linked to each other via $-1,4-glycosidic bonds. This is formed
when oxygen covalently bonds two adjoining glucose rings at C1 and C4, known as 1->4
linkage. The molecular structure of cellulose and the numbering of the carbon atoms in
the ring are illustrated in Figure 2. The chain ends of cellulose molecule are different and
they consist of non-reducing and reducing ends. The non-reducing end has an anomeric
carbon atom which is attached to the oxygen atom in the glycosidic bonds, and an addi-
tional hydroxyl group located at C4. The reducing end contains a D-glucopyranose unit

which is in equilibrium with the aldehyde structure. [21]

OH
OH

OH

HO

HO HO

OHO

- OH —n-2

Non-reducing Anhydroglucose unit, AGU Reducing
end group (n = value of DP) end group

Figure 2. The molecular structure of cellulose and numbering of the carbon at-
oms on the anhydroglucose unit. Adapted from source [22].

The cellulose chain is made from repeating cellobiose units which consist of two anhy-
droglucose units (AGU) (Figure 2). The size of cellulose molecule is expressed by the
DP value. It defines the number of the repeating AGUs that the cellulose molecule con-

tains. The value of the DP depends on the original source of cellulose and treatments
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that have been performed. For example, the DP of native cellulose ranges from 1000 to
30 000, whereas for wood pulp it varies from 300 to 1700 (depending on the type of the
wood) and for regenerated cellulose fibers the value is much lower, typically from 250 to
500. [14]

2.2 Supramolecular structure and properties

There are three hydroxyl (OH) groups attached per AGU (Figure 2). Two of them are
secondary hydroxyl groups located at C2 and C3 and one of them is a primary hydroxyl
group located at C6. The three hydroxyl groups interact with the oxygen atoms at gluco-
pyranose ring and glycosidic linkage within and between the chains. This leads to for-
mation of intra- and intermolecular hydrogen boding (Figure 3) which is considered as
one of the most important factors affecting the mechanical and conformational properties
and solubility of the cellulose. The intramolecular hydrogen bonds formed by the hydroxyl
groups and the oxygen atoms make the linkage stable. This leads to a linear

configuration of cellulose chain. [14], [16]

ot onl
) _
HO7 2477710 O--HO 0 O
S _-{-HO o) O--4-HO OH
OH OH
OH i H----- OH  |n H
ot " o] ¢
0 0 O----HO 0 0
HO O---HO O O--4-HO OH
OH OH
OH H------ OH ] H

Figure 3. The intra- and intermolecular hydrogen bonding of cellulose. Adapted
from source [9].

The hierarchical structure of cellulose from its molecular to fiber structure is presented in
Figure 4. First at the molecular level, cellulose chains form elementary fibrils by linking
approximately 40 parallel cellulose molecules together. This linking is due to the van der
Waals forces and intermolecular hydrogen bonding between the hydroxyl groups and
oxygens of adjacent molecules. The elementary fibrils contain regions of cellulose chains
which are arranged in both high (crystalline) and low order (amorphous). Then, at least
two of the elementary fibrils are bound together into a bundle forming a microfibril. These
microfibrils are aggregated together to form a larger unit known as microfibril bundle.

Finally, the microfibril bundles form the basic structure of the cellulose fiber. [13], [14]
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Figure 4. Hierarchical structure of a cellulose fiber. Adapted from source [23].

As mentioned, cellulose chains are connected with each other via inter- and intramolec-
ular hydrogen bonds and van der Waals forces. Therefore, the fibril structure of cellulose
is semi-crystalline which means it consist of both crystalline and amorphous regions,
making it rigid and stable. The degree of crystallinity of cellulose ranges from 40-60 %,
depending on the origin of cellulose and possible pre-treatments. [14], [24] Cellulose
fibrils have both polar and non-polar characteristics which make cellulose amphiphilic.
This is due to hydrophilicity on equatorial direction because of the positioning of the three
hydroxyl groups on the monomer ring and hydrophobicity on axial direction because of
the positioning of the hydrogen atoms of C-H bonds. Amphiphilicity of cellulose is con-

sidered to contribute to some important properties, such as the solubility. [9], [25]

Cellulose can form different types of hydrogen bond networks which leads to different
crystal networks known as polymorphs. Hence, cellulose is polymorphic. In total there
are four polymorphs that can be identified by their X-ray diffraction patterns. The poly-
morphs are named as cellulose |, II, lll and IV, from which cellulose | and cellulose Il are
the most significant. The native cellulose found in the nature consists of cellulose | which
is a composite of two crystalline allomorphs named as |q and lg. The polymer chains are
in a parallel chain alignment which means that the chains have the same direction with
the reducing end. When cellulose is dissolved and regenerated or treated with alkaline
solution and washed with water, cellulose | transforms into cellulose Il. Thus, the crys-
talline network changes so that the chains are packed now in an antiparallel way which
is an opposite alignment of the chains to the packing of cellulose |. This means that in

every other chain the reducing end is directing to the opposite direction. Thus, making
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every other chain have the opposite polarity. Cellulose Il is thermodynamically more sta-
ble form which makes the transformation from cellulose | to cellulose Il irreversible. Con-
version to cellulose Ill can be achieved by treating cellulose | or Il with liquid ammonia.
Subsequent thermal treatments after that can be used to form cellulose V. [14], [26],
[27]
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3. CELLULOSE DISSOLUTION

Cellulose dissolution is an important process to produce regenerated cellulose products
with different shapes, such as, films, membranes, filaments, beads, aerogels, hydrogels,
and composite materials for different applications [24]. Common solvents, such as water
and organic solvents, do not dissolve cellulose due to the high degree of crystallinity,
chain rigidity, amphiphilicity, and large number of inter- and intramolecular bonding.
Therefore, the requirements for the cellulose solvent include, for example, high diffusiv-
ity, capability of separating cellulose chains from each other, prevent self-aggregation,
disturbing the intra- and intermolecular hydrogen bonding of AGU, and destroying the

crystalline structure. [28]

Cellulose solution is typically referred to the resulting solution from dissolving cellulose
in a solvent. This would mean that a single phase is formed after dissolving it. However,
in many cases cellulose might not dissolve completely, but only partially leaving undis-
solved fibers and fractions behind. This might be considered in some cases as a sus-
pension but for the sake of simplicity in the current work cellulose solution is referred to
the product of cellulose dissolution no matter whether there are undissolved fractions of

cellulose or not.

This chapter briefly covers the dissolution process and different factors affecting it. It also
presents different solvent systems for cellulose dissolution divided into derivatizing and
non-derivatizing solvent categories. However, not all possible solvents are introduced.
Instead, few examples are given from each category. The main focus is on aqueous
alkali solvent system since it was used in the experimental section of this thesis. It is
presented in its own subchapter even though it belongs to the category of non-derivatiz-

ing solvents.

3.1 Dissolution mechanism

Cellulose dissolution is typically controlled by kinetics and the process consists of two
main stages. The first stage is the heterogeneous swelling of cellulose fibers. This type
of swelling can cause ballooning of the fibers which a phenomenon where the swelling

occurs only in certain areas along the fibers as shown in Figure 5 (orange arrows).
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Figure 5. An optical microscopy image demonstrating the ballooning phenom-
ena (orange arrows) of cellulose fibers. Image acquired with 100x magni-
fication.

It is believed that in ballooning, the swelling occurs on the secondary wall of cellulose
fiber which is followed by the bursting of the primary wall due to the increased osmotic
pressure. The swollen cellulose pushes the tears in the primary wall which rolls up in

different forms, such as collars, rings or spirals and restricts the uniform expansion. [29]

The second stage of dissolution occurs when the solvent molecules diffuse into the cel-
lulose structure. The interactions between the solvent and cellulose molecules are
stronger than the inter- and intramolecular forces of cellulose. Eventually, it leads to de-
stroyed crystalline network and increase in the conformational chain movement. Finally,
the swollen gel transforms into a solution when the individual cellulose chains disinte-
grate from each other leading them to diffuse into the bulk solution. [24], [30]

In order to dissolve cellulose, the solvent must be high in diffusivity, able affect both
crystalline and amorphous regions, disturb the crystalline structure of cellulose and dis-
entangle and keep the cellulose chains separated from each other [31]. However, the
solvent should not degrade the cellulose molecule. Thus, the choice of the solvent and



19

optimization of the dissolution conditions are crucial factors for a successful cellulose

dissolution.

3.2 Factors affecting cellulose dissolution

Cellulose dissolution is a process that is affected by several factors. These include, for
example, the source, molecular weight, concentration and pre-treatments of cellulose,
solvent type and its composition, dissolution conditions (temperature, time, stirring
speed, and pH level), additives, and presence of impurities. [9] Summary of these

different factors are presented in Figure 6.

Cellulose
properties

Dissolution Additives
conditions

Impurities — Pre-treatments

Solvent type and Cellulose
composition concentration

Figure 6. Factors influencing the dissolution of cellulose.

Cellulose has by nature high molecular weight which is one of the most important factors
affecting the dissolution. Molecular weight has an inverse effect on entropy which is the
driving force of the dissolution. [24] This means that the solubility decreases as the mo-
lecular weight increases and vice versa. However, the effect of the molecular weight
depends on the solvent type since some solvents can dissolve high molecular weight
cellulose which others cannot. An efficient technique to increase the solubility is to de-
crease the molecular weight of cellulose. Although, it should be noted that decreasing
the molecular weight can decrease the final mechanical properties of regenerated cellu-
lose products. A study by Xie et al. [32] found that the chain aggregation increases with
high molecular weight of cellulose but at the same time the solubility of cellulose de-

creases.
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Another considerable factor in cellulose dissolution is the degree of crystallinity of cellu-
lose. This is because crystalline structure inhibits the solvent molecules to diffuse into
the cellulose structure. As discussed earlier, the solvent must be able to access the net-
work relatively easily, destroy the crystalline structure and separate the polymer chains
from each other. Therefore, prior dissolution, cellulose is usually exposed to a certain
pre-treatment in order to decrease the crystallinity of cellulose. However, the studies
about the effect of crystallinity on dissolution are controversial, which is why its im-
portance is not clear. The amphiphilic nature of cellulose is also considered as an im-
portant factor related to the solubility. Especially the hydrophobic interactions should be
taken into account when planning a suitable dissolution system. Reducing hydrophobic
interactions has been shown to improve cellulose dissolution in ionic liquids (ILs) and

NaOH/urea/water solvent systems. [33]

The purpose of cellulose pre-treatment is to increase the accessibility of cellulose and
interactions between the solvent and cellulose. These can be achieved by removing im-
purities that can limit the dissolution, such as, hemicelluloses and lignin, decreasing the
crystallinity and molecular weight and increasing the porosity of cellulose. [34] Different
pre-treatment types include chemical, physical, mechanical, and enzymatic pre-treat-
ments. One or more pre-treatment method can be used. However, all of the pre-treat-
ment types share the same challenge which is the difficulty to assess their efficiency and

predict how the activation method works. [35]

The dissolution conditions, such as temperature, time and stirring, contribute to the suc-
cess of cellulose dissolution. Different solvents require certain composition for the sol-
vent system and temperatures in order to dissolve cellulose which are discussed in the
later subchapters. [19] Therefore, it is important to optimize the conditions for each sol-
vent system separately. For example, a study by Qi et al. [36] found that cellulose dis-
solves completely in 7 wt% NaOH/12 wt% urea aqueous solution when the temperature
is -12.6°C. Cellulose did not dissolve nor swell in the solution at temperatures between
0 to 25°C.

3.3 Cellulose solvents

The non-derivatizing and derivatizing solvents can be divided into further categories and
examples from each category are presented in Figure 7. [9] The dissolution parameters,
including temperature, time and pre-treatment of cellulose, depends on the type of sol-
vent. [19]



21

Cellulose solvents
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Intermediate Stable Aqueous Non-aqueous
e Xanthate e Acetate o Alkali e Organic
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* Nitrate e Metal water,
complexes DMAC/LICI)
e lonic liquids
e DESs

Figure 7. Classification and examples of different solvents for cellulose dissolu-
tion.

The following subchapters briefly cover both solvent groups and gives examples of the
used solvents. In addition, the used conditions of the different solvents and their ad-

vantages and disadvantages are described.

3.3.1 Derivatizing solvents

The dissolution mechanism of derivatizing solvents is based on a covalent modification
of cellulose which leads to formation of an intermediate [33]. These solvents break the
hydrogen bonding of cellulose by chemically reacting with the hydroxyl groups of cellu-
lose and adding new functional groups to the structure of cellulose. This results in an
intermediate compound that is typically soluble in a specific solvent. The disadvantages
of derivatizing solvents are the possible uncontrollable side reactions during the dissolu-
tion process and poor reproducibility. [19]

There are few commercial processes that use cellulose dissolution with a derivatizing
solvent, such as, Viscose [37] and CarbaCell [14], to produce regenerated cellulose
products. In CarbaCell process aqueous urea solution is used to derivatize cellulose into

cellulose carbamate.



22

Viscose process is a widely used derivative dissolution process that was developed over
100 years ago. It is used to produce, for example, RCFs (cellophane) and so-called rayon
fibers. In the process, aqueous sodium hydroxide (NaOH) is used to swell and oxidize
cellulose in order to decrease the DP of cellulose to an adequate level (from 200 to 400)
[38]. Then carbon disulfate (CS.) is used to derivatize the swollen cellulose into a highly
viscous solution called cellulose xanthate. The formed solution is soluble in aqueous
NaOH. After dissolving cellulose xanthate in aqueous NaOH solution, a solution called
viscose, is formed. Finally, the viscose is subjected to an acidic or thermal treatment to
convert and reform the cellulose derivative back to cellulose (in other words, to regener-
ated cellulose) [13], [25]. The acidic treatment includes an acid bath which can contain,
for example, weak sulfuric acid and sodium sulphate, where the viscose is immersed
and coagulated. When cellulose is regenerated, the xanthate groups are hydrolysed and
by-products, CS, and hydrogen sulfide (H2S), are formed. These by-products are known
to be hazardous and CS: is known to be toxic, flammable, and explosive. Thus, viscose
process is considered to be harmful for the environment and also slow, expensive and
relatively complex. [30], [37], [39]

3.3.2 Non-derivatizing solvents

Non-derivatizing solvents can be divided into non-aqueous and aqueous media. These
solvents dissolve cellulose by disturbing the inter- and intramolecular hydrogen bonding
of cellulose via physical intermolecular interactions, such as forming new hydrogen
bonds between the solvent system and hydroxyl groups of the cellulose. The disad-
vantages of non-derivatizing solvents are the challenges in scaling up the process and
possibility of a partial and inhomogeneous dissolution of cellulose. The latter can occur
due to the self-aggregation nature of cellulose. However, partial dissolution can some-
times be seen as a desirable outcome because it can, for example, improve the mechan-

ical strength and stability of the final regenerated product. [19], [30]

Typically, non-derivatizing solvents are considered more environmentally friendly than,
for example, earlier presented viscose process because there are less by-products
formed in the process. Non-derivatizing solvents include for example, N-methylmorpho-
line-N-oxide (NMMO) [40], ionic liquids [39], lithium chloride/ N,N-dimethylacetamide
(LICI/DMAC), deep eutectic solvents (DES) [41], tetrabutylammonium fluoride/dimethyl
sulfoxide (TBAH/DMSO) system and aqueous alkali solvent systems. [42]

An example of a commercial process that uses non-derivatizing solvent is known as
Lyocell process which produces regenerated cellulose fibers [43]. There NMMO/water is

used as a solvent system. Aqueous NMMO has the ability to disturb hydrogen bonds
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and form new hydrogen bonds with cellulose which results in cellulose dissolution. It can
dissolve cellulose up to 30 wt% [11] and it is simpler and the process is more environ-
mentally friendly in comparison to derivatizing viscose process. The Lyocell process in-
cludes many other advantages in comparison to viscose process, such as, recyclability
of the used NMMO and water, biodegradability, low toxicity, and a high variety of raw
materials that can be used (paper grade and unbleached chemical pulp, cotton, rayon
fibers and even wastepaper). Although, NMMO process has few disadvantages too. Ex-
amples of them include the thermal instability of the solvent, high sensitivity to metals
that pulp can contain and high costs. In addition, the dissolution requires high tempera-
ture (90-120°C) and specific percentage of water in the solvent system. NMMO/water
solvent system is used in industrial scale even though it has high expenses from the
recycling of NMMO. In the Lyocell industrial process the typical composition is 50-60 %
of NMMO, 20-30 % of water and 10-15 % of cellulose. [25], [40], [44], [45]

Another common non-aqueous solvent system is LiClI/DMAc which can dissolve different
types of cellulose and with molecular weights higher than 1 000 000. Typically, before
dissolution, cellulose is subjected to pre-treatment(s) in order to achieve mechanical dis-
integration and activation. Then cellulose is swelled in water and subsequently with either
ethanol, methanol, or acetone. After these steps, cellulose is finally dissolved into
LiCI/DMAc. An advantage of this solvent is that it can dissolve approximately 15-17 % of
cellulose. Disadvantages of this solvent system include high expenses and low volatility
of the solvent which leads to challenges in both recycling the solvent and scaling up the
process. In addition, the solvent system requires high temperature (150°C) in order to

swell and dissolve cellulose. [11], [25]

ILs are non-aqueous solvents which consist of a broad group of salts with a melting point
below 100°C. The composition of IL consists of a large organic cation and smaller inor-
ganic or organic anion. They are non-volatile, non-flammable and have low vapor pres-
sure and good thermal and chemical stability. [11] Also, the physiochemical properties
can be modified by changing the structures and arrangements of the cations and anions.
Due to these beneficial properties ILs have been investigated over the years for cellulose
dissolution. It has been reported by Zhang et al. [46] that cellulose without any activation
treatments has been successfully dissolved into a certain type of IL. This saves a lot of
time and effort when cellulose does not have to be pre-treated prior to the dissolution.
The solubility of cellulose depends on the type of IL used. However, over 20 % solubility
of cellulose has been reported [47]. Unfortunately, the use of ILs as cellulose solvents

have not yet reached to industrial applications due to different disadvantages and chal-
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lenges. These include, for example, water sensitivity, high viscosity, and recycling chal-
lenges. In addition, other considerable disadvantages of ILs are their high cost, potential

toxicity, non-degradability, and complex preparation. [25], [48]

3.4 Aqueous alkali solvent systems

Aqueous alkali solvent systems belong to the non-derivatizing category of cellulose sol-
vents (Figure 7). The most common example of alkali based solvent system is aqueous
NaOH but also aqueous lithium hydroxide (LiOH) is used. Cellulose swelling in NaOH
and the resulting structural changes were extensively studied in 1930s after the Mercer’s
discovery (also known as mercerization process). It was found that the maximum swell-
ing of cellulose in aqueous sodium hydroxide occurs at a low temperature and in a spe-
cific concentration range of NaOH (7-10 %). [9], [35], [49] Aqueous NaOH is considered
as a simple solvent system with low-cost reagents that are well known, low in toxicity,
and easy to recover. It does not require elevated temperatures like other solvent sys-
tems, such as ILs, NMMO and DMAc. However, pre-treatments are typically required in
order to increase the reactivity and solubility of cellulose. Examples of the used pre-
treatment methods include steam explosion, hydrothermal and enzymatic treatments.
[11]

However, aqueous NaOH as a solvent system has several challenges. Firstly, it can only
dissolve cellulose with low DP and in low concentrations, maximum of 250 and 5 wt%,
respectively [9], [33]. This means that native cellulose does not dissolve in aqueous
NaOH due to its high DP of over 850 [36]. It has been shown by Yamane et al. [50] that
the solubility of cellulose nanofibrils decreases as the DP increases. In order to dissolve
cellulose with higher DP, the accessibility of cellulose has to be improved, for example,

with earlier mentioned pre-treatments or dissolution conditions.

