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Abstract 

It is predicted by the United Nations that by year 2030 the world will 

need at least 50 percent more food, 45 percent more energy and 30 

percent more water. The emissions of carbon dioxide from combustion 

of fossil fuels and waste are also increasing. At the same time, the 

demand for natural resources has never been higher and the planet is 

under unprecedented stress. This increasing awareness and concerns 

also drive and accelerate the research to facilitate switching the fossil-

dependent economy to biobased economy. In this premise, forest 

industry plays a significant role, from leading the sustainable 

development to providing more materials to meeting the expanding 

demand. Moreover, the forest industry is a crucial part of the solution 

to global warming. The utilization of forest product has a long history, 

and the efforts of converting the biomass into value-added products or 

innovative applications have never been more stimulated than now. 

This thesis presents some examples of the exploration of lignocellulosic 

biomass based on the fractionation of lipophilic extractives and 

utilization of non-derivatized cellulose in novel materials. 

In the first part of thesis, the biorefinery of thermo-mechanical pulping 

(TMP) process water for lipophilic extractives was investigated as a 

way to extract the dissolved and colloidal substance (DCS). It was 

found that induced air flotation (IAF) combined with the foaming agent 

dodecyl trimethylammonium chloride (DoTAC) can efficiently remove 

the unwanted lipophilic extractives (Paper I) and retain valuable 

hemicelluloses (Paper II) in the TMP process water. By applying 80 

ppm of DoTAC at a pH of 3.5 and 50 °C with induced air flotation, 94% 

of the lipophilic extractives were refined from the process water. The 

efficient biorefining of lipophilic extractives not only enabled the 

purification of TMP process water, but also facilitate the selective 

harvesting of hemicelluloses with very low impurities. 

In the second part of the work, non-derivatized cellulose (sulfite pulp) 

dissolved in LiOH/urea was used as substrate to fabricate spherical 
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nanocomposite particles (Paper III), pH-responsive nanocomposite 

films (Paper IV) and crosslinked cellulose hydrogel (Paper V), 

respectively. The cellulose-chitosan nanocomposite particles were 

prepared in three different ways: instantly by dripping alkaline cellulose 

solution into dissolved chitosan in diluted acetic acid, and by mixing 

and emulsifying the biopolymer solutions to a water-in-oil emulsion, 

with or without addition of a crosslinking agent. Spherical cellulose-

chitosan nanocomposite particles in the size from millimeter to 

micrometers were successfully prepared. It was demonstrated that some 

properties of the spherical particles, for example, morphology and size 

distribution, could be tuned by choosing between the different routes of 

preparation. In a different application of LiOH/urea dissolved cellulose, 

in the form of cellulose-chitosan nanocomposite films with pH-

responsive swelling, were shown in the thesis. The nanocomposite film 

with 75% chitosan content exhibited maximum swelling ratio of 1500% 

and weight loss of chitosan of 55 wt% after 12 hours at pH 3. The 

utilization of the non-derivatized cellulose continued with cross-linking 

the macromolecules with methylenebisacrylamide (MBA) to form a 

robust hydrogel with superior water absorption properties. The 

cellulose hydrogel cured at 60 °C for 30 minutes, with a 

[MBA]/[glucose] molar ratio of 1.05, exhibited the highest water 

swelling capacity absorbing ca. 220 g H2O/g dry weight. This 

innovative procedure based on the direct dissolution of unmodified 

cellulose in LiOH/urea followed by MBA cross-linking provides a 

simple and fast approach to prepare chemically cross-linked cellulose 

hydrogels of high molecular weight with superior water uptake capacity. 
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Sammanfattning 

I en uppskattning gjord av FN så kommer världens befolkning år 2030 

att förbruka minst 50 % mer mat, 45 % mer energi och 30 % mer vatten 

än idag. Koldioxidutsläppen från förbränning av icke-förnybara 

bränslen och material fortsätter också att öka. Samtidigt är uttaget av 

jordens resurser redan nu rekordhögt. Den ökande medvetenheten 

accelererar forskningen för att kunna underlätta en övergång från 

oljebaserad till en biobaserad ekonomi. Här spelar skogsindustri en 

signifikant roll för att underlätta för en hållbar utveckling och tillgodose 

ett ökande behov av material. Samtidigt är skogsindustrin en viktig 

spelare för att minska den globala uppvärmningen. Vår användning av 

produkter från skogen har en lång historia och insatserna för att 

konvertera skogsråvara till värdefulla och innovativa produkter har 

aldrig varit större än just nu. I den här avhandlingen presenteras några 

exempel från forskningen på hur skogsbiomassa kan upparbetas och hur 

omodifierad cellulosa kan användas på olika sätt i nya 

materialapplikationer. 

I avhandlingens första del så behandlas hur processvatten från 

termomekanisk massa (TMP) kan renas från lipofila substanser genom 

separation av löst och kolloidal substans. Resultaten visar att flotation 

med skumbildaren dodecyltrimetylammoniumklorid (DoTAC) 

effektivt kan avlägsna de lipofila substanserna (Paper I) och samtidigt 

bevara hemicellulosan (Paper II) i TMP processvattnet. Genom att 

tillsätta 80 ppm DoTAC vid pH 3,5 och 50 °C, kunde 94 % av de lipofila 

substanserna floteras ur processvattnet. Den effektiva bioraffineringen 

av de lipofila substanserna innebär inte bara en rening av processvattnet 

utan underlättar även för att selektivt kunna ”skörda” kvarvarande 

hemicellulosa av hög renhet. 

 

I den andra delen av avhandlingen så användes omodifierad cellulosa 

(sulfitmassa) upplöst i LiOH/urea för att tillverka sfäriska 

nanokompositpartiklar (Paper III), pH-responsiva nanokomposita 
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filmer (Paper IV) och kemiskt tvärbundna cellulosahydrogeler (Paper 

V). Nanokomposita partiklar bestående av cellulosa-kitosan 

preparerades på tre olika sätt: genom att droppa alkalisk 

cellulosalösning ned i kitosan upplöst i utspädd ättiksyra, samt genom 

att emulsifiera en blandning av alkalisk cellulosa-kitosanlösning till en 

vatten-i-olja emulsion med och utan tillsatt kemisk tvärbindare. 

Sfäriska cellulosa-kitosan nanokompositpartiklar i storleksområdet 

millimeter till mikrometer kunde på detta vis framställas. Det kunde 

konstateras att några av egenskaperna för de sfäriska partiklarna, till 

exempel morfologin och storleksfördelningen, kunde kontrolleras 

genom de olika framställningsvägarna. Även nanokomposita cellulosa-

kitosanfilmer med pH-responsiv svällning och långsam frisättning av 

kitosan tillverkades genom att först lösa upp biopolymererna i 

LiOH/urea. Filmer som innehöll 75 % kitosan uppvisade högst 

svällbarhet; 1500%, och samtidigt högst grad av frisättning av kitosan; 

55 %, under 12 timmar vid pH 3. I en annan studie så tillverkades 

robusta hydrogeler, några med mycket hög vattenupptagande förmåga, 

av upplöst cellulosa genom olika grad av tvärbindning med 

metylenbisakrylamid (MBA). Den mest påfallande effekten åstadkoms 

för en hydrogel med ett molärt blandningsförhållandet [MBA]/[glukos] 

på 1,05 som fick reagera vid 60 °C under 30 minuter. Här kunde en 

svällningskapacitet av ca. 220 g H2O/ g torrvikt uppvisas. Att använda 

cellulosa upplöst i LiOH/urea följt av tvärbindning med MBA visar 

möjligheterna för en innovativ och snabb procedur att enkelt framställa 

tvärbundna cellulosahydrogeler med hög molekylvikt och extremt bra 

vattenupptagningsförmåga. 
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1 Introduction 

Today our planet and our world are experiencing the best of times, and 

the worst of times. The world is experiencing the unprecedented 

prosperity, while the planet is under unprecedented stress.1 We are 

facing great challenges from the prosperous development and ever-

changing demands. More than ever, all of these have urged us to take 

actions to embrace the sustainable development choices, also driven the 

search for substituents and new materials derived from renewable 

resources using environmentally friendly routes in sustainable 

manners.2; 3 Among all the efforts directed to sustainable development, 

cellulosic biomass offers a promising alternatives and can eventually 

replace the fossil fuel as feedstock for the production of chemicals, 

materials and energy.4; 5 In recent years, to fractionate TMP process 

water for valuable chemicals and to utilize the dissolved non-

derivatized cellulose have been exploited as environmental friendly 

methods to obtain value-added chemicals and functional materials. In 

the present work, the first objective was to use the induced air flotation 

(IAF) combined with cationic surface active additives to refine the 

lipophilic extractives from thermo-mechanical pulping (TMP) process 

water. The IAF process with dodecyl trimethylammonium chloride 

(DoTAC) exemplified the high efficiency of lipophilic extractives 

recovery, and also made ease of the subsequent extraction of 

hemicellulose from the process water for many further possible 

applications. The second objective of the work was to illustrate ways of 

utilization of non-derivatized cellulose towards sustainable functional 

materials of different forms and sizes. Despite the notable characteristic 

of global hydrophilicity, cellulose is insoluble in water and in most of 

common solvents.6-8 Therefore, to be able to dissolve cellulose in 

aqueous solution opens new possibilities for potential applications. The 

successfully prepared spherical cellulose-chitosan nanocomposite 

particles, nanocomposite films, and cellulose hydrogels provides new 

insights and strategies for exploiting the cellulosic biomass. 
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2 Background 

