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Abstract 
The aim of the thesis was to develop dissolved cellulose (dissolved in NaOH/ZnO) based 

blends with acrylic acid copolymers (poly(ethylene-co-acrylic acid) (PE-co-AA) or 
poly(acrylamide-co-acrylic acid) (PAA-co-AA)) or microfibrillated cellulose (MFC) in the way 
they could be used in injection molding or for film/coating applications. This thesis 
summarizes the research reported in five publications supported by some unpublished results. 

Rheological studies done in the contexts of this work demonstrate the evolution of the 
alkaline dissolved cellulose/acrylic acid copolymer suspensions and dissolved cellulose/MFC 
suspensions during mixing and in relation to blend compositions as the properties were found 
to be a sum of many factors, including gelation of the suspensions. 

Uniform quality suspension and the best possible mixing between cellulose and copolymers 
were obtained by using a method in which the suspension was frozen and thawed between the 
mixing steps. This enabled uniform morphology with no phase separation before precipitation. 
With this method we managed to combine the properties of cellulose and the used acrylic acid 
copolymers as the analyses of the co-precipitated blends indicated good mixing between 
polymer phases. Good mixing between the polymers also enabled cellulose/PE-co-AA blends 
to be used in injection molding. 

Co-precipitated cellulose/PAA-co-AA films showed improved mechanical strength when 
compared to neat cellulose films. In coating trials, cellulose/acrylic acid copolymer blends 
demonstrated improved barrier properties compared to neat cellulose coating. In addition, 
studies of dissolved cellulose/MFC suspensions proved that by blending sufficiently small 
amounts of microfibrillated cellulose into cellulose solution, it is possible to prepare stable 
suspensions without phase separation. 

 In rheological studies of MFC suspensions, the use of transparent measuring geometry 
allowed direct verification of the flocculated nature of MFC suspensions. MFC suspensions  
were observed in various stages of the flow and it was determined that the decomposition of 
micro scale MFC network in a water suspension follows the same general behavior as 
documented for macroscopic fiber suspensions. It was also noticed that ions in the suspending 
medium severely influence the flocculation and as a result, to rheological behavior of MFC 
suspensions. 
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Tiivistelmä 
Tutkimuksen tavoitteena oli kehittää liuotettuun selluloosaan (liuotettu NaOH/ZnO/vesi 

–pohjaisessa liuotinsysteemissä) pohjautuvia seoksia akryylihappokopolymeerien 
(poly(eteeni-ko-akryylihappo) ja poly(akryyliamidi-ko-akryylihappo) tai mikrofibrilloidun 
selluloosan kanssa tavalla, jolla ne saataisiin sopimaan päällystysmateriaaliksi, kalvoiksi tai 
ruiskuvaluun. Tämä väitöskirja summaa yhteen tutkimukset, jotka on julkaistu viidessä eri 
osajulkaisussa. Lisäksi osajulkaisujen tueksi on esitetty julkaisemattomia tutkimustuloksia. 

Tämän tutkimuksen yhteydessä esitetyt reologisten mittausten tulokset demonstroivat 
selluloosa/akryylihappokopolymeeri ja liukosellu/mikrofibrilloitu selluloosa suspensioiden 
kehitystä sekoituksen aikana, sekä suhteessa seoksien koostumukseen. Suspensioiden 
ominaisuudet olivat monien tekijöiden summa, yhtenä osatekijänä mm. suspensioiden 
geeliytyminen. Tasalaatuiset suspensiot ja paras mahdollinen sekoittuvuus selluloosan ja 
kopolymeerien välillä saavutettiin käyttämällä menetelmää, jossa seokset jäädytettiin ja 
sulatettiin sekoitusvaiheiden välissä, mahdollistaen myös tasalaatuisen morfologian ilman 
faasierottumista ennen saostusta. Käyttäen tätä menetelmää yhdistimme selluloosan ja 
akryylihappokopolymeerien ominaisuudet, analyysien näyttäessä hyvää sekoittuvuutta 
polymeerifaasien välillä. Hyvä sekoittuvuus mahdollisti myös selluloosa/poly(eteeni-ko-
akryylihappo) – seoksien käytön ruiskupuristuksessa. 

Saostetut selluloosa/poly(akryyliamidi-ko-akryylihappo) – kalvot näyttivät parantuneita 
mekaanisia ominaisuuksia verrattuna puhtaisiin selluloosakalvoihin. Päällystyskoeajoissa 
selluloosa/akryylihappokopolymeeri – seoksilla päällystetyt kartongit demonstroivat 
parantuneita läpäisevyysominaisuuksia verrattuna puhtaalla selluloosalla päällystettyihin 
kartonkeihin. Lisäksi liuotettu selluloosa/mikrofibrilloitu selluloosa – suspensioiden 
tutkimukset todistivat, että sekoittamalla suhteellisen pieniä määriä mikrofibrilloitua 
selluloosaa liuotetun selluloosan sekaan on mahdollista valmistaa stabiileita suspensioita 
ilman faasierottumista. 

Mikrofibrilloidun selluloosan vesisuspensioiden reologisissa tutkimuksissa läpinäkyvän 
mittausgeometrian käyttö mahdollisti suspensioiden flokkautumisen suoran todentamisen. 
Mikrofibrilloidun selluloosan suspensioita tutkittiin virtauksen eri vaiheissa, jonka tuloksena 
suspensioiden vahvistettiin noudattavan samoja verkkorakenteen hajoamisen vaiheita, mitä 
on todettu makroskooppisille kuitususpensioille. Lisäksi huomattiin ionien huomattava 
vaikutus suspensioiden flokkautumiseen ja täten myös suspensioiden reologiseen 
käyttäytymiseen. 
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1. Introduction 

1.1 Background 
 

Alternative raw materials to replace petrochemicals have been the subject 

of extensive research during recent decades. One of the most extensively 

studied potential replacements for petrochemical polymers, especially in 

packaging industry, is cellulose. The attractiveness of cellulose is explained 

by the fact that it is the most abundant polymer in nature. Moreover, 

cellulose is biodegradable, renewable and chemically stable. Widespread 

usage of cellulose as a plastic replacement material has been limited by its 

poor solubility and inability to thermoform. Strong intra- and 

intermolecular hydrogen bonding between cellulose chains results in a 

tightly packed crystalline structure that makes cellulose insoluble in most 

common organic solvents. This is also the main reason why cellulose does 

not melt; it degrades rather than becoming deformable when heated (1,2). 

During the years these disadvantages have been severely limiting the 

suitability of cellulose, for instance, in natural-filler/thermoplastic blends 

and composites. Yet, there are ways to overcome these challenges. 

 

Regardless of the limitations and challenges originating from the molecular 

structure of cellulose, there are still ways to utilize cellulose. During last 

decades, the use of natural cellulose has been developed further. One of 

these newly developed cellulose materials is microfibrillated cellulose 

(MFC). MFC suspension is produced from pulp by mechanical 

disintegration processes and can be utilized as such as a rheology modifier, 

for example. In dry form, MFC can be used in composites as reinforcing 

material. However, to use MFC as plastic replacement material it needs to 

be modified, meaning chemical or physical treatment of the fibrils. 

 

Since cellulose cannot be melted, dissolution or modification of cellulose 

becomes essential in order to produce cellulose-based materials which can 

be used as plastic replacements. The thermo-formability (as well as the 

solubility) of cellulose can be enhanced by derivazitation. Thermoplastic 
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cellulose grades can be produced by reacting the free OH -groups of 

cellulose with certain reagents, resulting in cellulose acetate, cellulose 

acetobutyrate, benzyl cellulose, ethyl cellulose etc. As a drawback, this 

means that most of the OH -groups of cellulose need to be reacted (DS~3), 

which in contrast reduces e.g. biodegradability. Dissolving cellulose on the 

other hand has been researched since cellulose was isolated in nineteenth 

century and special solvent systems have been developed in order to put 

this into practice. 

 

However, regardless of the different derivazitation and dissolving 

possibilities, it is obvious that it is difficult to produce materials that are 

based on fully renewable raw materials if the purpose is to completely 

replace properties of synthetic polymers. In this respect, alternative 

approaches to prepare new, feasible polymeric materials are needed. One of 

them is polymer blending. Compared to derivazitation, blending of 

polymers is a relatively simple and efficient way to produce materials that 

have properties unattainable with single components. The properties of 

natural polymers can be significantly improved by blending them, for 

instance, with synthetic polymers. 

 

The following chapter sections (1.2 – 1.8) provide an introduction of 

dissolving cellulose in NaOH-based solvents, regenerated cellulose, 

microfibrillated cellulose, cellulose composites, cellulose/polymer blends 

and solution/suspension rheology. Finally, the scope of the thesis is 

disclosed. 

1.2 Dissolving cellulose in NaOH-based solvents 
 

Solvents targeted to dissolve cellulose have been under development 

intensively during the last several decades. At the commercial scale, there 

are two techniques used to produce regenerated cellulose fibers from 

dissolving pulp, the Lyocell (NMMO) process and viscose (CS2, NaOH) 

process. As new types of environmentally friendly solvents for cellulose, 

intensive investigation and development has also been made in the area of  

ionic liquids (3,4). In addition, cellulose can be dissolved in NaOH-based 

solvent systems in which this section will focus in more detail. 

 

The first reported dissolution of cellulose in water/NaOH -solvent systems 

were reported in 1934, as GF Davidson (5) dissolved microcrystalline 

cellulose in a solution of NaOH. He managed to dissolve 80 % of the 

cellulose in 10 wt-% NaOH solution at -5 ° C. However, this treatment 

shortened the length of the cellulose chains. Later, Sobue et al. (6) 
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developed the fundamentals for the cellulose - NaOH - water ternary phase 

diagram, which narrowed the solubility of cellulose to 7 - 10 wt-% NaOH at 

-5 ° C - 1 ° C. At the end of 1930’s there was a gap in research regarding 

NaOH/water -based solvents for cellulose until 1980's, but they have been 

actively studied since. In 1984 Kamide et al. (7) found a correlation between 

cutting the intramolecular hydrogen bonding between cellulose chains and 

solubility. Since then, the common opinion of researchers has been that 

cutting the intramolecular hydrogen bonds between cellulose chains is 

crucial for efficient dissolving. 

 

In 1998 Isogai and Atalla (8) developed a dissolution method in which 

cellulose pulp was dissolved through a freeze – thaw method. Cellulose pulp 

was mixed in 8.5 wt-% NaOH solution and cooled to -20° C. After complete 

freezing the mass was thawed to room temperature and diluted with water 

until a NaOH concentration of 5 wt-% and a cellulose concentration of 2 wt-

% was reached. This system dissolved short-chain (DP less than 200), 

amorphous and regenerated cellulose grades completely or almost 

completely. Isogai and Atalla concluded that the freezing procedure 

broaden the structure of cellulose by weakening the inter-chain hydrogen 

bonds and made dissolution easier. However, as the DP increased over 700 

dissolving through this method was not as effective. (8) Since these studies 

performed in the end of 1990’s, freeze – thaw methods have been 

commonly used to dissolve cellulose in NaOH/water -based solvents 

systems. 

 

Egal et al. (9) refined the importance of low temperature to the formation 

of sodium hydroxide/water -hydrates. At low temperatures, the hydrogen 

bonds between hydrates are stronger. This is essential to keep the hydrate 

network structure strong enough so that cellulose chains remain separated. 