Secondly, the concentration range of NaOH that can be used is relatively low and narrow
(7-10%) and typically low dissolution temperature (-5 to +1°C) is required. [51] Thus,
cellulose does not dissolve in aqueous NaOH at room temperature. This means that the
temperature has to be controlled efficiently with a cooling system to keep the temperature
on the certain level. This can be high in energy consumption and require special instru-
ments which tends to be one major challenge in the industrialization point of view. [48]
The third challenge is that the forming cellulose solution is not stable and tend to gel

easily with time and temperature [22].

Different additives, such as thiourea, urea, polyethylene glycol (PEG) and zinc oxide

(ZnO) can be added to the aqueous NaOH solvent system to improve the stability and
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prevent the gelation [9]. Urea and/or thiourea are usually added to the solvent system to
improve the stability and dissolve higher molecular weight cellulose, up to 1.2x10° [52].
This value is approximately 740 when converted into DP. Another advantage of urea and
thiourea is that they make it possible to dissolve cellulose relatively fast, even in few
minutes, after precooling the solvent from -12 to -5°C [48]. For aqueous NaOH/ZnO sol-
vent system typical dissolution time varies from 60 to 180 minutes at temperature of 0°C
[11]. Typically, only 0.7 wt% of ZnO is required in the NaOH/water solvent system which
can be seen as an advantage compared to urea which is required between 6 to 12 wt%.
This makes ZnO more beneficial than urea in the industrial point of view. Wawro et al.
[53] used urea and ZnO together in aqueous NaOH solvent for dissolving cellulose pulp
with DP values from 290 to 405. They reported the maximum cellulose content in solution
to be 7.45 wt%. PEG in aqueous NaOH solvent system has been shown to increase the
cellulose solubility up to 13 wt% and improve stability of the cellulose solution up to 30
days [54]. This improvement in cellulose solubility is significant when compared to only
NaOH containing aqueous solvent where the maximum cellulose concentration is ap-
proximately 5 wt%. [33], [35], [55], [56]

Lignin, which a renewable additive option, can also be used in alkali solvent system to
enhance the dissolution. A study by Costa et al. [57] found that lignin improved cellulose
dissolution more efficiently than urea as an additive at low alkali conditions and it was
reported to delay gelation. However, the application of the final product should be taken
into account when the use of additives is considered. For example, if the regenerated
cellulose product is aimed to be used as a food packaging material, the above-mentioned
additives might not be applicable. Then, the dissolution might benefit from aqueous alkali

solvent without any additives.

Besides the additives and pre-treatments, the dissolution conditions influence the disso-
lution of cellulose to aqueous NaOH solvent system. The relationship between cellulose
dissolution and temperature was already studied in 1930s by Davidson [58]. It was found
that dissolution of hydrolysed cellulose in NaOH/water mixture can be improved by de-
creasing the temperature. It was also observed that the solubility increases as the length
of cellulose chains decrease. This means that cellulose with higher molecular weight is
less soluble in NaOH/water mixture than lower molecular weight cellulose. Besides the
effect of temperature on cellulose solubility, it also has an influence on the properties of
the final product made from the cellulose solution. Wei et al. [59] studied the dissolution
temperatures from -12.5 to -2°C with NaOH/urea aqueous solvent and their effect on
structure and properties of all-cellulose composites. They found that dissolution temper-

ature of -10°C gave the highest mechanical strength and transparency and good thermal
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stability. Therefore, the dissolution conditions for the particular solvent system should be

studied and optimized in order to achieve desired properties for the application purposes.

The mechanism behind the dissolution of cellulose by NaOH is still unclear, but it is con-
cluded that in low temperature NaOH forms hydrates in the water which then disturb the
inter- and intramolecular hydrogen bonds of cellulose. Then the hydrates bond with one

or two of the hydroxyl groups of the AGU in cellulose molecules. [35], [33]
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4. ANALYTICAL METHODS FOR CHARACTERI-
ZATION OF CELLULOSE SOLUTIONS

When preparing RCFs, it is important to evaluate and characterize the properties of cel-
lulose solution and not only the properties of the RCFs. Rheological characterization of
cellulose solution can be used to evaluate the processability and stability of the solution
and as a quality control tool. For the preparation of RCFs, some of the important char-
acteristics of cellulose solutions include viscosity, stability, and solubility of cellulose. The
viscosity of cellulose solution has to be on a suitable level in order to process the solution
and thus form films. If the viscosity is too low and the cellulose solution is liquid-like, the
shaping, such as casting, of the solution becomes challenging. Similarly, if the viscosity
is too high the processability of the solution decreases. Therefore, determining the vis-
cosity of the cellulose solution can be used to study and evaluate the optimal viscosity

range for the cellulose solutions.

Different imaging methods can be used to evaluate the solubility of cellulose and stability
of the cellulose solution. Evaluation of the solution by the optical microscopy is widely

used and it is relatively simple and fast way to assess the cellulose solution.

4.1 Rheological characterization

Rheological characterization of a material includes a variety of measurement methods
for different properties related to deformation and flow of a material. This subchapter
focuses on the rheology of fluids and their rheological characterization methods. The
rheology of a fluid is perhaps most commonly studied with rotational rheometers. In ad-
dition, ball-drop method is used for rheological studies. This subchapter presents shortly
the basics of these methods but more in-depth description of their function is out of the

scope of this thesis and can be found in other sources, such as [60], [61], [62].

Before presenting different rheological properties and ways to measure them, a brief
overview of the basics of rheology is presented. After that, different factors affecting the
rheological properties are shortly discussed, and finally examples different rheological

properties and their measurement methods are presented.

4.1.1 Brief introduction to rheology
Rheology is defined as the study of deformation and flow behaviour of materials [60].

Materials can be defined as viscous, viscoelastic, or elastic based on their rheological
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behaviour. Ideally viscous materials, also known as Newtonian fluids, are fluids that have
small enough molecules that do not align in the direction of the flow. Examples these
fluids include water and oil while ideally elastic materials include very rigid and stiff ma-
terials such as steel and wood. Materials that exhibit a mixture of both elastic and viscous
properties are called as viscoelastic materials. They can be either liquids or solids, such
as glues and gels, respectively. [63] Rheology is used in many different fields of applica-
tions, such as, polymer, medical, paper, food, and cosmetics industries [61]. Rheological
studies can be used to provide information about the properties and structure of the raw
materials and end products and to investigate the processing performance of the mate-
rial. Therefore, rheology can be applied as a part of quality and process control and
process modelling [60]. Instrument that can be used to measure rheological properties

is commonly referred as a ‘rheometer’.

A material is considered as a fluid if it exhibits flow behaviour when it is subjected to
stress. Fluids can be divided into two categories, simple and structured fluids, depending
on the composition of the fluid. Simple fluids are pure substances or single-phase form-
ing solutions while structured fluids contain more than one phase such as mixtures and
dispersions. [64] The flow behaviour of a fluid can be divided into two groups, Newtonian,

and non-Newtonian flow based on whether the fluid follows Newtonian law or not [60].

One of the main properties of fluids is viscosity. It describes the flow resistance of a fluid,
and it is used to study the flow behaviour. The resistance occurs when the molecules are
forced to move in relation to each other which causes internal frictional forces. Viscosity
is determined by shearing the sample at constant conditions and measuring the re-

sistance to the applied shear. Dynamic viscosity is defined as shown in Equation 1 [60]:

T
n=g €Y)
where
n is the dynamic viscosity, expressed in pascal-seconds (Pa - s);
T is the shear stress, expressed in newtons per square meter (N/m?);
y is the shear rate, expressed in inverse seconds (1/s).

Since Newtonian fluids exhibit a linear relationship between the shear stress and shear
rate, the viscosity remains constant as a function of a shear rate. For non-Newtonian
fluids the viscosity does not stay constant. These fluids are said to have shear-thinning

or shear-thickening behavior if increasing the shear rate makes their viscosity decrease
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or increase, respectively. Hence, their viscosity depends on the shear rate and shear

stress and usually on time. [62]

In some cases, kinematic viscosity can be used instead of the dynamic viscosity. It is the

ratio of the dynamic viscosity over the density of the fluid, as shown in Equation 2 [65]:

v=", @
where
v is the kinematic viscosity, expressed in square meter per second (m?/s);
o) is the density of the fluid, expressed in kilograms per cubic meter (kg/m?3).

Most polymer melts, suspensions and solutions exhibit non-Newtonian shear-thinning
flow behaviour in steady shear flow [60]. For example, at relatively low cellulose concen-
trations, cellulose solutions exhibit Newtonian behaviour but as the concentration is in-
creased it changes to non-Newtonian behaviour [66]. Shear thinning polymer solutions
at low shear rates have a constant viscosity. This specific shear rate region is defined as
a Newtonian plateau because there the fluid exhibits Newtonian behaviour. In this region
the polymer chains have enough short relaxation time and thermal motion which is why
they can relax the stresses that are applied to the system. Also, the molecule chains
have lots of interactions between each other which restricts the flow which is why at low
shear rates the viscosity is higher. When the shear rate increases, the viscosity of the
fluid starts to decrease fast. This is because there is not enough time to relax the stresses
and the polymer chains start to disentangle, resulting in the alignment of the chains in
the direction of the flow. Time dependency of a shear thinning material is called as a
thixotropic flow behaviour. It means that the viscosity of the fluid decreases over time
with constant shear rate. The viscosity is believed to decrease due to the loss of the

intermolecular interactions in the molecular structure. [62]

4.1.2 Factors affecting rheological properties

Rheological behavior of fluids, such as cellulose solutions, are influenced by many fac-
tors, including concentration and molecular weight of the polymer, solvent type, and
measurement parameters, such as, temperature, shearing time and shear rate. [67], [60]
Shear rate is an important parameter because most fluids behave like non-Newtonian
fluids which meant that their viscosity depends on the shear rate. Also, from the pro-
cessing point-of-view shear rate and temperature are important parameters because the
processing of the fluid can involve the use of different shear rates and specific tempera-
tures. [63]



30

The concentration of the polymer influences the rheological properties of polymer solu-
tions. In dilute solutions there are low amount of polymer molecules and thus, they are
far apart from each other. Therefore, there are less interaction between the polymer
chains and the solutions typically behave as Newtonian fluids. However, when the con-
centration of the polymer is increased, the interactions between the polymer chains also
increase. Then, polymer solutions start exhibit a shear-thinning behavior at lower shear
rates while viscosity increases at higher concentrations. Similarly, the increase in molec-
ular weight increases the viscosity and the point of shear rate where the shear thinning
begins. This is due to the increase in the entanglements between the polymer chains

since higher molecular weight means that the chains are also greater in size. [60]

The conditions where the fluid is exposed to should always be considered, and thus,
determine for what the information of the rheological properties are used for. Is it used,
for example, to assess the processing of the fluid or evaluate the stability during storing.
By defining the purpose for the rheological characterization, it is easier to select the right

type of methods and measurement conditions and parameters.

4.1.3 Intrinsic viscosity

Rheological measurements are used to evaluate different properties of the cellulose raw
material and cellulose solutions. For cellulose raw material, such as pulp, the determina-
tion of the intrinsic viscosity ([n]) by an automated glass capillary viscometry is an im-
portant yet simple and quick measurement. The intrinsic viscosity is measured from a
dilute cellulose solution where cellulose is dissolved in a certain solvent. The intrinsic
viscosity can be used to evaluate the viscosity average molecular weight (M,) and degree
of polymerization (DP,) and, for example, analyse the degradation of the cellulose.

Therefore, it can be used to evaluate the effect of the pre-treatment of the cellulose. [68]

In glass capillary viscometry, the kinematic viscosity of the solution is determined by
calculating how much time is required for volume of polymer solution to pass through the
capillary tube which is compared to the value for the solvent flow. The time is also known
as the efflux time f, and it is determined the same way as kinematic viscosity. Capillary
viscometer uses Hagen-Poiseuille equation which is applicable for Newtonian fluids. It
can be used since cellulose solutions exhibit Newtonian flow at low concentrations. Kin-
ematic viscosity (Equation 2) can be reformed as shown in Equation 3. The conversion

to this and details can be found from the source [68].
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V= Cot, (3)
where
Co is a calibration factor that is specific for the used viscometer at certain tempera-
ture.

The intrinsic viscosity, which is expressed in millilitres per gram (ml/g), is the limiting
value of the ratio between the specific viscosity and the concentration of the cellulose

solution close to zero, as shown in Equation 4 [68]:

s

[n] = lcl_{%? (4)
where
s is the specific viscosity which is unitless;
c is the concentration of the cellulose solution, expressed in grams per millilitre
(g/ml).

from Equation 4, the specific viscosity can be determined as

Ne—1
s = —, (5)
NMm
where
Ne is viscosity of the cellulose solution, expressed in millipascals (mPas);

nm IS the viscosity of the used solvent, expressed in millipascals (mPas).

In capillary viscometry, the specific viscosity can be determined from the kinematic vis-
cosities of the solution and solvent by replacing the viscosities . and n,,, in Equation 5
with kinematic viscosities v and v,,,. Since the efflux time is determined the same way as

the kinematic viscosity, the Equation 5 can be reformed as:

t—t
ns = —0, (6)

tm

where t and t, are the efflux times for the cellulose solution and solvent, respectively.
Typically, capillary viscometry is based on a single concentration measurement which is
why Martin’s formula (Equation 7) can be applied to convert the specific viscosity into

intrinsic viscosity by iteration.
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logns = log(c[n]) + kc[n], (7)

where
k is a constant value for the glass capillary viscometry. [69]

The intrinsic viscosity can be used to calculate the M, and DP, of the cellulose which are
important factors in cellulose dissolution and for predicting different other properties,
such as mechanical and rheological properties [70]. In order to calculate the DP,, the
empirical constants, a (unitless) and K, (cm3/g), from Mark-Houwink-Sakurada (MHS)
equation must be known for the cellulose-solvent pair. The MHS formula is shown in
Equation 8 [70]:

[n] = KMy = K,DP}. (8)

Constants a and K, depend on the type of solvent and temperature which is why they
have to be chosen correctly in order to achieve reliable values for My and DP,. However,
the determination of these constants can be challenging since many factors, such as,
polydispersity, molecular weight range and the nature of the polymer, quality of the sol-

vent and temperature, affect the constants.

The intrinsic viscosity measurements of cellulose by using cupriethylenediamine (CED)
as a solvent at 25°C uses the values for the constants a« and K, from 0.7 to 0.9 and 0.4
to 2.3 cmig™, respectively, according to the literature [70], [71]. There are standard meth-
ods for determining the intrinsic viscosity of cellulose dissolved, for example, in CED and
cupriethylenediamine hydroxide by the International Organization for Standardization
(ISO) [72] and American Society for Testing and Materials (ASTM) [73], respectively.