2.1 Lipophilic extractives and hemicellulose in the process 

water 

Nowadays one of the conventional utilizations of cellulosic biomass is 

to produce pulp. Thermo-mechanical pulping (TMP) process, as one of 

dominant pulping processes, can release various components into the 

process water. The released substances, known as dissolved and 

colloidal substances (DCS), are with either hydrophilic or lipophilic 

nature, and are mainly polysaccharides from hemicellulose, lignin, 

extractives and some inorganic salts.9-13 Lipophilic extractives are often 

called pitch, or resin, are consisted with fatty acids, resin acids, steryl 

esters, lignans, sterols, and triglycerides.14 As the major constituents in 

DCS, the lipophilic extractives can attach onto fiber surfaces, or reside 

inside parenchyma cells, or be suspended in process water as colloidal 

droplets,15-17 and they often gives rise to problems in regard to paper 

strength, the optical properties of paper, and machine runnability.18; 19 

The colloidal substances in the process water form droplets with a core-

shell-structure, with triglycerides and steryl esters in the core and a 

surface layer of surface-active resin and fatty acids.20 Due to the anionic 

charge of the droplets, they also interfere with cationic retention aids 

and decrease the efficiency of effluent treatment.11 Another phenomena 

of the colloidal substances is that they are sterically stabilized by the 

dissolved hemicellulose, which prevents them from aggregating into 

pitch deposits.18; 19 However, the sterical stabilization is sensitive 

towards the simple electrolytes, by which the loosely bound 

polysaccharides desorb from lipophilic extractives.11; 18 This worsens 

the downstream effect of the extractives on the papermaking process 

and paper products. To reduce these negative effects, the colloidal 

substances and hemicellulose should be removed from the process 

water at an early stage. 
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2.2 Induced air flotation 

Induced air flotation (IAF) has been used for many years in the 

beneficiation of ores. Its first application in the water treatment field 

was in the flotation of suspend solids, fibers, ink particles and other low 

density solids. More recently, induced air flotation has also been 

applied for the removal of pitch from TMP process water.21 The 

mechanism of IAF starts with that gas and liquid are mechanically 

mixed to induce bubble formation in the process water. Then the 

lipophilic extractives contact and attach onto the gas bubbles containing 

surface active additives. The combination of air/additive/extractive rise 

to the surface where they are harvested. In the process, the IAF utilize 

the differential density in between the bubbles and extractives to affect 

the separation. Since the agglomerates have a lower density than the 

medium in which they are immersed, they rise to the surface where they 

are removed. In the thesis, we take the advantage of the negatively 

charged double-layered colloidal droplets and the cationic charged 

DoTAC for the purpose of effectively and selectively remove lipophilic 

extractives from the colloidal substance in the TMP process water.21; 22 

This enables not just the effective and selective removal of lipophilic 

extractives, but also low material loss during the flotation and achieve 

higher removal of lipophilic substances. Finally, it facilitates the 

recovery of hemicellulose in high purity. 

2.3 Cellulose  

Cellulose is the most abundant natural polymer on earth and has an 

undisputed role in the sustainable development.23; 24 Cellulose was 

isolated and reported for the first time by the French chemist Payen in 

1838 from green plants.25 It has attracted great attention for designing 

new materials and products due to their renewability, biodegradability, 

and low cost. Cellulose can be separated from tree, and it is typically 

combined with lignin and hemicelluloses and water,26 but cellulose can 

also be synthesized by bacteria or tunicates. Cellulose is consisted with 
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D-anhydroglucopyranose units (AGU) linked by β-1,4-glycosidic 

bonds.  

 
Fig. 2.1 Molecular structure of cellulose (n = degree of 

polymerization).27 Adapted with permission from reference 27, 

Copyright © 2002, American Chemical Society. 

 

The molecular weight and size of cellulose is estimated from the degree 

of polymerization and the molecular mass of a single AGU. As shown 

in Fig. 2.1, each AGU has three hydroxyl groups, which are one primary 

and two secondary hydroxyl groups. These structural features make 

cellulose surface chemistry quite intriguing and open a broad spectrum 

of potential reactions, which typically occur in the primary and 

secondary alcohols.28 In nature, cellulose is organized in a highly 

hierarchal fashion, from single AGU to linear molecular chain, the 

micro and macro fibrils, where the amphiphilicity and intrinsic 

anisotropic structures are responsible for the cohesion between 

cellulose molecules.23; 29 As shown in Fig. 2.2, the hydrophilic character 

is presented in the equatorial direction of a glucopyranose ring, where 

all three hydroxyl groups are located on the equatorial positions of the 

ring. The hydrophobic character is presented on the axial direction of 

the ring, where non-polar C-H bonds are located.7; 26 Therefore, it is 

clear that cellulose macromolecule has an anisotropic structural. On 

account of the intra- and inter- hydrogen bonds the formation of the 

molecules are in the shape of flat ribbons, with sides with markedly 

different polarity.28; 30; 31 Therefore, it is also expected that all these 

features considerably influence both the molecular interactions and the 

solubility cellulose. Yamane et al. has proposed that the wetting 

properties of regenerated cellulose can be attributed to such structural 



 

5 

anisotropy.31 To dissolve cellulose efficiently, the solvent molecules 

should be able to overcome these hydrophobic interaction.32-34 

 
 

Fig. 2.2 Hydrophilic and hydrophobic parts of the cellulose molecule: 

(left), lateral view of the glucopyranose ring plane showing the 

hydrogen atoms of C–H bonds on the axial positions of the ring. (right), 

top view of the glucopyranose ring plane highlights hypothetic 

hydrogen bonding between the hydroxyl groups located on the 

equatorial positions of the ring.35 Adapted with permission from 

reference 7. Copyright © 2010 Published by Elsevier B.V. 

 

Native cellulose is a polymorphous macromolecule and as expected for 

such class of polymers, cellulose can organize in different forms with 

amorphous regions coexisting with crystalline domains.36 The degree 

of crystallinity of the extracted cellulose is usually in the range of 40– 

60%, and is dependent on the origin as well as the extraction process of 

the sample.37 A curious phenomena about native cellulose is that the 

natural parallel arrangement of molecular chains, named cellulose I 

polymorph, is not the most stable crystalline form of cellulose; the anti-

parallel arrangement of the molecular chains after dissolution and 

regeneration, named cellulose II polymorph, is the most stable form.38 

It is still unclear about the process behind, but the assumption is that the 

rotation of cellulose chains in the molecular sheets of a microfibril leads 

to the transition from cellulose I to cellulose II.37; 38  

Hydrophilic region Hydrophobic region
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2.4 Chitosan 
Chitosan is another abundant biopolymer with substantial role in 

various composite applications. Chitosan can be easily derived from 

chitin, which shares some common structural features with cellulose, 

for example, having β-1,4 bonds between repeating sugar units and 

complex networks of hydrogen bonding and hydrophobic interactions 

maintaining the polymer chain structures.7; 39 Chitin is synthesized by 

an enormous numbers of living organisms, and is considered as the 

most abundant polymer after cellulose. Chitin occurs in nature as 

ordered crystalline microfibrils forming structural components in the 

living organisms from lower plant to animal kingdom, serving functions 

of reinforcement and strengthener. When the degree of deacetylation of 

chitin reaches about 50% (depending on the origin of the polymer), it 

becomes soluble in aqueous acidic media and is call chitosan. Because 

of its unique cationic character, film forming and biological activity, 

chitosan invites considerable amount of applications in the biomedical 

area.40  

 

 
Fig. 2.3 Schematic illustration of forming chitosan by partial 

deacetylation of chitin.41  

Deacetylation

Chitosan

Chitin
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2.5 Dissolution of cellulose and chitosan in aqueous 

solution 

Given the ionic characteristic of chitosan at acidic condition, it has not 

been an obstacle to dissolve the polymer in aqueous solution. However, 

dissolution of native cellulose in aqueous solution has been a 

challenging for long time, for it is believed that the recalcitrance came 

from the inter- and intra- hydrogen bonding networks. Various solvents 

have been investigated for dissolving cellulose, such as ionic liquids, 

acidic solvents, and alkaline solvents. Using ionic liquids to directly 

dissolve cellulose has been studied since 2002.42;43 However, the 

mechanism behind the dissolution of polysaccharides is not well 

understood. Apparently, the dissolution is mainly governed by the 

interaction between the anions and the polysaccharide molecules, yet 

the particular combinations of cations and anions significantly affect 

the dissolution power of the ionic liquids.44 As well as deficient 

knowledge of the dissolution mechanism, their high viscosity, high 

production cost, moisture sensitivity, and poorly developed purification 

processes have made it difficult to use ionic liquids at industrial scale. 
45; 46  