This also explains the gelation of a cellulose solution at raised 

temperatures. Egal et al. proposed that the narrow dissolving range of 

cellulose in NaOH (7 to 10 wt-% NaOH) may also be related to the  shape of 

the hydrates: too high NaOH concentration results  in smaller hydrates, 

wherein they are attached to the cellulose surface and do not cause any 

dissolution (so-called mercerizing). On the other hand, in too low NaOH 

concentration the hydrates may become too large in order to penetrate 

between cellulose chains. (9) 

 

As mentioned, despite extensive study there are drawbacks with purely 

aqueous NaOH/water -based solvent systems. One of the problems is the 

low maximum-solubility of cellulose. According to Egal et al. maximum 
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solubility of cellulose is the same as the concentration of NaOH in the 

solution (9). Another problem is the gelation of the aqueous 

cellulose−NaOH solutions (10). Gelation of cellulose solution occurs if the 

solution is stored for a long time, if the cellulose concentration is increased 

or if temperature is raised above 20 °C. If gelation occurs, the cellulose 

solution does not return to a liquid state even if the temperature is lowered 

back to the initial dissolution temperature (10,11). For these reasons, 

researchers have looked for ways to stabilize the cellulose solution and to 

improve the solubility of NaOH/water -based solvent systems with a variety 

of additives together with NaOH. For normal grades of cellulose, the 

solvent power has been increased with additives such as urea, thiourea or 

ZnO. Urea and thiourea have been known to influence mercerization and 

have been used for a long time for improving the viscose process (12). From 

these newly developed NaOH -based solvent systems, the NaOH/urea -

solvent arguably the most studied NaOH -based solvent to dissolve 

cellulose. Within this solvent, urea has been reported to stabilize the 

cellulose chains separated from each other with sodium and thereby result 

in a relatively stable cellulose solution (13). 

 

Davidson (14) found already in 1937 that the addition of small amounts of 

ZnO to a NaOH/water solution increases its swelling and dissolution 

capability in cellulose dissolution (14). In addition, Proferssor Lina Zhang's 

research group in Wuhan University has found that a small addition of zinc 

oxide to the NaOH/urea –system would improve the systems dissolvability 

(15). However, despite these discoveries, there is no unanimous theory 

behind the dissolving power increasing property of added ZnO in NaOH –

based solvents for cellulose. As the only additive however, ZnO offers 

weaker dissolving power than NaOH/urea even though the NaOH/ZnO 

solvent has faster kinetics (16). The advantage of NaOH/ZnO solvent 

compared to urea based solvents is in its environmental friendliness since it 

does not contain nitrogen compounds. In general, it can be said that the 

advantages of NaOH -based solvent systems are low cost, dissolution speed 

and simplicity. 

 

In addition to NaOH/urea and NaOH/ZnO solvent systems, other NaOH 

based systems have been investigated, such as NaOH/thiourea (17), 

NaOH/urea/thiourea (18), NaOH/PEG (19) or NaOH/acetamide/tetraethyl 

ammonium chloride (20). It is also possible to use LiOH instead of NaOH 

for example in solvent systems with urea (21). The focus of this thesis is the 

NaOH/ZnO system as it is used as a base material for the blends with 

copolymers and microfibrillated cellulose.  
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1.3 Regenerated cellulose 
 

Regenerated cellulose can be considered as a general term for all of the 

cellulose regenerated from various dissolved cellulose sources. Regenerated 

cellulose in its native form is cellulose II and can be produced directly to 

fibers or films by using conventional or new processes. Application areas of 

regenerated cellulose are for example coatingsIII, packaging films (22), 

textiles or separation membranes (23). Due to the hydrophobicity of the 

cellulose structure, neat regenerated cellulose films do not have good 

resistance against water, which hinders their usage as packaging films. This 

is also the reason why regenerated cellulose may have more important uses 

in various mixed compositions. In blends or composites, regenerated 

cellulose can provide better strength whereas the matrix material can 

contribute other properties depending on the application e.g. water 

resistance, as well as brand new features, such as magnetism (24). On the 

other hand, the porous structure of neat regenerated cellulose enables its 

use for example as a matrix in photoluminescence applications (22). In this 

thesis, regenerated cellulose is blended with copolymers in publications I, II 

and III, used as a coating in publication III and as matrix material for MFC 

fibers in precipitated all-cellulose films in publication V. 

1.4 Microfibrillated cellulose 
 

Microfibrillated cellulose (MFC) is produced from pulp by mechanical 

disintegration processes (grinding or fluidization), sometimes combined 

with chemical or enzymatic pre-treatments. The MFC fibers can be up to 

several micrometers long and possess nanoscale diameters (25). MFC is 

known for  its tendency to form continuous, web-like, flocculated, gel-like 

entangled network structures (26,27) in water suspensions already at very 

low (~0.1 wt-%) concentrations (26,28). Microfibrillated cellulose-water 

suspensions possess shear thinning and thixotropic rheological properties 

originating mainly from the natural tendency of MFC to form entangled 

network structures (28-30).  

 

Another typical feature of MFC suspensions is the flocculated flow of MFC 

suspensions. Under shear, the MFC suspensions network breaks up 

progressively, finally flowing as individual flocs as sufficiently high shear 

rates are applied, floc size diminishing with increasing shear rate (31,32). 

Flocculation affects rheological properties of the suspensions in both 

processing and at rest. Furthermore, the quality of the products is also 

dependent on the homogeneity of the fibril distribution (31,33), e.g. in 
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paper, films, or composites. This is also the reason why rheological 

properties of MFC suspensions are important features to study. 

 

In addition to rheological properties, microfibrillated cellulose has been the 

subject for several studies due to its mechanical properties in dry state. The 

mechanical strength of an individual cellulose microfibril is very high, 

which together with its relatively high surface area makes MFC a potential 

reinforcement material for composites (34).  

1.5 Composites of cellulose 
 

A composite is a material that consists of two or more dissimilar materials 

to improve the strength, stiffness and/or toughness of the individual 

components.  Natural fiber reinforced composites are finding much interest 

as a substitute for glass and carbon fiber reinforced polymer composites. 

Spun cellulose fibers from the viscose, lyocell and carbamate processes have 

been used to reinforce thermoplastic commodity polymers, such as 

polypropylene (PP), polyethylene (PE) and (high impact) polystyrene 

(HIPS) as well as poly(lactic acid) (PLA) and a thermoplastic elastomer 

(TPE) for injection molding applications0II. As a drawback, mechanical 

properties of regenerated cellulose fibers are not as good as other fiber 

types (35). Compared to industrially made fibres, natural fibres usually 

show a larger scatter of properties. (36) Despite these drawbacks, natural 

fibers are favored by eco-friendly characteristics, lower price, lighter 

weight, as well as reduced abrasion in the processing machines. This is the 

reason why cellulose -containing composites have aroused much interest 

amongst various industries, especially in the automotive industry. (37,38) 

Furthermore, in recent years, increasing interest in sustainable material 

concepts has led to the development of biocomposite materials.  

 

 All-cellulose composites (ACC) 1.5.1
 

A problem in MFC/thermoplastic composites is that the hydrophilic nature 

of MFC results in incompatibility between fibrils and thermoplastics, unless 

modification of the microfibrils is performed. In order to overcome the 

compatibility problems related to conventional composites, the basic idea 

of ACCs is to remove the chemical incompatibilities between reinforcement 

fibers and the matrix by utilizing cellulose as both components. 

Consequently there would be no need to use coupling agents or fiber 

treatments in order to improve chemical bonding at the reinforcement–

matrix interface. (36) Basically two different techniques have been utilized 
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to prepare all-cellulose composite films. First method is to use partial 

dissolution technique (partially dissolved cellulose is regenerated in the 

presence of undissolved cellulose) by using for example ionic liquids (39). 

Second method is to regenerate a fully dissolved component in the presence 

of fibers (40). 

 

In the field of all-cellulose composites, MFC can be used as reinforcement 

material for high strength paper sheets with different pulp types such as 

unbleached eucalyptus pulp (41) or bleached sulfite softwood pulp from 

spruce (42) or for example as a reinforcement in composites with filter 

paper (39).  

 

Mechanical properties of all-cellulose composites after precipitation are 

often reported in the literature, but solution state and rheological 

properties prior to the precipitation have received only limited attention.  

For instance small deformation oscillatory rheology is a valuable tool for 

this purpose and it has been used to evaluate for instance the roles of 

cellulose and xyloglucan in determining the mechanical properties of 

primary plant cell walls (43). Studying the rheological properties of ACCs 

prior to the precipitation was one of the focus areas of publication V. 

 

1.6 Cellulose/polymer blends 
 

Blending cellulose with other polymers is an important procedure to 

prepare functional cellulose-based polymeric materials. There are a variety 

of ways to mix the polymer with cellulose. Desired properties can be 

achieved through blending polymers by physical or chemical blending 

techniques such as melt mixing, powder mixing and solution mixing. (44) 

 

Conventionally all polymer blends are prepared via melt extrusion, and that 

is also the case if thermoplastic derivatives of cellulose are used. In these 

cases, however, the cellulose derivatives lack free OH-groups (DS 3) which 

in contrast reduce e.g. biodegradability. Since it is difficult to prepare 

cellulose/synthetic polymer blends in non-aqueous systems and to reduce 

the pollution from organic solvents, new aqueous based systems for 

blending cellulose with synthetic polymers have gained a lot of interest 

(45). Under aqueous environment, natural polymers can also be blended 

with dissolved cellulose. For instance, Twu et al. (46) prepared 

cellulose/chitosan blends via homogeneous dissolution of chitosan and 

cellulose in NMMO. Furthermore, Wu el al. (47) prepared 

cellulose/starch/lignin composite films, showing that the content of 
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cellulose and lignin significantly affects the mechanical properties of the 

composite films, while starch brings flexibility to the films. 

 

In the context of the cellulose blends, one of the main interests is to 

combine the properties of cellulose and polyolefins in order to obtain e.g. 

improved water resistance within regenerated cellulose films or coatings. 

However as it is known, the properties of cellulose and polyolefins are 

totally different. Due to the different natures of these polymers (hydrophilic 

vs. hydrophobic) the preparation of well mixed cellulose/polyolefin blends 

is extremely demanding as homogeneous morphology in the blends is the 

main requirement when the properties of two different kind of polymers are 

to be combined.  

 

One possible way to prepare a cellulose/polyolefin blend could be to use 

ethylene/acrylic acid copolymer as the polyolefin. For instance, blends of 

poly(ethylene-co-acrylic acid) with starch were studied for a number of 

years starting at the end of the seventies by Otey et al. (48). In addition 

many other research groups studied starch/poly(ethylene-co-acrylic acid) 

blends and other starch containing plastics for agricultural purposes in 

early 90s (49,50). Secondly, in order to keep the true nature of the 

cellulose, the blends should be prepared in solution (e.g. in NaOH -based 

solvents, as introduced in chapter 1.2). Solution mixing method would 

enable better morphology of the blend which is, as mentioned, crucial when 

combining the properties of two different kind of polymers.  

 

1.7 Solution/suspension rheology  
 

One of the key focus areas of this work was rheological characterization of 

solutions, suspensions, blends and blend suspensions of dissolved cellulose 

and microfibrillated cellulose under aqueous environment. When 

considering the research used for pulp and the paper industry, basic 

rheological analysis is very common for polymer and fiber suspensions (51). 

With rheological measurements, it is easy to evaluate and compare the flow 

behavior of different materials, but also oscillating measurements provide 

essential information. Simple frequency sweep studies can provide 

information for example regarding the mixing of polymer phases. In this 

context, storage and loss modulus levels are one of the key properties to be 

measured when preparing new types of blends.  

 

In coating technology rheology also plays an important role. Viscosity is an 

important property when evaluating the spreadability of the dispersion 
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coatings. The viscosity of polymer solutions is dependent on the polymer 

concentration, the size of the dissolved molecules, temperature and solvent 

quality itself. Generally, non-charged polymers experience Newtonian flow 

and no viscoelasticity in the dilute regimes (52). This is also the case with 

cellulose solutions dissolved in NaOH/water -based solvent systems. In 

higher concentrations cellulose is behaving as a normal semi-flexible 

polymer with a Newtonian regime at low shear rates followed by non-linear 

shear thinning regime at high shear rate (52-54). 

