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Hildebrandt, Nils Christoph, Paper-based composites via the partial dissolution
route with NaOH/urea. 
University of Oulu Graduate School; University of Oulu, Faculty of Technology; Duale
Hochschule Baden-Württemberg Karlsruhe
Acta Univ. Oul. C 687, 2018
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Replacing the plastics in packaging applications with bio based and biodegradable cellulosic
materials, especially all cellulose composites, would be a sustainable alternative. The main
problem would be the non ecological and non economic nature of the processing required by all
cellulose composites due to the use of toxic and expensive chemicals such as cellulose solvents.
In addition, the raw materials typically studied for all cellulose composites have been highly
specialized cellulosic pulps.

This thesis therefore explores the possibility of using NaOH/urea as a cellulose solvent
together with commercially available chemical pulps from the paper and board industry for the
production of sustainable all cellulose composites materials. Furthermore, the effect of
calendering and fibre orientation was investigated. The methods used for characterizing the
materials were tensile strength measurements, X Ray diffraction, imaging and the short
compression strength test. In connection with the X Ray diffraction measurements a method for
evaluating the crystallinity of cellulose was modified from the literature and partly automated.

The results show that NaOH/urea is a suitable solvent for producing all cellulose composites
within a significant shorter time than reported in the literature. In addition, the tensile strength of
the paper used for this purpose could be increased up to ten times and it is shown that the
dissolution of cellulose fibres was indeed only partial. The efficiency of the treatment is
nevertheless greatly dependent on the pulps used and their hemicellulose and lignin content.
Further post-processing in the form of calendering is not recommended because it weakens the
composites.

Keywords: all-cellulose composites, cellulose crystallinity, mechanical properties,
partial dissolution





Hildebrandt, Nils Christoph, Paperipohjaisten komposiittien valmistus kuitujen
osittaisen liukenemisen avulla NaOH/urea liuottimella. 
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta; Duale Hochschule
Baden-Württemberg Karlsruhe
Acta Univ. Oul. C 687, 2018
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Fossiilisien muovien korvaaminen biopohjaisilla ja -hajoavilla materiaaleilla pakkausteollisuu-
den sovelluksissa on ympäristön kannalta kestävä vaihtoehto, varsinkin kun materiaalina käyte-
tään itselujittuva selluloosakomposiitti (eng. all-cellulose composite). Tämän materiaalin teolli-
nen valmistus ei kuitenkaan ole vielä ollut taloudellisesti kannattavaa eikä ympäristöystävällis-
tä, koska selluloosan liuotukseen tarvitaan kalliita ja ympäristölle haitallisia kemikaaleja. Lisäksi
raaka-aineena on aiemmin käytetty kalliita erikoisselluloosakuituja.

Edellä mainituista syistä tässä väitöskirjatyössä tutkitaan itselujittuvien selluloosakomposiit-
tien valmistusta käyttäen raaka-aineina kaupallisesti saatavilla olevia selluloosakuituja ja niiden
liuottimena NaOH/urean vesiliuosta. Tämän liuottimen etuja ovat vähäinen myrkyllisyys, edulli-
suus ja riittävien määrien saatavuus teolliseen tuotantoon. Lisäksi työssä tutkitaan kalanteroin-
nin ja kuituorientaation vaikutusta komposiitin ominaisuuksiin. Käytettyjä analyysimenetelmiä
ovat röntgendiffraktio, elektronimikroskoopilla kuvantaminen ja erityyppiset mekaaniset testit.
Röntgendiffraktiomittausten tulosten arvioinnissa käytetään aiemmin raportoidusta menetelmäs-
tä kehitettyä osin automatisoitua selluloosan kiteisyyden määrittämisen menetelmää.

Tulosten perusteella voidaan sanoa, että NaOH/urea on sopiva liuotin itselujittuvien selluloo-
sakomposiittien valmistukseen ja sillä prosessia voidaan nopeuttaa huomattavasti muihin rapor-
toituihin menetelmiin verrattuna. Raaka-aineena käytetyn paperin vetolujuus parani liuotinkäsit-
telyllä jopa kymmenkertaiseksi. Liuotinkäsittelyn tehokkuus riippui paljon käytettyjen selluloo-
sakuitujen tyypistä ja niiden hemiselluloosa- ja ligniinipitoisuuksista.

Asiasanat: itselujitteiset selluloosakomposiitit, mekaaniset ominaisuudet, osittainen
liukeneminen, selluloosan kiteisyys





 

Wenn du aufhörst besser werden zu wollen,  
 hörst du auch auf gut zu sein. 
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CD cross-direction 
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XRD X-ray diffraction 
  



12 

 



13 

Original publications 
This thesis is based on the following publications, which are referred to throughout 

the text by their Roman numerals: 

I  Piltonen, P., Hildebrandt, N. C., Westerlind, B., Valkama, J.-P., Tervahartiala, 
T.,Illikainen, M. (2016) Green and efficient method for preparing all-cellulose 
composites with NaOH/urea solvent. Composites Science and Technology, 135, 153–
158. 

II  Hildebrandt, N. C., Piltonen, P., Valkama, J.-P., Illikainen, M. (2017) Self-reinforcing 
composites from commercial chemical pulps via partial dissolution with NaOH/urea. 
Industrial Crops and Products, 109(March), 79–84. 

III  Hildebrandt, N. C., Piltonen, P., Valkama, J.-P., Illikainen, M. (2018) The effect of 
calendering on the mechanical properties of paper-based, self-reinforcing composites. 
Cellulose, 25, 4001–4010. 

IV  Hildebrandt, N. C., Piltonen, P., Valkama, J.-P., Illikainen, M. (2018) The effect of fibre 
orientation in paper on the mechanical properties of self-reinforcing composites via 
partial dissolution. (Manuscript in preparation). 

The author of this thesis was the primary author of Papers II, III and IV and the 

second author of Paper I. He was nevertheless responsible for the experimental 

designs, data analysis, reporting the interpretation of the results in all the papers 

and also for writing the manuscripts for Papers II, III and IV. The co-authors 

participated in writing the manuscript of Paper I and helped with the interpretation 

of results in all the papers. 
  



14 

  



15 

Contents 
Abstract 

Tiivistelmä 

Acknowledgements 9 
Abbreviations 11 
Original publications 13 
Contents 15 
1 Introduction 17 

1.1 Background ............................................................................................. 17 
1.2 Research aims and approach ................................................................... 18 
1.3 Outline of the thesis ................................................................................ 19 

2 State of the art 21 
2.1 Pulp raw materials ................................................................................... 21 
2.2 Cellulose – its origins, structure and properties ...................................... 23 
2.3 Dissolution of cellulose ........................................................................... 26 
2.4 All-cellulose composites ......................................................................... 30 

2.4.1 Vulcanized fibre ........................................................................... 31 
2.4.2 Processes and properties of modern ACCs ................................... 32 

3 Materials and methods 35 
3.1 Materials used ......................................................................................... 35 
3.2 Production of the raw paper .................................................................... 36 
3.3 Preparation of the composites ................................................................. 37 
3.4 Scanning electron microscopy ................................................................ 37 
3.5 Tensile strength test ................................................................................. 38 
3.6 Short-span crush tests .............................................................................. 38 
3.7 Wide-angle X-ray scattering ................................................................... 39 
3.8 Calendering ............................................................................................. 41 

4 Results and discussion 43 
4.1 Tensile strength of the composites and reference papers ........................ 43 

4.1.1 Effect of maturing conditions ....................................................... 43 
4.1.2 Effect of raw materials ................................................................. 47 
4.1.3 Effect of calendering .................................................................... 50 
4.1.4 Influence of fibre orientation ........................................................ 52 

4.2 Changes in crystal structure .................................................................... 54 
4.2.1 Effect of maturing time ................................................................ 54 
4.2.2 Changes dependent on the raw material ....................................... 58 



16 

4.2.3 Effect of calendering .................................................................... 59 
4.3 Short-span crush resistance ..................................................................... 61 

5 Conclusions 67 
List of references 69 
Original publications 75 

 

  



17 

1 Introduction 

1.1 Background  

In recent decades environmental awareness within society has grown, creating 

more and more interest in the replacement of materials made from synthetic 

oil-based polymers with sustainable bio-based alternatives. The demand for plastic 

products in Europe (the 28 EU nations plus Norway and Switzerland) in 2015 was 

estimated to be 49 000 000 tonnes, with nearly 40% of this going to the packaging 

industries (PlasticsEurope, 2016). Although the recycling of plastic products has 

been improved significantly, the increasing production together with the very slow 

degradation of plastics has led to a growing accumulation in landfills and in the 

oceans (European Commission, 2011; PlasticsEurope, 2016). Therefore research 

into bio-based and especially biodegradable materials has gained additional 

attention within the last few years. 

One alternative among these materials are bio-composites, in which either the 

matrix or the reinforcement is prepared from a bio-based, biodegradable material 

in order to reduce the use of non-sustainable products (John & Thomas, 2008). 

These materials are not fully biodegradable, however, due to the proportion of 

fossil-based materials that they still contain. A further alternative is a specific 

subtype of bio-composites known as All-Cellulose Composites (ACCs), in which 

both the matrix and the reinforcement fibres are based on non-derivatized cellulose 

(Nishino, Matsuda, & Hirao, 2004). These materials are fully biodegradable and at 

the same time may overcome the problem of poor fibre-matrix adhesion that often 

occurs in natural fibre/synthetic polymer composites due to the difference in 

chemical surface of the materials (Huber et al., 2012). 

An interesting approach is the use of paper as a basic material for the 

production of ACCs. The consumption of paper products in general is on the 

increase, but the production of graphical and newsprint paper has decreased over 

the last few years, leading to a risk of closure for several paper mills in Europe 

(VDP, 2018). If ACCs could be produced on the basis of conventional paper, thus 

employing continuously running paper machines which, since they cannot 

otherwise reach their full workload, could be rebuilt to produce ACCs instead of 

paper. This would open up new markets and possibilities for some parts of the paper 

industry and thereby preserve mills that are at the moment unprofitable. 
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This thesis is the systematic investigation into the process used for producing ACCs 

via partial dissolution with NaOH/urea as a cellulose solvent itself and an 

assessment of whether paper made from various commercially available chemical 

pulps used already in the paper and packaging industry would be suitable for such 

a process. Furthermore, a study will be made of how conditions in a continuously 

running paper machine and in the post-processing of paper-like fibre orientations 

and calendering might affect the properties of ACCs. 

Potential applications for ACCs produced in this way could as fluting materials 

in corrugated board for stiffer and better boxes or as a framework material in 

insulated packaging for the replacement of polystyrene and for replacing plastic 

packaging in general. 

1.2 Research aims and approach 

The principle objective of this thesis was to investigate whether ACCs can be 

developed using not only highly specialized raw materials but also already 

commercially available paper pulps and how inevitable parameters occurring in a 

continuously running paper machine such as fibre orientation affect the properties 

of the resulting material. A systematic investigation was therefore conducted into 

the effects of various precursor materials on the characteristics of the ACCs 

obtained. It is well-known that ACCs can be produced via partial dissolution of 

pure cellulose fibres, but it is not known whether commercial pulps used in the 

paper industry are suitable for such a process. Furthermore, the basically easy 

process of impregnating paper with the solvent and regenerating the cellulose 

matrix via washing could open up possibilities for running this process on an 

industrial scale. 