4.1.4 Ball-drop viscosity

The flow of the solution is one important aspect for the processing of fluids, such as
solutions. One way to study the viscosity can be, for example, by using ball-drop viscosity
method. It is a simple method for determining the dynamic viscosity of a solution at a low
shear rate. [74] It measures the terminal velocity for a ball falling in the studied fluid
sample by using gravity as the driving force. The principle of method comes from Stoke’s
law where the terminal velocity is reached when two forces acting to the opposite direc-
tion of the falling ball becomes equal. These forces are drag force and weight force of
the ball and their respective directions are upwards and downwards. The drag force de-
termines the terminal velocity which is directly related to the viscosity of the fluid. Thus,
the viscosity of the fluid can be converted from the of the velocity of the ball. The ball-
drop viscosity measurement method does not require complex instruments which makes

it inexpensive and relatively fast and simple for viscosity measurement.
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The method determines the time for a ball, with a known diameter and density, to sink
for a distance /in a glass tube filled with the studied fluid. lllustration of the measurement

setup is shown in Figure 8.

Tube ——>
—
< Solution
Falling ball
Distance
/
v
\__/

Figure 8. lllustration of the ball-drop viscosity measurement method. Adapted
from source [75].

The velocity of the ball which is directly proportional to the viscosity of the fluid. The
recorded falling time can be reported as the viscosity in seconds or the calculated veloc-

ity can be used to convert the result into dynamic viscosity with Equation 9. [65], [76]

- d?(p,. —
_9 1(52,, Ps) )
where
d is the diameter of the ball, expressed in meters (m);
g is the standard acceleration of gravity which is 9.81 m/s?
Pb is the density of the ball, expressed in grams per cubic centimeter (g/cm3);
Ds is the density of the solution, expressed in grams per cubic centimeter (g/cm3);

Up is the velocity of the ball, expressed in meters per second (m/s).

Typically, the ball-drop time is measured manually by an operator which is why the solu-

tion should be transparent so that the ball is visible in the solution. [63] Also, the variability
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of the results should be taken into account because the time is measured manually by
visual evaluation. Hence, the results depend on the reaction time of the operator who
measures the time and therefore there can be differences in the results for the same

measurement between the operators.

4.1.5 Gelation behavior

Another important property of cellulose solutions is the gelation which can be investi-
gated with oscillatory frequency sweep by rotational rheometer. With oscillatory meas-
urement, the gel point of the solution can be determined which is the transition point
where the liquid-like behaviour transforms into the solid-like behavior. This transfor-
mation is known as the gelation process. The gel point can be determined by the inter-
section point of two curves of storage modulus (G’) and loss modulus (G”). In other
words, when G’ equals G”. Storage modulus is the measure of the deformation energy
that is stored during shearing, and it is related to the elastic deformation of the material.
Loss modulus is the measure of energy that is consumed during the shearing, and it is
related to the viscous deformation of the material. The solution exhibits liquid-like behav-

ior when G” is greater than G’, and solid-like behavior when G’ is greater than G”. [62]

One of the main disadvantages of cellulose solutions prepared with an alkali solvent
system is its irreversible gelation which depends on time and temperature. Typically,
gelated cellulose solution cannot be used to prepare RCFs which is why the gelation of
the cellulose solution should be prevented. Different additives can be used to delay the
gelation of the cellulose solutions prepared with aqueous alkali solvent, as discussed
earlier. Increase in molecular weight of cellulose, cellulose concentration and tempera-
ture decrease the gelation time. [77] Presence of impurities and other components can
affect the gelation behavior of the cellulose solution. D. Xu et al. [78] studied the effect
of hemicellulose on the rheological properties of cellulose carbamate dissolved in aque-
ous NaOH/ZnO. They discovered that the gel temperature increased from 59.0 to
73.4°C, when the hemicellulose content was reduced from 15.9 to 5.7 %. Thus, the re-

moval of hemicellulose increased the stability of the solution.

A study by C. Roy et al. [79] examined gelation behavior and conditions of the cellulose
solutions dissolved in aqueous NaOH. Micro-crystalline cellulose (MCC) was dissolved
in 9 wt % aqueous NaOH and investigated with the shear steady-state and oscillatory
rheometer. In steady-state shear flow measurements dilute and semi-dilute cellulose so-
lutions (0.2 and 5 wt%, respectively) at different temperatures were studied. The viscosity
as a function of shear rate was recorded. It was concluded that the gelation time de-

creased exponentially with increasing temperature. They also observed that for semi-
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dilute solutions the measurements had to be performed at under 20°C because gelation
occurred above 20°C. For dilute solutions, the flow was studied at temperature range of
0-40°C. Based on the measurement results, it was concluded that dilute solutions of 0.8-
1.2 wt% of MCC behave like Newtonian fluids and semi-dilute solutions below 5 wt%

have a Newtonian plateau and shear-thinning regime.

4.2 Optical microscopy

The optical microscopy can be used in many ways for studying the cellulose dissolution
and formed cellulose solution. For example, it can be used to investigate the kinetics and
mechanisms of dissolution [80] and evaluate the progress and stages of cellulose disso-
lution by imaging the solution, for example, as a function of time [81]. Also, the optical
microscopy imaging is used to assess the solubility of cellulose [78] and rate of dissolu-
tion [82]. Cellulose can dissolve completely, partially, or not at all into a solvent. This can
be observed in the microscopy imaging by checking if there are any undissolved cellu-
lose fibers present in the solution. Also, the dimensions of the fibers and their change

can be measured with an image program to study the dissolution.
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5. REGENERATED CELLULOSE FILMS

Cellulose can be regenerated in various forms, such as films, membranes, filaments,
beads, aerogels, hydrogels, and composite materials from the cellulose solution with
different processes, such as casting, dry- and wet-jet spinning and electrospinning.
These products can be used in different applications, such as in textile industry, packag-
ing materials, biomedicine, electrical and optical devices, agriculture and water treat-
ment. [11], [30] Regenerated cellulose films were prepared in the experimental section
of the current work which is why the focus is only on the film-type of regenerated cellulose

products.

This chapter introduces a brief overview of the regeneration mechanism of cellulose and
then discusses about the general properties of the RCFs and different factors affecting
them. Mechanical properties and of the RCFs are looked at in more detail and examples
for the tensile strength and elongation at break from other studies are introduced. Finally,

in the last subchapter, a short introduction for the barrier properties is presented.

5.1 Regeneration mechanism

Preparation of regenerated cellulose films is based on phase inversion process. It is a
physical phenomenon where cellulose phase separates from the solvent. Regenerated
cellulose films are prepared by a technique known as immersion precipitation. In the
process the cellulose solution is cast on a support, such as glass, and then coagulated
where the glass is immersed in a regeneration (also known as coagulant) bath which is
a nonsolvent. Examples of non-solvents include acids, water, and alcohols. In the bath
the solvent in the cellulose solution diffuses into the regeneration bath and the nonsol-
vent diffuses into the cast cellulose film. Thus, the film is precipitated due to the exchange

of the solvent and nonsolvent. [83]

The relative diffusion velocities of the solvent diffusing to the coagulant medium and
nonsolvent into the cellulose matrix define the coagulation kinetics. When the exchange
of the solvent and nonsolvent has continued long enough, the solution becomes thermo-
dynamically unstable and then demixing occurs. After that, a solid cellulose film is
formed. In alkali solvent systems it is suggested that the formation of regenerated cellu-
lose occur due to the rearrangement of the hydrogen bonds when added into the non-
solvent. The structure of the wet film is determined by both mass transfer and phase

separation. There are also several other parameters that have a significant influence on
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the structural and mechanical properties of the forming film such as porosity and perme-
ability. [83]

5.2 Film properties

Generally, films prepared from cellulose offer barrier against gases, grease and lipids
but are sensitive to water which makes their properties dependent of humidity. In addi-

tion, brittleness of the films is often reported when no plasticizers are used. [6]

Properties of RCFs can be tailored by varying parameters related to cellulose and its
dissolution and regeneration. These parameters include, for example, used cellulose and
its purity, degree of polymerization, concentration of cellulose in solution, solvent com-
position, coagulant type, concentration and conditions, drawing of the film, plasticizer
type, and drying of the film. [35], [84], [85] The used solvent in cellulose dissolution,
coagulant conditions and type are shown to have a significant role in mechanical prop-
erties, morphology and structure of the forming films [86]. Oxygen barrier properties of
the RCFs have been shown to be influenced by cellulose concentration, regeneration
temperature and drying conditions of the films prepared from alkali/urea solvent system

[87], [88]. Examples of the affecting parameters are presented in Figure 9.

Composition
of

regeneration
Drying of the bath
RCF

Properties of
cellulose
solution

Type and
properties of Additives
cellulose

Cellulose Properties Dissolution‘and
regeneration

solvent of RCFs conditions

Figure 9. Factors affecting the structure of the regenerated cellulose film.

The properties of the cellulose films can be studied and optimized by changing one or
more parameters presented in Figure 9. Some of the parameters can be dependent of
each other which should be taken into account when their effect on the structure is stud-
ied. The porosity and porous structure of RCFs have been shown to be affected by the
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concentration of the coagulant and coagulation time and temperature [89], [90]. Since
the structural properties such as porosity and density are related to the mechanical prop-
erties, the change in the parameters affecting those characteristics can also affect the

final mechanical properties of the films.

Jie Cai et al. [91] studied the changes in the morphology and structure of regenerated
cellulose films by studying two parameters: temperature of the regeneration bath (10-
60°C) and regeneration time (5-30 min). They found that the structure and pore size
changed significantly as a function of the coagulation temperature. Lower temperature
resulted in smaller pore size and the presence of relatively strong intermolecular hydro-
gen bonding and thus better mechanical properties. The tensile strength and elongation
at break started to decrease as temperature and time increased. However, change in
the coagulant time did not have an effect on the pore size or crystallinity. Thus, it was
concluded that the coagulant temperature has more significant effect on the pore size
and physical properties of the regenerated cellulose than the regeneration time. The
study was performed with using aqueous NaOH/urea as a solvent system and 5 wt%
H2S04/10 wt% Na S04 aqueous solution as a coagulant bath. However, the parameters
were studied separately which does not provide information about the interactions be-

tween the temperature and time.

According to the study [30], RCFs prepared with ionic liquid dissolution exhibit higher
tensile strength and modulus than RCFs prepared from other solvents. This can be due
to the fact that cellulose with higher DP can be dissolved in ionic liquids and also in higher
concentrations in comparison to other solvent types [92]. Higher cellulose content is
known to improve mechanical properties. When RCFs were prepared from different cel-
lulose sources of pine and eucalyptus and compared with each other, it was noticed that
there was no significant difference on the properties of the films due to the cellulose
sources [84], [93]. Whereas the coagulant bath composition has been shown to have a
significant influence on the film surface [94] and mechanical [86] properties of regener-

ated cellulose.

Another important factor to consider is the drying method of the RCFs. There are several
different drying options, such as air, freeze, oven, infrared radiation, and hot press drying.
The drying method and their parameters should be selected carefully. This is because
the drying process affects the mechanical properties and physical structure of the form-
ing RCF. [93] Also, too efficient drying can cause cracking and shrinkage of the RCF
[95].
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Hot pressing is a drying process, where the film is placed between heated metal plates
with a certain temperature and pressure for a certain period of time. It is considered as
an efficient way to dry RCF in a short time. When compared to the other drying methods
(air, oven and heat gun drying), hot pressing has been shown to improve the mechanical
properties and water vapor permeability in the case of cellulose nanofibril films [96]. In
another study by Huang et al. [93] the effects of hot pressing versus air drying at 25°C
of the RCFs from different wood species were investigated. It was concluded that hot
pressing significantly increased the density and reduced the porosity of the RCFs com-
pared to air drying. Less porous structure and reduced amount of free volume between
the molecules could explain why the mechanical and barrier properties improved more
in the case of hot pressing. The same study also noticed that there were differences
between the surfaces of the hot pressed and air dried RCFs. In the case of air-dried
films, the surfaces were uneven and rough and there was noticeable layering in the
cross-sectional area of the films. Also, in air drying process the cellulose films shrank
easily and unevenly which could explain the uneven and rough surface and layering.
The results were the opposite for the hot-pressed films. The surfaces were smooth and

even and the cross-sectional area of the films was uniform and dense.

Cellophane, which was discussed earlier, is a good example of a commercially used
RCF. Cellophane is typically coated because of its sensitivity to moisture. Different types
of materials can be used to coat cellophane, such as vinylidene chloride-acrylonitrile
copolymers, polyolefins, waxes, resins, and cellulose nitrate mixtures. Besides coating,
cellophanes are also plasticized to enhance the flexibility. Both coating and plasticizing
affect the properties of cellophane. In addition, molecular weight of the used cellulose,
stretching during the regeneration, drying method and other process parameters are in-
fluence the properties of the formed cellophane film. Typical values for different

properties are presented in Table 1. [38]
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Table 1. Typical properties for cellophane. Adapted from source [38].

Property Condition Value
Density [g/cm?] nd 1,5
MD 16-22
Elongation at break [%]
CD 60-70
MD 124-130
Tensile strength [MPa]
CD 55-80
Oxygen permeability, 25°C 50 % RH 1200-2000
[cm®pm/m?d-atm] 90 % RH 20000-31000
Water vapor transmission 38°C
[g-um/m?-d) 90 % RH 43000

*nd = not determined, MD = machine direction, CD = cross direction, RH = relative humidity.

Cellophane is mostly used in food packaging applications where high stiffness is required
and in other applications where easy tearing is desired. The advantages of cellophane
are, for example, good heat resistance and dead fold which means that after folding, it
does not fold back. In addition, cellophane has high gloss and transparency, and it is
biodegradable. However, the main disadvantages of cellophane include the moisture
sensitivity, limited shelf life, poor performance at low temperatures and the need for coat-
ing. In addition, the environmental pollution from the viscose process and the high costs
are seen as major drawbacks of cellophane. [10] Therefore, in many packaging applica-
tions the use of cellophane has been replaced with petroleum based plastic packaging

materials, such as polypropylene, due to their lower costs and better properties.

Examples of the mechanical properties of dry RCFs prepared from different cellulose
sources, solvent systems and coagulation baths are presented in Table 2. The tensile
strength and elongation at break values of the RCFs ranged between 20-120 MPa and
1-17 %, respectively. In most of the cases the strength of the RCFs is higher than for
fossil-based plastics PE and PP which tensile strengths are in the range of 20-40 MPa
[85]. In most of the examples the cellulose raw material were cotton which has the high-
est amount of cellulose and least of other compounds which could potentially affect the
cellulose dissolution. Also, in most of the cases the average degree of polymerization

was = 500 or not reported.
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Table 2. Mechanical properties of RCFs from various raw materials, solvents
and coagulation baths.

. Tensile Elonga-
Ce_lll_.llose DP Solvent Coagulation strength tion at Ref.
origin bath [MPa] break
[%]
Pine,
cotton, IL
bamboo. 240-819 (EmimAc) H.O 69-120 6-8 [97]
MCC
. 944- NaOH/ 5 wt%
Pine 1440 urea H2SO4 85 2 [99]
Eucalvotus NaOH/urea H.SO4/
yp 402-626 cellulose NazSO./ 20-50 1-3  [98]
saw dust
carbamate water
Cotton
elastane nd NaOH/ nd 51 2 [99]
. urea
waste textile
Cotton NaOH/ 5%
linter nd urea H.SO4 73 5 [100]
I(?O”O” 500 NaOH/ H.0 48 2 [101]
inter urea
DMAc/ Isopropyl
Cotton nd LiCl alcohol 52 nd [102]
Cotton NaOH/ 5%
linter pulp 617 urea H>SO. 91 17 [86]
Cellulose LiOH/ 5 % H2S04
nanofiber 650 urea 5 % Na;SO,4 76 5 [103]
Cotton 500 NaOH/ H.0 51 3 [59]
linter pulp urea

*nd = not determined

As evident in Table 2, mechanical properties of RCFs can vary depending on the used
raw material and conditions for dissolution and regeneration. However, it should be noted
that the cellulose concentration was not constant among the studies or in some cases
not even reported. Therefore, conclusions between the differences of the results cannot

be made since there are so many different factors affecting the resulting mechanical
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properties. For that reason, the mechanical properties of the RCFs from different studies
are presented only to show a range for the tensile strength and elongation at break that

have been achieved recently.

Also, it should be noted that most of the studies used cotton as the raw material for
cellulose which is known to have the highest content of cellulose (88-96 wt%) compared
to, for example, wood (40-50 wt%). Therefore, cotton does not have other compounds in
high amounts that could affect the dissolution compared to wood pulp that can contain
residual hemicellulose and residual lignin and other compounds. A study by Pang et al.
[97] investigated the physical properties of RCFs prepared from different cellulose
sources, including pine, bamboo, cotton and MCC. They used ionic liquid, 1-ethyl-3-me-
thylimidazolium acetate (EmimAc), as the non-derivatizing solvent and deionized water
as the coagulation bath. Their results showed that the cotton samples dissolved com-
pletely into the solvent and the prepared films displayed smoother and more homogene-
ous morphology and the highest thermal stability compared to the other samples. How-
ever, the highest respective tensile stress and elongation at break of 120 MPa and 8 %
was subjected to the RCF prepared from pine cellulose. This was reported to be due to
the combination of higher DP and crystallinity and hydrophobic forces of pine film sam-
ples. Even though cotton cellulose dissolved completely into the solvent, it did not exhibit
the highest mechanical properties. This shows the complexity of the tailoring of the prop-
erties of RCFs. There are many factors from raw material to processing conditions that
affect the properties and some of factors can interact with each other leading in unex-
pected results. Thus, studying these factors and their interactions are recommended in

order to optimize the properties of RCFs.