 

In addition to basic rheology, there are exceptions and some materials 

require more detailed understanding of their rheological properties. One of 

these materials is microfibrillated cellulose (MFC) suspension. 

Understanding how to control the rheological behavior of MFC suspension 

is crucial for taking advantage of the material’s capabilities. Rheology of 

MFC suspensions and dissolved cellulose/MFC suspensions are discussed 

in more detail in chapters 3.1.3 and 3.2. 

 

1.8 The scope of the thesis 
 

The aim of the thesis was to develop dissolved cellulose (dissolved in 

NaOH/ZnO) based co-precipitated blends and blend suspensions in the 

way that they could be used in injection molding or for film/coating 

applications. This thesis summarizes the research reported in five 

publications supported by some unpublished results. 

 

First, one of the main goals of the research was to test the blending 

capability of water soluble copolymers with alkaline aqueous cellulose 

dissolved in NaOH/ZnO solvent system followed by co-precipitation. The 

focus was on studying and developing the mixing procedure and blend 

compositions in solution stage in order to obtain the best morphology in the 

solutions/suspensions. Secondly, the focus was on testing the properties of 

the prepared blends in order to find out if these blends are suitable for 

injection molding or for films/coatings. Finally the rheological properties of 

microfibrillated cellulose suspensions were studied and this gained 

knowledge was then utilized when evaluating the rheological properties of 

dissolved cellulose/MFC blend suspensions. 

 

The actual blending process itself was studied more detailed in publication 

I whereas blends with copolymers and their properties were studies more in 

context of publications II and III. The goal of the first publication was to 
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prove the concept that dissolved cellulose can be effectively blended with 

PE-co-AA sodium salt solution via solvent mixing procedure followed by co-

precipitation. In the second publication the blending concept was utilized 

by blending cellulose with PE-co-AA with low cellulose concentration (0 - 

50 wt-%). In publication II the melt properties of the blends were studied 

by rotational rheometer followed by injection molding trials. 

 

After testing the injection modality of cellulose/PE-co-AA blends, we 

wanted to see if cellulose/acrylic acid copolymer blends work also with high 

cellulose concentrations (75 - 100 wt-% of cellulose).  In publication III 

application testing was needed in order to see if it is possible to use these 

blends as barrier coatings and if it is possible to enhance regenerated 

cellulose films by adding small amounts of acrylic acid copolymers (PE-co-

AA or PAA-co-AA). 

 

Publication IV focuses on understanding the rheological properties of 

microfibrillated cellulose suspensions. In this publication the aim was to 

characterize the rheology of MFC-suspensions in relation to flocculation of 

cellulose fibrils. Work done in the context of this publication provided also 

valuable background information for publication V.  

 

In publication V the focus was on rheological properties of dissolved 

cellulose/microfibrillated cellulose blend suspensions. The aim of this study 

was to investigate the threshold at which MFC fibers are able to build a 

network structure within the dissolved cellulose solution. This feature could 

be useful, for instance, in paper coating applications where the stability of 

the coating plays an important role. In addition it was studied if small 

additions of MFC have a strengthening effect in co-precipitated all-cellulose 

blend films.  

When direct preparation of ACC materials is planned, rheological 

properties prior to the precipitation are one of the key properties when 

identifying the single aspects that might be responsible for mechanical 

properties after the precipitation. Therefore systematic analysis and close 

inspection of rheological properties was needed to provide essential 

background information and knowledge prior to the precipitation, and this 

was also one of the main themes in publication V. 
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2. Experimental 

2.1 Materials and methods 

 Cellulose 2.1.1
 

Two different types of cellulose materials were used in the context of this 

thesis. Dissolved cellulose (publications I,II,III,V) and microfibrillated 

cellulose (publications IV,V). 

 

Dissolved cellulose solution was received from Tampere University of 

Technology. For the publications I, II, III and V the cellulose solution was 

produced in a following way: 

Softwood (spruce-pine) sulphite cellulose pulp from Domsjö Fabriker AB 

(intrinsic viscosity 520 ml/g, 96.2 wt-% cellulose, 1.4 wt-% xylan, 2.1 wt-% 

glukomannan, 0.3 wt-% monosaccharides) was shredded mechanically and 

thereafter treated with commercial enzyme preparation (dosage 250 

nkat/g). The enzyme-treated pulp was dissolved in NaOH/ZnO as 

published by Vehviläinen et al. (55). The final alkaline cellulose water 

solution (so called BioCelSol -solution) had the following composition (3 

wt-% cellulose, 6.5 wt-% NaOH, 1.3 wt-% ZnO) After preparation, the 

cellulose solution was stored in a freezer (-20 °C). 

 

Microfibrillated cellulose suspensions were provided by VTT Technical 

Research Centre of Finland.  

For publication IV the starting material was never dried pre-refined birch 

pulp. 1 wt-% MFC suspensions were manufactured in the following way: 

First, the pulp was sodium-washed, diluted to 1 wt-% and dispersed for 40 

min at 2,400 rpm with a Dispermat TU laboratory dissolver (VMA-

Getzmann GMBH, Germany). The disintegration of fibres into microfibrils 

was then executed by a M110Y Microfluidizer (Microfluidics International 

Corporation, USA). The first fluidisation pass was done through 400 and 

200 lm chambers with 900 bar of pressure, and the following three or four 

passes through 200 and 100 lm chambers at a pressure of 1,300 bar.  

For publication IV NaCl containing MFC suspensions were also prepared. 

An additional fluidization time was used to mix in the salt, but this time 
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only through the 400 lm chamber to prevent further fibre defibrillation. 

NaCl concentrations of these MFC suspensions varied from 10-4 to 1 M.  

For publication V the MFC suspension was prepared by mechanical 

disintegration of bleached birch pulp. First, the pulp was ground once in a 

supermasscolloider (Masuko Sangyo, Japan) and then fluidized by five 

passes through an M110Y Microfluidizer (Microfluidics International 

Corporation, USA). The solids content of the prepared MFC water 

suspension was 1.39 wt-%. The pH of the MFC suspension was ~6. The 

fiber diameters of almost similarly prepared MFC suspension have been 

reported to be between 5 and 30 nm (with some larger fibril 

bundles/aggregates) (28) and having an average floc size of approximately 

between 0.01 and 0.04 mm, based on observations done in publication IV. 

Dilution of the 1.39 wt-% MFC suspension for publication V was made with 

deionized Milli-Q water at 23°C. 

 Copolymers  2.1.2
 

Two types of copolymers were used. Poly(ethylene-co-acrylic acid) and 

Poly(acrylamice-co-acrylic acid). Molecular structures of these copolymers 

are presented in Scheme 1. 

Poly(ethylene-co-acrylic acid) (PE-co-AA) (20 wt-% of PE-co-AA, pH~10) 

was obtained from BIM Finland Oy in a form of alkaline sodium salt water 

solution and it was stored in a refrigerator (+5 °C) (publications I, II, III). 

Poly(acrylamide-co-acrylic acid) (PAA-co-AA) (Mw 520,000, acrylamide 

~80 wt-%) was obtained from Sigma-Aldrich in a form of partial sodium 

salt powder (publication III). 

 

 

Scheme 1.  The molecular structures of Poly(ethylene-co-acrylic acid) in sodium salt form 
and Poly(acrylamice-co-acrylic acid). 

 

 Blending procedure I,II,III,V 2.1.3
 

It was known that dissolved cellulose is sensitive to varying conditions. For 

instance, raising the temperature or concentration may lead to gelation of 

cellulose solution. (10) On average, the used neat cellulose solution has 

been known to lose its stability if stored at RT for prolonged times (> 24 h). 

Taking these facts into account the polymers were mixed among the 
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cellulose with a magnetic stirrer in room temperature instead of using for 

instance high-performance dispersing machine which was found to cause 

heating and gelation when the cellulose solution was mixed. In addition, it 

was found that in order to mix the added copolymers (PE-co-AAI,II,III and 

PAA-co-AAIII) with cellulose solution properly low viscosity cellulose 

solutions should be used meaning that the cellulose concentration of the 

solution should be low enough.  

 

The following blending procedure was used to blend the polymers in 

publications I, II, III and V:  

Solutions and polymers were mixed vigorously in a 100 - 500 ml glass 

vessel with a magnetic stirrer (cellulose batches 30 - 100 ml). Dosing of the 

PE-co-AA solution was done with a syringe by feeding it slowly into the 

vortex of the cellulose solution. Dosing of PAA-co-AA was done similarly, 

but with a metal spoon instead of syringe. The formed dispersion/ 

suspensions were mixed directly for 24h. After mixing the dispersions/ 

suspensions for 24 h they were cooled to -20 ºC and kept in a freezer 

overnight, whereafter they slowly warmed back to RT and mixed for 

another 24 h (slow melting with vigorous stirring). This freeze - thaw 

method between the mixing steps was done in order to dissolve any 

cellulose which may have gelled during the first 24 h of mixing. A process 

chart of the blending process is presented in Fig. 1 (for publication V MFC 

was used instead of copolymer). 

 

 

Figure 1.  Process chart of the blending process. 
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For publication V dosing of the MFC suspension was done with a metal 

spoon by feeding it slowly into the vortex of the cellulose solution similarly 

as was done with PAA-co-AA for publication I and III. However, freeze-

thaw method was not used in order to ensure that added MFC is not 

dissolved. These dissolved cellulose/MFC blend suspensions were mixed 

directly for 24 h.  

 

 Precipitation I,II,III,V 2.1.4
  

Films 
 

Film samples for publications III and V were prepared as follows: ~2 ml of 

the blend suspension was pressed between two glass plates, and then 

immersed in an sulfuric acid solution (20 wt-% H2SO4), wherein it 

regenerated slowly as the acid absorbed to the layer. After complete 

regeneration, the glass plates came loose and the samples were washed 

carefully with water until neutral. The wet film samples were then placed 

between two polyimide films with a small weight on top and allowed to dry 

at room temperature. For publication V the wet film samples were placed 

between two polyimide films attached to metal plates and dried slowly at 

room temperature for one month period and finally in an oven at 50 °C 

overnight. 

 

The film samples (for FTIR and SEM) for publication I were prepared in a 

following way: a drop of the suspension was flattened between silica layers 

where the polymer blend was regenerated by immersing the layers in acidic 

solution (20 wt-% H2SO4). After complete regeneration (~ 1 h), the silica 

layers were removed and the samples were washed carefully with water 

(until neutral). The wet film samples were placed back on a silica layer and 

allowed to dry (and stick to the layer) at room temperature overnight. 

Finally drying of the samples was performed in a vacuum oven overnight. 

Powder 
 

For publication I the alkaline blend suspension was moved in acidic 

solution (20 wt-% H2SO4) after the mixing steps to precipitate the blend. 

After precipitation, the blend was washed several times (until neutral) and 

dried in a vacuum oven at 40 °C overnight. To analyze the amount of 

free/unbound PE-co-AA in the blend (in the powder form) it was leached in 

hot toluene (70 °C, 30 min) in which the pure PE-co-AA was found to be 

soluble. The sample was weighed before and after the leaching procedure. 
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For publication II the mixing steps were followed by centrifugation of the 

solution for 90 min. during which a thin layer of non-uniform phase was 

separated at the surface of the suspension. The non-uniform phase was 

removed and the rest of the suspension was injected with a needle in 100 - 

300 ml of acidic solution (20 wt-% H2SO4) to regenerate the dissolved 

cellulose/PE-co-AA blend. Finally, the precipitate was filtered, washed 

several times with water and dried under vacuum at 40 °C overnight. 

Coatings 
 

The coating application trials for publication III were made with an 

Erichsen film applicator Coatmaster 510 (Erichsen GmbH & Co., Germany) 

with spiral rods on the coated side of the carton board (Stora Enso 

Performa Natura 210). The coating speed was 24 mm/s.  The coatings were 

dried in a circulating air oven at 105 °C for 5 minutes. The target coat 

weight was 10 g/m2. The uniformity of the coating layers (pinholes) was 

observed with isopropanol. 