Since such processes usually run at high speeds but the preparation of ACCs, 

according to the literature, takes several hours or even days, the first question was 

whether composites suitable for an industrial process could also be obtained via the 

partial dissolution route within a significantly shorter time. This was studied in 

Paper I by using a specialized high purity cellulose pulp and varying the process 

times. The effects of pressing in the process and of different washing parameters 

were also investigated, but the results were not published. 

Furthermore, since it was not mentioned in the literature whether any of the 

commercially available paper pulps that have already been used are suitable for 

ACC production, the method developed in Paper I was then applied in Paper II to 

various chemical paper pulps which were already being used in the paper and 
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packaging industry to identify raw material-dependent changes in the properties of 

the composites. 

Since this process was relatively new and had just recently been studied in the 

laboratory, there was no knowledge of how the essential parameters for an 

industrial paper machine and for potential post-processing of the material would 

affect the properties of an ACC. For this purpose calendering was used in Paper 

III to study the effect of heavy compression on ACCs, while in Paper IV a new 

dynamic sheet former was used to produce raw and reference sheets to describe the 

industrially relevant restriction of fibre-oriented sheets produced on continuously 

running paper machines. 

In general the ultimate goal of this thesis was to develop a sustainable 

bio-based material which could be used to replace oil-based plastics in applications 

such as packaging and therefore improve the sustainability of the materials used 

and lower the CO2 footprint, which could contribute significantly to reducing 

landfill problems and pollution of the oceans. 

1.3 Outline of the thesis 

This thesis is organized into five chapters. Chapter 1 gives a brief introduction to 

the topic, the aims of the research and the approaches adopted. Chapter 2 provides 

more detailed information about cellulose and its structures and about cellulose 

dissolution and the state of the art in ACCs, including a review of the history of 

biocomposites. In Chapter 3 the materials and analytical methods used in this work 

are described. The results obtained are then presented and discussed in Chapter 4, 

while Chapter 5 draws conclusions from the work and envisages possible future 

research in the same area. 
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2 State of the art 
Since the focus of this thesis is on the use of commercially available chemical paper 

pulps for the preparation of ACCs, this section provides an introduction to the 

relevant topics. Section 2.1 describes the general processing of chemical paper 

pulps and more specifically the pulps used in this thesis. After this, section 2.2 gives 

an overview of the origins, structure and properties of cellulose, followed in section 

2.3 by a discussion of our present knowledge regarding cellulose solvents. Finally, 

a short history of the preparation of ACCs and an account of our present 

understanding of the processes involved is given in section 2.4. 

2.1 Pulp raw materials 

Various pulps were used as raw materials in this work. Pulps are defined as fibrous 

materials made mainly from wood of various tree species via a chemical cooking 

process and containing mainly cellulose. As the properties of the fibrous material 

differ depending on the species of wood, a basic difference exists between short-

fibre pulp and long-fibre pulp. Short-fibre pulp is produced mostly from broad-

leafed trees (hardwood), since the cellulose fibres in these species are shorter 

(average ca. 1 mm) and long-fibre pulps are produced from evergreen trees 

(softwood), in which the cellulose fibres are longer (average ca. 3.3 mm) (Sixta, 

2008). The type of pulp has significant effects on the properties of the resulting 

paper and packaging, mainly in terms of strength. Long-fibre softwood pulp gives 

strong, stiff but rough paper, while short-fibre hardwood pulp results in weak but 

smooth, soft paper (Niskanen, 2008). Often mixtures of pulps are used. The most 

frequently used hardwoods in the paper industry are birch and eucalyptus, while 

the most common softwoods are pine and spruce. 

Pulps can then be further differentiated on account of the chemicals used in the 

cooking process to obtain the pulp from wood. There are two main processes: the 

sulphate process, by which more than 95% of all paper pulp is produced, and the 

sulphite process, which is used for 2% to 3% of the world’s pulp production. The 

remaining 2% to 3% are the result of highly specific processes. For all pulp 

preparation processes the wood has to be chipped before cooking to obtain an even 

fibre size distribution. 

For the sulphate process, which is also called the Kraft process (from German 

Kraft → Eng. force), because of the stronger paper obtained from it, the wood chips 

are first impregnated with white liquor, a solution of sodium hydroxide (NaOH) 
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and sodium sulphide (Na2S) at a temperature below 100°C. In this step the liquid 

penetrates the wood chips and the first, low temperature reaction take place. 

Following this impregnation the actual cooking process starts. The impregnated 

wood chips are heated to ca. 170°C, typically for three to six hours at a pressure 

between 7 and 10 bar in ‘digesters’. During this step the lignin and hemicellulose 

in the wood are degraded to alkali-soluble fragments, whereupon the cellulose 

fibres are separated out because lignin, the glue on wood, is being dissolved and 

removed from the wood chips. The resulting liquid, called black liquor because of 

its colour, contains mainly lignin and hemicellulose fragments, sodium carbonate 

(Na2CO3) and sodium sulphate (Na2SO4) and can be recovered in various steps for 

reuse in the process as white liquor. The solids obtained, however, are screened to 

remove shives, knots and other impurities and then subjected typically to three to 

five washing steps to remove the remaining black liquor and finally stored either 

as ‘liquid pulp’ dispersed in water or dried and stored in bales (Alen et al., 2011; 

Gullichsen & Fogelholm, 1999). The yield from wood to pulp depends on the wood 

species but is usually around 50% of dry weight, and on account of the chemical 

used, the Kraft process is an alkaline process. 

The sulphite process, however, is an acidic one, taking place at a pH between 

1.5 and 5. The wood chips are cooked at an elevated pressure (5 to 7 bar) and a 

temperature between 130°C and 160°C in a solution of sulphurous acid and a 

sulphite in water for 4 to 14 h. Na+, K+, NH4+, Ca2+ and Mg2+ can be used as cations 

of the sulphite. During the cooking the lignin is sulphonated and becomes soluble 

in water, while the hemicellulose is either hydrolysed to sugars or remains 

unchanged in the pulp, depending on the pH of the process. The resulting 

lignosulphonates are removed by washing and either burned for energy recovery or 

sold as by-products, while the pulp is similar to that stored as liquid pulp from the 

sulphate process or in dried bales (Alen et al., 2011; Gullichsen & Fogelholm, 

1999). This process is mostly used for the production of high-dissolving pulp, 

which is used in this thesis as well, because the product is cleaner than in the 

sulphate process. 

Pulps from both processes are often bleached before they are used as raw 

materials for paper and board production, because residual lignin (2% to 5%) gives 

them a yellow to brownish colour. Bleaching for paper production is mainly done 

by treating the pulps with hypochlorides to oxidize the remaining lignin and 

therefore destroy its chromophore nature, but because chlorine is environmentally 

very harmful, other bleaching agents are used, e.g. hydrogen peroxide (H2O2), 
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peroxyacetic acid (CH3CO3H) or gaseous oxygen or ozone for total-chlorine-free 

(TFC) bleaching (Alen et al., 2011). 

The softwood pulps used in Papers II and IV were bleached spruce and 

unbleached pine and the hardwood pulp was eucalyptus. These were all cooked in 

a sulphate process and bleached with hypochlorines, except for the unbleached pine. 

These materials are mainly used in the paper and packaging industry for the 

production of graphical paper, board and raw paper for corrugated board production, 

together with various other grades of paper, and alongside recycled paper, represent 

the most important raw material for the industry. The high-dissolving pulp used in 

Papers I and III, however, was produced in a sulphite process and subjected to 

TCF bleaching. All these pulps originated mainly from Scandinavia and Germany 

and they are mostly used for the production of viscose fibres via the viscose process 

and for ultra-pure speciality papers. 

In addition, abaca pulp was used in Papers II and III. Also known as Manila 

hemp, this is obtained from the leaves of the abaca banana plant, a native of the 

Philippines only, although also cultivated in Ecuador and Costa Rica, and used 

exclusively for speciality papers such as tea bags and banknotes. In contrast to the 

other pulps used, this is produced by the ‘soda process’. This forms the basis and a 

special type of the sulphate process, in which the raw material is cooked in a 

solution of soda (Na2CO3) or sodium hydroxide (NaOH). It is applied nowadays 

only to fibres from annual plants, because wood is only partially broken down in 

this process, whereas, in contrast to the sulphate or sulphite process, the soda 

process is able to dissolve, and therefore remove, silica (SiO2), which is present in 

the fibres of most annual plants but not in wood. 

2.2 Cellulose – its origins, structure and properties 

Cellulose is the most abundant organic polymer on Earth. With an estimated yearly 

availability of ca. 1.5 x 1012 tons (Klemm, Heublein, Fink, & Bohn, 2005) but a 

consumption of roughly 4 x 108 tons for paper and board (VDP, 2017) together with 

3.2 x 106 tons for regenerated fibres and other synthetic chemicals (Klemm et al., 

2005), it shows a huge potential as an almost inexhaustible raw material for various 

applications. 

Cellulose in general is a straight polymer chain built up from several hundred 

up to more than ten thousand β-1,4-linked glucose molecules, as shown in Fig. 1. 
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Fig. 1. The repeating unit of a cellulose chain. 

It is produced mainly by plants acting as a structural component for the primary 

cell walls, but can also be found as a secretion from some bacteria, i.e. the genus 

glucanobacter. The main origins of the cellulose used industrially, however, are 

wood and cotton, although wood typically contains 40–50% cellulose and cotton 

90%. In addition, cellulose fibres from other plants such as hemp or abaca leaves 

can also be processed for use in specific applications. The non-cellulosic fraction 

of the fibres consists of various other organic compounds – depending on the plant 

type and species – mostly including hemicelluloses and lignin together with pectins. 

Due to their free hydroxyl groups the chains can form hydrogen bonds and are 

arranged side-by-side, forming microfibrils and higher-order fibrils with high 

tensile strength in most plants. Furthermore, this leads, together with the linear 

shape of the chains, to a higher crystallinity of cellulose as compared with its 

α-1,4-linked (and therefore stairway-formed) counterpart starch. Four crystal 

structures are recognised nowadays for cellulose, plus its amorphous state, although 

some of them are differentiated into sub-structures. 

Cellulose occurs in nature in structures called cellulose Iα and cellulose Iβ as 

well as in the amorphous form. The amorphous form shows no far order and is 

therefore not defined as crystalline, whereas the two forms of cellulose I show 

chains arranged in parallel with an order of a few hundred nanometres in length at 

a minimum. Cellulose Iα is the dominant form in cellulose from algae and bacteria, 

while cellulose Iβ dominates in higher plants such as wood, cotton, etc., but both 

coexist in all natural cellulose fibres. The difference between these two lies in the 

triclinic unit cell in cellulose Iα and the monoclinic cell in cellulose Iβ (Baker, 

Helbert, Sugiyama, & Miles, 1997). 

When cellulose is dissolved or swollen through the action of various chemicals, 

however, it regenerates either in an amorphous form or in the crystalline form 

known as cellulose II. This is defined by an antiparallel arrangement of the chains 

in a monoclinic unit cell. The direction of the cellulose chains can be ascertained 

by determining the position of the reducing and non-reducing ends of the polymer 

chain, as shown in Fig. 2. 
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Fig. 2. Reducing and non-reducing ends of the cellulose polymer chain. 