5.2.1 Factors influencing mechanical properties

Molecular weight (and thus DP) and molecular weight distribution of cellulose affects
both solubility into the solvent and different properties, such as, processability and rheo-
logical properties of the solution and mechanical properties of the RCFs [84]. By increas-
ing DP, the mechanical and oxygen barrier properties and thermal stability can be im-
proved [30], [104]. A study [92] investigated the relationship between DP and tensile
strength in regenerated cellulose fibres by using ionic liquid as a solvent. It showed that
the tensile strength increased linearly as a function of DP until the DP value of 1150 was
reached. Above that value, the tensile strength stayed stable, and no increase was ob-
served. Hence, one way to improve tensile strength of the RCFs could be to use cellulose
with higher DP. However, it should be noted that the study was made by using an ionic

liquid which is capable of dissolving high DP cellulose. The same is not possible for all
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solvents, such as aqueous alkali solvent. Yamane et al. [50] dissolved steam explosion
treated cellulose nanofibrils with different DP values (252-690) in aqueous NaOH. They
concluded that all mechanical properties, including tensile strength and elongation at

break of wet RCFs, improved with increase in DP.

Hence, this study aims to investigate the effect of different DP values (200-500) on the
properties of RCFs made with alkali solvent system. Using higher DP cellulose can cause
many challenges in both cellulose dissolution and regeneration. For example, it can
make the cellulose to not dissolve completely and influence the properties of the cellu-
lose solution, such as viscosity, which has a significant influence on the processability
and coagulation of the solution. However, aqueous alkali solvents are not typically suit-
able for dissolving high DP cellulose which is why the relationship between DP and ten-
sile strength is not possible to study in the same extent as in the study with the ionic
liquid.

The storage time and temperature of the cellulose solution has been found by Li et al.
[105] to contribute to the mechanical properties of RCFs. In their study RCFs were pre-
pared from cotton pulp and with aqueous TBAH/DMSO as a solvent. The mechanical
properties of the RCFs were studied as a function of storage time (0-180 h) at 40°C.
They found that the films prepared from the cellulose solutions that had been stored
between 12-18 hours had the optimal mechanical properties of tensile strength, elonga-
tion at break, Young’s modulus and fracture energy. After 18 hours these properties
started to decrease. The increase in mechanical properties was suggested to be at-
tributed to the subsequent dissolution of cellulose during storing. While the decrease in
properties after 18 hours was suggested to be due to the aggregation and degradation
of cellulose. These findings are important in the aspect of industrial manufacturing of
RCFs because they show that the cellulose solution prepared with TBAH/DMSO solvent
should be used between 12-18 hours after the dissolution when the storage temperature
is 40°C. However, repeat of the study with different solvent systems could be beneficial
to understand whether the storing time and temperature have the same effects on RCFs
prepared with other solvents. This way the optimal storing time could be determined for

cellulose solutions which is important especially in the industrial scale.

Cellulose concentration also has an influence on the properties of the RCFs. Increase in
cellulose concentration has been shown to increase mechanical properties in regener-
ated cellulose fibers [106]. When cellulose concentration increases, there are more en-
tanglements and interactions between the cellulose molecules. These decrease the free

volume and increase density and order in the polymer structure of cellulose which im-
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prove mechanical properties, such as tensile strength and elongation at break. [40] How-
ever, after a certain concentration point the properties stop increasing and too high cel-
lulose concentration can lead to a decrease in mechanical properties due to the tendency
of forming defects to the structure. Also, too high concentrations can cause challenges
in the dissolution and regeneration process. This is because too many entanglements
can limit the molecular orientation and thus lead to weaker mechanical properties. [107]
In addition, high concentration of cellulose increases the tendency to absorb water. Ori-

entation of the cellulose chains affect mechanical properties of the film [84].

The used the solvent system in cellulose dissolution affects the mechanical properties of
RCFs [30]. For example, a study [108] compared different solvents for cellulose dissolu-
tion and their effect on the mechanical properties of RCFs. The solvents were sulfuric
acid (H2S04) and three different NaOH based solvent mixtures, where NaOH was mixed
with thiourea, urea/thiourea and urea/ZnO. From alkaline solvent systems, films made

with NaOH/urea/ZnO had the highest tensile strength and elongation at break.

Also, the composition of the coagulant bath and used conditions have a significant influ-
ence on RCF properties, such as mechanical properties, crystal structure and surface
wettability [86], [109], [110]. A slow coagulation, where the diffusion rate between the
solvent and nonsolvent is low, can improve the mechanical properties significantly [55].
This is because there is more time for the hydrogen bonding to rearrange itself. This
results in increased amount of intermolecular hydrogen bonds which makes the structure
more stiff and stronger. Therefore, improving mechanical properties of the RCF can be
achieved by improving the intermolecular interactions between the cellulose chains. This
can be achieved by, for example, using lower coagulant temperature [91]. Zhang et al.
[86] studied the effects of the coagulant conditions and how they affect the properties of
RCFs made from aqueous alkali solvent system. They found 5 wt% H>SOus/sodium sul-
fate (Na>xS0O,) at 25°C with a 5-minute regeneration time to give better mechanical prop-
erties and more homogeneous structure) from other coagulants studied. These were
H2S04, Na2S04, acetic acid (HOAc), and ammonium sulfate (NH4).SOa. It was observed
that the concentration of the coagulant had a stronger impact on the tensile strength than
the temperature and time of the coagulation. Similar study [89] about properties of RCFs
coagulated with sulfuric acid in different concentrations and coagulation times showed
that the concentration of the coagulation bath had more significant impact on the prop-
erties and structure of the RCFs than the coagulant time. The results from study [86] also
concluded that using relatively low temperature in H,SO4 coagulant bath gives better
mechanical properties than the films coagulated in higher temperatures. This was sug-

gested to be due to the increase of the diffusion rate between the solvent and nonsolvent.



45

Different additives can be applied to improve brittleness, flexibility and processability of
RCFs. Plasticizers are used to improve the ductility and processability and soften the
polymer. Typically, they are molecules with relatively low molecular weight. Plasticizers
reduce the intermolecular interactions by improving the mobility of the polymer chains
which leads to improved flexibility and ductility. [111] However, the general disad-
vantages of the plasticizers on properties of the RCFs include a decrease in tensile
strength and barrier properties, especially against oxygen [112]. The type of plasticizer
and its concentration significantly affect the physical, mechanical, barrier and thermal
properties of the films. Examples of used plasticizers in RCFs include glycerol, sorbitol
and carboxymethyl cellulose. These can be used to improve hydrophobicity and both
mechanical and thermal properties. [30] In a study by Cho et al. [113], increase in glyc-
erol concentration from 20 to 40 wt% in casein films was shown to significantly improve
the ductility from 32 to 101 %, respectively. However, the increase in glycerol concentra-
tion had an opposite effect on tensile strength which decreased from 21 to 1.6 MPa.
Therefore, the concentration of the used plasticizer should be optimized in order to

achieve desired properties for the film.

5.2.2 Factors affecting barrier properties

RCFs, such as cellophane, are not typically used in food packaging applications due to
the poor barrier against moisture. However, typically RCFs exhibit good barrier against
grease, oxygen and CO.. [114] Material’'s permeability of different substances, such as
gases, water vapor and grease, define the quality of the barrier properties and possible
application areas. For example, in food packaging applications, the oxygen and water
vapor permeabilities are considered as the most important parameters for barrier prop-
erties. [115] In the current work, oxygen permeability is of interested and thus this sub-

chapter focuses only on the oxygen barrier properties.

Oxygen barrier is an example of an important barrier property for preservation of the food
packaging material. Oxygen transmission rate (OTR) is used to evaluate the oxygen bar-
rier of the material. OTR defines the volume of oxygen in cubic centimeters (cc) that
passes through a square meter of the material in 24 hours. The OTR result can be used
to calculate the oxygen permeability (OP) of the material. It is calculated by multiplying
the OTR value with the thickness of the sample and dividing it by the oxygen partial

pressure difference. [116]

OTR consists of two main parameters which are the solubility of the oxygen into the

polymer structure and oxygen’s diffusion rate through the matrix. The first one depends



46

on the chemical relationship between the oxygen and polymer and the second one de-
pends on the size of the permeant and characteristics of the polymer. There are several
factors that affect the permeability, and they can be divided into three main categories

which are polymer characteristics, penetrant properties, and environmental factors.

Firstly, the chemical composition and structure of the polymer can affect the solubility
and diffusion of oxygen through the polymer matrix. For example, higher degree of crys-
tallinity of the polymer decreases the oxygen permeability because the crystals are im-
permeable. Amorphous regions on the other hand lack of order because the polymer
chains are arranged irregularly and therefore, they have less density and more free vol-
ume where the oxygen molecules can permeate. Another considerable factor is the pres-
ence of additives, such as plasticizers. Generally, plasticizers decrease the oxygen bar-
rier of polymers. However, they are typically required in order to improve the processa-
bility of the polymer or flexibility of the final product. Use of filler can on the other hand
improve the barrier properties in certain applications. The formation of defects, such as
pinholes, during the processing of the polymer is a significant factor for the barrier prop-
erties. This is because the increased free volume from the defect enables the movement
and diffusion of the gas molecules. Orientation of the polymer chains increases the den-
sity and crystallinity of the polymer which leads to improved barrier properties. Also, en-

vironmental factors, such as humidity increases the oxygen permeability. [116], [117]

RCFs with better oxygen barrier properties than commercially used cellophane, polyeth-
ylene, and polypropylene, were prepared by Jiang et al. [107]. They found that the cellu-
lose concentration and the gel time had the most significant effect on the oxygen barrier
properties. Different additives can also be used to improve the barrier properties of
RCFs. For example, ZnO has been shown to improve the oxygen barrier of RCFs pre-
pared from cellulose carbamate [118]. Another example is nandfillers which have been

reported to improve both barrier and mechanical properties of biobased films [115], [117].
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6. MATERIALS AND METHODS

6.1 Materials

Different pre-treated eucalyptus kraft pulp sheets obtained from an industrial pulp mill
were used. The pulp samples were coded as A, B, C and D and their viscosity average
degree of polymerization (DP,) values were determined. These pulp samples were used
to prepare different types of regenerated cellulose films from individual cellulose solu-

tions A, B, C and D and blend solutions from certain sample combinations.

In the experimental section, cellulose solutions and films are referred by the origin of the
pulp sample. For example, cellulose solution A and film A refer to the solution and film

which have been prepared from pulp sample A.

6.2 Preparation of regenerated cellulose films

6.2.1 Preparation of individual cellulose solutions

Before dissolution, certain amount of the pulp sheet (from sample A, B, C or D) was
immersed in distilled water for four hours. Then distilled water and wet pulp were mixed
with an electric kitchen mixer for approximately half an hour in order to disintegrate the
wet pulp. After that, the excess water was removed by vacuum filtration. The dry matter
content (wt %) of the dewatered pulp was determined gravimetrically by the mass loss
of three parallel pulp samples by drying them at 105°C overnight. The average result
was used to determine how much wet pulp was added to the solvent system during dis-

solution to keep the ratios of the aqueous solvent system constant.

In cellulose dissolution, the predetermined amount of wet pulp sample was added to the
solvent system and the mixing time, speed and temperature were kept constant in every
dissolution according to the internal guidelines. The cellulose concentrations were se-
lected separately for each sample A, B, C and D and they varied from 6 to 10 wt %. The
selection was based on the calculated DP, of the pulp sample and set viscosity range
(1000-4000 mPas) for the solutions. The temperature was monitored and controlled to
stay on a certain temperature range throughout the dissolution. From the forming solu-
tions some of them were centrifuged in order to remove the air bubbles and/or remaining
undissolved cellulose. It is reported separately in the results whether the sample in ques-
tion is centrifuged or not. The formed solutions were stored in refrigerator at 5°C between

the analyses and before film preparation.
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6.2.2 Preparation of cellulose solution blends

Cellulose solution blends were prepared by mixing two different cellulose solutions. The
ratios of the mixed solutions were chosen as 80 and 20 wt% and 60 and 40 wt%. The
different blends, their compositions, sample names and calculated cellulose concentra-

tions are presented in Table 3.

Table 3. Blended solutions from A, B, C and D, their compositions
and sample names and calculated cellulose concentrations.

Blended Composition Sample Calculated cellulose
solutions of the blend name concentration [%)]
o
20 % A 20/80AB 6.8
80 % B
(0]
40 % A 40/60AB 7.6
10 wt% A 60 % B
6 wt% B 0
60 % A 60/40AB 8.4
40 % B
(0]
80 % A 80/20AB 9.2
20 % B
(0]
80%B 80/20BD 6.4
6 wt% B 20% D
8 wt% D o,
60%B 60/40BD 6.8
40 % D
(0]
80 % C 20/80BA 6.4
6wt%C 20% D
8wt%D 0
60%C 20/80BA 6.8
40 % D

Solutions A and D were centrifuged for 15 minutes with the speed of 9.62 X G at room
temperature of 23°C. Degasification was performed due to the presence of air bubbles

in these solutions (which were not observed for solutions B and C).

In total 200 g of each blend sample was prepared. After adding both cellulose solutions
to a beaker, they were mixed gently for minimum of five minutes. Then blend samples
were analysed and stored in refrigerator overnight at 5°C. The samples were stored
overnight in order to remove any remaining air bubbles from the mixing process. Next

day the blends were used to prepare RCFs.

6.2.3 Preparation cellulose solutions with addition of cellulose
fibers

The effect of added cellulose fibers on the properties of RCFs were studied with sample
B which was dissolved with cellulose concentration of 6 wt%. The formed solution was

centrifuged and filtered after dissolution. Two cellulose concentrations were determined,
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one, from the original cellulose solution (Bo) before centrifuging and the other, from the
centrifuged and filtered solution (Bcr). Then the amount of undissolved cellulose (wt%)
was calculated by subtracting the cellulose concentration of the centrifuged and filtered
solution Bcr from the solution Bo. The result was used to add the same amount dry

grinded pulp to the centrifuged and filtered cellulose solution Bcr.

Two different types of pulps were dry grinded and added to the system, pre-treated pulp
(from sample B) and non-treated pulp. The dry grinded pulp was added to the centrifuged
and filtered solution Bcr and mixed for half an hour until the dry grinded pulp had homo-
geneously mixed into the solution. Thus, two solutions with addition of cellulose fibers
were prepared, solution with pre-treated fibers (Bcr+1r) and solution with non-treated fi-
bers (Bcr+n1r). The RCFs were prepared the same day because the original solution B

had already been refrigerated overnight.

6.2.4 Preparation of regenerated cellulose films

The RCFs were prepared by solvent casting method. The step-by-step process of the
film preparation is illustrated in Figure 10. The first step of the RCF preparation was (1)
the formation of cellulose solution. After that, the next steps in order were (2) degassing
(of certain samples) and casting the solution on a glass plate, (3) regeneration in the
coagulation bath, (4) washing the films in distilled water and also plasticizing the films

that were being (5) dried by hot-pressing.

o=

CeIIquse Cellulose Casting Regeneration
solution

Figure 10. The preparation steps for RCFs. (1) Cellulose dissolution, continuing
with (2) deaeration (if needed) and casting the cellulose solution on a
glass plate. Then (3) the casted solution was immersed in a coagulant
bath. After coagulation, the RCF was (4) washed with distilled water and
plasticized and finally (5) dried with a hot-pressing machine.

In the casting step, approximately 10-15 ml of cellulose solution was spread on the glass
plate with a syringe. Then, the solution was casted with a smooth metal rod with a speed
of 2 m/min. After casting, the plate with the solution was immersed into the coagulant
bath where the solution was kept until it had coagulated and was detached from the
plate. Then, the formed film was immersed in distilled water in order to remove the ex-

cess acid from the regeneration step. The films were washed until the pH reached close
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to neutral. After that, certain number of the films were plasticized and dried, and the rest
of the films were left unplasticized and non-dried. The latter ones are referred as ‘wet
films’ and they were stored in resealable plastic bag before the measurements. The dry-
ing of the plasticized films was performed with a hot press machine where the parame-
ters were kept constant. The drying time, temperature and pressure were 3 minutes,
180°C and 0.4 MPa, respectively.

6.3 Characterization methods for different sample types

A summary of the used sample type, measurement methods and possible applied stand-
ards are presented in Table 4. Some of the measurement methods, such as, the gel
point determination, ball-drop viscosity, OTR, grease resistance and scanning electron
microscopy (SEM), were only performed for selected samples. Also, there were few so-
lutions from which the cellulose concentrations were not measured, and these are high-
lighted in their results.

Table 4.  Summary of the measurements and methods and their standards
used for different sample types. *Modified standard.