Regarding water-based systems, acidic solvents are generally more 

efficient than alkaline ones. However, in acidic cellulose dissolution, 

hydrolysis of the β-1,4 glycosidic bonds in the polymer chain occurs 

over time, which reduces molecular mass and yields regenerated 

material with inferior properties. In acidic solvents, protonation of the 

hydroxyl groups via the fast diffusion of protons contributes to 

dissolution of cellulose. Both the amorphous and crystalline regions of 

cellulose are quickly disassembled and can be easily protonated.47; 48 As 

described above, chitosan is readily soluble even in weakly acidic 

solvents because the primary amine group in chitosan has a pKa value 

of 6.5. Therefore, at a lower pH, the amine groups are protonated and 

positively charged, making chitosan a cationic polyelectrolyte.40 The 

electrostatic repulsion between the molecular chains in terms of the 

counterion entropy thus favors the dissolution of chitosan in acidic 
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solvents.49 Dissolution in strongly acidic media is typically 

accompanied by the chemical degradation of cellulose and chitosan, 

which can jeopardize the properties of the regenerated products.50; 51  

For the use of aqueous alkaline solvents to dissolve cellulose or chitosan, 

recent developments have concerned the usages of different additives 

and freeze-thawing at –12 °C or lower.52; 53 Some hydroxyl groups are 

deprotonated at extreme pH,54; 55 and the polymer networks become 

highly swollen.56-58 Additionally, some authors argue that ice expansion 

at lower temperatures further opens up the structure,52; 53 and that more 

favorable water-polymer interactions also play a role.48 Taking into 

account of the fact that cellulose is an amphiphilic polymer,48; 59 the 

addition of certain additives, such as urea or thiourea, can help to 

decrease the hydrophobic interactions, and to better dissolve cellulose 

or chitosan in alkaline solutions.7; 48; 60 

2.6 Utilization of dissolved non-derivatized cellulose and 

chitosan 
To combine the abundancy and unique characteristics of cellulose and 

chitosan to make different composite materials has been studied for 

decades.61; 62 The common structural features of the biopolymers, 

especially the strong mechanical strength, biocompatibility and thermal 

stability of cellulose,62; 63 and the wound healing, antibacterial 

properties of chitosan,64-67 as well as their ability of self-assembly into 

intriguing micro- or nano-sized structures,68-70 have derived many 

options and ideas for functional composite materials. Efforts have been 

made to formulate functionalized materials, such as chitosan–cellulose 

nanofibers,71 chitosan-cellulose nanowhiskers,72 and chitosan-cellulose 

multi-component composites.73 These composite materials can be given 

anti-microbial or wound-healing properties, pH sensitivity, or other 

functionalities. In some cases, metallic nanoparticles or other 

components are applied to achieve the desired functionality.74 

Over years, different approaches have been developed to dissolve 

cellulose and chitosan in the same solvent to create a composite, most 
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of the approaches are inappropriate for industrial production or 

unacceptable due to increasing environmental concerns.51; 75 Being able 

to dissolve cellulose and chitosan in a common, non-toxic, low-cost, 

and environmentally friendly aqueous solvent offers new possibilities, 

particularly in relation to the preparation and design of nanocomposites 

with properties tunable for specific applications and functions. One 

notable functionality of cellulose-chitosan nanocomposites is pH 

responsiveness, which gives these nanocomposites pH-dependent 

swelling properties.76; 77  
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3 Experimental 
3.1 Materials 
3.1.1 Process water, cellulose and chitosan 

The process water assessed in Paper I & II was collected from a 

thermomechanical pulp mill in the middle of Sweden, from the stage 

between pressing and hydrogen peroxide bleaching. The raw material 

in the mill was freshly harvested Norway spruce (Picea abies), which 

contained around 30% hemicellulose and 1 to 2% of lipophilic 

components. The process water was stored at 4 °C before IAF treatment 

and was heated to 50 °C to mimic the temperature condition of TMP 

production. Water samples not used immediately were stored at 4 °C 

for no longer than 4 days before experiments.  

The cellulose used in Paper III, IV & V was a commercial sulfite-

dissolved pulp with a weight average molecular weight (Mw) of 3.2 × 

105 g/mol and a polydispersity index of 10.3, provided by Domsjö 

Fabriker Aditya Birla (Örnsköldsvik, Sweden). Commercial grade 

chitosan used in Paper III & IV was from shrimp shells with weight 

average molecular weight (Mw) of 3.6 × 105 g/mol and degree of 

deacetylation of 89%. The chitosan was purchased from Regal Biology 

Ltd (Shanghai, China).   

 

3.1.2 Chemicals 

The surface active additive used in Paper I & II, dodecyl 

trimethylammonium chloride (DoTAC, China Innovation Group Co. 

Ltd., Beijing, China) was in analytical grade and was used in the 

induced air flotation. Methyl tert-butyl ether (MTBE, purchased from 

Sigma-Aldrich, Stockholm, Sweden) was used for extraction because 

of its effectiveness in solvent extraction of lipophilic extractives, as well 

as its high efficiency in extraction of lignans.78 1,3-dipalmitoyl-2-

oleoylglycerol, cholesteryl heptadecanoate, heneicosanoic acid, and 

betulinol were used for the internal standards for the GC-FID 

quantification of lipophilic extractives. N,O-bis-(trimethylsilyl)-

trifluoro-acetamide (BSTFA), trimethylsilyl chloride (TMCS) and 
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pyridine were used for silylation. These chemcials above were all 

purchased from Sigma-aldrich, Stockholm, Sweden. 

For the dissolution of cellulose and chitosan in Paper III, IV & V, 

lithium hydroxide (LiOH), potassium hydroxide (KOH), urea, acetic 

acid, epichlorohydrin, t-BuOH, isooctane and Span®80, were of 

analytical grade and supplied by Shanghai SHENSHI Chemical Co, Ltd 

(Shanghai, China). Urea, and ethanol used in the dissolution and 

regeneration of cellulose were of analytical grade and was supplied by 

VWR Prolabo Chemicals (Stockholm, Sweden). The crosslinking 

agent, methylenebisacrylamide (MBAA), was purchased from Sigma-

Aldrich (Stockholm, Sweden). Deionized water was used in all of the 

experiments. 

3.2 Methods 
3.2.1 Induced air flotation of TMP process water 

The flotation treatment of the TMP process water in Paper I & II 

started with adjusting the original pH value of the process water sample 

from about 5.1 to 3.5 by adding hydrochloric acid before flotation. At 

pH 3.5, the RFAs associate with the colloidal droplets, and a higher 

flotation efficiency for collected lipophilic extractives has been 

reported.79 A stock DoTAC solution was prepared by dissolving 

DoTAC in distilled water and was directly added when the flotation 

commenced. 6 L of process water was used in the flotation cell with 

propeller rotational speed of 1340 rpm during the experiment. 5 L/min 

of nitrogen gas was induced during the flotation. The concentration of 

the foaming agent was 80 ppm at the beginning of the flotation. The 

flotation proceeded for 60 min and the foam fraction was collected from 

the top of the flotation cell shown in Fig 3.1. Fiber and fine fraction in 

the collected foam fraction was removed by filtration through a fiber 

filter and stored at 4 °C for further analysis.  
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Fig. 3.1 The flotation cell in the induced air flotation.21 

 

3.2.2 Derivatization of lipophilic extractives 

The lipophilic extractives were first silylated and then analyzed using a 

gas chromatograph equipped with a flame ionization detector (GC-FID). 

The extractives from process water and rejected foam were extracted in 

different methods. Process water and rejected foam was freeze-dried 

first, and then determine the extractives gravimetrically after the soxhlet 

extraction with MTBE. The samples were extracted with MTBE for 6 

h with 15 circulations per hour, and then collected and dried under 

nitrogen for the subsequent analysis. Part of the extractives from 

rejected foam were prepared using liquid-liquid-extraction (LLE) by 

mixing 10 mL of foam samples with 5 mL of MTBE. The mixture was 

shaken vigorously for 1 min and then subjected to centrifugation at a 

relative centrifugal force of 1000 g for 10 min. Phase separation 

resulted in the lipophilic extractives and lignans being in the upper level, 

which was carefully pipetted out. The residual water phase was in the 

lower level for subsequent two more extractions. After all of the three 

extractions with MTBE, the three MTBE aliquots were combined. If an 

emulsion layer existed in the foam sample before mixing with MTBE, 

1 g of sodium chloride was added to the 10 mL foam sample to break 

the emulsion and enhance the extraction.  

To prepare the lipophilic extractives and lignans for analysis using GC-

FID, the components were silylated and assigned according to the 
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internal standard mixture (IS) as follows: the IS was prepared by 

dissolving 0.1 mg of 1,3-dipalmitoyl-2-oleoylglycerol, cholesteryl 

heptadecanoate, heneicosanoic acid, and betulinol into 1 mL MTBE. A 

1 mL sample from each extractive fraction, A, B, and C, was combined 

with 100 μL of IS. This mixture was dried in nitrogen gas. Next, 100 

μL of N,O-bis-(trimethylsilyl)-trifluoro-acetamide (BSTFA) and 

trimethylsilyl chloride (TMCS) (99:1 by vol.) with an additional 50 μL 

of pyridine were added to the residual and sealed together in the 

reaction vial. The vial was kept in a 70 °C oven for 30 min for silylation. 

After cooling, the sample was ready for GC-FID injection.  