As far as is known today there is no possibility to change cellulose II back to 

cellulose I without using chemical substitutions at least at one end of the chain, i.e. 

the transition from cellulose I to cellulose II is for practical purposes irreversible. 

By treating either cellulose I or cellulose II with liquid NH3 or diamines, a form 

of cellulose III can be obtained (Hess & Trogus, 1935) that is called cellulose IIII 

or cellulose IIIII, depending on the initial form. This transition is reversible by 

means of a hydrothermal treatment at around 160°C or a simple thermal treatment 

at >200°C (Chanzy, Henrissat, Vincendon, Tanner, & Belton, 1987; Wada, 2001). 

Furthermore, it was thought at one time that there also existed a crystalline form 

called cellulose IV, but more recent research has revealed that this is not a genuine 

allomorph but just a distorted form of cellulose Iβ (Newman, 2008; Wada, Chanzy, 

Nishiyama, & Langan, 2004). 

The important structures as far as this thesis is concerned are cellulose I and 

cellulose II together with the amorphous form, since cellulose I and the amorphous 

form occur in raw pulp and cellulose II is added during partial dissolution and 

regeneration. The forms can be distinguished easily by means of wide-angle X-ray 

scattering, as they show different patterns. 

The structures also differ in their mechanical and chemical properties. The 

elastic modulus of cellulose I is calculated to be 138 GPa, while that for cellulose 

II is only 88 GPa and that for cellulose III even less, showing that the native form 

of cellulose is the strongest (Nishino, Takano, & Nakamae, 1995) but only on the 

assumption of 100% crystallinity. The crystallinity of native cellulose usually 

varies depending on the species from which it is produced, being between ca. 50% 

for wood and cotton linters but up to or more than 80% in algal cellulose. In native 

cellulose the high strength crystalline regions are connected by low strength 

amorphous regions, leading to reduced strength in the fibrils, and therefore also in 

the fibre, compared with the theoretical maximum. This is an interesting fact with 

regard to ACCs, however, because in order to obtain composites of maximum 

strength, care should be taken that just as much cellulose I as is needed is changed 
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to cellulose II and amorphous cellulose so as to not weaken the structure 

unnecessarily. 

Higher-order cellulose, moreover, is odourless, has no taste and is highly 

hydrophilic but insoluble in water and most organic solvents. It is also inflammable 

in air at temperatures around 250°C, whereupon it decomposes mainly to water and 

CO2 but due to the limited amount of oxygen it also forms CO, solid char and 

various vapours and gases. It can also be decomposed to its fundamental glucose 

units by enzymes and in an acidic or alkaline milieu at elevated temperatures. 

The hydroxyl groups in the glucose units can be used to perform various 

chemical modifications on the cellulose molecule. This is often used to derivatize 

cellulose in order to modify its physical and chemical properties. One well-known 

derivative, for example, is cellulose acetate, which was one of the first thermo- and 

also bioplastics and is mainly used in textiles as artificial silk and in cigarette filters. 

In addition, it is used today in the displays of smart phones and computers. Another 

example is nitrated cellulose, which was discovered in 1846 to be a highly 

flammable plastic-like material. It is also known as nitrocellulose or guncotton and 

was first used as a low-smoke alternative to black powder in guns and cannons. 

Later it was processed with camphor to obtain celluloid, the first bioplastic, as used 

in motion picture films. 

The biggest users of cellulose today, however, are the paper and packaging 

industry on the one hand, producing various paper grades, cardboard and 

corrugated board, and the textile industry on the other, using mainly cotton for 

producing yarn. 

2.3 Dissolution of cellulose 

As mentioned before, the solubility of native cellulose in water and most organic 

solvents is very limited. This greatly restricts its possible use as a raw material for 

(bio)-polymer production as a substitute for oil-based polymers. Furthermore, its 

chemical processing is also limited, because often a modification reaction can take 

place only in specific solvents. It is for this reason that research into the solubility 

of cellulose, and especially the improvement of its solubility, are very nearly as old 

as research into the cellulose polymer itself. 

There are several approaches to obtaining a cellulose solution. One is to 

derivatize the cellulose to improve its solubility in conventional substances such as 

water or organic solvents. Etherification with chloromethane, for example, 

produces methylcellulose, which is soluble in cold water, and other derivatives that 
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are soluble in cold or hot water include hydroxylethyl cellulose and carboxymethyl 

cellulose. Similar modifications can be performed for improving the solubility of 

cellulose in other organic solvents, but the main problem with this route is the 

change in its chemical properties, since most of the highly reactive hydroxyl groups 

will already have been consumed. Furthermore, as mentioned above, its physical 

properties, e.g. its strength, will also have changed, so that the product will maybe 

no longer be optimal for the desired applications. 

Another approach for processing cellulose in a dissolved state while retaining 

its properties is the ‘viscose process’, in which the cellulose is derivatized to 

cellulose xanthate which will dissolve in a sodium hydroxide solution. To obtain 

cellulose again, the xanthate is introduced into a solution of sodium sulphate in 

sulphuric acid, forming cellulose xanthogenic acid, which decomposes 

immediately to cellulose and CS2. This process is used mainly to prepare viscose 

fibres for use in the textile industries, medicine and certain hygienic products, and 

also in technical applications (Burchard, 1985; D. Zhang, 2014). 

The drawback with the above-mentioned routes is the change in the properties 

of the cellulose due to the use of derivatized cellulose or the ecologically highly 

unfriendly process, involving the use and/or formation of toxic chemicals, mainly 

CS2. To overcome these problems, research into new solvents for cellulose that do 

not need derivatization has become more popular over the last two decades. 

One well-known representative of these non-derivatizing solvents is 

N-methylmorpholine-N-oxide (NMMO), which is able to dissolve cellulose in a 

small parameter window and is used in the industrial production of Lyocell fibre, 

although the complete dissolution mechanism is not yet fully understood (Lindman, 

Karlström, & Stigsson, 2010; Medronho & Lindman, 2014; Perepelkin, 2007). 

Another frequently used solvent for cellulose, especially for preparing ACCs in the 

laboratory, is a mixture of lithium chloride and N,N-dimethylacetamide 

(LiCl/DMAc)(Gindl & Keckes, 2005; Pullawan, Wilkinson, Zhang, & Eichhorn, 

2014; Zhao et al., 2014). Again the dissolution mechanism is not fully understood, 

but it has been shown that the Cl--ions most probably form hydrogen bonds with 

the cellulose, breaking its intermolecular hydrogen bonding structure. At the same 

time the Li+-ions are solvated by DMAc and the Cl-/cellulose-complex is then 

dissolved in the solvent at the molecular level (C. Zhang et al., 2014). Although 

these solvents are non-derivatizing, so that the properties of the cellulose are not 

altered in the processing, and NMMO is also used on an industrial scale, they have 

the disadvantages of being costly and environmentally harmful. Furthermore, 

LiCl/DMAc is for practical purposes not recyclable (Klemm et al., 2005), which 
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leads to a non-economic process in some possible industrial applications. This has 

promotes a new search for environmentally friendly, sustainable and low-priced 

solvents for cellulose. 

A promising topic that is being intensively studied at the moment is the use of 

ionic liquids (ILs) for cellulose dissolution. These substances are organic salts with 

a melting point below 100°C and are mainly used as electrolytes as solvents in 

chemical process technologies. Some of these have been found to act as solvents 

for non-derivatized cellulose. They are mostly prepared by mixing an organic 

cation with an inorganic or sometimes organic anion. Well-known examples of ILs 

dissolving cellulose entail the use of 1-butyl-3-methylimidazolium as a cation and 

various anions including Cl-, Br- or SCN-, but ILs based on quaternary ammonium 

or pyridinium as the cation have also been found to dissolve cellulose. The 

solubility can reach 25% or even more, depending on the IL used, but mostly varies 

between 2% and 7%. The dissolution mechanism is again not fully understood and 

obviously varies between the ILs, but it is thought mainly to involve breaking of 

the intermolecular hydrogen bonding system of cellulose by means of the anion 

(Gericke, Fardim, & Heinze, 2012; Ghasemi, Tsianou, & Alexandridis, 2017; 

Medronho & Lindman, 2014; Miao, Sun, Yu, Zhang, & Song, 2014; Swatloski, 

Spear, Holbrey, & Rogers, 2002). Although the use of ILs as cellulose solvents has 

advantages relative to NMMO and LiCl/DMAc, especially with regard to the time 

needed for dissolution, there are also some disadvantages when it comes to possible 

applications on an industrial scale. Although no general statement can be made due 

to the extremely high number of possible cation and anion combinations, most of 

the ILs are expensive and often entail the use of at least one ion which is 

environmentally harmful. Moreover, although it has been shown experimentally 

that ILs could in theory be recycled at a rate of nearly 99% after use, they 

decompose and lose their dissolution efficiency due to impurities under practical 

conditions (Kosmulski, Gustafsson, & Rosenholm, 2004), leading to a substantial 

solvent consumption and thereby to economic problems. Evaluations of toxicity, 

recyclability and economic aspects nevertheless need to be carried out for each IL, 

depending on the application considered, and therefore much more research must 

be done in this field. 

Besides ILs and solvents such as NMMO and LiCl/DMAc, aqueous solutions 

of sodium hydroxide (NaOH) have been reported to be able to dissolve cellulose 

without derivatization. The first publications date back to the 1930s, when 

Davidson showed that cellulose can be dissolved in various hydroxide solutions, 

including NaOH (Davidson, 1934; Davidson, 1936). Although full dissolution was 
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only obtained with chemically modified cotton cellulose, it was also demonstrated 

that non-derivatized cellulose can be dissolved at least partially. Furthermore a 

decrease in temperature was found to be advantageous for the dissolution process. 

Within the last twenty years new research has indicated that the use of additives 

such as zinc oxide (ZnO), thiourea and urea can promote the dissolution of cellulose 

in aqueous alkaline solutions (J. Cai & Zhang, 2005; Kihlman, Aldaeus, Chedid, & 

Germgård, 2012; Xiong, Zhao, Hu, Zhang, & Cheng, 2014; L. Zhang, Ruan, & Gao, 

2002), and today the use of an aqueous NaOH/urea solution for this purpose has 

been well studied but, as with the other solvents mentioned, is not yet fully 

understood. The most likely explanation is that the OH--ion breaks the 

intermolecular hydrogen bonds while the Na+-ion forms a hydration shell and 

structures the water around the cellulose chains, thus inhibiting rearrangement of 

the cellulose molecules. In addition, urea is thought to improve the penetration of 

Na+ and OH- into the crystalline regions, thereby increasing the amount of cellulose 

dissolved and forming a hydration shell around the already dissolved chains, 

inhibiting additional rearrangement in response to Na+ (J. Cai & Zhang, 2005; 

Xiong et al., 2013). Moreover, the solubility of cellulose increases with decreasing 

temperature of the solvent below 0°C, which is thought to be a result of the 

formation of a complex between cellulose, NaOH and urea due to reduced thermal 

movement of the molecules involved (J. Cai et al., 2008; Jiang et al., 2014). 