Sample Measure Method Standard
type
Intrinsic viscosity )
Pulp DP, (CED solvent) ISO 5351:2010
Cellulo_se Precipitation Internal
concentration
Evaluation of the
solubility and Optical microscopy -
solution Ball-drop viscosity ASTM D 1343-86
Viscosity Brookfield viscometer  SCAN-P 50:84
Gel point Oscillating rheometer -
Wet RCF Strength Tensile testing  1SO 527-1:2019
Ductility
Strength Tensile testing  1SO 527-1:2019
Ductility
Dry RCF¢ Oxygen barrier OTR ISO 15105:2003
Grease barrier Grease resistance *ASTM F119-82
Morphology SEM -

The following sub-chapters briefly describe the measurements methods for each sample

type. Also, the possible modifications in the used standards are explained.
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6.3.1 Pulp samples

For pulp samples A, B, C and D, the intrinsic viscosities were determined in order to
calculate their viscosity average degree of polymerization. This was used to estimate the
molecular size and thus, solubility of the cellulose sample in aqueous alkali solvent sys-

tem.

The intrinsic viscosities of the pulp samples were determined by capillary viscometer and
using CED as a solvent. The measurements were performed according to ISO
5351:2010 [72]. In total three parallel measurements were performed for each sample.

The results were recorded as the average with standard deviation.

The intrinsic viscosity was converted into DP, value for each sample by using the MHS
formula (Equation 8). The respective values for constants K, and a were chosen for cel-
lulose in CED solvent as 0.85 and 0.91, according to the literature [71]. The DP, results
were used to evaluate the solubility of the cellulose samples in the aqueous alkali solvent

system and study the effect of DP, on the properties of RCFs and cellulose solutions.

6.3.2 Cellulose solutions

The solubility of the cellulose was evaluated with optical microscopy. The cellulose con-
centration, gel point and viscosities were determined for cellulose solution samples. All
of these measurements were performed on the same day as the dissolution. Further-
more, the viscosity by Brookfield viscometer was measured twice, the day of the disso-
lution and one day after the dissolution prior to the film preparation to assess the stability

of the solutions.

The determination of cellulose concentration is based on a gravimetric method and re-
generation of the cellulose solution. Approximately 2 g (x 0.5g) of cellulose solution was
weighted on a glass plate. Then, another glass plate was placed on top of the solution
and then the plates were separated by carefully sliding them from each other. Both
glasses containing a layer of cellulose solution were then immersed in an acid bath. After
the cellulose had coagulated, the films were removed from the regeneration bath and
washed with distilled water to remove the excess acid from the films. After the washing,
the two formed cellulose films were placed in weighted aluminium crucibles. Then the
crucibles containing films were dried overnight at 105°C. Next day, the dried films were

weighted, and the cellulose concentration was calculated as follows:

] Mass of the dry regenerated films (g)
Cellulose concentration (Wt%) = Mass of the cellulose solution (g) * 100%

(10)
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Three parallel measurements were performed in order to verify the reproducibility. The

results were recorded as the average value with standard deviation.

Cellulose solutions were analysed with an optical microscopy (ZEISS Axio Imager M2m
with AxioVision SE64 software). For each sample, approximately 2 g of the cellulose
solution was weighted on a microscopy glass. Then a cover glass was carefully placed
on top of the sample. 100x magnification (10x brightfield objective and 10x ocular) was

used for imaging of the samples.

The viscosities of the cellulose solutions were estimated with a viscometer (Ametek
Brookfield, DV1MRYV), referred as a Brookfield viscometer. Standard method (SCAN-P
50:84, 1984) [119] was applied with some adjustments according to the internal guide-
lines. Cellulose solution was placed in 50 ml open beaker (with a diameter of 60 mm)
and the temperature of the solution was measured. Then a spindle was attached to the
instrument and the viscosity was measured by using constant shear rate. The spindle
size was selected based on the estimated viscosity. For most of the cellulose solutions
spindle size 6 was appropriate which is for viscosity range of 2000 to 9000 mPas. In the
standard method, the measurement is performed at room temperature of approximately
23°C. Here, the targeted temperature range was 3-5°C because the measurements were
performed after the dissolution and next day after refrigerating overnight at 5°C. Only

one measurement was performed per sample to give an estimation of the viscosity.

The ball-drop viscosities were measured from the cellulose solutions containing only one
type of sample (A, B, C or D) and from certain blends. The measurements were per-
formed at measured room temperature. The measurement method was performed
based on ASTM D 1343-95(2019) [76]. Shortly, cylindric glass tube was filled with cellu-
lose solution which temperature had been measured. Then, a ball (130 mg) was dropped
into the cellulose solution and the time for it to travel for 20 cm into the cellulose solution
was measured. Three parallel measurements were performed, and the result was given

as average seconds with standard deviation.

The gel point was determined for certain cellulose solutions (B, C and D) and blends
(80/20BD and 60/40BD) with oscillating rheometer (TA Hybrid Rheometer HR-1). The
oscillatory testing was used to perform a temperature ramp from 5 to 40°C with the plate-
plate geometry. The heating rate of 1.0°C/min was used. The angular frequency (w) was
set to 12.6 rad/s and the amplitude strain (y) was selected to be 5 % based on the
amplitude sweep measurement (Appendix A). The gel point temperature was determined

as the intersection of the curves G’ and G”.
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6.3.3 Regenerated cellulose films

The thicknesses of the wet and dry RCFs were measured by using a micrometer (Lo-
rentzen & Wettre 51D2 type 221) with the accuracy of + 1 ym. Each film was measured
from five random points and the average thickness of each film was then used in the

tensile testing measurements.

The tensile strength (o) and elongation at break (g,) were determined for both wet non-
plasticized films and dry plasticized films. The principle of the measurements was based
on standard 1SO 527-1:2019 [120]. The mechanical properties were measured by a ten-
sile testing instrument (Shimadzu AGS-X, 10kN). The dry films were conditioned over-
night at a temperature of 23 £ 1°C and relative humidity (RH) of 50 £ 2%. The films were
cut with a scalpel into strips with sizes of 2.4x10 and 1x10 cm for wet and dry films,
respectively. The average thickness of each film was used to calculate the cross-sec-
tional area by multiplying the average thickness with the width of the specimen. The
measurement distance and test speed were 50 mm and 5 mm/min, respectively. The
tensile strength was calculated as the maximum stress the film was able to withstand

while being pulled before breaking (Equation 11):

_f 11)
or = A (
where
F is the maximum force, expressed in newtons (N);
A is the cross-sectional area of the film, expressed in square millimeters (mm?).

The elongation at break describes how much the material stretches from its original size
before breaking. It is used to evaluate the ductility of the material. The tensile testing

instrument automatically reported the elongation at break value which is calculated by

Equation 12:
le =1
g, = (fl—O) «100% (12)
0
where
lf is the final length of the film at the breaking point, expressed in millimeters (mm);
lo is the initial length of the film before stress has been applied, expressed in milli-

meters (mm).
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For both tensile strength and elongation at break, the average values were reported from
five parallel measurements as a form of a column chart. The standard deviations were

reported as the error bars.

The oxygen transmission rate was determined for certain dry films with the OTR instru-
ment (OxySense 8101e Oxygen Permeation Analyser) based on standard ISO 15105-2
[121]. The samples were conditioned for minimum of four hours at the temperature of 23
+ 1°C and RH of 50 + 2%. Two circles with an area of 50 cm? were cut from each film
sample for the parallel measurements. Only two parallel measurements were performed
due to the limited amount of sample. The two parallel samples were sealed between the
clamps in the chambers of the OTR instrument. The result was expressed as the volume
of the oxygen in cubic centimetres that has permeated per area times time (cc/m?2day).

The result was reported as the average from the two parallel measurements.

The grease resistance was performed for certain film samples based on ASTM F119-
82(2022) [122] with certain adjustments according to the internal guidelines. The meas-
urements were performed at 40°C and by using animal (chicken) oil. In total six parallel
measurements were performed, and the dimensions of the test specimen and condition-
ing were as described in the standard. However, deviating from the standard, the films
were taped on a plastic plate and a thin layer chromatography (TLC) plate (60 F254,
100x200 mm, VWR) was placed between the plastic plate and the taped film. The TLC
plate with ultraviolet (UV) light was used to detect the stains from the permeating oil.
Then two cotton flannel disks were placed on top of each other and then placed on top
of the film sample. Afterwards, deviating from the standard method, five drops of chicken
oil were dropped on the cotton disks and then the preheated weights (50 g) were placed
on top of the cotton disks. Next, the whole assembly was kept at the measuring temper-
ature. The surface of the TLC plate was evaluated with UV light every hour for six hours
during the first day, then the following four days, the TLC plates were checked twice a
day. On the following week, the TLC plates were checked once every day for five days
(Monday to Friday). If there was a spot of the oil visible with the UV on the TLC plate,
then the average number of days for the oil to permeate through the film was recorded
with standard deviation. However, the maximum measurement period was 11 days and
if by then there were no oil visible on the TLC plate, the result was recorded as > 11

days.

The morphology of certain RCF samples was studied with a SEM instrument (Hitachi
SU5000). Magnifications between 100 to 25 000x were used. Before imaging, the sam-

ples were coated with a 4 nm layer of platinum using a sputter coater. During imaging,
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the voltage was kept at 2-3 kV and the working distance was kept in the range of 8.1 to

8.3 mm.
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7. RESULTS AND DISCUSSION

7.1 The viscosity average degree of polymerization of the sam-
ples

The results for the intrinsic viscosity measurements and calculated DP, values and the
chosen cellulose concentrations for the dissolutions of samples A, B, C and D are pre-
sented in Table 5. The standard deviations of the intrinsic viscosities were < 1ml/g for

each sample.

Table 5. Measured intrinsic viscosities, their corresponding DP, values and the
chosen cellulose concentrations for the dissolutions of pulp samples A, B, C and D.

Intrinsic DP, Cellulose

Sample viscosity concentration
[ml/g] [wt %]

A 110 209 10.0

B 247 509 6.0

C 179 357 6.0

D 137 266 8.0-8.5

Sample B had the highest DP, while sample A had the lowest as evident in Table 5.
Thus, sample B has the largest in molecular size among these samples. Since both
samples B and C had DP, values above 250, it was assumed based on the literature [9]
that these samples would not dissolve completely to the aqueous alkali solvent. Sample
A had a DP, value lower than 250 and the DP, of sample D was very close to that value.
Thus, from the previous assumption, both of these samples would dissolve completely

into the aqueous alkali solvent.

The cellulose concentrations for the dissolutions were chosen separately for each sam-
ple A, B, C and D (Table 5). This was because the viscosities of the solutions were
desired to be on a certain range (1000-4000 mPas) for the film casting process. Since
samples B and C were assumed not to dissolve completely, the same cellulose concen-
tration of 6 wt% was chosen for both of them. Cellulose concentration of 10 wt% was
chosen for sample A due to its smallest polymer chain size and assumption of complete

dissolution. For sample D two concentrations of 8.0 and 8.5 wt% were used.
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7.2 The effect of the degree of polymerization on the properties

7.2.1 Cellulose solutions

It was observed that cellulose solutions prepared from samples A and D had lots of air
bubbles present after dissolutions and even on the next day after overnight refrigerating.
This was not observed for cellulose solutions B and C. In Figure 11 is shown non-centri-
fuged cellulose solutions prepared from sample A (left) and sample C (right) one day
after dissolution and overnight refrigerating. The cause for the air bubbles could be due
to the dissolution conditions, such as temperature, stirring speed and time, which were
kept constant for all of the samples. Since the concentrations and DP, values of the

cellulose samples were different, it might be that the conditions should be adjusted sep-

arately for in order to reduce the amount or air bubbles in solution.

Figure 11. Non-centrifuged cellulose solutions prepared from sample A (left)
and C (right).
It is well known that the air bubbles can act as defects in the prepared films, and there-
fore, reduces their mechanical and barrier properties [116]. Hence, it is recommended to
prevent or remove the air bubbles if possible. For that reason, no films were prepared
from solutions A and D without degasification. In order to make the results more compa-
rable between the samples, also cellulose solutions prepared from samples B and C
were centrifuged in this case of studying the effect of DP, on the properties of cellulose

solutions and RCFs.
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An example of the optical microscopy image of each solution from sample A, B, C and
D is presented in Figure 12. The sample name and the measured cellulose concentration
are marked in the bottom left of each optical microscopy image. It was observed that
each solution contained some undissolved fractions of cellulose fibers despite the cen-
trifuging. However, the amount and size of these fractions were relatively small, typically

less than 100 pym.

Figure 12. The optical microscopy images of centrifuged cellulose solutions A,
B, C and D. The determined cellulose concentration (wt%) of each solu-
tion is presented next to the sample name on the bottom left. Images
were acquired with 100x magnification.

Another notable observation in the optical microscopy imaging was the background of
these solutions. Background in this case means the solution that is seen ‘behind’ the
undissolved cellulose particles in the microscopy images. For cellulose solutions pre-
pared from samples A and D, the backgrounds were more rough and less clear than for
the solutions prepared from samples B and C. These findings could be due to the differ-
ences in cellulose concentrations. Solutions A and D have more cellulose in the same
volume compared to solutions B and C which could be seen as the ‘rough’ background

of the solutions. Also, the roughness could be due to undissolved cellulose since the
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cellulose concentration was relatively high for solution A (9.58 wt%). Cellulose pulp has
been previously dissolved with a concentration of 7.5 wt% in aqueous NaOH/Urea/ZnO
solvent system [53]. Complete dissolutions with higher cellulose concentrations in similar
alkali solvent systems have not been reported according to the current knowledge. How-
ever, dissolving commercial cellulose powder with cellulose concentration of 13 wt% in
9 wt% NaOH/ 1 wt % PEG aqueous solvent system has been reported [54]. In both
studies the cellulose dissolution was reported as complete, and the optical microscopy
images showed clear cellulose solutions. Thus, it is suspected that solution A might not
have been dissolved completely based on the microscopy imaging and high cellulose

content.

Cellulose concentration, viscosity and gel point temperature results for cellulose solu-
tions A, B, C and D are presented in Table 6. The viscosity measurements were per-
formed after dissolution and after one day at temperatures of 4.05 + 0.15°C and 4.18
0.65°C, respectively. The ball-drop viscosity was measured at room temperature of 20.15
+0.15°C.

Table 6. Results for centrifuged cellulose solutions A, B, C and D.

Sample name CeIIuIc_:se Viscosity Viscosity B_all-drc:')p C-;-el
and DP, concentration after 1 day viscosity point
[wt%)] [mPas] [mPas] [s] [°C]

A, 209 9.58 £+ 0.15 3120 7620 30+3 nd

B, 509 4,57 £ 0.01 1600 1690 510 >40¢

C, 357 5.82 +0.02 1690 2850 8+0 37.7*

D, 266 8.45 £ 0.02 3300 7300 202 34.9*

*The gel point measurements were performed for non-centrifuged solutions B, C and D.

Since cellulose solution prepared from sample A had higher cellulose concentration by
1.2 wt%, it was assumed that it would have higher viscosity than solution D. The as-
sumption was true for ball-drop viscosity where sample A had approximately 33 % higher
viscosity than sample D. Viscosities measured after dissolution by Brookfield viscometer
at lower temperature (< 5°C) gave opposite results for solution A and D which could be
due to the difference in measurement temperature. The viscosities measured after one
day showed that the viscosities increased by 59 and 55 % for sample A and D, respec-
tively. Since, their viscosities were so close to each other after dissolution and on the
next day, it was concluded that these solutions have similar flow properties and stability.
The DP, values of the samples A and D (209 and 266, respectively) were relatively close
to each other which could explain the similar solubility and viscosity results. Even though
there was a significant difference between the ball-drop viscosity results, it is important

to remember that the measurement method is based on a human reaction time which
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varies between the operators. In addition, air bubbles, undissolved particles or other im-

purities can affect to the relatively lightweight ball falling in the solution.

The viscosity after dissolution of solution C was only about 5 % higher compared to so-
lution B even though the cellulose concentration was 1.25 wt% higher for solution C. The
viscosity of solution B and C increased after one day by 5 and 40 %, respectively. The
difference between the stabilities of solutions B and C is significant, and the result indi-
cates that solution B is more stable than solution C. This is assumed to be due longer
polymer chain size of sample B. Longer polymer chains can have more interactions with
each other which can lead to a network of chain entanglements. This can hinder the
movement of the chains and prevent aggregation which keep the cellulose solution more
stable than the solution with shorter polymer chains. In conclusion, increase in viscosity
was higher when DP, decreased and/or cellulose concentration increased. Thus, the

stability of the solutions is affected by these two factors.

Since solutions B and C had different cellulose concentrations by 1.25 wt%, it was not
possible to state whether the stability differed due to the differences in DP, or did the
cellulose concentration also affect the stability. Therefore, the gelation behavior was in-
vestigated for the solutions prepared from non-centrifuged solutions of B and C. This
way it was ensured that the cellulose concentration would be on the same level for both
samples. The temperature ramps for the cellulose solutions B and C with the same cel-
lulose concentration of 5.8 wt% is presented in Figure 13. Solution B did not gel below
40°C while solution C did gel at 37.7°C as observed in Figure 13. (a) and (b), respec-
tively. Thus, it can be concluded that the stability between samples B and C is influenced
by the DP,. The gel point for the non-centrifuged solution D with cellulose concentration
of 7.9 wt% was 34.9°C. It had similar storage and loss modulus curves as for solution C.
However, the gel point was almost two degrees lower for solution D than for solution C.
Hence, similar conclusions can be made for the gelation behavior as for the viscosity
results of the solutions which was that the most stable solution was solution B, then C
and finally A and D.
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Figure 13. Determination of the gel point temperature from storage (G’) and
loss (G”) modulus curves of cellulose solutions (a) B and (b) C with the
same cellulose concentration of 5.8 wt%. The gel point is above 40.0°C

for cellulose solution B and approximately 37.7°C for cellulose solution C.