 

3.2.3 Dissolution of cellulose and chitosan 

Cellulose and chitosan dissolution in Paper III, IV & V was achieved 

in different aqueous solvents. For cellulose, an aqueous solvent 

containing LiOH/urea/water (4.6:15:80.4 w/w) was prepared and 

frozen for dissolving purpose. 4 g of cellulose was dispersed with 

extensive stirring in 96 g of thawed LiOH/urea solvent. The mixture 

was then kept at –35 °C until it was completely frozen, and then thawed 

at room temperature and stirred at 1300 rpm for 2 min to dissolve 

cellulose. This freezing/thawing/stirring circle was repeated two more 

times until cellulose was fully dissolved. A 4 wt % transparent cellulose 

solution was obtained after removing the air bubbles by centrifuging 

the sample at 8000 rpm and 0 °C for 10 min. For the chitosan solution, 

4 g of chitosan was dispersed in 96 g of LiOH/KOH/urea/water solvent 

(4.6:7:8:80.4 w/w) with stirring at 1300 rpm for 5 min.80 Then the 

mixture was stored at –35 °C until it was totally frozen. The frozen 

mixture was then fully thawed and stirred at 1300 rpm for 2 min. The 

sample went through two more freezing/thawing/stirring circles to get 

chitosan fully dissolved. Then the mixture was degasified by 

centrifugation at 8000 rpm and 0 °C for 10 min to obtain a transparent 

chitosan solution. In the preparation of cellulose-chitosan particles in 

Paper III, 1 wt % chitosan solution in acetic acid was prepared by 

mixing the required amount of chitosan in 1% acetic acid at room 

temperature.  
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3.2.4 Preparation of cellulose-chitosan spheres 

Cellulose-chitosan spheres with different sizes, from a few millimeters 

to diameters ranging from 5 µm to over 100 µm, were prepared via the 

different procedures described below. For cellulose-chitosan 

macroparticles (CCP), showed in Fig. 3.2, 10 mL cellulose solution was 

added to 100 mL of 1 wt % chitosan at a rate of 1 mL/min by using a 

syringe pump. During the addition, the bulk solution was agitated with 

a magnetic bar at 200 rpm. The regenerated particles were then 

collected and washed extensively in deionized water to remove salts, 

followed by solvent exchange from water to t-BuOH before freeze-

drying.  

 

Fig. 3.2. Preparation of regenerated cellulose-chitosan macroparticles 

(CCP) by dripping cellulose solution into acidic chitosan solution. 4 

wt% cellulose in LiOH/urea/water (4.6:15:80.4 w/w) is prepared via 

freezing/thawing procedure, and t-BuOH is used for solvent exchange. 

Crosslinked cellulose-chitosan microspheres (CCMS-CL) and 

cellulose-chitosan microspheres without crosslinking (CCMS), were 

prepared as shown in Fig. 3.3. Equal amounts of 4 wt % cellulose 

solution and 4 wt % chitosan solution were mixed at –20 °C for 2 h at 

1300 rpm. At the given mixing ratio the cellulose-chitosan solution did 

not show any signs of phase separation. To induce crosslinking between 

cellulose and chitosan, epichlorohydrin was added to the mixture.80; 81 

Meanwhile, an oil phase was prepared by mixing isooctane and 

Span® 80 (100:1 v/v) at 1300 rpm for 30 min at room temperature in a 

three-neck round-bottom flask. The ready blend of crosslinked 

1% chitosan 

in 1% acetic acid

4 wt% 

cellulose 

solution

10 mm

200 rpm, RT

extensive 

washing

solvent 

exchange 

and 

freeze 

drying

1 mL min-1
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cellulose-chitosan was immediately added into the oil phase under 

gentle agitation. Hereafter the water-in-oil (W/O) emulsion was 

agitated at 1300 rpm and 0 °C for 1 h to obtain stable cellulose-chitosan 

biocomposite spheres. Subsequently, the emulsion was heated to 60 °C 

for 1 h in a water bath to induce sol-gel transition by worsening the 

solution conditions for the polymers.35; 82 The resulting suspension 

containing cellulose-chitosan microspheres was then washed 

extensively in water/ethanol (4:6 v/v) to remove residual isooctane and 

Span® 80, and thereafter continually washed in deionized water to 

remove salts. Finally, the spheres were subjected to a solvent exchange 

with t-BuOH before freeze-drying.  

 

Fig. 3.3 Preparation of cellulose-chitosan microspheres, crosslinked 

with epichlorohydrin (CCMS-CL) and non-crosslinked (CCMS), in 

water-in-oil emulsion. 4 wt% cellulose in LiOH/urea/water (4.6:15:80.4 

w/w) and 4 wt% chitosan in LiOH/KOH/urea/water (4.6:7:8:80.4 w/w) 

are prepared via freezing/thawing procedure, and t-BuOH is used for 

solvent exchange. 
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3.2.5 Preparation of cellulose-chitosan films 

Pure cellulose and chitosan reference films were prepared by directly 

casting the stock solutions on 20 cm × 20 cm glass plate with a thickness 

of 1 mm. Then, the glass plates with the cast solutions were then 

carefully immersed in a water/ethanol (4:6 v/v) bath for regeneration, 

which was found to give films low stickiness and shrinkage. The 

cellulose–chitosan nanocomposite films with different compositional 

ratios were prepared as illustrated in Fig. 3.4. The stock solutions of 

cellulose and chitosan were premixed at different weight ratios before 

the casting and regeneration. The films were dried in Rapid Köthen 

(PTI, Laakirchen, Austria) at 95 °C under vacuum for 10 min. The 

nanocomposite films were prepared with different chitosan contents: 

25% chitosan and 75% cellulose (C25), 50% chitosan and 50% 

cellulose (C50), and 75% chitosan and 25% cellulose (C75).  

 

Fig. 3.4 Route for preparing cellulose–chitosan nanocomposite films. 

Aqueous alkaline solutions of cellulose and chitosan were mixed in 

different ratios, and the mixtures were degassed, cast, and regenerated 

in water/ethanol. After washing in water and drying at 95 °C in Rapid 

Köthen for 10 min under vacuum, the films were characterized and 

tested. 
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3.2.6 Preparation of chemically crosslinked cellulose hydrogels 

Cellulose hydrogels were prepared by directly mixing the 2 wt% 

cellulose solutions with MBA at different MBA/glucose molar ratios 

(Table 3.1 below). The desired amount of MBA was simply added to 

cellulose solution under 1300 rpm agitation, and blended at 23 °C for 2 

h. The mixture was then transferred to a Petri dish and allowed to cure 

either at 60 °C for 30 min or at 23 °C for 12 h. The MBA/glucose molar 

ratios, experimental conditions and the nomenclature for coding the 

different samples, are listed in Table 3.1. 

 

Table 3.1 Molar ratios of MBA/glucose and sample nomenclature for 

the different curing conditions. 

Reaction Conditions 
n[MBA]/n[Glucose] 

0 0.26 0.53 1.05 

Temperature/°C Time/h Sample code 

60 0.5 G600 CG601 CG602 CG603 

23 12  G230 CG231 CG232 CG233 

3.3 Characterization techniques 
3.3.1 Gas chromatography mass spectrometry (GC-MS) 

The quantifications of lipophilic extractives in Paper I & II are 

determined with GC-MS after silylation. The trimethylsilyl esters of 

fatty and resin acids obtained after silylation are prone to hydrolysis, so 

testing is recommended within 12 h.83 The GC-FID (Varian 3400) and 

a DB-1 capillary column were used (Agilent J&W Technology, Santa 

Clara, CA, USA), 15 m x 0.53 mm x 0.15 μm, with 100% 

dimethylpolysiloxane as the stationary phase. The column was heated 

up from 70 °C to 340 °C at a rate of 16 °C/min and then held for 10 min. 

The running time was around 27 min in total. The injection temperature 

was 250 °C, while the temperature of the FID detector was set at 340 

°C. Helium was used as a carrier gas with a flow rate of 12 mL/min. 

 

3.3.2 UV-Vis 

The residual water after MTBE-LLE was kept for lignin content 
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determination. Prior to testing, the water phase was first filtered with a 

0.2 μm Teflon filter to remove any fines. The ultraviolet absorption of 

lignin at 280 nm was measured with a Shimadzu UV1800 

spectrophotometer (Kyoto, Japan).  

 

3.3.3 Field-emission scanning electron microscopy (FE-SEM) 

The appearance, surface structure and morphology of the cellulose-

chitosan particles in Paper III were investigated with a field emission 

scanning electron microscope (FE-SEM) from Zeiss Merlin. The 

samples were coated with gold/platinum and the secondary electron 

images were generated using 5 kV accelerating voltage and an in-lens 

detector. The morphologies of nanocomposite films in Paper IV and 

cellulose hydrogel in Paper V were characterized using field emission 

scanning electron microscopy (FE-SEM) (TESCAN MAIA3 SEM; 

Oxford Instruments, Abingdon, UK) at an accelerating voltage of 15 

kV; the films were given a 5-nm iridium coating using a turbomolecular 

pumped coater (Q150 T ES; Quorum Technologies, Lewes, UK). 

 

3.3.4 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) was used to quantify the 

nitrogen in the spheres prepared in Paper III. It was performed on a 

Thermo Fisher ESCALAB 250Xi spectrometer, equipped with Al Kα 

radiation as the monochromatic source. The surface compositions of 

carbon, oxygen and nitrogen were recorded for the three different 

nanocomposites. 