However, Lindmann et al. showed that the amphiphilic nature of cellulose may lead 

to the insolubility in aqueous solvents, because the hydrophobic glucopyranose 

plane leads to stacking of cellulose chains driven by hydrophobic interactions. 

Therefore it is thought that urea facilitates cellulose dissolution by its effect on 

these hydrophobic interactions as also seen for proteins or surfactant micelles 

(Lindman et al., 2017). The most commonly used solvent in this group is a mixture 

of 7 wt% NaOH, 12 wt% urea and 81 wt% water at a temperature of -12°C. 

Furthermore, it has been reported that both the degree of polymerization (DP) and 

the crystallinity have a significant effect on the solubility of cellulose not only in 

alkaline solutions (Isogai & Atalla, 1998; Qi, Chang, & Zhang, 2008) but also in 

other solvents, while the higher the DP and/or crystallinity, the lower is the 

solubility of cellulose. 

Although NaOH/urea falls short of NMMO, LiCl/DMAc and some ILs in the 

maximum amount dissolved, it also has certain advantages. It is much cheaper, it 

is available on an industrial scale, its toxicity and environmental risks are lower 

and it is biodegradable. Although NaOH is a harmful chemical, waste treatment 

processes have already been designed for neutralizing it in most industrial 



30 

applications, especially in the paper and packaging industry. Therefore NaOH/urea 

represents a very promising alternative as a cellulose solvent for applications 

making use of green economic processes for preparing ACCs as substitutes for 

plastics. 

2.4 All-cellulose composites 

The term composite usually describes two or more different substances which are 

combined to form a single material which has different mechanical properties from 

the single materials used for the composite. The most commonly used matrix 

materials are polyethylene (PE), polypropylene (PP), epoxide resins or other 

plastics and also metals, concrete and glass, and a wide range of materials can be 

used as reinforcements, including various particles and both inorganic and organic 

fibrous materials. Most of the time the term composite refers to materials consisting 

of a polymeric matrix and a fibrous reinforcement. The drawback with most of the 

composites used today as far as sustainability is concerned is their poor 

recyclability and practically non-existent biodegradability as well as the fact that 

they represent non-renewable resources. 

Another approach would be to develop composite materials made entirely from 

bio-based, sustainable materials, in which case all-cellulose composites (ACCs) 

would be a promising alternative. Since these materials consists of cellulose fibres 

as reinforcement embedded in a matrix of cellulose, they overcome the two main 

problems affecting the common plastic composites. On the one hand, cellulose is 

available almost everywhere in suitable amounts for industrial-scale applications, 

and on the other hand they overcome the problem of poor fibre-matrix adhesion, 

which is common in plastic and biocomposites (Huber, Pang, & Staiger, 2012; 

Kalka et al., 2014). Basically there are two options for preparing an ACC, a 1-step 

and a 2-step route. One feature common to both routes is that the cellulose is 

dissolved in a suitable non-derivatizing solvent and then precipitated within a 

cellulose fibre network to form the matrix. In the 2-step route the cellulose is 

dissolved completely before the solution is impregnated into a pre-formed 

reinforcement fibre web and the matrix is built up from the pre-dissolved cellulose, 

while in the 1-step route the pre-formed reinforcement web is brought into contact 

with a solvent to dissolve the fibres partly, so that the matrix is built from cellulose 

from the fibres. It is for this reason that the 1-step route is also called the partial 

dissolution route. 
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2.4.1 Vulcanized fibre 

The oldest known material that could be regarded as an ACC is the ‘vulcanized 

fibre’ first described by Thomas Taylor in 1859. This is produced by impregnating 

a cellulose fibre web with hot concentrated zinc chloride (ZnCl2), whereby part of 

the cellulose is dissolved and later precipitated by washing with water. This forms 

a mechanically resistant material with a cellulose fibre reinforcement embedded in 

a cellulose matrix, and therefore constitutes an ACC. 

With the invention of synthetic polymers the importance of vulcanized fibre 

for the plastics industry decreased significantly, and research in this field died out 

almost completely until late 1980s, when the ecological problems associated with 

oil-based materials came to the fore. Nowadays, however, the vulcanized fibre 

process is well investigated and the optimal parameters have been found to be a 

ZnCl2 concentration between 64 and 72% at a temperature from 40°C up to 77°C 

(Leipner, Fischer, Brendler, & Voigt, 2000; Richards, 1969; Xu & Chen, 1999). 

Recent studies have demonstrated that it is possible to prepare ACCs with improved 

mechanical properties via the vulcanized fibre process not only from pure cellulose 

pulp but also from industrial paper pulps. Tervahartiala et al. showed that partial 

dissolution of paper from industrial pulps with ZnCl2 increases its tensile strength 

between 2 and 5-fold to levels of up to 53.9 MPa, thus yielding an ACC material 

suitable for application as fluting material to enhance the properties of corrugated 

boards (Tervahartiala, Hildebrandt, Piltonen, Schabel, & Valkama, 2018). Despite 

this, there are no other publications today about ACCs prepared via the vulcanized 

fibre route for applications in the paper and packaging industries, although there 

are some companies holding patents and producing vulcanized fibre for various 

applications. 

The major drawback in this process, however, is the use of ZnCl2 as a solvent, 

because it cannot be removed completely from the resulting material, especially 

when the material is thicker than a sheet of paper, and ZnCl2 causes ecological 

problems due to its toxicity and acidity when released into the environment. In 

addition, the processing times are in the range of several hours to a matter of days, 

and are therefore is not suitable for a green process providing a substitute for 

oil-based materials on an industrial scale. 
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2.4.2 Processes and properties of modern ACCs 

In 2004 Nishino et al. published the first paper to use the term ‘all-cellulose 

composite’. These composites were prepared from refined ramie fibres for the 

reinforcement and pretreated, dissolved craft pulp for the matrix. In this 2-step 

process LiCl/DMAc was used as the solvent and the resulting unidirectionally 

oriented composites showed tensile strengths of up to 480 MPa, but the production 

procedure took over a week (Nishino et al., 2004). This nevertheless marked the 

beginning of modern ACC research. In 2007 Nishino et al. reported that it is 

possible to prepare an ACC via the 1-step route by partially dissolving the surface 

of the reinforcement. The composites were made using analytical filter paper as the 

base and LiCl/DMAc as the solvent and gave an ACC with tensile strengths of up 

to 211 MPa with isotropic distribution, but the drawback was still that the treatment 

took at least a few days (Nishino & Arimoto, 2007). 

In the following years research into the preparation of ACCs came to be 

focussed more and more on the use of either pure cellulose filter paper, due to its 

good solubility in various solvents, or microcrystalline and nanocellulose. The 

mechanical properties were often secondary to these investigations, but it has been 

shown that ACC materials prepared via the partial dissolution route with either 

LiCl/DMAc or NMMO as the solvent can reach tensile strengths of 250 MPa or 

even higher (Abbott & Bismarck, 2010; Abdul Khalil et al., 2016; Gindl & Keckes, 

2005; Yousefi, Nishino, Faezipour, Ebrahimi, & Shakeri, 2011; Yousefi, Mashkour, 

& Yousefi, 2015; Zhao et al., 2014). 

The focus in these studies was nevertheless mainly on the tensile strength 

obtained and the intermolecular changes in the material, but not on optimization of 

the treatment time. Often production of the ACC took more than 48 h, making an 

economic process virtually impossible. There are only a few publications at present 

that deal with the effect of treatment time on the properties of ACCs, and these 

often report immersion or treatment times of at least one hour (Abbott & Bismarck, 

2010; Adak & Mukhopadhyay, 2016a; Shakeri, Mathew, & Oksman, 2012; 

Soykeabkaew, Arimoto, Nishino, & Peijs, 2008; Y. Yang et al., 2014). To develop 

an economically suitable process for producing ACCs on a continuously running 

paper machine, however, a treatment time of more than one hour is simply 

unrealistic. 

Since it is known that aqueous alkaline solutions are able to dissolve cellulose 

within a few minutes at temperatures below 0°C (Dormanns, Schuermann, Müssig, 

Duchemin, & Staiger, 2016), whereas there are no publications about using such 
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solutions for the fast preparation of ACCs via partial dissolution, Paper I was 

devoted to investigating the effect of treatment time on the properties of ACCs in 

the range of up to a few minutes. 

Furthermore the above-mentioned publications all relate to the use of 

LiCl/DMAc, NMMO or ionic liquids as solvents. These solvents are often toxic, 

expensive and non-biocompatible, however, as shown in section 2.3. Aqueous 

alkaline solutions therefore represent a promising alternative for preparing ACCs 

via the partial dissolution route. There have been recent reports of tensile strength 

between 25 and 115 MPa in ACCs prepared with NaOH/urea (Brent Tisserat, 

Zengshe Liu, & Luke M Haverhals, 2018; Dormanns et al., 2016; Duchemin, Le 

Corre, Leray, Dufresne, & Staiger, 2016; Pullawan et al., 2014; Qi, Cai, Zhang, & 

Kuga, 2009), but the raw materials have always consist of highly pure cellulose 

materials such as filter paper or cotton linters. Although Yang et al. used ramie 

fibres (Q. Yang, Lue, & Zhang, 2010), Adak et al. used jute (Adak & 

Mukhopadhyay, 2016b) and Cai et al. used abaca (M. Cai, Takagi, Nakagaito, Li, 

& Waterhouse, 2016) as the reinforcement for ACCs, these raw materials are also 

highly specialized and not abundant for use on a large industrial scale. Therefore 

Paper II in this thesis focussed on investigating the potential of paper pulps already 

in use industrially as raw materials for the production of ACCs. 

Furthermore, all the publications concerning ACCs refer only to the internal 

physical changes and mechanical properties, but do not deal with potential 

post-processing or the refinement of surface properties. This aspect was aimed at 

in Paper III, which is concerned with the effect of calendering on the mechanical 

properties of ACCs. 

Given that the best mechanical properties for all composites are obtained when 

orienting the reinforcement fibres in a specific direction, this can be done in 

conventional GFRCs, for example, by using a woven fabric. This means that the 

orientation of the reinforcement is also of interest in ACCs, although the degree of 

orientation as given in the literature can be either near 1 (fully oriented) (Huber et 

al., 2012; Nishino et al., 2004; Soykeabkaew et al., 2008) or 0 (statistically 

distributed) (Abbott & Bismarck, 2010; Nishino & Arimoto, 2007; Shakeri et al., 

2012). A very recent work done by Kröling et al. dealt with fibre oriented ACCs 

based on paper from a pilot scale paper machine with an industrially relevant degree 

of orientation. This showed that fibre orientation of the basis paper indeed is 

appropriate to improve tensile properties of ACCs (Kröling, Duchemin, Dormanns, 

Schabel, & Staiger, 2018). The effect of the degree of orientation has not been 

investigated so far, but since it is known that fibre orientation occurs in paper when 
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it is produced on a continuously running machine, Paper IV in this thesis deals 

with the mechanical properties of ACCs when using differently oriented raw paper 

for their production. 
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3 Materials and methods 

3.1 Materials used 

The focus in the research reported in this thesis was on the possibilities for 

improving the properties of paper via partial dissolution of the cellulose and 

consequent formation of an all-cellulosic composite. The materials used in the 

experimental part were commercially available chemical pulps that were already in 

use as raw materials for paper production. These pulps are listed in Table 1 together 

with their origins and usage. 