 

2.2 Characterizations 
 

 Solution/suspension stage characterization 2.2.1
 

Rheological characterization of dissolved cellulose solutionI,II,III,V, MFC 

suspensionsIV,V, dissolved cellulose/copolymer blends and blend 

suspensions I,II,III and dissolved cellulose/microfibrillated cellulose blend 

suspensionsV  were performed  using a Physica MCR 301 rotational 

rheometer (Anton Paar GmbH, Austria) equipped with DIN concentric 

cylinders geometry (CC 27) with a bob (  26.67) and a stainless steel cup (  

28.92 mm). In addition to standard CC27 geometry, two glass outer 

cylinder geometries were assembled for publication IV. The melt rheology 

for the blends for publication II was performed by using a standard parallel 

plate’s geometry (PP25). All the measurements were performed at room 

temperature (23 – 25 °C) excluding temperature ramp measurements for 

publication II. Rheological measurements are presented in detail in the 

context of the publications.  

 

To clarify the rheological results for publication I, changes in the 

suspension structure were also estimated with centrifugation (Hereus 

Multifuge 3 s, 4,000 rpm) and Olympus BH-2 optical microscopy equipped 

with a digital camera. A drop of the suspension was placed between 
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microscope glass plates and the photomicrographs were taken with 100x 

magnification. 

 Combining image analysis to the rheological data 2.2.2
 

Conventional rheological experiments do not provide visual information. It 

is therefore impossible to see what exactly happens to the materials during 

the measurements. In the field of suspension rheology, microfibrillated 

cellulose is one of the type of materials where careful evaluation of 

rheological data is needed. It is known that MFC suspensions are very 

sensitive to measuring conditions. For instance, the geometry and the gap 

size used for the measurements could impact on the results. (56,57) 

 

To bridge the gap between celluloses flow properties in macroscopic scale to 

microscopic scale, a new transparent, cylindrical measuring system was 

utilised. This allowed the combination of visual information with 

rheological parameters and allowed the observation of how the floc 

structure of MFC suspension adapted to the varying shear conditions. 

 

To conduct imaging during rheological measurements, photographs were 

taken through glass outer cylinder geometries with a Nikon D90 DSLR 

camera. Floc size analysis was performed using a method presented in more 

detail in publication IV. 

 Dry state characterization 2.2.3
 

Thermal characterization of the neat copolymers and dry 

cellulose/copolymer blend samples (powder and films, publications I-III) 

were measured with a Mettler Toledo DSC 821e under nitrogen 

atmosphere. The crystallization behavior was determined from the peak 

area and the peak temperature of the crystallization exotherm (Tc), which 

was obtained at a cooling rate of 10 ºC/min. For publication III the glass 

transition temperatures (Tg) of the blends were measured by reheating the 

sample with a heating rate of 10 ºC/min.  

 

Dynamic mechanical properties of the precipitated film samples for 

publications I, III and V were analyzed with DMA (TA instruments Q800) 

at 28 - 30 ºC (room relative humidity ~25 %) using a film/tension 

measuring head. Oscillating stress sweeps for the samples were done with 1 

Hz frequency from 0 to 12 N or from 0 to 30 MPa or until they failed. Two 

to five parallel measurements were performed for each sample. All of the 

tested film samples were kept at the same conditions at RT prior to the 
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testing. For publication II the DMA measurements were performed from 50 

to 60 °C (3 °C/min) at 1 Hz frequency.  

 

The morphology of the co-precipitated blends for publications I and II were 

studied with a Hitachi TM-1000 field emission SEM. For publication I the 

SEM-micrographs were taken from the film sample (on a silica carrier) 

before and after the samples were leached with hot toluene. For publication 

II the SEM-micrographs were taken from the cross section of the DMA 

specimen where the cellulose phase was removed via acidic leaching. The 

DMA test specimen was cut, and the surface of the cross section was 

flattened by cutting of thin slices with a microtome. Finally, the flattened 

surface was etched in 98 % H2SO4, washed to neutral, and dried. The 

effectiveness of the leaching procedure was estimated by analyzing the 

relative area of the holes. Morphology of the films (publication III and V) 

and coated samples (publication III)) were observed using a scanning 

electron microscope (SEM, Zeiss Sigma VP). Changes in the dispersion 

structure for publication III were also estimated with an Olympus BH-2 

optical microscope equipped with a digital camera. Cross-section 

photomicrograps for publication III were taken with a Zeiss Axioskop 40 

upright microscope with polarization contrast. 

 

Fourier transform infrared (FTIR) spectra of co-precipitated cellulose/PE-

co-AA blend samples for publication I were recorded on a PIKE GladiATR 

diamond crystal installed to MATTSON 3000 FTIR spectrometer. The 

spectrum was recorded from the film sample (on a silica carrier) before and 

after the sample was leached with hot toluene. 

 

Oxygen transmission rates (OTR) of dispersion coated paperboards for 

publication III were measured using an Oxygen Permeation Analyser Model 

8001 (Sys-tech Instruments Ltd, Thame, UK) according to a modified 

ASTM D-3985 procedure at 23 °C and 50 % relative humidity. Two to three 

parallel measurements were performed per sample. Water vapor 

transmission rates (WVTR) were determined gravimetrically according to 

the modified ISO 2528:19958E standard at 23 °C and 50 % relative 

humidity. The water contact angle of the coated samples was measured with 

an optical contact angle meter CAM 200 (KSV Instrument Ltd). 

 

Grease resistances of dispersion coated paperboards for publication III 

were determined according to the ASTM F119-82 standard test method for 

the rate of grease penetration of flexible barrier materials (rapid method).  
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3. Results and discussion 

3.1 Blends 
 

 Dissolved cellulose/poly(ethylene-co-acrylic acid) I,II,III 3.1.1
 

One proper way to prepare a dissolved cellulose/polyolefin blend is to use 

poly(ethylene-co-acrylic acid) (PE-co-AA) as the polyolefin. Blending with 

PE-co-AA would improve water resistance within regenerated cellulose 

films or coatings. In addition, PE-co-AA would have plasticizing effect on 

regenerated cellulose films and would improve thermoformability of the 

blends after a certain concentration of PE-co-AA in the blend is reached. 

The idea of blending PE-co-AA with dissolved cellulose was originally based 

on the realization that as both polymers, e.g. dissolved cellulose (dissolved 

in NaOH/ZnO solvent) and PE-co-AA (sodium salt solution) are in an 

alkaline water phase, they precipitate simultaneously by acidic treatment 

and thus the homogeneous morphology of the blend should be maintained 

(i.e. diminished phase separation during regeneration). Based on this 

finding, dissolved cellulose/PE-co-AA blends were prepared with a wide 

variety of compositions and the results were reported in three different 

publications (I-III) presented in the context of this thesis. Publication I 

focusses mainly on the blending process of dissolved cellulose/PE-co-AA 

with two dissolved cellulose/PE-co-AA polymer/polymer ratios 75/25 and 

50/50. In publication II the focus was on high PE-co-AA ratios as dissolved 

cellulose/PE-co-AA polymer/polymer ratios between 5/95 and 50/50 were 

studied. In publication III the focus was on high cellulose content blends 

focusing on 95/5, 90/10 and 75/25 dissolved cellulose/PE-co-AA ratios. 

Table 1 presents the polymer compositions of the blend suspensions of 

which rheological properties were measured in publications I-III. In 

addition, polymer compositions of neat cellulose solution and PE-co-AA 

water dispersion are presented in Table 1. 

 

Fig. 2 shows flow curves of the starting materials, neat 3 wt-% dissolved 

cellulose solution and PE-co-AA water dispersion. The flow curve of 

cellulose solution shows Newtonian flow behavior at low shear rates 
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followed by a slight shear thinning regime at high shear rates, typical for 

cellulose solutions (52). PE-co-AA water dispersion on the other hand 

shows Newtonian flow behavior and low viscosity values. As the cellulose 

solution was mixed with PE-co-AA the effect of mixing time and procedure 

was visible in the rheological behavior in solution stage and in optical 

microscopy micrographs taken during mixing.  

 
Table 1. The polymer compositions of the dissolved cellulose/PE-co-AA blend suspensions, 
neat cellulose solution and PE-co-AA water dispersion.I,II,III 

ID Total polymer 
concentration 
(wt-%) 

Cellulose 
concentration 
(wt-%) 

PE-co-AA 
concentration 
(wt-%) 

Dissolved cellulose/PE-co-AA 95/5 III 3.1 2.95 0.15 

Dissolved cellulose/PE-co-AA 90/10 III 3.3 2.97 0.33 

Dissolved cellulose /PE-co-AA 75/25 I,III 3.8 2.85 0.95 

Dissolved cellulose/PE-co-AA 50/50 I,II,III 5.2 2.6 2.6 

Neat cellulose solution I,II,III 3 3 0 

PE-co-AA water dispersion I,II,III 20 0 20 

 

 

Figure 2.  Viscosity (filled symbols) and shear stress (open symbols) as a function of shear 
rate for 3-wt% neat dissolved cellulose solution ( )III and PE-co-AA water dispersion ( ). 
Unpublished results. 
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In publication I frequency sweeps measured for dissolved cellulose/PE-co-

AA with 50/50 and 75/25 ratios reported how the complex viscosity of the 

suspension increased parallel to the mixing time. Fig. 3 shows a frequency 

sweep study for dissolved cellulose/PE-co-AA blend suspension with 50/50 

polymer ratio. In Fig. 3 the gelation behavior is represented as the storage 

modulus of 50/50 suspension rises above the loss modulus in low 

frequencies as the mixing proceeds. If the suspension was mixed over 24 h 

straight, the gelation behavior was seen as a continuous rise of G’. Gelation 

or poor solubility (soluble vs. gel vs. aggregate) of cellulose/PE-co-AA blend 

suspensions was visible also in OM –photomicrographs where 

coagulated/aggregated particles appear in the blend suspension itself 

(50/50 in Fig. 4) as well as in the co-precipitated blend films (95/5 in Fig. 

4). 

 

One of the reasons for this outcome could have been in drop-wise addition 

of the PE-co-AA that may have locally reduced the pH in the cellulose 

solution (PE-co-AA solution pH ~10, cellulose solution pH ~14) for a while 

and triggered part of the cellulose gel formation. It is known that adding 

water to cellulose solution may lead to partial cellulose coagulation. It was 

also expected to see the gelling of cellulose solution during the mixing 

procedure as the gelation behavior of cellulose, dissolved in NaOH-based 

systems, has reported to take place via several factors (e.g. increasing 

temperature, concentration) (10,58,59). In addition, the used neat cellulose 

solution has been known to lose its stability if stored at RT for prolonged 

times (> 24 h). 

 

In order to remove this effect of possible gel formation on the rheological 

properties of the blend suspension, a freeze - thaw procedure was 

performed after 24 h mixing. This freeze – thaw process was expected to 

dissolve any gelled cellulose phase. As was expected, following another 24 h 

of mixing after this procedure, the viscosity values decreased and the blend 

quality became more uniform. Also, when the freeze - thaw procedure was 

performed after 24 h mixing, the G’ and G’’ levels remained, or even 

reduced during the following 24 h of mixing. Based on these findings it was 

quite obvious that during longer mixing procedures the freeze - thaw step 

was required in order to reduce the gelation of dissolved cellulose in these 

blend suspensions with PE-co-AA. 
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Figure 3.  Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) as a 
function frequency f (Hz) for 3 wt-% neat dissolved cellulose solution ( ) and dissolved 
cellulose /PE-co-AA blend suspension with 50/50 polymer ratio after 15 min ( ), 3 h (▲), 
24 h ( ) and 48 h ( ) of mixing. Unpublished results. 