3.3.5 X-ray diffraction (XRD) 

X-ray diffraction was used in Paper III, IV & V to give polymorphous 

information of the nanocomposite samples and cellulose hydrogel. The 

experiments were conducted on a Bruker D2 phaser XRD 

diffractometer, with Cu Kα radiation of 1.54 Å at 30 kV and 10 mA, 

and recorded in the region of 2θ from 10° to 45° at a scanning rate of 

0.01° s-1. 
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3.3.6 Fourier-transform infrared spectroscopy (FT-IR) 

FT-IR were used in Paper III, IV & V for two occasion in the thesis. 

In Paper III & IV, FT-IR is used for identification of specific 

functional groups in the sample, for example, the amide groups from 

chitosan in the nanocomposite spheres and film samples, and the 

carbonyl group in MBAA crosslinked hydrogel. The second occasion 

for using FT-IR is for quantification of chitosan content in film residues 

in Paper IV, and the estimation of crosslinking in Paper V. All the FT-

IR measurements were conducted with the Fourier transform infrared 

spectroscope (Nicolet 6700; Thermo Scientific, Waltham, MA, USA) 

in attenuated total reflectance mode, and all samples were examined 

using a 4 cm–1 resolution and 64 scans in the range of 400-4000 cm–1. 

 

3.3.7 Size distribution 

The volume-weighted size distributions of the microspheres in Paper 

III were determined by laser diffraction on a Malvern Mastersizer 2000 

(Malvern Panalytical, Uppsala, Sweden), using a He-Ne gas laser red 

light with a beam wavelength of 633 nm and a LED blue light with a 

wavelength of 466 nm. The samples in deionized water were dispersed 

in an ultrasound water bath at 80 W for 2 min before the size 

distributions were recorded. 

 

3.3.8 Elemental analysis 

The elemental analysis in Paper III was conducted to obtain the total 

composition of the prepared nanocomposite spheres. The elemental 

analysis of carbon, oxygen, hydrogen and nitrogen was analyzed with 

a Flash 2000 organic element analyzer according to an accredited 

method at DB lab (Copenhagen, Denmark), using duplicate analysis. 

 

3.3.9 Swelling test  

The swelling tests were conducted in both Paper IV & V for different 

purposes. The swelling tests in Paper IV were measured with three 10 

× 10-mm specimens to gravimetrically investigate the swelling in 
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aqueous solutions at different pHs. The swelling ratio (SR) was 

calculated as: 

𝑆𝑅 =
𝑊2−𝑊1

𝑊1
× 100%   (Eq. 1) 

where 𝑊1 is the weight of the lyophilized composite films and 𝑊2 is 

the weight of the swollen films. In Paper IV, a 1% acetic acid and a 0.1 

M NaOH solution were used to adjust the pH. The nanocomposite film 

samples’ weight losses before and after swelling at pH 3,5 and 7 were 

also compared. The swollen samples were dried at 105 °C for 2 h, and 

the weight loss was calculated as:  

𝑤𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 =
𝑊1−𝑊3

𝑊1
× 100%  (Eq. 2) 

where W1 and W3 are the weights of the dried film before and after the 

swelling test, respectively.  

In Paper V, the swelling degree (SD) was applied for evaluating of the 

water adsorption capacity of the hydrogel. Briefly, the cured hydrogels 

were immersed in excess deionized water to guarantee the release of all 

solvent components (i.e., LiOH and urea) and unreacted MBA to the 

aqueous bulk. During this process, fresh deionized water was changed 

every 12 h until the pH reached 7. The SD was determined from the 

following equation: 

𝑆𝐷 =
𝑊2−𝑊1

𝑊1
× 100%                                                  (Eq. 3) 

where 𝑊1  is the weight of the lyophilized hydrogel and 𝑊2  is the 

weight of the swollen hydrogel. Note that lyophilized hydrogel was 

taken as the reference state that corresponds to a low density material 

with high surface area and porosity which may be suitable for many 

advanced applications.84 These lightweight systems are often coined as 

“aerogels” but are better described as “foams” due to their high levels 

of macroporosity.85-87 The weight of the swollen hydrogel was 

measured after removing the excess water by gently tapping the surface 

with a dry filter paper. 
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3.3.10 Uniaxial tensile stress-strain 

The mechanical properties of the nanocomposite films in Paper IV 

were determined using a universal material testing machine equipped 

with a 100 N load cell (MTS Systems, Eden Prairie, MN, USA). Five 

50 × 5-mm specimens were tested at a cross-head speed of 1.5 mm min–

1. 

 

3.3.11 Raman spectroscopy 

In Paper V,  non-polarized Raman spectra of the lyophilized hydrogels 

was recorded with a Horiba XploraTM plus equipped with a 532 nm 

laser and Olympus BX40 confocal microscope (Horiba XploraTM plus; 

Horiba, Les Ulis, France). The entrance slit width was fixed to 100 μm. 

The laser power on the sample was adjusted by means of density filter 

to avoid uncontrolled thermal effects. The spectral resolution was about 

1.0 cm−1. 

 

3.3.12 Rheology analysis 

The rheological measurements in Paper V were performed using a 

rotational rheometer (MCR 501; Anton Paar Physica, Ostfildern, 

Germany) with a plate-plate stainless steel geometry (50 mm diameter 

and 1 mm gap). Sample evaporation during measurements was 

minimized using a small amount of low viscosity silicone oil, which 

was placed on the periphery of samples (hydrogel-air interface) together 

with an evaporation blocker. Isothermal dynamic frequency and 

amplitude sweep tests were performed to determine the linear 

viscoelastic properties. The frequency and strain amplitude used within 

the linear viscoelastic regime were 1 Hz and 10%, respectively, in all 

the dynamic tests performed. Different temperature ramps were also 

performed to evaluate the thermal effect on gelation.
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4 Results and discussion 

4.1 Selective removal of lipophilic extractives (Paper I & II) 
4.1.1 Efficiency of removal of lipophilic extractives and compositional 

changes 

In paper I, the selective removal of lipophilic extractives were 

illustrated by quantifying the specific amount of each extractive. Both 

the original process water and the harvested foam were analyzed for 

solid content as well as the extractive concentrations after Soxhlet 

extraction of the freeze-dried samples. Table 4.1 shows that the solid 

content of the harvested foam was increased to 1.5 times that of the 

process water. Considering the fact that some fines and fibers were 

filtered away from the foam fraction, this indicates that more extractives 

were collected. Comparing the concentrations of the extractives in the 

process water and the harvested foam, the concentration in the foam 

fraction was almost four times higher than in the process water. This 

shows that the flotation setup is effective in refining lipophilic 

extractives from TMP process water. The extractives were concentrated 

from 0.268 g/L in the process water to about 1 g/L in the foam fraction. 

Considering that 0.262 L of foam fraction were collected from 1 L of 

process water in the IAF treatment, this means that about 94% of the 

extractives were transferred from process water into the foam fraction.  

 

Table 4.1 The comparison of process water and foam fraction before 

and after IAF 

 
Solid Content 

(g/L) 

Extractive Concentration  

(g/L) 

Process Water 7.23 0.268 

Foam Fraction 11.20 0.959 

 

Knowing that IAF combined with DoTAC offers an efficient, single-

stage method of refining the extractives from the TMP process water. 

It is also important to know the compositional changes of the extractives 
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before and after treatment. The total concentrations of the extractives 

before (Extractives A) and after IAF treatment (Extractives B and C) 

are shown in Fig. 4.1. The graphs show that the extractives were 

enriched from the original process water into the foam fraction during 

the IAF process and LLE treatment. During the IAF process, the 

cationic DoTAC was able to effectively bind the anionic pitch droplets 

and enrich the components in the foam fraction, and it cleaned and 

enables the reuse of the process water. A Comparison of the total 

concentration in Extractive B, that number in Extractive C were 

decreased slightly from 959 mg/L to 887 mg/L. This could be attributed 

to the thorough extraction with the Soxhlet method, where the 

extractives were constantly contacting the fresh extractant and pushing 

the transfer of the analytes into the MTBE phase. The higher volume of 

extractant and possible loss of the analytes in the LLE can also 

contribute to lowered concentration in Extractives C.78  

 

  
 

Fig. 4.1 The total extractives concentrations in the process water 

(Extractives A), foam fraction (Extractives B), and MTBE extractives 

(Extractives C). 
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The specific change for each extractive component, before and after 