Table 1. Materials used. 

Material Origin Study (Paper) 

High-dissolving pulp Domsjö Fabriker I, III 

Abaca pulp Glatfelter Gernsbach GmbH II, III 

Bleached spruce pulp Glatfelter Gernsbach GmbH II 

Bleached pine pulp Melitta GmbH & Co. KG II, IV 

Unbleached pine pulp Melitta GmbH & Co. KG II 

Eucalyptus pulp Glatfelter Gernsbach GmbH II 

The high-dissolving pulp had a cupriethylenediamine viscosity (CED) of 530 ± 30 

mL/g. It had been produced from a mixture of spruce and pine wood in a two-stage 

sodium-based cooking and is usually used as a raw material for viscose production. 

The abaca pulp, made from the leaves of the musa textilis banana plant is mainly 

used by Glatfelter for the production of tea-bag paper. All the other pulps are made 

from the corresponding wood in a sodium-based cooking and are used to produce 

mainly speciality papers (in the case of Glatfelter) or coffee filters (in the case of 

Melitta). The chemical composition and the average fibre length for all used pulps 

are shown in Table 2. 
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Table 2. Chemical composition and average fibre length of the used pulps. 

Pulp Lignin Hemicellulose Cellulose Average fibre 

length 

CED 

% % % mm mL/g 

High-dissolving 0.0 0.0 100.0 1.53 530 ± 30 

Bleached spruce 0.0 1.7 98.3 2.33 960 ± 20 

Eucalyptus 0.0 3.2 96.8 0.88 830 ± 10 

Bleached pine 0.1 3.1 96.8 2.12 830 ± 10 

Unbleached pine 2.6 8.3 89.1 2.67 990 ± 20 

Abaca 0.4 4.3 95.3 3.57 800 ± 10 

The solvent was made from 7 wt-% sodium hydroxide (NaOH, Carl Roth GmbH), 

12 wt-% urea (CH4N2O, Carl Roth GmbH) and 81 wt-% distilled water (H2O, 

supermarket). All the materials and chemicals were used as obtained from the 

companies mentioned, without any purification or pre-treatment. 

3.2 Production of the raw paper 

In all the experiments paper with an oven dried grammage of 100 g/m² was 

prepared on a laboratory scale. 

In Papers I and II 37.3 g of pure pulp was disintegrated with a standard 

disintegrating device in 2 L of tap water followed by filling up the resulting slush 

to 10 L in a mixing device. A 900 mL aliquot was then taken from this slush and 

formed into a laboratory sheet with a Rapid Köthen sheet former (Frank PTI). The 

sheets were dried in the drying section of the sheet former for 10 min at a 

temperature of 93°C and a pressure of 10 kPa. 

In Paper III a mixture of high-dissolving pulp and abaca in the ratio 4:6 was 

used to prepare the sheets. For this purpose 14.9 g high-dissolving pulp was 

disintegrated together with 22.4 g abaca pulp in 2 L tap water with a standard 

disintegration device. The subsequent procedure was similar to that for Papers I 

and II. 

In Paper IV a dynamic sheet former (Sumet Systems GmbH) for preparing 

sheets with fibre orientation in the machine direction was used. In this case 25 g 

bleached pine pulp was disintegrated in 2 L tap water with a standard disintegrating 

device and the resulting slush introduced directly into the dynamic sheet former. 

Sheets were then prepared using wire speeds of 800 m/min, 1200 m/min and 

1600 m/min, respectively, and a jet pressure of 1.5 bar and were then pressed with 

a laboratory press (Sumet Systems GmbH) at 0.75 bar and dried for 15 min at 
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atmospheric pressure and 120°C. For reference samples without orientation the 

forming section of a Rapid Köthen sheet former was used with subsequent pressing 

and drying as for the sheets from the dynamic sheet former. 

All the sheets were cut to a rectangular shape with the dimensions 

130 mm x 150 mm after preparation and stored in an air-conditioned room at a 

relative humidity of 50 ± 5% and a temperature of 23 ± 1°C for a minimum of 24 h 

before further use. 

3.3 Preparation of the composites 

A partial dissolution route was used for preparing the composites from the raw 

paper. For this purpose a solvent consisting of 7 wt-% NaOH, 12 wt-% urea and 

81 wt-% distilled water was prepared and cooled to -12°C with a Lauda ECO RE 

2025 G cooling bath (Lauda Dr. R. Wobser GmbH & Co. KG). 

The pre-produced sheets were then dipped into the cooled solvent for 1 s and 

either matured in a glass vessel also cooled to -12°C (Paper I) or pressed with a 

pressure of 1 t/m² between two metal plates pre-cooled to -12°C. The maturing or 

pressing times was varied between 2 s, 30 s, 60 s, 120 s and 240 s. 

For Papers II, III and IV the impregnated sheets were matured for 30 s in a 

cooled glass vessel (-12 °C) without pressing. 

After maturing or pressing, the sheets were placed into a bath of tap water at 

room temperature to stop the dissolution process and precipitate the cellulose. The 

resulting composites were washed with tap water in a 5 L bucket, changing the 

water a minimum of 5 times. This washing was monitored by recording the pH and 

declared to be finished when the pH-value was neutral (7) and remained so after an 

additional change of water. 

The wet composites were finally dried in the drying section of a Rapid Köthen 

sheet former for 10 min at 93°C and 10 kPa and stored in an air-conditioned room 

at a relative humidity of 50 ± 5% and a temperature of 23 ± 1°C for a minimum of 

24 h before further use., The corresponding untreated paper from section 3.2 was 

used as a reference for the composites in all the tests. 

3.4 Scanning electron microscopy 

Scanning electron microscopy was carried out to observe the morphology of the 

untreated paper and the changes in morphology during the treatment. In Paper I a 
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field-emission scanning electron microscope (FESEM, Zeiss Ultra Plus) was used 

with an acceleration voltage of 5 kV. 

For Paper II a Zeiss Sigma FESEM was used with an acceleration voltage of 

3 kV. 

In Papers III and IV a hot cathode SEM (Zeiss EVO10) was used with an 

acceleration voltage of 12 kV. 

Prior to all imaging sessions the samples were cut with a razor blade and coated 

with either carbon (Papers I and II) or a gold/palladium alloy (Papers III and IV) 

to ensure conductivity and avoid electrical charging and the formation of artefacts. 

3.5 Tensile strength test 

The tensile strength tests for both the reference paper and the composites were done 

with a Zwick Roell universal testing machine equipped with a 500 N load cell. The 

samples were cut into strips of width 15 mm and a minimum length of 120 mm 

with a paper cutter, attached to the load cell with a test distance of 100 mm and 

strained at a constant rate elongation of 10 mm/min. The measurement was stopped 

and defined as a break when the recorded force started to decrease below 80% of 

the recorded maximum. 

A minimum of 10 measurements were taken per sample and the results were 

averaged and analysed according to the ISO standard 1924-3:2005. All the values 

quoted were calculated from these results. This standard also specifies equations 

for calculating the tensile index and the modulus of elasticity, which were used in 

this thesis. 

The thicknesses of the samples were determined with a BRP-230-1 (Papers I, 

II and III) or Rycobel MU-25 (Paper IV) thickness gauge by measuring three 

random points in the sample and calculating the average. 

All the tests were performed in an air-conditioned room at 50 ± 5% relative 

humidity and a temperature of 23 ± 1°C. 

3.6 Short-span crush tests 

In addition to tensile strength, the compressive strength of the samples was also 

measured with a short-span crush test (SCT) for the work reported in Papers II, 

III and IV. For this the samples were cut to a width of 15 mm and clamped to a 

short-span compression tester, Model 17-34-00-0002, with a free span of 0.7 mm. 

The tests were performed according to ISO standard 9895:2008 in an 
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air-conditioned room at a relative humidity of 50 ± 5% and temperature of 23 ± 1°C. 

This measurement is relevant mainly in the packaging industry because when 

stapled, that lower boxes have to carry their own weight plus the weight of the 

above stapled ones, leading to a load of the side walls of the boxes in in-plane 

direction. The resistance to this load can be determined by the short-span crush test, 

making it relevant for paper and cardboard packaging. 

3.7 Wide-angle X-ray scattering 

Wide-angle X-ray scattering was used in Papers I, II and III to determine the 

crystal structure and changes in structure and crystallinity. The measurements were 

performed with a Rigaku SmartLab diffractometer equipped with a Co Kα X-ray 

source (k = 1.78892 Å). The scans were taken in a 2θ range from 10° to 50° with a 

step width of 0.02° and a scan speed of 2° min-1 in Papers I and II and a step width 

of 0.03° and a scan speed of 1.3° min-1 in Paper IV. 

The resulting data were then analysed in order to determine the crystallinity of 

the cellulose in the paper fibres and composites. Because the crystallinity index 

proposed by Segal et al. only takes into account amorphous cellulose and cellulose 

I, another method, that introduced by Nam et al., was used here. This method is 

based on the fact that all crystal structures of cellulose diffract X-rays 

independently of each other. Nam et al. showed that it is possible to calculate the 

amount of each crystal structure by superimposing the simulated diffractograms of 

all the crystal structures on the measured diffractogram. 

The theoretical diffractograms of cellulose I and cellulose II were simulated 

using the software “Mercury 3.8”, in which the full width at half maximum was set 

to 2.4°, as this value was found for the (200)-peak of the untreated high-dissolving 

pulp. The March-Dollase parameter was assumed to be 0.8 for the (110)-plane 

because regenerated cellulose II shows a preferred orientation in this crystal 

direction and the value was found from fitting initial measurements in Paper I. 

This parameter describes the preferred orientation of crystals when the material is 

a flat plate or a capillary, because the crystals are not able to grow in every direction 

the same and tend to from rod- or disk-shaped crystals. It can be ranged between 1 

(random powder) and 0 (perfect preferred orientation) (Dollase, 1986; Zolotoyabko, 

2009). The diffractograms were simulated using the .cif for cellulose Iβ and 

cellulose II from the supplementary information of the French paper (French, 2014). 

The diffractogram of amorphous cellulose was simulated using the Gaussian 

distribution in equation 1. 
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 ( | , ) = ( )²²√ ⋅  (1) 

where 

x = variable 

μ = mean 

σ = variance 

When using FWHM instead of the variance, the equality of these two was 

established according to equation 2. 

 = ⋅ ⋅ ( ) (2) 

For simulating the diffractogram the mean was set at 18.6° 2θ, which is the position 

of the amorphous peak according to Segal et al., and the FWHM was set at 9°. 

The three simulated diffractograms were then fitted to the measured data 

according to equation 3. 

 = ⋅ ( ⋅ + ⋅ + ⋅ ) (3) 

where 

Ifit = Intensity of the fit 

a = relative amount of amorphous cellulose 

b = relative amount of cellulose I 

c = relative amount of cellulose II 

d = gain factor 

Iam = simulated intensity of amorphous cellulose 

ICeI = simulated intensity of cellulose I 

ICeII = simulated intensity of cellulose II 

The least square method and the restriction defined in equation 4 were used for 

fitting in equation 3 to ascertain the relative amounts without any need for further 

conversion. 