There were visible differences in the undissolved cellulose fibers between the non-cen-
trifuged solutions B and C (Figure 14). Solution B had long undissolved fibers present
while in solution C they were relatively short. This could also affect the stability of the
solutions, and therefore it was checked if the centrifuging affected the gel point of solution
C. The gel point of solution C was measured with both centrifuged and non-centrifuged

solutions and the results were compared. In both cases, the gel point was 37.7°C. Thus,
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it was concluded for solution C, that the undissolved cellulose did not significantly affect
the stability. However, it is suggested to repeat the gel point measurement for sample B
above temperatures of 40°C to verify the gel point temperature. Here the measurement

was stopped after 40°C which is why no specific value was achieved.

B 5.8 Wt% 4

Figure 14. Optical microscopy images of the non-centrifuged cellulose solutions
B (left) and C (right) that were used in gel point determination. Images
acquired with 100x magnification.

The viscosities were measured for the non-centrifuged solutions B and C with cellulose
concentration of 5.8 wt % (Figure 14). It was observed that with undissolved cellulose
their viscosities did not anymore display similar behavior. The respective viscosities for
solutions B and C after dissolutions measured at 3.9°C were 3340 and 1900 mPas. Thus,
cellulose solution B had approximately 43 % higher viscosity even though the cellulose
concentrations were the same. Also, the ball-drop viscosity was 62 % higher for solution
B (21 + 1.5 s) compared to solution C (8 + 0 s). Both viscosity results showed that the
undissolved cellulose, caused by differences in DP, and thus solubility, had a significant
impact on the rheological properties of the cellulose solutions. As discussed in literature
part, rheological properties can also contribute to the properties of the final product.
Therefore, the effect of undissolved cellulose on the properties of the RCFs were decided
to be studied separately for samples B and C. The results are presented and discussed
later in subchapter 7.4.

7.2.2 Regenerated cellulose films

Regenerated cellulose films were prepared from centrifuged cellulose solutions A, B, C
and D. Films prepared from sample A were so brittle in nature that the films would break
already in the regeneration bath (Figure 15) and subsequently during the washing step.
Therefore, no RCFs were prepared from sample A. The brittle nature of sample A was

suspected to be due to the small polymer chain size since it had the lowest DP, of 209.



63

When the polymer chains are too short, they are not able to interact with each other and
form entanglements. This decreases the strength properties of the polymer which causes

it to break more easily.

w
j,.

Figure 15. Casted cellulose solution prepared from sample A in the coagulation
bath. Orange arrow points how the forming film had started to crack dur-
ing the coagulation.

A similar phenomenon of cracking and breaking was observed with films prepared from
sample D with cellulose concentration of 8 wt%. However, increasing the cellulose con-
centration of solution D to 8.5 wt % made it possible to prepare films without breaking
them. Thus, RCFs prepared from solution D with cellulose concentration of 8.5 wt% were

successfully prepared and measured.

Brittleness and cracking were not observed in RCFs prepared from solutions B and C. It
was assumed that these samples had enough long polymer chains that entanglements
could be reformed during regeneration phase. Another possible reason contributing to
the brittleness might be found from the storing time and stability of the solutions. A study
by Li et al. [105] showed that longer storing time had a decreasing effect on mechanical
properties of the RCFs. The storing might have similar effect on less stable solutions
such as the ones prepared from samples A and D. The effect of the storing has not been
studied with cellulose solutions prepared with alkali solvent systems. Therefore, it should
be investigated whether the storing time has a similar effect on RCFs prepared with the
used alkali solvent system and if the mechanical properties could be improved, for ex-

ample, by shortening the storing time.
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Example of the resulting stress-strain curves from the tensile test for the wet non-plasti-
cized and dry plasticized RCF samples are presented in Figure 16. The examples are
from the five parallel measurements from films prepared from centrifuged cellulose solu-
tion B with cellulose concentration of 4.7 wt%. The shape of the curves behaved the
same way for the other film samples C and D, but the stress and strain values differed

between the samples.

(a) Wet non-plasticized film B (b) Dry plasticized film B
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Figure 16. Stress-strain curves from five parallel measurements of (a) wet non-
plasticized RCF and (b) dry plasticized RCF samples from solution B with
cellulose content of 4.7 wt%.

The tensile test instrument applied pre-stress of 0.2 MPa before starting the measure-
ment to adjust the sample between the clamps without stretching it and causing strain to
the sample. Thus, the recorded stress values started from 0.2 MPa as seen in Figure 16.
Elastic region, where the deformation is reversible and the relation between the stress
and strain is linear [123], was not observed in the stress-strain curves for the wet non-
plasticized films (Figure 16a). For dry plasticized films there was elastic region observed
in the strain region from 0 to 1 % (Figure 16b). This indicates that the wet and dry films
behave differently and therefore they are considered as different samples and they are
not compared to each other.

First, the tensile strength and elongation at break results for wet non-plasticized films
prepared from centrifuged solutions B, C and D are presented in Figure 17. On the x-
axis, below the sample name, is presented the cellulose concentration of the sample

solution.
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Figure 17. Tensile strength and elongation at break results for wet non-plasti-
cized RCFs prepared from centrifuged solutions B, C and D with cellu-
lose concentration of 4.7, 5.8 and 8.3 wt%, respectively.

The results shown in Figure 17 suggest that larger polymer chain size can lead to im-
proved strength despite the lower cellulose concentration. This is because RCFs from
sample B had the highest tensile strength and elongation at break of 1.5 MPa and 45 %,
respectively. At the same time, solution B had the lowest cellulose concentration of 4.7
wt%. The tensile strengths of samples C and D were lower than 1.0 MPa even though
their cellulose concentrations were higher by 1.1 and 3.6 wt%, respectively. However, it
is suggested to study further the interactions between the DP, and cellulose concentra-
tion in different samples in order to understand how these factors affect the mechanical

properties of the RCFs.

The elongation at break decreased from 45 to 31 % as the DP, decreased from 509
(sample B) to 266 (sample D). The elongation at break for sample C was 41 % which is
close to the value for sample B. Therefore, it can be stated the ductility of the film samples
B and C did not differ significantly from each other and due to the deviation, the ductility
of sample D was on the same level with B and C. Furthermore, the storing of the wet
samples before measuring should be considered as a possible factor causing variation.
The wet RCFs were not plasticized but they were stored in resealable plastic bags with
moisture. It has been shown that water can act as a plasticizer in RCFs [124]. Therefore,
the uncontrolled moisture content in the films could contribute to the relatively high devi-

ation of the results and thus, should be studied further to understand its influence on the
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mechanical properties of the wet films. The tensile strength and elongation at break re-
sults for the dry plasticized RCFs from the centrifuged cellulose solutions B, C and D are
presented in Figure 18. The cellulose concentration is presented on the x-axis below the

sample name.
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Figure 18. Tensile strength and elongation at break results for dry plasticized
RCFs prepared from centrifuged solutions B, C and D with cellulose con-
centrations of 4.7, 5.8 and 8.3 wt%, respectively.

The dry plasticized RCFs showed different strength order than the wet non-plasticized
films. In other words, the tensile strength did not decrease with DP.. Instead, sample C
exhibited the highest and sample B the lowest tensile strength of 58 and 42 MPa, re-
spectively. Film D had tensile strength of 46 MPa which was similar to sample B. In
addition, the tensile strength results had relatively small deviation among the parallel
measurements which indicates that the films were homogeneous. The reason why sam-
ple C had the highest tensile strength and not sample B, is assumed to be due to the
combination of DP, and cellulose concentration. Even though sample C had lower DP,
(357), the higher cellulose concentration of 5.8 wt% might have compensated the de-

creasing effect of the DP, and increased the strength.

Dry plasticized RCFs B and C exhibited similar ductility since their elongation at break
result was 11 %. While for sample D elongation at break was only 6 %. Thus, it decreased
by 45 % when compared to films B and C. Based on the results, it was assumed that the
cellulose concentration had an effect on the results, since sample D had higher strength
than sample B. However, it should be investigated how the cellulose concentration and
DP, affect the results for dry plasticized RCFs.
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After all, the tensile strength and elongation at break results of the dry films were within
the literature findings (see Table 2). It was assumed that no plasticizers were used in the
studies if not separately mentioned. In the present work however, a plasticizer was used,
and as it is well known and reported [111] that the use of a plasticizer typically decreases
the tensile strength of the films. Therefore, the tensile strength of the films could be im-
proved by decreasing the content of the plasticizer or not to use it all. However, this
would decrease the flexibility of the films which can be seen as the reduction in elonga-
tion at break. The used cellulose concentrations were not presented in Table 2 but in
many of the studies, such as [86], [93], [97], the used DP, values were high and cellulose
concentrations were low (4-5 wt%), and still high tensile strengths of 69-120 MPa were
achieved. This suggests that the tensile strength of the films could be increased, for
example, by improving the solubility of high DP, samples and increasing the cellulose

concentration.

The oxygen and grease barrier properties are presented in Table 7. The oxygen barrier
properties of the dry plasticized films prepared from samples B, C and D were on a same
level with each other. The DP, and cellulose concentration of the samples did not show

any effect on the grease resistance during the measurement period of 11 days.

Table 7. Oxygen transmission rate (OTR) and grease resistance (GR)
results for dry plasticized RCF samples B, C and D.

Sample name . _Oxygen _Grease
and DP, transmission rate resistance
[cc/m?-day] [days]

B, 509 5.8 > 11

C, 357 26 > 11

D, 266 2.3 > 11

The OTR values decreased with DP, but not significantly since all samples had OTR
value below 10. In addition, the OTR values were much lower than for fossil-based plas-
tics PE and PP which typically have OTR values within the range of 70-550 cc/m?day
[125]. Examples of the SEM images from sample B, C and D are presented in Figure 19.
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Figure 19. SEM images of dry plasticized RCF samples B, C and D with magni-
fications of 100x (top) and 5000x (bottom).

SEM images of the dry RCFs prepared from samples B, C and D were similar with each
other. The surfaces of the films had some roughness which could be observed with 100x
magnification (upper images in Figure 19). SEM images acquired with larger magnifica-
tion of 5000x did not reveal any defects. These findings align with the low OTR results
because even a small defect in the structure could lead to a relatively large OTR result.
However, not the whole area of the films was investigated with SEM which is why it

cannot be stated whether the films were completely defect free.

7.3 Blending cellulose samples with different degree of
polymerization values

7.3.1 Blends from samples A and B

Sample A had the lowest and sample B the highest DP, of 209 and 509, respectively.
Cellulose solutions were prepared from samples A and B with respective cellulose con-
centrations of 10 and 6 wt %. Cellulose solution A was centrifuged before blending due
to the air bubble forming tendency while cellulose solution B was not centrifuged. Then

the solutions were blended in four different ratios as shown previously in Table 3.
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The cellulose concentrations and viscosity results for the solutions A and B and their
blends are presented in Table 8. The viscosities after the dissolution and next day were
measured at respective temperatures of 5.8 + 1.3 and 3.4 + 0.3°C. The ball-drop viscos-
ities were measured at 20.4 + 0.3°C. However, it should be noted that the cellulose con-
centrations were determined only for two blend samples, 20/80AB and 40/60AB. For the
rest of the blends and cellulose solutions A and B, the cellulose concentration values in
Table 8 (marked with *) are calculated cellulose concentrations. These values would be
the maximum cellulose concentrations if there would not be any losses, for example,

during the handling and dissolution process.

Table 8. Cellulose concentration and viscosity results for solutions A and B

and their blends.

Cellulose \ . Viscosity Ball-drop

S?[r)nppl)e, concentration Viscosity after 1 day viscosity
[%] [mPas] [mPas] [s]

A (209) 10* 3820 7940 75+ 3.5
B (509) 6* 3060 3480 17+0.6
20/80AB 6.46 £+ 0.14 2910 3620 17+1.5
40/60AB 7.44 +0.13 2880 4010 17 +1.7
60/40AB 8.4* 3660 5690 nd
80/20AB 9.2* 4140 6400 nd

*Theoretical cellulose concentrations, and thus not measured ones, nd = not determined

Cellulose solution A had approximately 20 % higher viscosity after the dissolution than
cellulose solution B. However, after one day the viscosity of solution A had increased by
52 % while for cellulose solution B the increase was only 12 %. For solution A the vis-
cosity change seemed to be on the same level as earlier while for solution B it was higher
than previously (Table 6) because this time the solution was not centrifuged. The undis-
solved fibers restricted the flow of the solution and thus increased the viscosity in solution
B. The change in viscosity was also higher which can be due to the aggregation of the

undissolved fibers that affect the stability.

There was significant fluctuating in the ball-drop viscosities for both solutions A and B
compared to the earlier results presented in Table 6. Here, solution A had 60 % higher
ball-drop viscosity compared to the previous one even though the dissolution conditions
and cellulose concentrations were set to be the same. Previously, the cellulose concen-
tration of solution A was 9.6 wt% and this time it was not determined. Therefore, if the
cellulose concentration was here higher, it could explain why the higher viscosity for so-
lution A this time. However, the viscosity increase for solution A was on similar lever

which indicates that the stability was somewhat similar at low temperatures.
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The results for the blends show that the viscosities after dissolution increased as the
fraction of sample A (or in other words, the amount of smaller molecular size) increased.
However, the cellulose concentration also increased with the fraction of sample A which
also affects the viscosity. Hence, there were more polymer chains to form entanglements
with which can be seen as an increase in viscosity. Although, blend sample 20/80AB,
with a lower cellulose concentration of 6.46 wt%, had slightly higher viscosity than sam-
ple 40/60AB with cellulose concentration of 7.44 wt%. This difference can be, for exam-
ple, due to the presence of more longer polymer chains from solution B and the meas-
urement temperature, which was almost one degree higher for 40/60AB sample com-
pared to 20/80AB sample.

The viscosity after one day increased 12 and 35 % for blend samples 80/20AB and
20/80AB respectively. Thus, the stability decreased as the fraction of sample A and/or
cellulose concentration increased. This was expected since in earlier results (Table 6) it
was observed that solution A is the least stable. The ball-drop viscosities for 20/80AB
and 40/60AB samples were similar for both samples even though their cellulose concen-
trations were not the same. Solution B also had the same ball-drop viscosity of 17 s as
these blend samples. This indicates that both of the blend solutions have similar flow
properties as solution B at temperatures around 20°C. Thus, the increase in cellulose
concentration and presence of smaller polymer chains from solution A did not seem to
affect these blend solutions. Also, the ball-drop viscosity was not measured for the
60/40AB and 80/20AB blend solutions which could have showed whether the viscosity

increases when there is more solution A present and cellulose concentration is higher.

There were no significant differences detectable between the optical microscopy images
of the blend samples. All of them had undissolved cellulose fibers present due to the
non-centrifuged solution B. Example of the optical microscopy images of the cellulose

solution B (left) and blend sample 80/20AB (right) are presented in Figure 20.
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Figure 20. Optical microscopy image of cellulose solution B (left) and blend
sample 80/20AB (right). Image acquired with 100x magnification.

The background of the solution B is again clearer and smoother when compared to blend
sample 80/20AB where solution A is present. The differences related to the background
of the microscopy images could be again due to the concentration differences and/or the

undissolved cellulose from the smaller molecular size sample A.

The tensile strength and elongation at break results for the non-plasticized wet films are
presented in Figure 21.The cellulose concentration was determined only for blend sam-
ples 20/80AB and 40/60AB and therefore the concentrations for the rest of the samples

are just calculated maximum values.
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Figure 21. Tensile test results for wet non-plasticized RCFs prepared from solu-
tion B and its blends with cellulose solution A. Cellulose concentrations
on the x-axis marked with a sign (*) are theoretical values and not meas-
ured ones.

Wet non-plasticized RCFs prepared from non-centrifuged solution B had the highest ten-
sile strength and elongation at break of 1.4 MPa and 24 %, respectively. The amount of
sample A (with the smallest DP, of 209) and cellulose concentration increased from left
to right along the x-axis as seen in Figure 21. Typically, increase in concentration in pure
polymers leads to improved mechanical properties due to the increased entanglements
between the polymer chains. However, here the elongation at break decreased from 24
to 5 % (from sample B to blend sample 80/20). Therefore, it can be stated that the ductility

of the films decreased as the amount of shorter polymer chains increases.

Similarly, the tensile strength reduced by 60 % from sample B to 80/20AB (from 1.4 to
0.6 MPa). The decrease in tensile strength of the blend samples was not as straightfor-
ward as in the case of elongation at break. Blend sample 60/40AB had higher tensile
strength (0.8 MPa) than blend sample 40/60AB (0.7 MPa). However, the difference could
be again due to the uncontrolled and undetermined moisture content of the films. The
results suggest that the longer polymer chains from sample B improve the mechanical
properties in wet films while the shorter polymer chains (from sample A) had the opposite
effect. The tensile test results for the dry plasticized RCFs from solution B and its blends

with solution A are illustrated in Figure 22.
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Figure 22. Tensile test results for dry plasticized RCFs prepared from solution
B and its blends with solution A. Cellulose concentrations on the x-axis
marked with a sign (*) are theoretical values and not measured ones.