 

 

Figure 4.  Optical microscopy photomicrographs of the dissolved cellulose/PE-co-AA 
50/50 blend suspension after mixed for 15 min, 3 h or 24 h (above)I. Photomicrographs of 
cellulose/PE-co-AA 95/5 blend films precipitated in 20-wt-% H2SO4 after 3 h, 24 h or 24 h + 
24 h mixing (below)III. The 24 + 24 sample was freeze – melted between the mixing. Scale 
bars 100 μm. 

 

As the freeze – thaw method was utilized between the mixing steps; better 

mixing between cellulose solution and PE-co-AA was seen as more 

homogeneous film quality after precipitation, which was also confirmed by 

taking OM (Fig. 4) and SEM micrographs (Fig. 5) of the precipitated films. 
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Figure 5.  SEM -micrographs of cellulose/PE-co-AA 95/5*, cellulose/PE-co-AA 90/10III and 
cellulose/PE-co-AA 75/25* blend films precipitated in 20-wt-% H2SO4 after 24 h + 24 h 
mixing with freeze – melted between the mixing steps. Scale bars 1μm. *unpublished. 

 

Solution-stage properties of final dissolved cellulose/PE-co-AA blend 

suspensions were studied mainly by rheological means. Fig. 6 presents 

viscosity curves as function of shear rate and shear stress for neat cellulose 

solution and dissolved cellulose/PE-co-AA blends with 95/5 – 50/50 

polymer/polymer ratios after 24h + 24h of mixing with freeze – thaw 

method between the mixing steps.  Viscosity curves presented Fig. 6 

indicate that after the mixing steps, rheological properties remain 

approximately the same when a low polymer content is used (95/5 vs 

90/10). Decreased viscosity values for the blends were seen compared to 

the neat cellulose solution due to the diluting effect added PE-co-AA water 

solution. Normal increase in the viscosity levels and in the storage and loss 

modulus levels (Fig. 7) are seen as the polymer content of the blend 

suspensions is increased. In Fig. 6 shear thinning behavior is seen from 

0.01 to ~1 1/s with all of the blend suspensions. In publication I it was 

suggested that “All the suspensions seemed to form a kind of structure 

which required sufficient high shear force to break down before the 

suspension started to flow”. This may not be completely true. The results 

may derive from the wall depletion/wall slip effect. From the Fig. 6b it can 

be seen that with 50/50 blend suspension there is a clear stepwise 

difference seen in the shear stress – shear rate curve compared to the other 

blends, being a sign of wall depletion/wall slip. It is possible that there is a 

certain threshold force that needs to be exceeded in order for the 

suspension start to flow. This would be seen in rheological results as 

constant shear stress value in low shear rates and as apparent shear 

thinning behavior in the viscosity curve. This king of wall depletion 

behavior leading to apparent shear thinning is typically seen in the viscosity 

measurements for MFC suspensions (publications IV and V) but could be 

also the case with highly concentrated dissolved cellulose/PE-co-AA blend 

suspensions.  
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Figure 6.  a) Viscosity as a function of shear rate and b) shear stress as a function of shear 
rate for neat dissolved cellulose solution and dissolved cellulose/PE-co-AA blend 
suspensions after 24h + 24h of mixing with freeze – thaw method between the mixing steps 
measured from 1000 1/s to 0.01 1/s. Neat cellulose solution (-)I,III, Cell/PE-co-AA 95/5 
( )III, Cell/PE-co-AA 90/10 (+)III, Cell/PE-co-AA 75/25 (□)I,III, Cell/PE-co-AA 50/50 ( )I. 
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Figure 7.  Frequency sweeps of neat cellulose solution ( ) and dissolved cellulose/PE-co-
AA blend suspensions after 24h + 24h of mixing with freeze – thaw method between the 
mixing steps. Cell/PE-co-AA 75/25 ( ), Cell/PE-co-AA 50/50 ( ). Storage modulus G’ 
(filled symbols) and loss modulus G’’ (open symbols). Unpublished results. 

 

Fig. 7 shows frequency sweep measurements for neat cellulose solution and 

dissolved cellulose/PE-co-AA blend suspensions with 50/50 and 75/25 

cellulose/polymer ratios after 24h + 24h of mixing with freeze – thaw 

method between the mixing steps. As seen from the figure, addition of PE-

co-AA led to an increase in storage modulus once PE-co-AA content in the 

blend suspension was increased over 75/25 dissolved cellulose/PE-co-AA 

ratio. As mentioned, this may be considered as a sign of a gel formation, but 

once freeze – thaw method between the mixing steps has been utilized, the 

increase of storage modulus over loss modulus in low frequencies with 

50/50 blend suspension may result mainly from the increased PE-co-AA 

concentration of the blend suspension. 

 

Co-precipitated blends and their properties 
 

Cellulose/PE-co-AA blend films were prepared via co-precipitation in acidic 

medium (20 wt-% H2SO4) followed by purification in water and drying. In 

order to find out how mixed the polymer phases were in the blends after 

precipitation a series of test were done with IR, SEM, DSC and DMA. 
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Table 2 presents the mechanical properties for the precipitated 

cellulose/PE-co-AA blend films (measured with DMA), thermal transitions 

of the blends/blend films (measured with DSC or DMA) with corresponding 

properties measured for neat regenerated cellulose and for the pure PE-co-

AA. 

 
Table 2. Mechanical properties of cellulose/PE-co-AA blend filmsIII and thermal transitions 
of the blends (measured with DMA or DSC)I,II or blend films (measured with DSC)III  and 
neat cellulose film III with the pure PE-co-AAIII.  

ID Young’s modulus  
(MPa) 

Tensile strength  
(MPa) 

Strain 
(%) 

Tc 
(̊C) 

Tg 
(DMA) 

(̊C) 

Cell/PE-co-AA 95/5 4887±162 20.9±1.1 0.47±0.028 69 - 

Cell/PE-co-AA 90/10 6433±699 27.1±5.3 0.46±0.050 69 - 

Cell/PE-co-AA 75/25 5553±215 16.7±1.1 0.33±0.014 71 - 72 - 

Cell/PE-co-AA 50/50 2383±165* 10.0±1.2* 0.44±0.014* 72.1 39.6 

Cell/PE-co-AA 40/60 - - - 71.9 41.3 

Cell/PE-co-AA 30/70 - - - 71.4 41.2 

Cell/PE-co-AA 20/80 - - - 71.8 41.4 

Cell/PE-co-AA 15/85 - - - 71.7 41.4 

Cell/PE-co-AA 10/90 - - - 72 41.6 

Cell/PE-co-AA 5/95 - - - 71.9 40.5 

Neat cellulose  7357±588 11.3±0.8 0.19±0.021 - 84 

PE-co-AA - - - 65 - 66 39.7 

*unpublished results 

 

After the cellulose/PE-co-AA blends were synthesized and dried, their 

morphology was studied in more detail by using SEM in publication I. A 

thin layer (20-40 μm) of the blend was precipitated on a smooth silica 

surface, whereafter the free/unbound PE-co-AA phase was removed from 

the film by leaching in toluene (70°C, 3 h). 

 

Consequently the blend film samples precipitated to silica were 

characterized with FTIR. In this measurement the characteristic vibrations 

of PE-co-AA and cellulose phases were observed in precipitated 

cellulose/PE-co-AA 50/50 and in precipitated cellulose/PE-co-AA 75/25 
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samples. As a result the unleached 50/50 and the leached 50/50 samples 

were compared and no clear difference in the amounts of the PE-co-AA 

phases could be drawn. Based on this observation it seemed that most of 

the PE-co-AA phase was out of reach of toluene leaching. In addition to 

studying the leaching of the film samples, the leaching procedure was 

performed for the blends in powder form. As a result, only approximately 5 

% of the PE-co-AA phase was removed via toluene leaching. This promoted 

the FTIR-results which indicated that only a small fraction of the PE-co-AA 

was dissolved in hot toluene. 

 

Mixing between cellulose and PE-co-AA polymer phases were studied with 

DSC. Thermal properties of cellulose/PE-co-AA blends are presented in 

Table 2.  Due to the melt point overlapping effects of the PE-co-AA, the Tg 

values of cellulose/PE-co-AA blends could not be evaluated with DSC but 

crystallization temperature of the PE-co-AA phase was clearly observed in 

cellulose/PE-co-AA blends (films and powder form). The same 

crystallization phenomenon was observed over the whole cellulose/PE-co-

AA blend composition range. When compared to neat PE-co-AA, the Tc’s of 

the blend samples were clearly higher (Table 2). The increase in 

crystallization temperature clearly indicated that the rigid/solid cellulose 

acted as a strong nucleation agent for the molten PE-co-AA phase. One 

explanation for this strong nucleation effect in cellulose/PE-co-AA blends is 

that the phases were well mixed. Good mixing would enable large 

interfacial area between cellulose and PE-co-AA which would intensify any 

weak nucleation effects. This explanation also supported the leaching 

results. PE-co-AA phase was out of reach of toluene leaching due to the 

well-mixed morphology.  

 

In addition to the observed variations in the crystallization temperatures, a 

small anomaly in the crystallinity values was observed as reported in 

publication II. The sample with only 5 wt-% cellulose content had slightly 

higher crystallinity than the other samples (ΔH 74 J/g vs. ΔH 68±1 J/g ). 

Based on this observation it seemed that cellulose had a kind of ability to 

arrange/assist the crystallization of the PE-co-AA, but only at low cellulose 

concentrations. This kind of behavior is sometimes seen in polymer 

composites where the small amount of filler improves the crystallization of 

the polymer phase while at higher filler concentrations the influence in 

crystallinity is opposite/neglible (60).  

 

In publication II the glass transition points of cellulose/PE-co-AA blends 

with 50 wt-% of PE-co-AA concentration or more were studied. In DSC 
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measurements the glass transition point of the PE-co-AA phase became 

visible at 35-40 °C after the samples were quenched and it seemed that 

addition of cellulose did not result in any clear change in the Tg of the PE-

co-AA phase. This assumption was then studied more detail by the DMA 

analyses which are more sensitive to small thermal transitions. These 

measurements promoted the observations, and only a modest influence in 

the Tg of the PE-co-AA phase was observed (see Table 2) indicating that the 

polymers were not mixed on the nanoscale.  

 

Mechanical properties of co-precipitated films 
 

In publication III mechanical properties of co-precipitated cellulose/PE-co-

AA blend films were tested and the results are presented in Table 2.  In 

general, the variances between the mechanical properties of the film 

samples were relatively large due to the small number of parallel samples. 

For this reason the results can be considered only indicative. However, 

stress - strain testing done with DMA to the precipitated blend films 

showed that addition of PE-co-AA had a plasticizing effect on the 

precipitated cellulose films. Based on these results it seemed that as the PE-

co-AA content was increased; the viscose component in the blend increases, 

improving the cellulose film resulting as increase in strain and tensile 

strength values. Comparison between neat cellulose film and cellulose/PE-

co-AA films showed that a 90/10 cellulose/polymer ratio in the blend film 

gave a 1.4 times higher tensile strength and strain compared to neat 

cellulose film. However, a decrease in Young’s modulus was seen due to the 

plasticizing effect of PE-co-AA polymer in the blend film.  

 

Injection moldable blends  
 

Early observations and tests conducted with co-precipitated cellulose/PE-

co-AA blend particles demonstrated that the blends are thermo-formable if 

the PE-co-AA concentration of the blend is 50 wt-% or more. Fig. 8 

presents cellulose/PE-co-AA 50/50 co-precipitated blend particles and film 

hot pressed from these particles. In order to utilize this observation, blends 

with high PE-co-AA content (50 - 100 wt-%) were prepared and their 

suitability for injection molding was tested. Mechanical stiffness of the 

blends was characterized by DMA and melt rheology of the blends was 

studied. 
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Figure 8.  Cellulose/PE-co-AA 50/50 co-precipitated blend particles and hot pressed film.  