 + + = 1 (4) 

The fitting was programmed and done in a notebook for the Wolfram software 

“Mathematica 10”. It should be borne in mind, however, that this method only 

approaches the data for the cellulose fraction in the samples. Hemicellulose, lignin 

and other substances cannot be taken into account. 
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3.8 Calendering 

In Paper III both the reference sheets and the composites were calendered to 

reduce porosity and remove voids. For this purpose a laboratory calender (Sumet 

Systems GmbH) equipped with two steel rollers was used. The sheets and 

composites were calendered with nip pressures of 10 kN/m, 20 kN/m, 50 kN/m, 

100 kN/m and 200 kN/m at a roller speed of 15 m/min without heating. 

  



42 

 



43 

4 Results and discussion 
The results and discussion section, which gives an overview of the results obtained 

during the research and links the findings of all four papers, is divided into three 

sub-sections according to the main properties of the materials. The first sub-section 

describes the changes in the tensile strength of the sheets depending on the 

treatment with NaOH/urea, the raw materials and the post-processing. Sub-section 

two then shows the changes in the crystal structure of cellulose during the treatment, 

while sub-section three deals with the short-span crush resistance of the materials. 

4.1 Tensile strength of the composites and reference papers 

4.1.1 Effect of maturing conditions 

Tensile strength is one of the most important properties for many materials. It 

defines how much energy a material can resist until it fails and breaks under strain. 

This is a particularly significant parameter for materials used in the paper and 

packaging industry as it restricts their application areas. 

Since the tensile strength of paper and ACCs depends on many different 

parameters, including content of hemicelluloses, lignin and other substances in the 

fibres, the first experiments in this research were performed with paper produced 

from high-dissolving pulp to exclude any confounders from subsidiary substances. 

The untreated reference sheets showed a tensile strength of 3.4 ± 0.1 MPa and 

this increased due to the treatment for 30 s by a factor of roughly 14 for the samples 

that were not pressed and 10 for the pressed samples. The results for the different 

treatment times are shown in Fig. 3. 
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Fig. 3. Tensile strength of high-dissolving pulp sheets before and after treatment with 
NaOH/urea under pressure and without pressing. 

Since it was not possible to apply the pressure in such a short time as 2 s, only the 

sample matured without pressing is shown. The samples matured with pressing 

show a smaller increase in tensile strength for all treatment times than those 

matured without pressing. This is thought to be because the metal plates used for 

pressing were only pre-cooled while the glass vessel for maturing without pressure 

was fully cooled for the whole time. Although the temperature was not logged 

completely during the experiments, temperature checks after 15 s showed that the 

pressing plates reached a temperature of over 0 °C only after less than 15 s. This 

leads to a rapid heating of the samples during the pressing time and results in slower 

and poorer dissolution of the cellulose. Furthermore during the experiment some 

of the solvent containing dissolved cellulose was squeezed out from the samples 

what could be seen by regenerated cellulose film besides the sample sheet, lowering 

the available amount of matrix building cellulose solution. Thereby of regenerated 

matrix material is lower compared to the fully cooled samples. In consequence, 

matrix formation is better in the samples cooled for the whole time, leading to better 

gluing of the fibres and a higher strength of the composite. 
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These results meant that the process without pressing but with full cooling was 

preferred and the data were investigated in greater detail. Stress-strain curves for 

the reference sample and the samples matured without cooling, as reported in 

Paper I, are shown in Fig. 4. 

 

Fig. 4. Stress-strain curves for the high-dissolving pulp reference sheet and composites 
after different maturing times without pressing (Paper I © 2016 Elsevier). 

This shows that not only does the maximum load in tensile strength increase during 

the treatment but the strain also does so, too. The untreated reference has a strain 

at breakage of 1.3% while the composites show a strain at breakage between 1.5 

and 1.75% what is within the statistical error of the measurement. Furthermore, it 

can be seen from these two figures that a maturing time of only 2 s indeed gives an 

increase in tensile strength but is too short to achieve the full potential of the 

material. After a maturing time of more than 30 s, however, the tensile strength 

shows no significant changes any longer. The reason for this is the limited amount 

of NaOH/urea solvent incorporated into the sheet during the 1 s dipping time and 

the maximum solubility of cellulose in this solvent. This leads to the maximum 
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amount of cellulose able to dissolve being reached within the first 30 s of maturing, 

resulting in no further improvement in the matrix after 30 s. 

To take into account the change in density during the treatment as a result of 

shrinkage, the tensile strength results can be divided by the density, giving the 

specific stress at peak load, as shown in Fig. 5. The density was calculated by 

measuring the grammage and dividing this by the thickness of the samples. 

 

Fig. 5. Specific stress at peak load for the high-dissolving pulp reference sheet and 
composites as a function of maturing time. 

A maturing time of more than 30 s did not have any further positive effect on the 

ACCs; in fact the specific stress at breakage decreased for a maturing time of 240 s 

relative to the composites matured for shorter times. This is attributed to weakening 

of the fibres due to the process of mercerization occurring when cellulose is 

exposed to NaOH without dissolution, and will be discussed further in section 4.2. 

Compared with previously published results regarding the production of ACCs 

(Nishino et al., 2004; Nishino & Arimoto, 2007; Soykeabkaew, Nishino, & Peijs, 

2009), where the process usually took from several hours up to a few days, these 

results show that it is possible to prepare an ACC within a few seconds or minutes. 
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This opens up various new options for the economic industrial processing of 

biocomposites. 

4.1.2 Effect of raw materials 

Based on the results reported in Paper I it was decided to take 30 s maturing 

without pressing as the standard process for preparing ACCs. For Paper II, 

therefore, commercially available chemical pulps already in use in the paper and 

packaging industry were treated with this process to ascertain whether the findings 

of Paper I could be applied to industrial paper pulp. As the pulps, and therefore the 

composites, from this point onwards do not contain only cellulose, the materials 

will be referred to as self-reinforcing composites (SRC). The specific stress at peak 

load of the resulting SRCs and their reference sheets are shown in Fig. 6. 

 

Fig. 6. Specific stress at peak load for reference sheets and composites prepared from 
various industrial paper pulps employing the same process. 

The specific stress at peak load is roughly doubled for bleached pulps (spruce, pine 

and eucalyptus), but shows a reduced efficiency for unbleached pine and a lightly 
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negative effect for abaca fibres. As a further reference, the results for 

high-dissolving pulp from Paper I are also included in the figure. This shows that 

all commercial pulps indeed have a higher strength as untreated sheets, but the 

process of SRC development is hindered as compared with pure cellulose fibres. 

The different efficiencies of the treatment for the pulps can be correlated with 

the additional presence of lignin. The higher the lignin content, the poorer the 

efficiency of SRC development, because the dissolution of cellulose is hindered by 

lignin due to covering the fibres partly (Isogai & Atalla, 1998; Le Moigne & Navard, 

2010). 

Furthermore the hemicellulose content had an effect on the strength of the 

SRCs. Since hemicellulose is more soluble in a NaOH/urea solution, giving a pulp 

with a higher hemicellulose content, the hemicellulose content of the matrix 

increases, leading to a significantly lower strength, because it is known from the 

literature that incorporating hemicellulose into cellulose reduces the mechanical 

properties of the latter (Chanliaud, Burrows, Jeronimidis, & Gidley, 2002). The 

measured lignin and hemicellulose contents are shown in Table 3. 

Table 3. Lignin and hemicellulose contents of the pulps used here, according to TAPPI 
T212 and T222, and the resulting cellulose content (Paper II). 

Pulp Lignin (T222) Hemicellulose (T212) Cellulose 

% % % 

Bleached spruce 0.0 1.7 98.3 

Eucalyptus 0.0 3.2 96.8 

Bleached pine 0.1 3.1 96.8 

Unbleached pine 2.6 8.3 89.1 

Abaca 0.4 4.3 95.3 

The only exception to the above correlation concerns the pulp produced from abaca 

fibres, because it is obviously not able to form an SRC by the method used here, 

even though it has a lower hemicellulose and lignin content than the unbleached 

pine pulp. This could be attributed to the difference in physical structure between 

abaca fibres and fibres from wood. Mainly the abaca fibres have a much smaller 

lumen than the wood fibres (Delicano, 2018). While lumen degenerates during pulp 

production, empty cavities are formed in the fibres, while in abaca fibre these 

cavities are much smaller than in wood fibres. Therefore the available surface for 

penetration and dissolution is bigger in wood fibres, resulting in a significant better 

SRC development. However, it is not clear why abaca sheets show no significant 

change during the treatment and further research has to be done in this field. 
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Since the untreated reference sheet from the abaca pulp showed a specific stress at 

peak load comparable to that of the SRCs from the other pulps, mainly because of 

its significantly higher fibre length and stiffness, the immunity of abaca could open 

up a new possibility for its use as a reinforcement together with a pulp that shows 

good efficiency in SRC development. This implies that abaca fibres do not lose 

their intrinsic strength during treatment with NaOH/urea but are glued together by 

a matrix built from another pulp. The specific stress at peak load results for the 

reference sheets and SRCs prepared from various mixtures of abaca and high-

dissolving pulp are shown in Fig. 7. 

 

Fig. 7. Specific stress at peak load for reference sheets and SRCs as a function of the 
amount of abaca pulp in the mixture. 

For the untreated reference sheets the specific stress at peak load correlates linearly 

with the amount of abaca pulp. The results for the SRCs show no change in strength 

with increases in the proportion of abaca from 0% to 40% until the strength 

increases to a maximum of 60.9 kNm/kg for 60% abaca, although this value still 

remains within the statistical deviation of the SRC without abaca. Upon adding 

even more abaca, the strength again decreases to the minimum of 43 kNm/kg for 
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pure abaca pulp, but again remains within the statistical deviation for a pure high-

dissolving SRC. The efficiency of the treatment in general decreases because of the 

increasing proportion of abaca and the resulting decrease in matrix material in the 

SRCs. 

Although these results suggest an optimum at a composition of 60% abaca and 

40% high-dissolving pulp, no additional effect of reinforcement with abaca can be 

verified and the strength of the SRCs should be attributed primarily to the effect of 

gluing the fibres together with a matrix, regardless of the intrinsic matrix strength. 

4.1.3 Effect of calendering 

When using pulps other than high-dissolving ones it could be seen that the density 

indeed increased but the SRCs obtained nevertheless showed a porous and 

paper-like structure. This impairs the comparability of SRCs with other bulk 

composite materials because such materials are mainly dense, not porous. 

Therefore the reference sheets and SRCs obtained from the mixture of 60% abaca 

and 40% high-dissolving pulp, as discussed in section 4.1.2, were calendered in 

Paper III to investigate the impact of this processing on their mechanical 

properties. The results are shown in Fig. 8. 
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Fig. 8. Specific stress at peak load for reference sheets and SRCs made from a mixture 
of abaca and high-dissolving pulp after calendering at various nip pressures. 

Calendering with nip pressures up to 20 kN/m has no significant effect on the 

specific stress at peak load, the values for both the references and the SRCs being 

within the statistical deviation. At pressures of 50 kN/m and higher, however, the 

strength decreases in the references and the SRCs. 