The ductility of the films decreased as the amount of smaller molecular size sample A
increased. Film B had the highest elongation at break of 8 % and blend sample 80/20AB
had the lowest of 3 %. However, due to the deviation in the results, there were no signif-
icant differences in the elongation at break between the blend samples. Film B had the
highest (39 MPa) and blend sample 80/20AB had the lowest tensile strength of 30 MPa.
Thus, the strength of the films was on the same level. The increase in cellulose concen-
tration might be compensating the effect of the decreasing DP, on the tensile strength,

and therefore should be studied for better understanding.

The barrier properties were tested only for one blend sample (60/40AB). This is because
all of the RCFs from samples B, C and D had the same results for grease and oxygen
barrier. Therefore, it was assumed that the barrier properties would not be affected sig-
nificantly by the blending. The respective grease resistance and OTR results for the
blend sample 60/40AB were < 11 days and 2.1 cc/m?-day, respectively. Hence, it was
be concluded that the blending did not have significant influence on the oxygen and
grease barrier properties of RCFs since the results were on the same range as for the

samples B, C and D.

7.3.2 Blends from samples B and D
The blends were prepared from non-centrifuged solution B and centrifuged solution D.
The cellulose concentrations and viscosities were determined for both single solutions
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(B and D) and their blend samples (80/20BD and 60/40BD). The gel points were deter-
mined for the blend samples and compared to the gel points of centrifuged solutions B
and D that were presented earlier (Table 6 and Figure 13). Since the centrifuging did not
affect the gel point results for solution C, it was assumed here that the gel point results
are comparable with the blend samples in which solution B was not centrifuged. The
results are presented in Table 9. The standard deviations of cellulose concentrations
were negligible. The measurement temperatures after dissolution and after one day were
5.6 £ 1.9°C and 5.3 £ 0.4°C, respectively. The ball-drop viscosities were measured at
20.6 £ 0.4°C.

Table 9. The results for non-centrifuged cellulose solution B, centrifuged solution D

and their blends.
Cellulose . . Viscosit Ball-dro .
Sample |concentration Viscosity after 1 daz viscosits Gel point
[%] [mPas] [mPas] [s] [°C]
B (509) 5.83 3460 3340 21+15 > 40*
D (266) 7.86 2840 4290 17+ 0.6 34.9*
80/20BD 6.35 3010 3460 16 £ 0.6 39.7
60/40BD 7.66 2820 3490 16+ 0.6 37.3

*The gel points of B and D are previously determined values from the centrifuged solutions,
see Table 6

All of the samples exhibited similar flow properties at temperature of 20°C which could
be observed from the ball-drop viscosity results. However, the viscosity properties dif-
fered at low temperatures after dissolution and on the next day. For example, cellulose
solution B had 18 % higher viscosity than solution D after dissolution even though sample
D had higher cellulose concentration by two units. The same difference was seen in the
ball-drop viscosity results where solution B had 19 % higher viscosity than solution D.
Thus, the different viscosity results (by Brookfield viscometer and ball-drop method)
aligned with each other when comparing solutions B and D. The higher viscosity after
dissolution and by ball-drop method for solution B is again explained by the undissolved

cellulose fibers that resist the flow and can aggregate, and thus increase the viscosity.

For solution B the change in viscosity after 24 hours was negative. This can be explained
by the difference in the measurement temperature which was higher on the next day by
one degree. For solution D the viscosity increased by 34 %. The reason why solution B
had higher viscosity and better stability than solution D is concluded to be due to the
higher DP, that led to partial dissolution. The presence of undissolved cellulose fibers
increases the viscosity and stability of the solution as explained earlier. The solubility

and the amount of undissolved cellulose fibers in solutions B and D can be seen in the
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optical microscopy images in Figure 23. It should be noted that the solution D was cen-

trifuged, and thus no undissolved fibers are present in the same extent as for solution B.

B 5.83 W%/

Figure 23. Optical microscopy images with 100x magnification of non-centri-
fuged cellulose solutions B (left) and centrifuged cellulose solution D
(right) with respective cellulose concentrations of 5.83 and 7.86 wt%.

The viscosity results for the blend samples 80/20BD and 60/40BD reduced by 13 and 18
%, respectively, compared to pure solution B. Also, the stability of the blends decreased
as the amount of solution B decreased as seen in the gel point results. The increase in
viscosities after one day were 12 and 19 % for blends 80/20BD and 60/40BD, respec-
tively. These results support the gelation results where the gel point temperature de-
creased as the amount of solution B decreased. Thus, the results of the blends align with
the assumption that the undissolved fibers increase the viscosity and stability of these
cellulose solutions. There were no notable differences between the optical microscopy
images of the blends 80/20BD and 60/40BD (Figure 24). This is because both of the
blends contained non-centrifuged cellulose solution B. Therefore, lots of undissolved cel-
lulose was detected in both blend solutions. Also, the optical microscopy imaging was
not used to estimate the amount of undissolved cellulose, and therefore the presence of

the undissolved cellulose cannot be compared based on just few images.
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Figure 24. Optical microscopy images of blend solutions 80/20BD (left) and
60/40BD (right).

Earlier prepared RCFs from non-centrifuged solution B were used as a reference for
comparing the results with the blend samples. Centrifuged solution D with cellulose con-
centration of 7.86 wt% exhibited brittleness and cracking tendency in the coagulant bath
and during the washing step which is why no films could be prepared. Previously films
were successfully prepared from centrifuged solution D with cellulose concentration of
8.5 wt%. Thus, it was concluded that in order to prepare RCFs from sample D, the cel-
lulose concentration should be close to 8.5 wt%. The tensile test results for the wet non-
plasticized RCFs prepared from solution B and blend solutions of 80/20BD and 60/40BD

are presented in Figure 25.
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Figure 25. The tensile strength and elongation at break results for wet non-
plasticized RCFs prepared from cellulose solution B and its blends with
solution D. *The cellulose concentration of solution B is the maximum
theoretical value and not determined one.

Wet non-plasticized films from sample B had the highest tensile strength and elongation
at break of 1.4 MPa and 24 %, respectively. The respective tensile strength and elonga-
tion at break were 0.9 MPa and 17 % for sample 80/20BD and 0.6 MPa and 14 % for
sample 60/40BD. Thus, it can be concluded that the mechanical properties decreased
as the amount of smaller polymer chain size (sample D) increased. There was relatively
small decrease in tensile strength and elongation at break when comparing film B to film
80/20BD. More significant difference was observed between the results of the films B
and 60/40BD. The respective reductions in tensile strength and elongation at break were
55 and 43 % when comparing film B to 60/40BD. The results for the corresponding dry

plasticized RCFs are presented in Figure 26.
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Figure 26. The tensile strength and elongation at break results for dry plasti-
cized RCFs prepared from cellulose solution B and its blends with solu-
tion D. *The cellulose concentration of solution B is the maximum theo-

retical value and not determined one.

The results between the dry plasticized film samples 80/20BD and 60/40BD are some-
what the same when taking into account the deviation of the results. The similar results
could be explained by the small cellulose concentration difference which was only 0.3
wt%. The tensile strength of film B (38.7 MPa) was on the same level with film 80/20BD
(38.3 MPa). Film 60/40BD had lower tensile strength of 33 MPa but because of the de-
viation, the tensile strength is on the same level between the other samples. Therefore,
it was concluded that the blending of samples B and D did not significantly affect the
strength of the dry plasticized films. However, there were differences in the ductility of
the films. Film B had the highest elongation at break of 8 % and it reduced by 50 % when
compared to film 60/40BD. This suggests that blending samples B and D with the used
ratios decreased the ductility of the films. The barrier properties of these blend films were

not tested.

7.3.3 Blends from samples C and D

The determined cellulose concentrations and viscosity results for the solutions C and D
and their blends are presented in Table 10. The viscosities after dissolution and after
one day were measured at temperatures of 6.2 £ 2.3°C and 4.9 + 0.2°C, respectively.

The ball-drop viscosities were measured at temperature of 20.2 + 0.2°C.
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Table 10. The cellulose concentration and viscosity results for centrifuged cellulose
solution C, non-centrifuged solution D and their blends.

Sample CeIIuIt_:se Viscosity Viscosity B_aII-dr?p
(DP,) ’ concentration after 1 day viscosity
[%] [mPas] [mPas] [s]

C (357) 5.74£0.0 1900 2430 8+0.0
D (266) 7.92+0.1 2550 3630 12+ 0.6
80/20CD 6.24 £ 0.0 1870 2550 9+0.6
60/40CD 6.65+ 0.1 2060 2840 10+ 0.6

Solution C had lower viscosity results compared to solution D which was assumed to be
due to the lower cellulose concentration of solution C. The ball-drop viscosities were on
the same level for all the samples which indicates similar flow behavior at temperature
of 20°C. Solution C and blend 80/20CD exhibited similar properties as observed from
Table 10. Same was also noted for solution D and blend 60/40CD. Since solution C was
not centrifuged, it contained some amount of undissolved cellulose which was only small
fractions of the fibers as seen in Figure 27. The viscosities of blends 80/20CD and
60/40CD increased with the amount of sample D. Thus, the same conclusions were

made about the viscosities as for the blends from solutions B and D.

80/20CD L5 60/40CD
6.24 Wt% 2 | 6.65 wt%

Figure 27. The optical microscopy images of blend solutions 80/20CD (left) and
60/40CD (right). Acquired with 100x magnification.

The tensile test results for the non-plasticized wet RCFs prepared from the solution C
and blends 80/20CD and 60/40CD are presented in Figure 28. Film from non-centrifuged

solution C is used as a reference.
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Figure 28. Tensile strength and elongation at break results for wet non-plasti-
cized RCFs prepared from non-centrifuged solution C and its blends with
centrifuged solution D. The cellulose concentration (wWt%) is presented
below the sample name on the x-axis.

As evident in Figure 28, there were no significant differences in the tensile strength and
elongation at break results between the films from samples C, 80/20CD and 60/40CD.
The respective tensile strength values of these samples were 0.8, 0.8 and 0.7 MPa. The
corresponding elongation at break values were 35, 33 and 30 %, respectively. When
looking at the deviation of these results, it can be concluded that the blending did not
have an effect on the strength and ductility. The reason behind this is suspected to be
due to the DP, values of the samples C and D. The difference between the values might
not be enough significant to make the mechanical properties of the blends to be different
from sample C. It should be noted again though, that the cellulose concentrations varied
between the samples, and it might compensate the effect of the blending. Thus, further

studies are recommended to verify the effect.

Even though there were differences seen in the viscosity properties of the samples C
and D and their blends, the mechanical properties of the wet non-plasticized RCFs were
not affected. However, it is not known how much the viscosity of cellulose solution affect
the final properties of the RCFs since there are many other factors interacting at the
same time and contributing to the mechanical properties. The corresponding tensile
strength and elongation at break results of the dry plasticized RCFs from sample C and

the blends are presented in Figure 29.
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Figure 29. Tensile strength and elongation at break results for dry plasticized
RCFs prepared from non-centrifuged solution C and its blends with cen-
trifuged solution D. The cellulose concentrations of these samples are
presented below the name of the sample on x-axis.

The blending did not have an effect on the strength of the films. The tensile strength of
the sample C, 80/20CD and 60/40CD were 39, 38 and 37 MPa, respectively. Hence,
they were all on the same level. Similarly, the elongation at break was not affected by
the blending since all of the samples had elongation at break value of approximately 4
%. Thus, same conclusions can be made as for the corresponding wet non-plasticized
films from solutions C and D. Also, the need to study the effect of the cellulose concen-
tration is highlighted. No barrier properties were tested for these samples since it was

earlier concluded that they were not affected by the blending.

7.4 The effect of undissolved cellulose

The effect of undissolved cellulose on the mechanical and barrier properties of the RCFs
was unclear and therefore it was investigated for samples B and C. The results for both
solutions (centrifuged and filtered and non-centrifuged) B and C are presented in Table
11. The subscript ‘CF’ refers to the solutions that has been centrifuged and filtered. For
solutions B and Bcr, the viscosities were measured at 4.3 + 0.0°C and for solutions C
and Ccrat 6.2 £ 1.2°C. The concentration of the undissolved cellulose was calculated by
subtracting the cellulose concentration of the original solution from the centrifuged and

filtered solution.
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Table 11. The cellulose concentrations and viscosities of the cellulose solutions before
centrifuging (B and C) and after centrifuging and filtering (Bcr and Cce).

Cellulose Vi .

. iscosity
Sample concentration

[wt %] [mPas]
B 5.89 3250
Bcr 4.72 1770
C 5.93 1700
Cecr 5.82 1690

There is a clear difference in the amount of undissolved cellulose between the solution
B and C. For solution B the amount of undissolved cellulose was 1.17 wt% while for
solution C it was only 0.11 wt%. Hence, this indicates that the sample C dissolves into
the solvent more than sample B, despite the relatively high DP, value of sample C (357).
Also, there is a notable effect on the viscosity, which reduced 46 %, when the undis-
solved fibers were removed from solution B. For solution C the viscosity decreased only
by 0.6 % which was expected since the amount of the undissolved fibers were less than
1 wt%. These observations align with the visual findings conducted from the optical mi-

croscopy analysis of the solutions (Figure 30).
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Figure 30. The optical microscopy images of the cellulose solutions B and C
before centrifuging (left side images) and after centrifuging and filtering
(right side images). Images acquired with 100x magnification.

Centrifuging and filtering had a notable effect on the cellulose solution B as evident in
Figure 30. There were no long undissolved cellulose fibers present in centrifuged and
filtered cellulose solution Bcr as there were in the original solution B. This explains the
decrease in cellulose concentration and thus, viscosity. For cellulose solution C, the dif-
ference after centrifuging and filtering is not so drastic as for solution B which was also

observed in the results in Table 11.

The mechanical properties of the wet non-plasticized RCFs prepared from the solutions
B and C and the centrifuged and filtered solutions Bcr and Ccr are presented in Figure
31. The tensile strengths of the films prepared from cellulose solution B and centrifuged
and filtered solution Bcr were 1.4 and 1.5 MPa, respectively. However, to the deviation
of the results, it can be concluded that the centrifuging and filtering did not have a signif-
icant effect on the tensile strength on wet non-plasticized RCFs prepared from sample
B.
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Figure 31. Tensile strength and elongation at break results for wet non-plasti-
cized RCFs prepared from solutions B and C and centrifuged and filtered
solutions B and C. *The cellulose concentration of film B (6.0 wt%) is the

maximum theoretical cellulose concentration and not determined one.

However, there was a significant difference between the ductility of the films from sample
B. Wet films with undissolved cellulose had elongation at break of 24 % while for films
without undissolved cellulose it was 45 %. Thus, the elongation at break increased by 46
% from sample B to sample Bcr. Therefore, it was concluded that the presence of undis-
solved cellulose had a significant effect only on the ductility of the wet non-plasticized
RCF prepared from sample B. It should be noted that the cellulose concentration of the
cellulose solution B was not determined in this case and thus, it is not known what the
difference between the cellulose concentrations of film samples B and Bcr was. There-
fore, it is suggested to repeat the experiments by preparing RCFs from the original solu-
tions and their centrifuged and filtered solutions. This would give more reliable results

about the effect of the centrifuging and filtering.

Removing undissolved cellulose from the solution C did not have a significant influence
on the strength of the wet non-plasticized films. For films C and Ccr, the average tensile
strength values were 0.8 and 0.9 MPa, respectively. The elongation at break increased
by 15 % when comparing sample C (35 %) to sample Ccr (41 %). However, there was
significant deviation within the elongation at break results for centrifuged and filtered
sample Ccr. Therefore, it was concluded that the effects of centrifuging and filtering on

the mechanical properties of the wet films from sample C were unsignificant. Since the
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amount of the undissolved cellulose was so small (0.1 wt%), it was assumed that effect

of removing them would also be small or not significant.

The corresponding results for the dry plasticized RCFs from solutions B and C and cen-
trifuged and filtered solutions Bcr and Ccr are presented in Figure 32. The tensile
strength stayed on the same level between films B (39 MPa) and Bcr (42 MPa). Similarly,
the ductility of these films was not affected by the removal of the undissolved cellulose
since the results were 8 % for the films from solution B, and 11 % for the films from
centrifuged and filtered solution Bcr. Hence, for dry film samples B it can be concluded
that the strength and ductility were not affected significantly by the cellulose removal by

centrifuging and filtering.
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Figure 32. Tensile strength and elongation at break results for dry plasticized
films prepared from solutions B and C before and after centrifuging and
filtering. The cellulose concentrations are presented below the sample
name at x-axis. *The cellulose concentration of sample B was not deter-
mined, and thus the presented value is the maximum theoretical concen-
tration.

The removal of undissolved cellulose had surprisingly significant effect on the dry plasti-
cized films prepared from sample C. The same was not observed for its wet films and in
that case, it was assumed that the effect on the mechanical properties would be minimal
due to the small amount of the undissolved cellulose (0.1 wt%) in solution C. In dry films
the tensile strength results were 39 and 58 MPa for the films C and Ccr, respectively.
Thus, the tensile strength increased by 33 % due to the removal of undissolved cellulose.