 

To determine the stiffness of the cellulose/PE-co-AA blends DMA 

measurements were used. As could be expected, the modulus of the 

composite increased proportional to the cellulose concentration. When 

compared to more traditional polyolefin composites, the stiffness of 

cellulose/PE-co-AA blends was high enough to compensate for particulate 

filled polyethylene composites. The only exception amongst the prepared 

blend composites was the blend sample with 5 wt-% cellulose. Deviating 

from the other samples 5 wt-% sample showed unexpected high storage 

modulus values. This anomaly, however, correlated well with the results 

from thermal analyses which indicated higher crystallinity for the 5 wt-% 

sample. 

 

The melt rheology studies of the cellulose/PE-co-AA blend samples (Fig. 9) 

showed constant increase in complex viscosity parallel to the cellulose 

concentration, as expected. From Fig. 9 it can be seen that zero shear 

viscosity started to approach infinity at rather low cellulose concentrations 

(~15 - 20 wt-%). At this point, between these concentrations, the storage 

modulus also started to be the dominating component in the melt as seen 

from Fig. 10. This kind of behavior is usually seen in composites where the 

filler concentration starts to reach the percolation threshold (61-63). In this 

case it indicated that cellulose phase started to form a continuous phase 

within the melt. The rheological behavior of the melts was also clearly seen 

in the moldability of the blends. The cellulose/PE-co-AA blend composites 

were easily injection moldable up to 20 wt-% of cellulose but as the 

cellulose concentration in the blend was increased above 20 wt-%, some 

modification of the injection molding procedure was required. 
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Figure 9. Complex viscosity as a function frequency f (Hz) for the neat PE-co-AA ( ), 
Cell/PE-co-AA 10/90 (▲), Cell/PE-co-AA 15/85 ( ) and Cell/PE-co-AA 20/80 ( )II 

 

 

Figure 10. Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) as a 
function frequency f (Hz) for the neat PE-co-AA ( ), Cell/PE-co-AA 10/90 (▲), Cell/PE-co-
AA 15/85 ( ) and Cell/PE-co-AA 20/80 (▼).II 
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 Dissolved cellulose/poly(acrylamide-co-acrylic acid) III 3.1.2
 

Acrylic acid or acrylamide -based water-soluble polymers are widely used as 

adhesives, flocculating and viscosity-control agents or drainage/retention 

aids in paper making. (64) If PAA-co-AA is compared to PE-co-AA, the 

advantage of this copolymer is that it can form strong hydrogen bonds with 

cellulose due to its amide groups. By considering this property of PAA-co-

AA, it was proposed that the mechanical properties of regenerated cellulose 

films could be enhanced by blending PAA-co-AA with dissolved cellulose 

followed by co-precipitation to blend films. In this chapter, the properties of 

dissolved cellulose/PAA-co-AA blend suspensions in solution stage and 

after co-precipitation to blend films are presented. 

 

Solution stage properties 
 

Table 3 presents the polymer compositions of the dissolved cellulose/PAA-

co-AA blend suspensions. 

 
Table 3. The polymer compositions of the dissolved cellulose/PAA-co-AA blend 
suspensionsIII. 

ID Total polymer  
concentration 
(wt-%) 

Cellulose 
concentration 
(wt-%) 

PAA-co-AA 
concentration 
(wt-%) 

Dissolved cellulose/PAA-co-AA 95/5 3.0 2.95 0.15 

Dissolved cellulose/PAA-co-AA 90/10 3.1 2.79 0.31 

Dissolved cellulose/PE-co-AA 75/25 3.2 2.4 0.8 

Dissolved cellulose/PAA-co-AA 50/50* 5.8 2.9 2.9 

*unpublished 

 

Under aqueous environment, mixed with dissolved in NaOH/ZnO solvent, 

PAA-co-AA has capability to absorb large amounts of water due to its 

hydrophilic –COO-NA+ and -NH2 groups. This water absorbing capability 

of PAA-co-AA was seen directly in the flow behavior of dissolved 

cellulose/PAA-co-AA blend suspensions. The shear rate-viscosity profile of 

these blend suspensions were strongly dependent on the polymer 

concentration (Fig. 11). As presented in Fig. 11, viscosity value increases 

strongly as PAA-co-AA content increases over 75/25 dissolved 

cellulose/PAA-co-AA ratio in the blend suspension.  With the 50/50 ratio 

the suspension was highly concentrated and very gel-like, being almost 
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impossible to mix. This gel-like behavior was also reflected to the flow 

properties. As seen from Fig. 11, viscosity and shear stress curves of 50/50 

blend suspension are at a notably higher level compared to other curves. 

This result can be interpreted as gel formation but part of the shear 

thinning behavior seen in Fig. 11a for the 50/50 blend can also be a sign of 

wall depletion/wall slip (as stated also under chapter 3.1.1 for dissolved 

cellulose/PE-co-AA blend suspensions). In order to characterize gel 

formation more detailed, frequency sweep studies were performed. 

 

 

Figure 11.  a) Viscosity as function of shear rate and b) shear stress as a function of shear 
rate for dissolved cellulose/PAA-co-AA blend suspensions after 24h + 24h of mixing with 
freeze – thaw method between the mixing steps measured from 1000 1/s to 0.01 1/s. 
Cell/PAA-co-AA 95/5 ( )III, Cell/PAA-co-AA 90/10 (▼)III, Cell/PE-co-AA 75/25 ( )III, 
Cell/PE-co-AA 50/50 ( )*. *unpublished results. 
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Frequency sweep measurements presented in Fig. 12 show the change in 

rheological behavior more clearly for dissolved cellulose/PAA-co-AA blend 

suspensions. Addition of PAA-co-AA led to gel-type rheological behavior 

and a strong increase in modulus levels once PAA-co-AA content was 

increased over 75/25 (dissolved cellulose/PAA-co-AA) ratio. Gel formation 

can be identified as the 50/50 blend suspension storage modulus has 

increased over the loss modulus and there is no frequency dependence seen 

anymore (the storage modulus remains constant throughout the whole 

frequency range). 

  

 

Figure 12.  Frequency sweeps of dissolved cellulose/PAA-co-AA blend suspensions after 
24h + 24h of mixing with freeze – thaw method between the mixing steps. Cell/PAA-co-AA 
95/5 ( ), Cell/PAA-co-AA 90/10 (▼), Cell/PE-co-AA 75/25 ( ), Cell/PE-co-AA 50/50 ( ). 
Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols). Unpublished 
results. 

 
Co-precipitated films and their properties 

 

Films of cellulose/PAA-co-AA were prepared via co-precipitation in acidic 

medium (20 wt-% H2SO4) followed by purification in water and drying. 

SEM images taken from the films presented in Fig. 13 shows that the films 

had uniform quality. 

Mechanical properties of precipitated cellulose/PAA-co-AA blend films 

were tested with DMA. Results presented in Table 4 showed that addition 

of PAA-co-AA increased both, Young’s modulus and tensile strength levels 

of precipitated cellulose film. In addition, tensile strain values were 
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increased, thus indicating good compatibility between cellulose and PAA-

co-AA. A simultaneous increase of Young’s modulus, tensile strength and 

elongation has been reported, in the cases of strong filler/matrix interface 

(65). 

 

Figure13.  SEM -micrographs of cellulose/PAA-co-AA 95/5III , cellulose/PE-co-AA 90/10* 
and cellulose/PE-co-AA 75/25* blend films precipitated in 20-wt-% H2SO4 after 24 h + 24 h 
mixing with freeze – melted between the mixing steps. Scale bars 1μm.*unpublished. 

 

The best results were obtained with a 95/5 cellulose/PAA-co-AA ratio, 

giving 0.6 times higher Young’s modulus, 2.8 times higher tensile strength 

and 1.1 times higher tensile strain compared to neat cellulose film. This 

effect was due to amide groups of PAA-co-AA, forming strong hydrogen 

bonds with cellulose. Regenerated cellulose/PAA-co-AA blends worked 

with small amounts positively, but as more polymer is added, the effect 

vanishes. When the PAA-co-AA content of the blend was increased, its 

capability to absorb high amounts of water becomes notable. As said in the 

previous chapter, high water absorption leads to a gel type of behavior in 

the solution state; leading to a situation where mixing the polymers 

becomes more demanding, which is then reflected directly to the film 

properties as decreased modulus and strength when the PAA-co-AA content 

of the film is increased over a certain limit.  

 
Table 4. Mechanical properties and glass transition temperatures of cellulose/PAA-co-AA 
blend films and neat cellulose film with the pure PAA-co-AA.III  

ID Young’s modulus  
(MPa) 

Tensile strength  
(MPa) 

Strain 
(%) 

Tg  
(̊C) 

Cell/PAA-co-AA 95/5 11759±873 43.1-±4.6 0.40±0.006 69 

Cell/PAA-co-AA 90/10 7112±192 29.2±10.1 0.49±0.113 70 

Cell/PAA-co-AA 75/25 7913±1292 25.6±4.7 0.35±0.060 69 

Neat cellulose 7357±588 11.3±0.8 0.19±0.021 84 

PAA-co-AA - - - 79* 

  *measured from powder 
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Glass transition temperatures (Tg) of precipitated cellulose/PA-co-AA 

blends were measured with DSC in order to see the influence of added PAA-

co-AA on the neat regenerated cellulose. The results are reported in Table 

4. In general, the glass transitions of cellulose and cellulose based materials 

are quite difficult to determine using DSC analysis. This is due to a rather 

minimal drop in heat capacity at the glass transition with cellulose. 

However, the Tg of neat cellulose was found at 84 ̊C (Table 4) which 

correlates well with the Tg for dehydrated cellulose reported in literature 

(66). When the Tg values of regenerated cellulose/PAA-co-AA blend films 

(Table 4) were compared to the Tg values of neat regenerated cellulose film 

and pure PAA-co-AA (Tg 79 ̊C), a clear decrease in glass transition 

temperature was seen with all of the blend compositions. The Tg values of 

regenerated cellulose/PAA-co-AA blends (69 and 70 ̊C) were even lower 

than with the pure PAA-co-AA. This atypical result can be an indication 

that a low addition of PAA-co-AA into the cellulose causes irregularity to 

the cellulose chain structure, weakening the intermolecular forces between 

the cellulose chains and thus increasing the chain mobility. For these 

reasons mentioned above, a clear shift of the Tg to the lower value can be 

considered as an indication of good mixing between the polymer phases. 

 

 Dissolved cellulose/microfibrillated cellulose V 3.1.3
 

Blend suspensions of dissolved cellulose and microfibrillated cellulose 

(MFC) were prepared using the same solution mixing method as for 

dissolved cellulose/PE-co-AA and dissolved cellulose/PAA-co-AA blend 

suspensions. The only exception was that the suspensions were mixed only 

for 24 h and the freeze – thaw method was not used. To characterize the 

rheological properties, studies were carried out by rotational rheometry. 

The aim was to investigate the threshold at which MFC fibers are able to 

build a network structure within the dissolved cellulose solution. This 

feature can be useful, for instance, in paper coating applications where the 

stability of the coating plays an important role. MFC could be used for 

instance to prevent sedimentation of the fillers. In addition, microfibrillated 

cellulose suspensions are known to have stable network structures over 

time in storage. Finally, all-cellulose (regenerated cellulose/MFC) films 

were co-precipitated from the blend suspensions and characterized by 

Dynamic Mechanical Analysis (DMA) and Scanning Electron Microscopy 

(SEM). 
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Solution stage properties 
 

Table 5 presents the compositions of the dissolved cellulose/MFC blend 

suspensions. 