IAF treatment from process water, foam fraction and LLE, was 

measured and compared. Fig. 4.2 shows that the extractives from the 

spruce TMP process water were triglycerides, sterol esters, fatty acids, 

resin acids, sterols, and some lignans. About 56% of the extractives 

were composed of neutral substances such as steryl ester and 

triglycerides, which agrees with previous trials conducted in our 

laboratory.88 Triglycerides were the main component of the lipophilic 

extractives. Fatty and resin acids constituted about 25% of the lipophilic 

extractives in the process water. When comparing the extractive 

compositions of the foam fraction and process water, the percentages 

of neutral components changed slightly. This is because the neutral 

steryl ester and triglycerides were in the core of the double-layer 

colloidal droplets during flotation, therefore, were less affected by the 

flotation condition.20 However, the content of lignans, fatty and resin 

acids showed more variance before and after IAF. The percentage of 

lignans in the extractives decreased from 11% in the process water to 

4% in the foam fraction. Lignans are hydrophilic rather than 

amphiphilic, which favors solubility in the water phase rather than 

transfer to the foam fraction.89 Comparing with the total fraction of the 

fatty and resin acids and sterol in the process water, this number from 

the rejected foam fraction increased about 24%. The increment of the 

percentage of fatty and resin acids can be attributed to the decrement of 

lignans in the rejected foam, which leads to higher percentage of FRAs 

in the fraction B. Furthermore, the hydrolysis of the triglycerides can 

generate more fatty acids, thus lead to the increment of the percentage 

of the FRAs in the rejected foam. Some researchers have reported that 

nearly 30% of fatty and resin acids are dissociated and dissolved in the 

water phase at the process water condition of pH = 5, while at the pH 

adjusted to 3.5 for flotation they are barely dissociated.79  
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Fig. 4.2 Composition of the lipophilic extractives and lignans from 

process water (Extractives A), foam fraction (Extractives B), and 

MTBE extractives (Extractives C). FRAs = fatty & resin acids, StE = 

steryl ester, TrG = triglyceride, diglycerides, and monoglycerides.  
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The compositions of the lipophilic extractives in Extractives B and C 

after different methods are also compared in Fig. 4.2. The foam fraction 

obtained after IAF was extracted using MTBE to separate the 

extractives. As stated in the experimental setup, the extraction of each 

sample was tripled to obtain a better extraction yield of lipophilic 

substances and lignans, and then the extract was silylated before GC 

analysis. The comparison shows that the fatty and resin acids increased 

from 32% to 37% in the LLE fraction. During the LLE treatment, the 

fatty and resin acids and sterol were mostly transferred into the MTBE 

solution, which could explain the high fraction of the components in the 

extract. The pH changes during the extraction possibly have affected 

the phase distribution of triglyceride and sterol ester, and thus rendered 

lower percentages of the neutral components in extractive fraction C.79 

The percentages of the triglycerides and steryl ester decreased from 

40% to 33%, and from 15% to 9%, respectively. The percentage of 

lignans increased from 4% in the foam fraction to 9% in the LLE. The 

hydrophilic nature of the lignans led to the low removal from the 

process water, but the MTBE enabled efficient extraction of lignans.78  

Comparing the results from LLE with Soxhlet extraction, 92.5% of the 

lipophilic extractives after the Soxhlet extraction were detected with the 

LLE method, while the Soxhlet extraction enabled 94% of the lipophilic 

extractives to be transferred from process water to the foam fraction. 

This indicates that the expression of the lipophilic extractives removal 

with LLE was lower than what it really was. In the two methods of 

extracting the lipophilic components in the foam fractions, Soxhlet 

extraction of freeze-dried foam achieved high yield in extracting the 

refined lipophilic extractives from the rejected foam. This might be 

attributable to the favourable mass transfer equilibrium when the foam 

fraction constantly meets the fresh MTBE. IAF combined with DoTAC 

is thus an efficient way of removing the lipophilic extractives from 

TMP process water, minimizing the downstream effects of pitch 

components on the process and products.  
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4.1.2 Polysaccharides in accepted water 

The efficient removal of the pitch compounds using IAF combined with 

DoTAC from the process water has enabled a benign accepted water 

that can be reused in the process. However, it is also necessary to know 

how the dissolved hemicellulose and lignin are affected by flotation. 

The accepted process water was freeze-dried and acid methanolysis was 

performed for quantification analysis. As shown in Table 4.2, the 

concentration of dissolved hemicelluloses changed only slightly after 

the IAF process, which indicates that IAF combined with DoTAC is a 

selective process in refining the lipophilic extractives from the TMP 

process water. Of the detected monosaccharides, the major ones in the 

water samples both before and after IAF treatment were galactoses, 

mannoses, and glucoses. This agrees with the component of 

galactoglucomannan, the major hemicellulose polysaccharides in 

Norway spruce. The lignin content in the treated process water was 

decreased compared to the original process water. This indicates that 

some of the lignin was also removed from process water by the IAF 

treatment.  

Table 4.2 Carbohydrate analysis of the process water, before and after 

flotation 

Analyte 

(mg/L) 

Original TMP Process 

Water 

Purified TMP Process 

Water 

Lignin  1279 611 

Mannoses 1270 1300 

Glucoses  354 356 

Galactoses  554 410 

Arabinoses  119 107 

Xyloses  38.8 37.0 

Rhamnoses  80.6 62.2 

Galacturonic 

Acid  

97.7 86.0 

Glucuronic 

Acid  

60.9 51.7 
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4.2 Cellulose-chitosan nanocomposite spheres and films 
(Paper III & IV) 

4.2.1 Compositional analysis of cellulose-chitosan nanocomposite  

In Paper III and IV, cellulose-chitosan nanocomposites were prepared 

in the forms of spheres of different sizes and films. The compositions 

of the samples were characterized with XPS, elementary analysis and 

FTIR.  

First of all, the surface chemistry of the three spherical samples (Paper 

III) were investigated with X-ray photoelectron spectroscopy (XPS). 

As seen in Fig. 4.3(i), there is a strong peak at 399.3 eV that corresponds 

to the binding energy of N1S.90; 91 The nitrogen signal, only arising from 

the amino groups of chitosan, reveals the presence of chitosan in the 

surface layer of the biocomposites and indicates that chitosan molecules 

really are interlocked, making the materials into true nanocomposites. 

The C1S peak is divided into three parts, at 287.8, 286.4 and 284.9 eV, 

as shown in Fig. 4.3(ii). The peaks indicate the O-C-O, C-OH and C-C 

bonds,92 respectively; these exist in both cellulose and chitosan. A third 

peak appears at 532.8 eV and corresponds to the O1S assigned to the 

hydroxyl groups.  
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Fig.4.3 (i) XPS spectra of different cellulose-chitosan particles showing 

C1S, N1S and O1S binding energies, (ii) XPS spectra with magnified 

C1s. (a) macroparticles, CCP; (b) chemically crosslinked microspheres, 

CCMS-CL; (c) non-crosslinked microspheres, CCMS. 

To further investigate the effect of different preparation methods on the 

biopolymer interaction, the overall nitrogen content was also compared 

with the XPS results (Paper III). The surface elemental compositions 

from the XPS analysis and the overall elemental compositions are listed 

in Table 4.3. The CCP sample, prepared by the dripping method, shows 
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a nitrogen content of 2.96% in the surface layer; while the elemental 

analysis of the CCP sample has lower total nitrogen content of 0.97%. 

The difference is due to the preparation procedure. When cellulose is 

dripped into the acidic chitosan solution, the polymers are rapidly 

mixed at the interface of the droplet, but the instant pH change promotes 

instability of cellulose. Since the co-regeneration starts on the 

outermost surface of the cellulose droplets, polymer chain 

entanglements with chitosan are formed under the solidification phase. 

This slows down further diffusion of chitosan from surface to the core 

of the particles. Thus chitosan is enriched at the surface, as shown by 

the higher nitrogen content on the surface of CCP in comparison to the 

overall nitrogen content.  

As can be seen in Table 4.3 the CCMS-CL and CCMS nanocomposites 

prepared from alkaline solution mixing, emulsification and temperature 

induced sol-gel transition, show higher nitrogen content than CCP, both 

in the surface layer and overall. The nitrogen content in a fully 

deacetylated chitosan molecule is about 8.7% (hydrogen not included 

in total mass calculation), and in the homogeneously mixed cellulose-

chitosan spheres prepared in this study about half of that nitrogen 

content is expected. The latter was also determined, as shown in Table 

4.3. A similar nitrogen content from surface to bulk implies that the 

chitosan and cellulose were well-dispersed in the mixed solution and 

stability was maintained during the emulsification and solidification. 

The difference in nitrogen content between the surface layer and the 

bulk in the composite materials also indicates that it is possible to tune 

the chitosan distribution via choice of preparation method.  
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Table 4.3 Surface composition from XPS and overall composition from 

elemental analysis of CCP, CCMS-CL and CCMS 

Element 

XPS (%) Elemental analysis (%) 

CCP 
CCMS-

CL 
CCM CCP 

CCMS-

CL 
CCM 

Carbon 56.2 64.0 56.2 47.4 47.1 46.9 

Oxygen 40.9 32.8 39.6 51.7 49.0 49.1 

Nitrogen 2.96 3.21 4.24 0.97 3.92 4.04 

 

The very similar nitrogen content in crosslinked CCMS-CL and non-

crosslinked CCMS further indicates that co-regeneration of cellulose 

and chitosan gives rise to equally stable nanocomposites as in CCMS-

CL, where cellulose and chitosan were crosslinked before solidification. 

The strong mixing of cellulose and chitosan via chain entanglements 

prevented detachment of chitosan, even though the nanocomposites 

were extensively washed with water in the preparation procedure. The 

small difference in nitrogen content still detected, was probably due to 

the addition of crosslinking agent in CCMS-CL, which introduced extra 

carbons to the composite, making the carbon content and total 

accounted mass slightly higher.  

Compared to the theoretical carbon/oxygen ratio in cellulose 

(C6O5H10)m and chitosan (C6O4H11N)n, the XPS analysis showed higher 

carbon and lower oxygen content, while the outcome of the elemental 

analysis showed a carbon/oxygen ratio close to the theoretical value. 