In addition, the tensile strength of film from centrifuged and filtered solution Ccr was the
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highest of all the prepared dry films in this work. Although, it was not as high as what
have been achieved in recent studies presented in Table 2 where the highest tensile
strength with aqueous alkali solvent system was 91 MPa. But the film Ccr had higher
tensile strength than, for example, fossil-based plastics PE and PP [126]. The increase
in elongation at break was approximately 60 % when comparing films C (4 %) and Ccr
(11 %). The elongation at break of sample Ccr did not either reach to the highest value
presented in Table 2 which was 17 %. However, in that study the DP of the cellulose was
617 while for sample C here the DP, was only 357 which can explain the weaker me-

chanical properties.

Wet films, prepared from samples B and C, had opposite results with each other even
though they had similar cellulose concentrations. The wet film B had higher tensile
strength but lower elongation at break. In the case of corresponding dry films, the tensile
strength was the same (39 MPa) for the both films. However, opposite to the wet films,
this time the dry film prepared from sample B had 50 % higher elongation at break (8 %)
compared to film C (4 %). In dry films, which contained undissolved cellulose, the tensile
strength did not seem to be affected by the difference in DP, compared to the elongation
at break which was higher for sample B with the higher DP,. In dry films prepared from
centrifuged and filtered solutions (Bcr and Ccr), there was significant difference in tensile
strength between the samples. However, these samples also had approximately one unit
difference in their cellulose concentrations which could explain why film sample Ccr had
strength. Surprisingly, the elongation at break between these centrifuged and filtered

samples were the same.

The OTR was measured for dry plasticized films prepared from solution B and Bce. For
both films the results were below 10 cc/m?-day. Similarly, the grease resistance was >
11 days for both films. Thus, there were no significant differences in the oxygen and
grease barrier properties of these films. However, it should be noted that the grease
resistance was tested only for 11 days. Therefore, it is suggested to extend the meas-
urement period for the grease resistance in order to achieve more accurate data. The
SEM image of the film from centrifuged solution B was shown previously in Figure 19.
SEM images of the dry film from solution B with undissolved cellulose is presented in
Figure 33.
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Figure 33. SEM images with 100x (left) and 2000x (right) magnifications of dry
plasticized film prepared from cellulose solution B.

Clear difference can be observed in the surface quality of the films between the SEM
images of film sample B (Figure 33) and Bcr (Figure 19). The presence of the undis-
solved cellulose fibers is seen on the surface of the film B whereas for film Bcr there are
no such fibers detected. The undissolved cellulose might affect the evenness and homo-
geneity of the film surface. The SEM images with 2000x magnification did not reveal any
defects on the surface of the films. Although only one film from sample B was investi-
gated and not the whole surface of the film was imagined with SEM. Therefore, it can

only be stated that the areas studied with SEM were uniform and defect free.

7.5 Addition of dry grinded cellulose fibers

The last research question was to understand how the addition of dry cellulose fibers
into the cellulose solution affects the properties of the RCF. Therefore, the cellulose so-
lution Bcr, which was presented in the previous subchapter 7.4, was used. Two different
types of cellulose pulps were used and dry grinded. Other one was pre-treated pulp
(sample B) and the other was non-treated kraft pulp. Approximately 1.1 wt% of dry
grinded pulp was added to the centrifuged and filtered solution Bcr. These solutions were
named as Bcr+tr and Bcer+nte Where subscript ‘CF’ refers to centrifuged and filtered solu-
tion and ‘TF’ refers to addition of treated fibers and ‘NTF’ to addition of non-treated fibers.
The optical microscopy images of all these solutions including B, Bcr, Ber+tr and Ber+ntr,

are presented in Figure 34.
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Figure 34. The optical microscopy images of cellulose solutions made from
sample B. Image a) is non-centrifuged solution B, b) is the centrifuged
and filtered solution Bcr, c) is centrifuged and filtered solution with addi-
tion of treated cellulose fibers Bcr+1r and d) is solution non-treated fibers
Bcr+ntr. Images acquired with magnification of 100x.

Cellulose solution made from sample B had lots of undissolved fibers visible as evident
in image in Figure 34.a). Also, it was noted was that there were lots of different types of
fibers present. Some of them seemed to be long and intact while other were shorter parts
of the fibers. Also, many fibers exhibited the ballooning effect. The cellulose concentra-
tion for solution B was 5.89 wt% which is close to the set concentration of 6 wt%. When
the solution B was centrifuged and filtered, most of the long undissolved fibers were
removed (Figure 34.b). Only small amounts of very small (< 50 ym) undissolved fractions
were visible in the optical microscopy. This showed that centrifuging and filtering re-
moved the undissolved fibers efficiently from the solution.

The difference between the added dry grinded pulps were the pre-treatment. In both
cases, the pulp origin and type were eucalyptus and kraft, respectively. Therefore, the
only difference between the pulps were the molecular size of cellulose. For the solution
with pre-treated fibers, it can be seen in Figure 34.c) that there are both long and few
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smaller fibers visible. However, for the solution with non-treated fibers only long and in-
tact fibers are visible. These differences in the fibers might also be due to the unrepre-
sentative samples. In optical microscopy only about 2 grams of the solution is studied
which is relatively small sample size to represent the whole solution. Therefore, reliable
and accurate conclusions about the size and amount of the added fibers visible in optical
microscopy images cannot be made without any other analysis to support the observa-
tions. The tensile strength and elongation at break results for the wet non-plasticized

RCFs from samples Bcr, Bcr+tr and Ber+ntr are presented in Figure 35.
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Figure 35. Tensile strength and elongation at break results for wet non-plasti-
cized RCF samples. The cellulose concentration (wt%) is presented be-
low the sample name on the x-axis.

Wet film from centrifuged and filtered solution Bcr had the highest elongation at break of
45 %. The elongation at break decreased in wet films when additional treated and non-
treated dry grinded pulps were added to the solution. When about 1 wt % of dry grinded
pre-treated pulp was present in wet film (Bcr+TF), the elongation at break decreased by
36 % compared to wet film without any additional or undissolved cellulosed Bcr. When
the same amount of non-treated pulp was present in the wet film (Bcr+NTF), the elonga-
tion at break decreased 53 % compared to the original film Bcr. These results indicated
that the ductility of the wet films decreased when undissolved cellulose fibers were intro-

duced to the structure.

The sample Bcr+ntr had the highest tensile strength (1.8 MPa) of the wet films. So far
this has been the highest tensile strength that have been achieved for the wet films in
the experimental section. The result suggests that the addition of non-treated dry grinded

pulp improves the strength of the wet films. On the other hand, wet film from sample with
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additional pre-treated cellulose fibers Bcr+1r had the lowest tensile strength of 1.1 MPa.
Hence, wet film sample Bcr+ntr had 41 % higher tensile strength than film sample Bcr+1r
even though they have almost the same cellulose concentration. This indicates that the
DP, of the dry grinded pulp could have an effect on the strength of the wet films. The wet
film from centrifuged and filtered solution Bcr, without any additional cellulose fibers, had
about 28 % higher tensile strength (1.5 MPa) than wet film Bcr+1r. This could suggest
that the DP, of the added dry grinded pulp could also decrease the properties if its below
certain level. However, wet film sample Bcr had some deviation in tensile strength results
which is why the conclusions of the effects are not so clear. Therefore, more studies are

suggested to do in order to understand the effect on the wet films.

The tensile strength and elongation at break results for corresponding dry plasticized
RCFs from samples Bcr, Ber+1r @and Ber«ntr are presented in Figure 36. The ductility of
the dry films was on the same level (from 8 to 11 %) between the samples. Thus, no
notable effect on the ductility could be detected between the dry film samples. Similar
conclusion applied for the tensile strength results. The dry film samples Bcr, Bcr+1r and
Bcr+ntr had tensile strengths of 42, 40 and 38 MPa, respectively. Hence, the results are
close to each other. Therefore, it can be concluded that the addition of dry grinded pulp
did not have a considerable effect on the strength and ductility of the dry plasticized films.
The results are in the range with the mechanical properties from the other studies pre-
sented in Table 2 and higher than for PE and PP (> 30 MPa).
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Figure 36. Tensile strength and elongation at break results for dry plasticized
RCF samples without (Bce) and with addition of dry cellulose fibers
(Bcr+1r @and Bcr+ntr).

The barrier properties were tested for the dry plasticized film samples Bcr, Bcr+1F and

Ber+ntr. The grease resistance results were the same for each sample (> 11 days). Due
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to the limited measurement period, no conclusions could be drawn for the effect on the
grease barrier properties. Similarly, the OTR was on the same level between the samples
and the results were less than 10 cc/m?-day for each sample. Hence, the addition of
cellulose fibers did not significantly affect the oxygen and grease barrier properties in dry

films prepared from solution B.

Images of the resulting dry plasticized RCFs from centrifuged and filtered solution Bcr
(left) and centrifuged and filtered solution with addition of pre-treated cellulose fibers
Ber+1r (right) are presented in Figure 37. Even though the mechanical and barrier prop-
erties did not differ significantly between the dry plasticized film samples, the appearance
of the films was influenced by the addition of dry grinded pulp. Dry plasticized films pre-
pared from centrifuged and filtered solution Bcr were more transparent and clearer than
the films where cellulose fibers were added. However, the properties related to appear-
ance, such as transparency, were not tested with any measurement methods. Hence,

the conclusions are based on visual inspection of the films.

Ber 4.7 Wt%

Figure 37. Dried and plasticized RCFs prepared from samples Bcr (left) and
BCF+TF (I’ight).

The SEM imaging was performed for the dry plasticized films from samples Bcr+r and
Bcr+ntr. However, since their mechanical and barrier properties were so similar, it was
assumed that the surface quality of the films would be very similar with each other. The
SEM imaging revealed this to be accurate and no major differences were detected in the
surface quality of these films. Examples of the SEM images with 100 and 500x magpnifi-
cation from both samples are presented in Figure 38.
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Figure 38. SEM images of dry plasticized RCFs containing 1 wt % of cellulose
fibers from dry grinded pre-treated pulp (Bcr-+1r, top images) and non-
treated pulp (Bcr+ntr, bottom images). Images acquired with magnifica-
tions 100x (left side images) and 500x (right side images).

No differences between the morphologies of the samples presented in Figure 38 were
observed. Thus, the SEM images support the conclusion that these dry films have similar

surface quality and thus explain the similarities in barrier properties.
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8. CONCLUSIONS

This work aimed to investigate the effect of different factors on the properties of the re-
generated cellulose films. The factors were the viscosity average degree of polymeriza-
tion, sample blending, undissolved cellulose, and addition of cellulose fibers. Four sam-
ples (A, B, C and D) from eucalyptus kraft pulp with respective degree of polymerization
values of 209, 509, 357 and 266 were used.

First, the effect of the degree of polymerization on the properties of RCFs were investi-
gated. The cellulose concentrations for dissolutions were selected for samples A, B C
and D here as 10, 8.5, 6 and 6 wt%, respectively. It was observed that films prepared
from solution A were too brittle in nature and no films could be used in the measurements.
Since sample A had the lowest DP, value, it was suspected that the polymer chain size
might be too small in order them to interact with each other, and thus, form an entangle-
ment network within the polymer structure. In wet non-plasticized films, the DP, in-
creased the strength but had no significant effect on the ductility of the films. The effect
of the DP, on the dry plasticized films was not as clear. The ductility decreased relatively
little with DPy, but the strength results were not linear. This was suspected to be due to
the differences in the cellulose concentrations between the samples, and therefore cel-
lulose concentration was assumed to contribute to the influence on the mechanical prop-
erties and possibly compensate the effect of the DP,. The polymer chain size did not

have a significant effect on the oxygen and grease barrier properties of the samples.

The second research question was to understand whether blending of the samples with
different DP, values would affect the properties of the RCFs. None of the blending sam-
ples increased the mechanical properties. In wet and dry films, the mechanical properties
decreased (or were not significantly affected) as the amount of sample with smaller pol-
ymer chain size increased. However, as the amount of the smaller sample increased,
the cellulose concentration was also increased. Therefore, it was assumed again, that
the cellulose concentration could have an influence on the result. This is because, typi-
cally, in high-molecular weight polymers the increase in concentration leads to improved
tensile strength due to the increase in entanglements and interactions between the
chains [127]. In addition, the oxygen and grease barrier properties were not affected by
the blending and the results were on the same level as for the films prepared from the

single samples.
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Thirdly, the role of undissolved cellulose was investigated in films prepared from sample
B and C. This was done by removing the undissolved cellulose by centrifuging and filter-
ing. In wet films, the removal of undissolved cellulose increased the ductility but did not
have a significant effect on the strength. The increase in ductility was more pronounced
in sample B which was assumed to be due to the higher amount of undissolved cellulose
(1.1 wt%) compared to sample C (0.1 wt%). However, in dry films the effects were more
significant in sample C, opposite to the assumption made for wet film B. The removal of
undissolved cellulose in sample C led to the highest tensile strength and elongation at
break results of 58 MPa and 11 %, respectively. The barrier properties were not affected
by the removal of undissolved cellulose. Thus, it was concluded that the removal of un-

dissolved cellulose is beneficial for improving the mechanical properties.

The fourth and the last research question investigated the effect of addition of cellulose
fibers on the properties of the RCFs prepared from sample B. The barrier properties of
the prepared films were not affected by the addition of cellulose fibers. In wet films, the
addition of cellulose fibers decreased the ductility of the films. When non-treated cellu-
lose fibers were added to the system, the wet film (Bcr+nTr) had the highest tensile
strength (and lowest elongation at break) of the samples and pre-treated fibers led to the
lowest tensile strength result. Therefore, the effect on the mechanical properties of wet
films should be studied further to draw reliable conclusions. The addition of cellulose

fibers did not significantly affect the mechanical properties of dry plasticized films.

Several recommendations were suggested for the further studies. For example, it was
suggested to study the effect of the moisture content on the properties of wet films. In
wet films high deviation within the results were observed and one reason for it could be
the moisture content of the films. The wet films were stored in resealable plastic bags
with undetermined moisture content which is why the moisture level in the films could
drastically differ from each other. It is also known that the water can act as a plasticizer
in RCFs. Thus, finding a way to control the moisture content is recommended in order to

minimize the deviation in the results.

In addition, it was suggested to investigate the effect of the cellulose concentration on
the properties of the RCFs. In the current work, the cellulose concentrations and DP, of
the samples differed, and therefore it cannot be reliably stated whether the results were
due to the DP,, cellulose concentration or combination of both. Increasing the cellulose
concentration typically leads to increased strength in high molecular weight polymers. In
addition to the improved strength, increasing cellulose concentration can be economi-

cally beneficial. Therefore, it is recommended to investigate the effect of cellulose con-
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centration and how to increase it. It can be studied separately and/or evaluate the inter-
actions of both cellulose concentration and DP, with, for example, design of experiment
methods. Also, it is suggested to study the effect of the storing time of the cellulose
solutions since shorter storing time has been shown to improve the mechanical proper-
ties [105]. It was observed that the viscosities of some of the cellulose solutions in-
creased significantly during overnight storing at a low temperature. This indicated that
these solutions were less stabile and could have an effect on the mechanical properties
of the RCFs.

In this work, regenerated cellulose, which is a promising sustainable alternative material
for fossil-based plastics for certain applications, was produced. All of the prepared dry
plasticized RCFs (except for blend film 80/20AB) had higher tensile strength and lower
OTR values than fossil-based plastics PE and PP [125], [126]. The RCFs are biode-
gradable which would decrease the burden of waste management issues that fossil-
based plastics are causing. Therefore, these RCFs could be used as an alternative ma-
terial for PE and PP in certain packaging applications where long shelf life and high
moisture barrier are not required. Cellophane, produced via viscose process, is typically
plasticized, and coated which makes the mechanical properties incomparable with the
RCFs prepared in the current work. However, the RCFs were produced with aqueous
alkali solvent system that is recyclable and considered more environmentally friendly
than the viscose process. With the suggested recommendations and optimization of the
dissolution and regeneration processes, mechanical properties can be improved and

possibly exceed the properties of cellophane.
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APPENDIX A: AMPLITUDE SWEEP

The amplitude sweep was performed to ensure that the oscillating measurements are in
the viscoelastic regime. Thus, measurements could be performed without destroying the
structure of the sample. The amplitude sweep was performed by using angular frequency
of 12.6 rad/s and with concentric cylinder geometry. The amplitude strain was tested
from 0.01 to 1000 % and the temperature was kept at 10°C. The result was presented
as a diagram where G’ and G” were plotted on the y-axis and oscillatory strain on x-axis
both in logarithmic scale. The limit of the linear viscoelastic region was determined from
the graph by checking where the G’ value changes more than + 10%. Finally, a suitable
strain value within the linear viscoelastic region was selected for the temperature ramp

measurements.

The result for the amplitude sweep performed on sample C is shown in Figure 1. The
limit for the linear viscoelastic region was determined from the storage modulus curve

(blue curve in Figure 1).

100
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Figure 1. Amplitude sweep result from cellulose solution C with w=12.6 rad/s at
10°C. The limit of the linear viscoelastic region is shown with the red
marking approximately at y=40%.

Based on the amplitude sweep result (Figure 1), the linear viscoelastic region limit is
approximately at y=40%. Therefore, the amplitude strain for the temperature ramp meas-

urements was selected to be 5%.
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