 
Table 5. The polymer compositions of the dissolved cellulose/MFC blend suspensionsIV 

ID 

Cellulose 

concentration 

(wt-%) 

MFC    

concentration      

(wt-%) 

NaOH 

concentration 

(wt-%) 

ZnO 

concentration 

(wt-%) 

Cell/MFC (96/4) 2.86 0.114 6.0 1.2 

Cell/MFC (95/5) 2.86 0.143 6.0 1.2 

Cell/MFC (94.5/5.5) 2.86 0.157 6.0 1.2 

Cell/MFC (94/6) 2.86 0.179 6.0 1.2 

Cell/MFC (93/7) 2.86 0.205 6.0 1.2 

Cell/MFC (91/9) 2.86 0.258 6.0 1.2 

Neat cellulose (3%) 3.00 0 6.5 1.3 

Neat cellulose (2.75%) 2.75 0 6.0 1.2 

MFC (3%) 3.00 3.00 0 0 

MFC (1.39%) 1.39 1.39 0 0 

 

 

Comparison between the flow curves of diluted neat cellulose solution and 

blend suspensions showed the influence of added MFC on the suspension. 

At low MFC concentrations (0.11 - 0.16 wt-%) the viscosity profiles were 

close to each other, but as the MFC ratio of the suspensions was increased, 

the viscosity values at low shear rates increased parallel to the MFC 

concentration. A slight change in the slope of the viscosity curve was seen 

when moved from 0.14 wt-% to 0.16 wt-%, but the change in slope of the 

viscosity curve was more significant between 0.16 wt-% and 0.18 wt-% MFC 

concentrations in the blend. This result was a sign that the suspension 

reached the saturation/percolation threshold somewhere between these 

two concentrations. This assumption was confirmed by frequency sweep 

studies presented in Fig 14. As the MFC concentration of the blend 

suspension was increased from 0.16 wt-% to 0.18 wt-% the storage modulus 

increased above the loss modulus and started to be the dominating 

component of the suspension confirming that the suspension reached the 

saturation/percolation threshold somewhere between these two 

concentrations. As the MFC content of the blend suspension reached the 

percolation threshold, typical characteristics of MFC suspension became 

more pre-eminent, leading finally to a gel-type of rheological behavior. 
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Figure 14.  Storage modulus (filled symbols) and loss modulus (open symbols) of dissolved 
cellulose/MFC suspensions.Cell/MFC 96/4 (+, ̶ ), Cell/MFC 95/5 ( , ), Cell/MFC 94.5/5.5 
( , ), Cell/MFC 94/6 (▲, ), Cell/MFC 93/7 ( , ), Cell/MFC 91/9 ( , ).The MFC 
concentration of each suspension is marked on the figure.V 

 

In addition to frequency sweep studies, network formation of MFC within 

the dissolved cellulose was confirmed by stability tests of the blend 

suspensions. Photographs taken of the blend suspensions after the 

measurements and after six months of refrigeration showed that with 0.18 

wt-% MFC concentration there was no phase separation, confirming that 

network of MFC was formed within the dissolved cellulose solution. 

 

It can be speculated how added water affects the properties of dissolved 

cellulose solution, since added water is included within the suspension.    

Evaluation of the rheological properties showed, however, that added water 

did not cause gelation within the dissolved cellulose solution, even though 

some coagulation may have occured due to changes in pH. Thus, the 

increase of storage modulus in blend suspensions can be said to be due to 

MFC addition. 
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Co-precipitated films 
 

All-cellulose (regenerated cellulose/MFC) films were prepared via co-

precipitation of the dissolved cellulose/MFC blend suspensions.  In order to 

get more comprehensive conception of the effects of MFC addition, two 

more sets of samples were produced with two different MFC 

concentrations, 2.4 wt-% and 3.2 wt-%. Thus the MFC amounts in the blend 

films were 2.4 wt-%, 3.2 wt-%, 4 wt-%, 5 wt-%, 5.5 wt-%, 6 wt-%, 7 wt-% 

and 9 wt-%. Comparison of the transparency of the co-precipitated blend 

films presented in Fig. 15a-c showed that MFC was evenly dispersed 

throughout the film. Morphology of the films were observed by using SEM. 

Cross section surface of neat cellulose film is rough as seen from the Fig. 

15d. But as MFC content in the films increases, smoother areas in the cross 

section surface can be seen (Fig. 15e-f). Based on SEM observations (Fig. 

15g), it seemed that the MFC fibers had a good contact with regenerated 

cellulose. 

 

 
Figure 15 a) Comparison of the transparency of the co-precipitated blend films with MFC 
concentrations marked on the picture b) neat regenerated cellulose film c) co-precipitated 
blend film with 3.2 wt-% of MFC. SEM-micrographs of the cross sections of d) neat 
regenerated cellulose, e) Cell/MFC (95/5 wt-%) f) Cell/MFC (94/6 wt-%) and g) Cell/MFC 
(94.5/5.5 wt-%) photographed from the fracture points of the DMA measured film. Scale 
bars 1 μm.V  
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Stress – strain measurements with dynamic mechanical analysis (DMA) 

were performed in order to determine if the added microfibrillated cellulose 

has a reinforcing effect on the regenerated cellulose films. The mechanical 

properties of the precipitated films are summarized in Fig 16. 

 

Comparison of film properties showed as an increase in tensile strength and 

slight increase in Young’s modulus and strain values with the lowest tested 

MFC amounts (2.4 wt-%, 3.2 wt-%, 4 wt-% in the precipitated blend, 

corresponding to 0.07, 0.09 and 0.11 wt% in the suspensions). These results 

indicated increase of the elastic component of the blend, giving 

improvements to regenerated cellulose film. Young’s modulus values 

between 4 and 6 GPa have been reported for regenerated cellulose films 

reinforced with cellulose nanowhiskers, cast from NaOH/urea solution 

(22). Considering these results, the rigidity of regenerated cellulose/MFC 

films was high. But once the polymer concentration in the blend suspension 

was increased near the gel-forming concentration it is also reflected in to 

the film properties and the strengthening/plasticizing effect of the added 

MFC in the films was removed. 

 

 

 
Figure 16. Tensile strengths and Young’s modulus of precipitated dissolved cellulose/MFC 
blend films and neat regenerated cellulose reference film sample measured with DMA. The 
MFC concentration of each sample is marked on the figure.V  
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3.2 Rheological studies of MFC suspensions IV,V 
 

Microfibrillated cellulose has specific rheological properties under aqueous 

environments. Under steady shear conditions, MFC suspensions are 

reported to be both shear thinning and thixotropic (28,29,67-69) however, 

the exact reasons behind these properties has been unknown.  Above 

mentioned rheological studies of MFC suspensions have mainly dealt with 

fibre network characteristics of MFC suspension in general, only presuming 

that the rheological properties of MFC suspensions relate to organization of 

fibrils during shear flow. In order to obtain a more accurate picture of the 

ways in which fibrils are organized into flowing formations within the MFC 

network (ie. in flocs), transparent cylindrical measuring system was 

developed.  

 

Transparent measuring system allowed us to combine visual information to 

rheological parameters and analyze floc size distributions of MFC 

suspensions and conclusions were drawn by comparing the photographs 

and data obtained from measurements. In the following chapters 

observations related to the flocculated flow of MFC suspensions are 

generally explained. In addition, these findings related to wall depletion 

phenomena are looked through. Finally, the effect of NaCl concentration on 

the rheological properties of MFC suspensions is discussed. 

 

 Flocculated flow 3.2.1
 

The flow curve of MFC suspension has a characteristic shape, at low shear 

rates; shear stress is constant, and above a certain threshold the shear 

stress rises as a function of shear rate. This behavior is related to changes in 

flocculated flow as well as to the wall depletion behavior observed between 

MFC suspension and walls of measuring geometry (wall depletion is 

explained more detailed in chapter 3.2.2). 

 

As a thixotropic material, the shear viscosity profile as the structure of 

flocculated fibre network of MFC suspension is dependent on time and the 

shear conditions. This means that if the flocculated network structure of 

MFC suspension is broken down by shearing, it takes time for it to reach an 

equilibrium at any given shear rate (26). In this study, the intention was to 

observe changes in the structure of the flocculated fibre network of MFC 

suspension during shear flow measurements in detail. Based on previous 

observations with transparent geometries, it can be said that the 

decomposition of MFC network in a water suspension follows the same 
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general behavior as documented for macroscopic fiber suspensions by 

Björkman (31,70,71). Depending on shear rate, individual fibrils move 

between the flocs while floc structure adapts to the prevailing shear 

conditions. 

 

It was found that the individual spherical floc size of MFC suspension is 

also inversely proportional to the shear rate. Under shear, MFC suspension 

undergoes fibril network disintegration along with dynamic reconstruction 

of the network, both dependent on collisions of fibres by shearing and the 

Brownian motion (72,73). When shearing is stopped, the structure starts to 

recover immediately. The apparent floc structure freezes and the 

suspension retains the macroscopic floc size and the floc size distribution 

formed during the previous shear interval. 

 

 Wall depletion 3.2.2
 

The measuring gap not only limits the maximum size MFC flocs can achieve 

under any experimental conditions, but it is also related to wall depletion 

(‘‘wall slip’’) phenomenon at the geometry boundaries (74). Wall depletion 

is the removal of solid particles from a certain distance around the 

geometry boundary leaving a layer of low viscosity suspending medium in 

their place. Thus, as the MFC suspension is sheared, the actual shear rate is 

higher near the boundary than in the bulk of the suspension leaving the 

observer with an impression of lower than actual viscosity. The thicker the 

particles in relation to the geometry gap, the thicker the particle free layer 

at the boundary and the more it affects the results (74). The effect of wall 

depletion on the rheological properties of MFC suspensions is discussed 

detailed in article by Saarinen et al. (57). Due to wall depletion effects, the 

MFC suspensions appear highly shear thinning at low shear rates until a 

certain yield stress is reached and the geometry wall gets to a proper 

contact with the suspension. Within the low shear rate range, MFC 

suspension is not under shear but flows in a plug attached to the inner 

geometry surface (57,75).  

 

The gap size of the measuring geometry affects the flocculated flow of the 

MFC suspensions. It was found that greater gap size corresponds to a lower 

average floc size throughout whole shear rate range. This was likely caused 

by greater wall depletion with the smaller gap hindering the breakdown of 

the flocs. In addition, the transparent geometries were constructed from 

glass and their surface has a dense population of OH groups. This was also 

seen as increased wall depletion.  
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 Effect of NaCl –concentration and changes in pH 3.2.3
 

Ions in the suspending medium greatly affect the flocculation of MFC 

suspensions and thus the rheological behavior. The balance between 

repulsive and attractive forces between the fibrils can be varied by 

controlling the ionic strength of the suspension. By screening the electric 

charges, fibrils can be brought closer together, strengthening the 

connections between the fibril contact points. At the same time, the higher 

the concentration of added ions, the increasing probability for permanent 

microfibril aggregation, as presented by DLVO theory of colloidal stability. 

 

High ionic strength leads to a collapse of the MFC suspension’s microfibril 

network and loss of homogeneous gel structure, thereby affecting the 

stability of the suspension under shear. With higher ionic strength, a lesser 

shear rate is enough to exceed the stabilizing effect of the surface charge of 

the microfibrils, thus inducing permanent aggregation. Fig. 17 presents how 

aggregation of the fibrils leads to uneven suspension structure, transmitting 

directly to the measured rheological data. With salt the network structure 

does not break up evenly, but ruptures suddenly with large voids as seen 

from Fig. 17c. The rupture precedes the end of severe wall depletion regime.  

Considering this, the observed floc size does not reflect the true floc size in 

the bulk of the suspension until after the whole suspension volume is under 

constant shear. However, once the suspension is flowing, disintegration of 

floc structure is analogous to that of the unsalted reference sample.             