This is most likely due to surface contamination, leading to an 

overestimation of carbon in the XPS analysis.93 The difference in 

carbon/oxygen ratio between CCMS-CL and CCMS is probably due to 

the presence of crosslinks in CCMS-CL, which increases the 

carbon/oxygen ratio.  
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Fig. 4.4. FT-IR spectra of (a) cellulose; (b) chitosan; (c) macroparticles, 

CCP; (d) chemically crosslinked microspheres, CCMS-CL and (e) non-

crosslinked microspheres, CCMS.  

FTIR offers a fast and straightforward analysis of functional groups that 

might provide complementary information on the composition in 

composite materials. Therefore, both the prepared nanocomposite 

spheres (Paper III) and the nanocomposite films (Paper IV) were 

analyzed with FTIR.  

In Fig.4.4 shows the FTIR spectra of cellulose, chitosan and the three 

prepared nanocomposites (Paper III). Within the 1800 to 400 cm-1 

spectral window, the characteristic absorption bands of chitosan are 

situated at 1646 and 1570 cm-1, corresponding to the C=O stretching 

from amide I and the –NH bending from amide II, respectively, similar 

to what is found in the literature.82; 94; 95 In the spectrum of cellulose, a 

characteristic band due to –OH is found at 1641 cm-1.96 For all three 

prepared samples there are characteristic amide bands from chitosan, 

slightly shifted to 1652 cm-1 respective 1592 cm-1 because of the 

interactions between cellulose and chitosan functional groups.97 This is 

attributed to similar chemical and geometrical structures of cellulose 
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and chitosan, also affecting the compatibility of the two polymers in the 

nanocomposites. 

In the prepared cellulose-chitosan nanocomposite films (Paper IV), the 

FT-IR also identifies the amide functional groups in the samples with 

different chitosan ratios and enables quantitative analysis of the 

chitosan content. Fig. 4.5 (A) shows the spectra identifying chitosan in 

the samples. Within the 1900–500 cm–1 spectral window, the 

characteristic absorption bands of chitosan were observed, including 

the C=O stretching from amide I at 1646 cm–1 and N–H bending from 

amide II at 1570 cm–1.98 The band at approximately 1637 cm–1 

represents the bending mode of the adsorbed water.74 Compared with 

the spectrum of the cellulose sample, the absorption of the –NH bending 

increased when the nanocomposites contained more chitosan.  

 

Fig. 4.5 FT-IR spectra of the films (A) and observed linear regression 

between the absorption peak intensity of amide II and the chitosan 

content (B). Samples in Fig. 4.5(A): (a) 100 wt% regenerated cellulose; 

(b) C25, with 75 wt% cellulose and 25 wt% chitosan; (c) C50, with 50 

wt% cellulose and 50 wt% chitosan; (d) C75, with 25 wt% cellulose 

and 75 wt% chitosan, and (e) 100 wt% regenerated chitosan. Spectra 

(b), (c), (d) and (e) show the characteristic bands of the amide groups at 

1646 cm–1 and 1570 cm–1. 

Fig. 4.5 (B) shows a regression analysis based on the FT-IR spectra in 

Fig. 4.5 (A). The absorption peak intensity of amide II at 1570 cm–1 is 

normalized according to the intensities of the common peaks at 1020 
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cm–1 and 1900 cm–1.99 The analysis finds a reliable linear regression 

with a coefficient of determination of 0.95, indicating that the chitosan 

content is correlated to the amide II absorption peak intensity from 

chitosan. The residues from C75 at pH 3 and 5 after 12 h were dried and 

scanned with FT-IR and the chitosan content was back-calculated from 

the linear regression. The chitosan contents of the C75 residues were 

also calculated from the weight loss after 12 h, assuming that the 

cellulose was not dissolved during the tests. Table 4.4 shows that the 

chitosan contents calculated from FT-IR quantification deviated 

slightly from the ones estimated from weight loss at both pH 3 and 5, 

implying that the FT-IR is a feasible method for quantification purposes 

and can provide reliable results. The deviation is within the statistical 

margin of error.  

Table 4.4 Comparison of chitosan contents of the residues of C75 after 

12 h swelling test 

 Chitosan content, wt% 

 pH 3 pH 5 

Determined via 

FT-IR 
47 52 

Estimated from 

weight loss 
44 54 

 

 

4.2.2 Morphological analysis of cellulose-chitosan nanocomposite  

FE-SEM is used to characterize the morphological features in the 

cellulose-chitosan nanocomposite spheres (Paper III) and films 

(Paper IV). The images in Fig. 4.6 obtained by FE-SEM analysis 

qualitatively show the sizes and the surface morphologies of the 

particles in the samples. As shown in figure 4.6 a-1 and a-2, the particles 

in the CCP sample were not in a perfect spherical shape probably due 

to deformations induced during agitation of the sample after the 

dripping. The sizes of the particles were in the range of about 1 to 3 mm. 
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As is revealed in Figure 4.6 a-3 and a-4 showing a partly broken particle, 

the CCP particles were found to exhibit a “shell” structure, and the 

outermost layer shows a morphology different from the interior of the 

particle, that displays a typical polymer chain network. This 

observation in correlation with the XPS and the analysis of the nitrogen 

content in this sample indicates that the shells are enriched in 

regenerated chitosan. Compared with CCP, the CCMS-CL and CCMS 

biocomposite particles show perfect spherical shapes. In Figure 4.5 b-1 

and 4.6 c-1, it is clear that the CCMS-CL and CCMS particles have 

different average sizes, where CCMS-CL with the addition of 

crosslinking agent before emulsification gives larger particles.  

When comparing the surface morphology of the microspheres prepared 

by emulsification of polymer mixtures (Figure 4.6 b-2 and c-2), CCMS-

CL and CCMS also show different nano-structures. CCMS-CL displays 

a fine porous network of the regenerated polymer chains, while for the 

CCMS microspheres the structure is more condensed. Probably the 

crosslinking agent decreases the degree of freedom of cellulose and 

chitosan molecules during the polymer chain packing in the emulsion 

droplets, and thereby partially locks the structure already before the sol-

gel transition takes place. Thus, the applied crosslinking agent does not 

only affect the size distribution of the particles, but also the morphology 

in terms of the nano-structure of the microspheres. Accordingly, the 

same features can be noticed from the cross sections of the 

microspheres displayed in Figure 4.6 b-3 and c-3, showing a larger 

amount of fine pores in CCMS-CL than in CCMS. The additional 

relatively large pores found both in CCMS-CL and CCMS were 

probably artifacts derived from freezing and sublimation of t-BuOH 

during freeze drying. 
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Fig 4.6 FE-SEM images at different magnification of the biocomposite 

particles prepared with different routes, (a) macroparticles, CCP; (b) 

chemically crosslinked microspheres, CCMS-CL and (c) non-

crosslinked microspheres, CCMS. 

 

The cross-sections of the fractured cellulose-chitosan nanocomposite 

films (Paper IV) are shown in Fig 4.7. In Fig.4.7 (a) it shows that the 

regenerated cellulose film has a parallel lamella-like structure. The 

micrograph further shows that nanofibrils, approximately 20 nm in 

cross-section, are aligned in a thin layer and stacked into a lamellar form. 

Others have also verified similar structural features in regenerated 

cellulose,100; 101 where both XRD and molecular dynamic simulations 

have confirmed that cellulose regeneration is driven by the hydrophobic 

interaction, where cellulose molecules aggregate side by side to form a 

sheet structure.28; 60 Compared with pure cellulose, the nanocomposite 

samples in Fig. 4.7 (b)–(d) clearly display lower-order microstructures, 

i.e., less aligned and more loosely packed. During the association of 

cellulosic lamellae, chitosan may move between the lamellae to render 
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a less ordered structure.102 In the nanocomposite samples, nanofibrils 

approximately 20 nm in cross-section were also observed. Furthermore, 

the morphology appearing in the fractured cross-section of the 

regenerated chitosan in Fig. 4.7 (e) indicates tightly packed 

microstructures aligned in the domains. 

 

 

Fig. 4.7 SEM images of the fractured cross-section of the 

nanocomposite films at different magnifications: (a) regenerated 

cellulose with a parallel-lamellar structure and 20-nm-wide nanofibrils; 

(b) C25, with 75 wt% cellulose and 25 wt% chitosan; (c) C50, with 50 

wt% cellulose and 50 wt% chitosan; and (d) C75, with 25 wt% cellulose 

and 75 wt% chitosan. All three films displayed less aligned and loosely 

packed microstructures, while (e) shows the tightly packed 

microstructure of regenerated chitosan. 