This can be attributed to damage caused to the fibre-fibre hydrogen bonds and 

to the fibre walls during calendering (Paper III). Upon compressing the material 

in the nip, the fibres move, and therefore the hydrogen bonds are destroyed, leading 

to a lower tensile strength (Hubbe, 2013). It is mainly this effect that is responsible 

for reducing the strength of the reference sheets. In SRCs, due to the gluing effect 

of the matrix and densification during the NaOH/urea treatment, the fibres have 

less space to move and evade compression. This leads to heavy compression 

followed by expansion of the fibres themselves, resulting in fibre wall damage and 

reduced tensile strength (Hestmo, 2001). 
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4.1.4 Influence of fibre orientation 

The results presented in Papers I to III gave a good overview of the process of 

preparing SRCs via the partial dissolution route with NaOH/urea on a laboratory 

scale. When the process is intended to run on a continuously functioning paper 

machine on an industrial scale, however, the raw paper shows anisotropy in its fibre 

orientation. Due to the production parameters, the fibres become oriented in the 

machine direction (MD), resulting in higher tensile strength in that direction and 

lower strength in the cross-direction (CD). 

In Paper IV this situation was reconstructed using a dynamic sheet former on 

a laboratory scale, with bleached pine pulp as the raw material. The specific stress 

at peak load results for the reference sheets and SRCs are shown in Fig. 9. 

 

Fig. 9. Specific stress at peak load for reference sheets (A) and SRCs (B) in MD and CD 
as a function of the wire speed used for sheet preparation in m/min (Paper IV). 

Firstly, the isotropic, non-oriented sheets and SRCs showed a lower specific stress 

at peak load than their counterparts in Paper II (see Fig. 6). This may be attributed 

to the difference in drying. In Paper II the sheets were dried in a vacuum in the 

drying section of a Rapid-Köthen sheet former, leading to a more densified sheet 
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and therefore more fibre-fibre hydrogen and van-der-Waals bonding due to the 

increased contact area. In Paper IV, however, the sheets were dried in a Sumet 

laboratory drier at atmospheric pressure, leading to a more porous sheet with a 

lesser fibre-fibre contact area and therefore reduced tensile strength. 

Looking at the results for the untreated reference sheets, it is evident that the 

specific stress at peak load decreases in CD from 13.4 kNm/kg for isotropic sheets 

to 9.8 kNm/kg for sheets prepared with a wire speed of 1600 m/min, while it 

increases in MD from 13.4 kNm/kg to 23.8 kNm/kg. This phenomenon can also be 

observed on industrial paper machines and has been investigated very thoroughly 

(Niskanen, 2008). The results for SRCs, however, show that the specific stress at 

peak load indeed displays anisotropy in MD and CD as compared with the isotropic 

references, but the values in MD and CD show no significant dependence on the 

wire speed or on the initial degree of orientation in the untreated sheets. 

This can observed when calculating MD and CD quotients for specific stress 

at peak load, as shown in Fig. 10. This value is 1 for isotropic sheets without fibre 

orientation, such as the laboratory sheets prepared with a Rapid-Köthen sheet 

former, while for paper produced on continuously running machines it is >1, 

because the tensile strength is higher in MD than in CD and can be used to estimate 

the degree of fibre orientation (Niskanen, 2008). The quotient for the untreated 

reference sheets shows an almost linear dependence on wire speed and increases 

from 1.48 at 800 m/min to 2.43 at 1600 m/min. For the SRCs, however, the quotient 

only increases from 1.49 to 1.68, showing significantly less dependence of specific 

stress at peak load on wire speed and thereby also on the initial degree of orientation. 

This means that the increase in tensile strength due to the treatment with 

NaOH/urea will be higher in CD than in MD for sheets produced at wire speeds of 

1200 m/min and 1600 m/min. 
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Fig. 10. Quotients of MD and CD calculated from specific stress at peak load as a 
function of the wire speed used for paper preparation (Paper IV). 

One explanation for this behaviour may be that the orientation is partially lost 

during the treatment with NaOH/urea and the related swelling of the fibres. Due to 

wetting and swelling, the fibres are able to move within a small range, distributing 

themselves more statistically, leading to a reduced degree of orientation in all sheets 

after the treatment and therefore to less dependence of the specific stress at 

breakage on the initial degree of orientation. 

More research into the orientation of the remaining fibres in SRCs nevertheless 

has to be done at this point in order to clarify the influence of orientation on the 

mechanical properties of the material. 

4.2 Changes in crystal structure 

4.2.1 Effect of maturing time 

An interesting effect when treating cellulose with NaOH is the change in crystal 

structure from native cellulose I to cellulose II and an amorphous fraction. This 
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occurs mainly due to the dissolution and precipitation of cellulose, during which 

the crystalline regions of cellulose I are dissolved and recrystallize according to the 

structure of cellulose II or else remain in an amorphous state. These changes were 

investigated with wide-angle X-ray scattering (WAXS). The results as published in 

Paper I are shown in Fig. 11. 

 

Fig. 11. WAXS patterns of sheets treated with NaOH/urea as a function of maturing time 
(Paper I © 2016 Elsevier). 

The black line shows a typical pattern for high-dissolving pulp, with overlapping (110) and (110) peaks at 17.3° and 19.4° 2θ, the main (200) peak at 26.8° 2θ and 

various overlapping small peaks around 40° 2θ. After treating the pulp with 

NaOH/urea additional peaks at 14.1° and 23.2° 2θ can be observed and identified 

as the (110) and (110) peaks of the cellulose II structure. These peaks are small 

for a maturing time of 2 s but develop more clearly with maturing times of 30 s and 

longer. 

Furthermore, a small peak at 34.3° 2θ develops with maturing times of 30 s 

and more. This peak can be attributed to calcite (CaCO3), which forms during the 

washing stage (Paper III). When the composites are put into tap water for washing, 
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the pH of the water rises rapidly and the CaHCO3 dissolved in the tap water reacts 

with OH--ions to produce H2O and CaCO3 which is precipitated immediately 

because it is practically insoluble in water. 

The degree of crystallization in cellulose materials is usually calculated using 

the crystallinity index published by Segal et al. in 1959 (Segal, Creely, Martin, & 

Conrad, 1959). This method only takes cellulose I and amorphous cellulose into 

account, however, and neglects the eventual presence of cellulose II, while 

naturally overestimating the amount of cellulose I. To avoid this problem the 

method mentioned in the Materials and Methods section of this thesis was used to 

determine the amounts of cellulose I, cellulose II and amorphous cellulose. The 

result of the fit achieved for the ACC prepared with a 30 s maturing time is shown 

in Fig. 12. 

 

Fig. 12. XRD simulation of the WAXS pattern obtained for ACC prepared from 
high-dissolving pulp with a maturing time of 30 s (Paper I © 2016 Elsevier). 

The three individual patterns for pure cellulose I, cellulose II and amorphous 

cellulose are shown as dash-dotted, dashed and dotted black lines, while the result 

obtained by superimposing these three, i.e. the general simulation of the measured 
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data, is shown by the red line. This indicates a good fit and is suitable for estimating 

the amounts of each phase. This was done for all the maturing times and for the 

reference sheet referred to in Paper I, giving the results shown in Table 4. 

Table 4. Calculated amounts of cellulose I, cellulose II and amorphous cellulose in the 
reference sheet and the ACCs made from high dissolving pulp as a function of the 
maturing time (Paper I © 2016 Elsevier). 

Maturing time Amorphous Cellulose I Cellulose II 

% % % 

Reference 7.2 ± 0.2 91.3 ± 0.3 1.5 ± 0.1 

2 s 10.5 ± 0.2 77.1 ± 0.3 12.4 ± 0.2 

30 s 13.8 ± 0.2 58.4 ± 0.3 27.8 ± 0.3 

60 s 15.8 ± 0.2 57.7 ± 0.3 26.5 ± 0.2 

120 s 14.4 ± 0.2 57.6 ± 0.3 28.0 ± 0.3 

240 s 15.2 ± 0.2 52.9 ± 0.4 31.9 ± 0.3 

The amount of cellulose I decreases rapidly from 91.3% to 58.4% within the first 

30 s of maturing but this trend then slows down significantly so that 52.9% of the 

cellulose I is still left after 240 s of maturing. At the same time the amount of 

cellulose II increases from 1.5% to 27.8% by 30 s but only to 31.9% by 240 s, while 

the amount of amorphous cellulose remains almost unchanged after the first 

increase by 30 s. 

Relating these figures to the tensile strength measurements, we see that the 

process of ACC development is completed within the first 30 s of maturing, and it 

can be said that the maximum solubility of cellulose in the impregnated amount of 

NaOH/urea is reached by 30 s and therefore construction of the matrix is also 

complete after precipitation. The subsequent transition of cellulose I to cellulose II 

can be attributed to the process of mercerization, which is well known from the 

literature (Dietrich, Goring, & Revol, 1987; Dinand, Vignon, Chanzy, & Heux, 

2002; Revol & Goring, 1981) for cellulose I in a solution of NaOH and describes a 

transition in crystal structure through swelling of the cellulose without dissolving. 

Furthermore, the results show that by 30 s at least 58% of the initial cellulose 

content remains unchanged, since it is not possible under these conditions to 

precipitate dissolved cellulose as cellulose I. However, mercerization should 

already be occurring from the first contact of cellulose with the NaOH/urea solvent, 

leading to an underestimation of the undissolved fibre content. Nevertheless the 

results confirm that approximately 60% of the fibres are unchanged during the 
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treatment and therefore involved in building a reinforcement fibre web in the 

composite. 

Connected with the results regarding the reduced tensile strength of ACCs 

prepared with a maturing time of 240 s in particular, the WAXS patterns show that 

longer maturing times have a negative effect on the strength of ACCs due to 

mercerization of the cellulose and therefore weakening of the reinforcement fibres. 

4.2.2 Changes dependent on the raw material 

The crystallinity of cellulose also changes during treatment with NaOH/urea when 

using various commercial chemical pulps as raw materials for paper production. 

Fitting results from Paper II are shown in Table 5. 

Table 5. Amounts of cellulose I, cellulose II and amorphous cellulose estimated by 
fitting results obtained for the reference paper and SRCs from commercial chemical 
pulps (Paper II © 2017 Elsevier). 

Pulp Sample Amorphous Cellulose I Cellulose II 

% % % 

Bleached spruce Reference 11.5 87.1 1.4 

SRC 21.2 42.5 36.3 

Eucalyptus Reference 12.4 83.5 4.1 

SRC 14.7 65.6 19.7 

Bleached pine Reference 13.6 86.4 0.0 

SRC 17.3 54.3 28.4 

Unbleached pine Reference 13.7 86.3 0.0 

SRC 21.4 49.5 29.1 

Abaca Reference 17.3 76.7 6.0 

SRC 19.0 67.3 13.7 

These results show that the wood fibres had a similar composition before the 

treatment regardless of the species, while abaca had a higher amount of amorphous 

cellulose and cellulose II. It should be mentioned, however, that only the 

composition of the cellulose fraction can be estimated using this method, so that 

additional fractions such as hemicelluloses, lignin etc. are not taken into account. 

Thus the same composition is shown for the fits with bleached and unbleached pine, 

for example, even though the overall composition is different, as shown above in 

Table 3. This testifies to the good quality of the estimation, however, since the 
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composition of the cellulose fraction should not alter on account of bleaching of 

the pulp. 