 

In publication V it was evaluated how changes in pH affect on the flow 

properties of the dissolved cellulose/MFC blend suspension by studying 

diluted MFC suspensions before and after NaOH addition. After the 

measurements were performed for diluted MFC suspensions, their pH were 

adjusted to correspond to the pH of dissolved cellulose/MFC suspensions 

(6 wt-% of NaOH, pH~13 (1.5 M solution)).  

As in the case of NaCl addition, at high pH values the MFC fibers present 

a lower degree of interaction in the suspension. High pH may result in the 

energy barrier collapse and aggregation of the MFC fibers (76). The 

influence of added NaOH was seen immediately as decreased viscosity 

values of diluted MFC suspensions. In addition, the shape of the flow curve 

changed. This was an indication that the increased pH may have affected 

the flocculated flow properties of MFC fibers. Lowered and changed 

viscosity profile would be seen as weakened interactions between MFC 

flocs. If the interactions between the flocs are weakened, the network 

structure of MFC may disintegrate more easily. 
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Figure 17. a) Microscopic image of five times fluidized MFC suspension*b) microscopic 
image of five times fluidized MCF suspension with 10-1 M NaCl concentration displaying the 
aggregation of microfibrilsIV c) example of MFC network structure break down seen during 
peak hold measurement for five times fluidized MCF suspension with 10-1 M NaCl 
concentrationIV d) the effects of NaCl concentration in peak hold measurementIV 

*unpublished. 

 

In addition to rheological studies, the weakened interactions between MFC 

fibers in NaOH concentrated suspensions  was verified from the stability 

test performed for the diluted MFC suspensions with (Fig. 18a) and without 

NaOH addition (Fig. 18b). These tests showed that after 24 hours, MFC 

suspensions with added NaOH were more phase-separated than the 

corresponding diluted suspensions. 

 

 

Figure 18. Diluted MFC suspensions with a) and without NaOH addition b) after 24h in 
refrigerator (+ 5 ̊C)V MFC-concentration of the samples is marked on the figures.   
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3.3 Coating trials III 
 

In addition to testing the blending capability of the co-polymers with 

aqueous cellulose solution and developing the mixing procedure and blend 

compositions, one of the objectives of this research was to test the blends in 

coating trials. The primary objective was to find optimal blend 

compositions with high bio content for dissolved cellulose/acrylic acid 

copolymer blend suspensions in order to obtain good barrier properties in 

dispersion coated paperboards. 

 

The purpose was to examine if these dissolved cellulose/acrylic acid 

copolymer blend products function as well as PE as barrier coatings. The 

suitability of the blend dispersions to be used in larger-scale coating was 

also tested (unpublished results). Aiming for high bio content in the 

coatings, two dispersion compositions (cellulose/PE-co-AA and 

cellulose/PAA-co-AA) with a 95/5 cellulose/copolymer ratio and a neat 

cellulose reference sample were chosen for laboratory coating tests. 

The target coat weight in laboratory coatings was 10 g/m2, but this target 

coat weight was not self-evident due to the low viscosity levels of the 

suspensions and solutions. This is the reason why a double coating was 

used for the neat cellulose solution and the Cell/PE-co-AA 95/5 suspension. 

As an outcome, a coat weight between 10.0 - 11.0 g/m2 was achieved for all 

of the tested dispersions and solutions. However, even double coating did 

not lead to a thicker coating layer. The cross-section photomicrographs 

taken of the coated sheets showed that the coating layer was very thin (1.35 

- 2.02 μm, average 1.69 μm) with every sample. 

 SEM and contact angle analysis 3.3.1
 

SEM-micrographs taken of surface of the coated paperboards revealed the 

uniformity of the coatings in more detail. Fig. 18 presents the structure of 

the Cell/PE-co-AA 95/5 blend coating starting from the cross-section  From 

the Fig. 18 it can be seen that the coating layer of Cell/PE-co-AA 95/5 blend 

is mainly uniform, having PE-co-AA evenly dispersed throughout the blend. 

As SEM -images are examined in more detail, it seems that with the 

Cell/PE-co-AA 95/5 blend, a layer of PE-co-AA is formed on the surface of 

the coating (Fig. 19, magnification), thus explaining the slightly improved 

WVTR results. SEM micrographs (Fig. 20) revealed surface of the coatings. 

Probably part of NaOH, ZnO (most of the ZnO was probably dissolved as 

zincate in the blend suspension) and possibly some crystals of non-

dissolved cellulose are seen on the surface of the paperboard, but the rest 

must have been absorbed to the paper structure. Even though this 



44 
 

assumption cannot proved, based only on SEM micrographs. Considering 

the presence of inorganic substances, they may have affected the properties 

of the coatings. In addition, nano size ZnO has a self-crosslinking effect on 

carboxy functional polymers (77), it is possible that cross-links were formed 

between the used polymers (PE-co-AA or PAA-co-AA) within the coatings, 

thus affecting to the properties. 

 
Figure 19. Cross-section photograph -> OM micrograph ->SEM micrographs of 
cellulose/PE-co-AA 95/5 dispersion-coated paperboard. 

 

In order to find out the differences between the degree of wetting of the 

coated boards, contact angle measurements were performed. These 

measurements confirmed that in cellulose/PE-co-AA coated paperboards 

part of the PE-co-AA may be on the surface of the coating layer, giving 

hydrophobicity and thus increasing the advancing angle and the receding 

angle compared to the sample coated with neat cellulose solution. In 

comparison between the neat cellulose and cellulose/PAA-co-AA coatings; 

PAA-co-AA had a negative effect on the barrier properties as can be seen 

from Table 6. It is possible that adding a small amount of PAA-co-AA to the 

cellulose solution led to a discontinuity in the formed cellulose surface. This 

is then seen as a slight decrease in the WVTR properties and a bigger 

decrease in OTR values reported in Table 6. On the other hand, when 

compared to neat cellulose and Cell/PE-co-AA 95/5 coated paperboards, 

the desired coat weight was achieved already in the first coating with PAA-

co-AA. Without double coating, the coating layer of cellulose/PAA-co-AA 

may have been weaker and thereby one of the reasons behind the weaker 

barrier results. 
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 Barrier properties 3.3.2
 

The best barrier properties were achieved with the composition of dissolved 

cellulose/PE-co-AA with 95/5 ratio (see Table 6). Based on SEM images 

presented in Fig. 19 and results from contact angle measurements, it is 

possible that the added PE-co-AA makes a kind of hybrid coating structure 

with cellulose, having regenerated cellulose at the bottom and a layer of PE-

co-AA formed on the surface of the coating.  In this structure, regenerated 

cellulose would work well as an oxygen barrier due to its dense crystalline 

structure as added PE-co-AA would improve water vapor barrier properties. 

This observation would also explain the slightly improved WVTR results 

when Cell/PE-co-AA 95/5 blend coating is compared to neat cellulose 

coating. As a main result, grease resistance of over 60 days was achieved 

despite a very thin coating layer. Good grease resistance values originate 

also from the dense crystalline structure of regenerated cellulose. 

 
Table 6. Barrier properties of Cell/PE-co-AA 95/5-, Cell/PAA-co-AA 95/5- and-, neat 
cellulose  -coated paperboards. Double coating was used due to low viscosity with Cell/PE-
co-AA 95/5 and neat cellulose samples. The grease resistance was tested according to ASTM 
F119-standard. WVTR and OTR values are normalized to 2μm coating layers. 

ID Coat 
weight  
(g/m2) 

Rods  
(μm) 

Norm. WVTR 
to 2μm  
(g/m²d) 

Norm. OTR to 2μm  
(cc/m² d bar) 

Grease  
F119 (d) 

Cell/PE-co-AA 95/5 11±1 30+30 49±9 179±157 60 

Cell/PAA-co-AA 95/5 11±1 60 58±4 7853±4989 60 

Neat cellulose 11±0.5 30+30 54±4 2855±2603 69 
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Figure 20. SEM micrographs of neat cellulose and regenerated cellulose/PE-co-AA 95/5 
dispersion-coated paperboards. Dimensions of the magnification boxes are only indicative. 
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4. Conclusion 

In this study, enzymatically treated cellulose was dissolved in a NaOH/ZnO 

solvent system and blended with acrylic acid copolymers (PE-co-AA or 

PAA-co-AA) or microfibrillated cellulose using a solution mixing method. A 

wide variety of analyses were conducted in order to determine the 

properties of the blends and their suitability for film and coating 

applications or for injection molding. 

 

Measuring the rheological properties is fundamental in the pulp and paper 

industry or for the development of coating materials or paints, but can also 

be used to obtain consequential information about miscibility between 

materials in solution stage. In this respect, basic rheological knowledge 

becomes valuable. It is important to know how varying the pH, the addition 

of water, or increasing the concentration, temperature etc. affects the 

properties of solutions or suspensions used for various purposes. This is 

also the case with dissolved cellulose solutions, that are known to be 

influenced by even smallest of changes in the aforementioned parameters. 

Basic rheological studies done in the context of this work have 

demonstrated the evolution of the alkaline dissolved cellulose/acrylic acid 

copolymer suspensions and dissolved cellulose/MFC suspensions during 

mixing and in relation to blend compositions.   

 

The rheological properties of dissolved cellulose/acrylic acid copolymer 

blend suspensions were found to be a sum of many factors, including 

gelation of the suspension. However, it was possible to control the gelation 

by alternating the mixing procedure. Finally, a uniform quality suspension 

and the best possible mixing between the cellulose and used copolymers in 

the blend suspensions were obtained by using a method in which the 

suspension was frozen and thawed between the mixing steps, the same 

method that has been utilized to dissolve cellulose. Good mixing in the 

solution stage, confirmed by rheological means enabled uniform 

morphology for the precipitated films with no phase separation. In 

addition, rheological measurements gave valuable information of the state 
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of the blend suspension before precipitation. In addition flowability of the 

suspensions was guaranteed before coating trials. 

 

The solution mixing procedure proved to be an effective and easy way of 

preparing a blend from dissolved cellulose.  With this method it was 

possible to combine the properties of cellulose and PE-co-AA, two polymers 

with totally different characteristics and subsequently use these blends in 

injection molding. Analyses of the co-precipitated cellulose/acrylic acid 

copolymer blends indicated that the copolymers were well mixed in the 

blends together with cellulose. According to SEM, FTIR, and DSC studies 

the polymers were dispersed, at least, in 1μm scale. In films cellulose/PAA-

co-AA composition showed improved mechanical strength when compared 

with the neat cellulose films with only small amounts of added polymer in 

the blends. In coating trials, in spite of the low viscosity levels at the 

dispersion stage, leading to a very thin coating layer, dissolved 

cellulose/acrylic acid copolymer blends demonstrated improved barrier 

properties compared to neat cellulose coating and can be considered 

potential materials for coating applications especially for grease barrier 

purposes. 

 

Studies of dissolved cellulose/MFC suspensions proved that by blending 

sufficiently small amounts of microfibrillated cellulose into cellulose 

solution it is possible to prepare stable suspensions above the percolation 

threshold without phase separation. By studying diluted MFC suspensions 

with and without NaOH addition it was found that increased pH may partly 

affect  the flow properties of the blend suspensions, even though the 

rheological properties  originate mainly from the synergy between the 

dissolved cellulose and MFC. It is also possible to produce regenerated 

cellulose/MFC films by co-precipitation in acidic medium. Based on results 

from DMA it seemed that in order to improve the properties of acid 

regenerated blend films, only MFC amounts below the percolation 

threshold can be used. This observation is in line with earlier findings done 

for co-precipitated blend films precipitated in publication III. 

 

Use of transparent measuring geometry allowed direct verification of the 

flocculated nature of MFC suspensions. MFC suspensions were observed in 

various stages of flow and found that the decomposition of micro scale MFC 

network in a water suspension follows the same general behaviour as 

documented for macroscopic fibre suspensions. It was also noticed that 

ions in the suspending medium severely influence the flocculation and as a 

result, the rheological behavior of MFC suspensions.   
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