Nevertheless, the results do show significant differences in the changes in 

cellulose structure during treatment. Abaca pulp in particular shows a much lower 

decrease in cellulose I and also a much lower increase in amorphous cellulose and 

cellulose II than in the other pulps. Together with the results for tensile strength, 

this could again be attributed to the different general structure of the leaf fibres 

relative to wood fibres and underpin the assumption that abaca is not able to 

develop an SRC under the conditions existing here. 

Furthermore, bleached pine develops less amorphous cellulose than 

unbleached pine, suggesting a more efficient treatment in contrast to the tensile 

strength measurements. The differences between the tensile strength and WAXS 

results can be explained by the additional lignin and hemicellulose in the 

unbleached pine, the lignin hindering the dissolution of cellulose without 

preventing swelling, leading to the development of amorphous cellulose but no 

matrix building out of the cellulose. Moreover the matrix is built up from the more 

soluble hemicellulose in unbleached pine, leading to reduced tensile strength in the 

SRC, as mentioned in section 4.1.2 above. 

4.2.3 Effect of calendering 

Since the pronounced compression and expansion during calendering could denote 

an effect on the crystal structure of the cellulose fraction, WAXS was also 

performed on the reference sheets and SRCs in Paper III. The results of the fitting 

for the reference sheets are shown in Table 6. 

Table 6. Content of amorphous cellulose, cellulose I and cellulose II in the reference 
sheets after calendering at various nip pressures (Paper III © 2018 Springer). 

Nip pressure Amorphous Cellulose I Cellulose II 

% % % 

0 kN/m 10.7 87.6 1.7 

10 kN/m 11.0 86.4 2.6 

20 kN/m 10.5 86.7 2.9 

50 kN/m 11.5 85.1 3.4 

100 kN/m 10.5 85.1 4.4 

200 kN/m 11.2 81.5 7.2 
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The amount amorphous cellulose varied around 11% within a certain statistical 

deviation for all the samples, whereas the amount of cellulose II increased along 

with the increasing nip pressure and that of cellulose I decreased, although since no 

solid-state transition of cellulose I to cellulose II has been reported up to now, this 

must be attributed to an inaccuracy in the fitting method. Both cellulose I and 

cellulose II have their peak around 23.5° 2θ, leading to an increased intensity of the 

pattern at this point. A peak in this position is not usually detected in the reflection 

mode used here for cellulose I, but could develop due to the increased fibre 

orientation induced by the calendering. The fitting algorithm however attributes 

this peak to cellulose II because of the static simulated patterns used for calculation, 

and therefore overestimates the amount of cellulose II in the fit. Taking this into 

account, it can be said that the crystalline structure of the cellulose fraction does 

not alter during calendering. 

The results of fitting the WAXS patterns of the calendered SRCs in Paper III 

are shown here in Table 7. 

Table 7. Content of amorphous cellulose, cellulose I and cellulose II in the SRCs after 
calendering at various nip pressures (Paper III © 2018 Springer). 

Nip pressure Amorphous Cellulose I Cellulose II 

% % % 

0 kN/m 15.4 56.5 28.1 

10kN/m 16.2 57.5 26.3 

20kN/m 17.3 55.5 27.2 

50kN/m 15.4 56.2 28.4 

100kN/m 14.1 60.0 25.9 

200kN/m 13.4 68.8 17.7 

This shows again that the amount of amorphous cellulose remains practically 

unchanged and varies within a certain statistical range around 15.3 ± 2%. The 

amount of cellulose I in the non-calendered sample dropped from 87.6% to 56.5% 

while the amounts of amorphous and cellulose II increased to 15.4% and 28.1% 

respectively. Similar behaviour was also observed earlier in Papers I and II. 

Assuming that the 40% fraction of abaca fibres in the pulp mixture was not 

dissolved, according to the results in Paper II, the residual amount of cellulose I 

indicates that the reinforcement fibre web contained approximately 70% abaca 

fibres and 30% residual high-dissolving pulp fibres. 

Furthermore, the calculated amount of cellulose I increased with increasing nip 

pressure up to 68.8% while the amount of cellulose II decreased to 17.7%. Here 
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again, no solid-state transition of cellulose II to cellulose I has been reported before 

and more research should be carried out into this matter in future in order to clarify 

the results. 

4.3 Short-span crush resistance 

Short-span crush resistance is an especially important parameter for paper products 

used in packaging and for corrugated board, as it gives an example of what load 

can be applied to boxes when stapling them shut before they are crushed by the 

weight. Since, like tensile strength, this depends on the density of the sample, the 

specific short-crush resistance is used most of the time. The results reported for the 

commercially available pulps in Paper II and for the high-dissolving pulp with a 

maturing time of 30 s in Paper I are shown in Fig. 13. 

 

Fig. 13. Specific short-crush resistance for reference sheets and SRCs produced from 
various pulps. 

The results for the reference sheets are similar in their mutual order to the tensile 

strength results, but those for the SRCs show a few differences. In general the 
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treatment with NaOH/urea increased the specific short-crush resistance for all 

except the abaca pulp, although the increase for the eucalyptus pulp was smaller 

than that for the pine and spruce pulps. In addition, the results for the 

high-dissolving pulp did indeed show a massive increase, but also a high variance 

relative to the ACC, indicating poorer reproducibility than for the other pulps. 

The differences in the increases observed in the SRCs relative to the 

corresponding reference sheet can be attributed to the different amounts of matrix 

built up in the course of the treatment. As more energy is needed to compress a 

dense material than a porous structure such as paper, the more matrix is built up, 

the higher the specific short-crush resistance can be. In addition the fibres are glued 

together by the matrix, making it more difficult to move during crushing. It is for 

this reason that the high-dissolving pulp showed the highest increase, because it 

had developed an almost completely dense material, the next densest being those 

developed by the bleached spruce and pine pulps. The eucalyptus and unbleached 

pine pulps showed a smaller increase because of the hemicellulose and lignin 

contained in them, and therefore a poorer matrix building capacity. Furthermore, 

abaca was not able to develop a SRC under the conditions prevailing here, and 

therefore showed no change in specific short-crush resistance, because the density 

did not change. On the other hand, it did show the highest value of all untreated 

samples, as was also the case with tensile strength, which can be attributed to the 

much higher stiffness and therefore reduced micro-buckling of the untreated fibres. 

To investigate the changes in specific short-crush resistance upon calendaring, 

the results obtained in Paper III are shown in Fig. 14. 
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Fig. 14. Specific short-crush resistance of reference sheets and SRCs as a function of 
calendering nip pressure (Paper III © 2018 Springer). 

The results show that calendering did not have a significant effect on the specific 

short-crush resistance. The reference sheets showed just a small increase after 

calendering at 200 kN/m, while the SRCs all had the same value within the limits 

of the experimental scatter. Thus the increased specific short-crush resistance of the 

SRCs has to be attributed to the increased fibre-fibre bonding provided by the 

matrix. When crushing the sample the fibres first move to reduce the stress before 

they are crushed, and this movement is hindered by gluing the fibres together with 

the matrix, this will lead to a higher specific short-crush resistance. The density was 

indeed increased by calendering and the interspaces were removed, but the 

fibre-fibre bonding was not improved, nor was movement of the fibres hindered. 

In summary, it can be said that calendering has no effect on the short-crush 

resistance of SRCs. 

The effect of the fibre orientation of the raw paper used for SRC preparation 

on the specific short-crush resistance was investigated in Paper IV, yielding the 

results shown in Fig. 15. 
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Fig. 15. Specific short-crush resistance of reference sheets (A) and SRCs (B) as a 
function of the wire speed used for preparingb the raw paper (Paper IV). 

The values for the non-oriented reference sheets do not lie between those for the 

MD and CD of the oriented sheets as it was expected but are nearly the same as the 

CD values. Although the oriented samples show both MD and CD anisotropy, no 

effect of the different orientations can be observed, neither in the case of the 

untreated reference sheets, nor in the SRCs. This suggests that the effect of 

orientation may lie in saturation even at the lowest wire speed used. 

The increase in specific short-crush resistance due to the treatment with 

NaOH/urea can as such be attributed to the increased fibre-fibre bonding by the 

matrix. In untreated reference sheets the fibres were free to move and could also 

buckle to avoid any stress applied, which represents out-of-plane movement that 

would lead to low resistance. In the SRCs this movement was hindered due to the 

gluing effect of the matrix, resulting in greater energy uptake until the fibre walls 

were crushed, and therefore higher resistance. 

The difference between MD and CD orientation patterns, however, can be 

explained by the different alignment of the fibres. When more fibres are aligned in 

parallel, movement and buckling will be hindered upon compression in the MD 
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case, because the fibres support each other, whereas in the CD case there are less 

fibres to be buckled and compressed and they can arrange themselves better simply 

by moving into voids, leading to a significantly lower resistance. 

In general these results indicate that specific short-crush resistance in SRCs is 

dependent primarily on the strength of the fibre-fibre bonding; the better the 

bonding, the higher the resistance. 
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5 Conclusions 
An aqueous solution of NaOH and urea at a temperature of -12°C is a viable 

alternative to well-known cellulose solvents such as LiCl/DMAc, NMMO or ZnCl2 

in the partial dissolution route to obtaining ACC materials. It was shown in Paper 

I that a treatment time of just 30 s or even less is enough to dissolve part of the 

cellulose from the fibres and regenerate it as a matrix material for the composite. 

The tensile strength of a high-dissolving pulp fibre network could be increased 

from 3.4 MPa to 48.8 MPa by means of this short treatment. In addition, a method 

for estimating the remaining fibre content of the composites through the use of 

WAXS measurements was suggested. 

Furthermore, certain commercially available paper pulps that are already in use 

could be verified as suitable raw materials for the production of ACCs with 

NaOH/urea in Paper II, making the process more economic than it would be with 

highly specialized pulps. The results nevertheless showed that the efficiency of the 

treatment is highly dependent on the raw pulp used, and especially on its 

hemicellulose and lignin content. In addition, abaca pulp alone is not usable for the 

production of ACCs, since it cannot be dissolved in NaOH/urea, but due precisely 

to this immunity to treatment, abaca fibres could be suitable as reinforcement when 

using another pulp as the matrix-building agent. 

Moreover, porosity is a major issue in composites science, because it is a poorly 

controllable parameter and distorts the results of various measurements, whereby 

low porosity should preferably be aimed at in composites. One potential route was 

investigated in Paper III by calendering the ACCs to reduce porosity, but the 

results showed that compressing the material after its production has a negative 

effect on the properties of the ACCs, damaging both the fibre-fibre and the 

fibre-matrix bonds. 

Since the aim here was to consider at least the production of ACCs on a 

continuously running paper machine, a dynamic sheet former was used to prepare 

laboratory handsheets with a fibre orientation comparable to that achieved by 

industrial paper machines. Using these sheets for ACC production, it could be 

shown that fibre anisotropy in terms of tensile strength indeed occurs in ACCs in 

both the MD and CD orientation, but the effect is lower than in untreated paper. 

Combining the results of this thesis, it can be said that the partial dissolution 

route with NaOH/urea could be suitable for a continuous industrial scale 

application and that ACC materials represent a highly promising bio-based and 

biodegradable alternative to materials produced from synthetic polymers. 
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