4.2.3 XRD analysis of cellulose-chitosan nanocomposite  

In Fig 4.8, the results from XRD analysis on cellulose chitosan, and the 

nanocomposite spheres can be viewed. The pure cellulose sample 

shows a typical cellulose I structure, with diffraction peaks at 15.5°, 

22.8° and 34.5°, assigned to (101), (002) and (040), respectively. The 
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major peak at 22.8° (002) is typical for cellulose I crystalline 

polymorph.102; 103 After regeneration, the characteristic diffraction peak 

of cellulose II was detected at 20.7°.104 The pure chitosan raw material 

shows diffraction peaks at 11.9°, 19.7° and 29.1° that can be assigned 

to (020), (110) and (130), respectively.105 The diffraction peaks at 11.9° 

(020) and 19.7° (110) represent the amorphous and the crystalline 

regions of chitosan.106 The regenerated chitosan, showing a strong peak 

at 10.6° and a minor peak at 20.7°, has a diffraction profile, which is 

rather different from the raw material. This implies a dominant 

amorphous feature of the regenerated chitosan.106 If the compatibility 

between cellulose and chitosan would have been poor in the 

nanocomposite materials, their diffraction peaks would have been 

found at the same positions as in the individual, regenerated raw 

materials. Comparing the raw materials with the nanocomposites, there 

were only two diffraction peaks detected at 12.2° and 20.1° in the three 

prepared samples. The new diffraction profiles indicate that cellulose 

and chitosan show excellent compatibility in the nanocomposites, 

otherwise there would have been diffraction peaks from cellulose or 

chitosan.95 Moreover, the shifting of the diffraction peaks implies that 

there are new arrangements of the polymer molecules in the 

biocomposites. Both cellulose and chitosan suffer structure changes 

during the co-regeneration, and the development of new hydrogen bond 

networks have probably contributed to the new diffraction profiles.  
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Fig. 4.8. The XRD patterns of raw materials and the three 

nanocomposite samples; (a) cellulose, (a*) regenerated cellulose, (b) 

chitosan, (b*) regenerated chitosan, (c) macroparticles, CCP, (d) 

chemically crosslinked microspheres, CCMS-CL, and (e) non-

crosslinked microspheres, CCMS.  

 

The XRD patterns of the regenerated cellulose, regenerated chitosan 

and the nanocomposite films are shown in Fig. 4.9. The regenerated 

cellulose exhibits cellulose II peaks at 2θ of 12.2° and 20.3°, which 

represent the crystallites with Miller indices of (1–10) and a 

combination of (110) and (020) at 2θ of 19.9° and 21.9°, respectively 
107; 108. The overlapping of the two peaks could possibly originate from 
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the formation of smaller cellulose crystallites and fewer ordered 

domains in the regenerated cellulose II. The regenerated chitosan 

sample exhibits main diffraction peaks of (100) and (002) at 2θ of 10.4° 

and 20.8°, respectively.109; 110 The XRD patterns of the C25, C50, and 

C75 samples, which represent the co-regeneration of the 

nanocomposites with different cellulose–chitosan mixing ratios, show 

diffraction patterns similar to those of cellulose or chitosan but with 

different intensities and slightly shifted diffraction angles. Compared 

with the pattern of cellulose alone, the diffraction peaks for 

nanocomposite samples C25 and C50 are of clearly lower intensity and 

broader peaks at both 12.2° and 20.3° 2θ. These results indicate that 

adding chitosan to the nanocomposite not only hindered the normal 

crystallization of cellulose into cellulose II, but also decreased the 

crystallites size and interfered the preferred orientation of the 

crystallites in the composite films.102; 111 In the C50 nanocomposite, this 

observation is more pronounced, and the intensities of the diffraction 

peaks in C50 are the lowest among the samples. This suggests that the 

mixing cellulose and chitosan would interfere the crystallization and 

result in a more amorphous nanocomposite with smaller crystallites.111  
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Fig. 4.9 X-ray diffraction profiles of the regenerated cellulose (a), three 

co-regenerated nanocomposite samples, C25, C50 and C75, i.e., (b), (c), 

and (d), and the regenerated chitosan (e). Both the regenerated cellulose 

and chitosan display characteristic diffraction peaks. The 

nanocomposite samples display weaker diffraction peak intensities, 

indicating that the nanocomposite samples are more amorphous.  

Similarly, adding cellulose to chitosan does not favor the crystallization 

of chitosan. The C75 sample, containing 25 wt% cellulose, clearly 

displays a decreased diffraction peak intensity at 2θ of 10.4° and 20.8° 

compared with that of the 100 wt% chitosan film. This is attributed to 

the interferences from the co-crystallization of cellulose and chitosan, 

which render a less ordered structure in the composite.102  
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4.2.4 Tunable functionalities of cellulose-chitosan nanocomposite films 

4.2.4.1 Tunable size distribution of Cellulose-chitosan nanocomposite 

spherical particles (Paper III) 

 

As previously illustrated in Fig 4.6, the nanocomposite spherical 

particles presented different size in the SEM. A more detailed size 

distribution analysis was conducted with the aid of laser diffraction. In 

Fig. 4.10, the size distributions of the spheres can be viewed. The 

CCMS sample shows a volume-weighted median diameter of 30.2 µm. 

The sample contains a small fraction with diameters around 1000 µm, 

which is most likely due to non-dispersed microsphere aggregates. In 

the CCMS-CL sample, the volume-weighted median diameter is 105 

µm.  

 

 

Fig. 4.10 Volume-weighted size distributions of the prepared cellulose-

chitosan microspheres obtained by laser diffraction; (a) non-crosslinked 

microspheres, CCMS, and (b) chemically crosslinked microspheres, 

CCMS-CL. 

The results from the particle size analysis confirm the qualitative 

observations from FE-SEM that the CCMS-CL particles are larger on 
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average than the CCMS ones. When epichlorohydrin was applied in the 

premixing of cellulose and chitosan solutions, a polymer network 

induced by crosslinked hydroxyl groups among cellulose and chitosan 

was established.80 Since the crosslinked polymers were not as free or 

flexible as in the case of CCMS, where only physical interactions were 

present, larger spheres were preferably formed. 

4.2.4.2. Tunable swelling and porosity of cellulose-chitosan nanocomposite 

films (Paper IV) 

The nanocomposite samples were immersed in aqueous solutions at pH 

3, 5, 7, 9, and 11 at 25 °C for 6, 12, 24, 48,72 h, respectively. In the 

swelling test the weight of the swollen samples reached equilibrium 

after the first 12 h, and prolong the immersing time did not further 

increase the weight of the swollen films. The values within the interval 

of the first 12 h were thus reported. As illustrated in Fig. 4.11 (A) and 

(B), the samples with different cellulose–chitosan mixing ratios 

displayed very different responses over the investigated pH range. The 

samples containing chitosan displayed excellent responses at pH 3 and 

5, and they reached maximum swelling at pH 3. These responses are 

attributable to the difference in osmotic pressure between the gel phase 

of the composite film and the solution phase caused by the protonation 

of chitosan, giving a difference in counterion concentration described 

by the Gibbs–Donnan membrane equilibrium.112 When immersing the 

nanocomposite films in water at a pH below 6.5, the protonation of the 

amine groups in chitosan became significant.113 The charges of the 

protonated chitosan inside the gel phase was neutralized by counterions 

exerting an osmotic pressure, causing changes in the pH response, for 

example, increases in the thicknesses and weights of the different 

nanocomposite films. This is why swelling ratios and thicknesses 

increased when increasing the chitosan content of the nanocomposites. 

As the amount of chitosan in the nanocomposite increased from 0 wt% 

to 75 wt%, the nanocomposite sample reached maximum swelling at 

pH 3, with the swelling ratios and thickness of C75 increasing nearly 

1500 wt% and 22 times, respectively. The film of 100 wt% chitosan 
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dissolved at pH 3 and 5 after 12 h. The 100 wt% cellulose film displayed 

limited and comparatively low swelling within the tested pH range. 

Because the deprotonation or protonation of hydroxyl groups in 

cellulose requires either an extremely high or an extremely low pH, 

most of the swelling is attributed to the ionization of a small number of 

carboxylic acid groups as well as to capillary water uptake by the pores 

in the film. The films of C75 and of pure chitosan displayed slightly 

higher swelling at pH 7 than at pH 9 and 11, due to the partially 

protonated chitosan at the neutral pH. The response at pH 9 and 11 for 

the films was similar to that of the 100 wt% cellulose film and was 

constant. This result clearly indicated that without the protonation of 

the amine groups in the chitosan, the film–water interactions were weak 

and only a limited pH response was observed. The moderate swelling 

of the composite films at high pHs was likely induced by the ionization 

of carboxylic acid groups and by the association between water 

molecules and the hydroxyl groups in the cellulose and chitosan 

polymer chains. 

 

Fig. 4.11 Swelling ratios (A) of the films after immersing in water at 

pH 3, 5, 7, 9 and 11 for 12 h; observed thicknesses (B) of the films 

before immersion and after immersion at pH 3 for 12 h.. The 100 wt% 

chitosan films at pH 3 and 5 were dissolved after 12 h. 
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Fig. 4.12 Light microscope and SEM images of swollen cellulose–

chitosan nanocomposite samples at pH 3 after 12 h: (a) and (a*) C25, 

with 75 wt% cellulose and 25 wt% chitosan; (b) and (b*) C50, with 50 

wt% cellulose and 50 wt% chitosan; (c) and (c*) C75, with 25 wt% 

cellulose and 75 wt% chitosan. C75, which has the highest chitosan 

content, swells the most, and displays the largest pores in its structure. 

To further illustrate the structural changes in the cellulose–chitosan 

nanocomposites after swelling at different pH values, the swollen 

samples were analyzed using light microscopy and FE-SEM. Fig. 4.12 

(a)–(c) show that the nanocomposite samples responded very 

differently at pH 3 depending on their chitosan content. The thickness 

of C75, the most swollen nanocomposite film, was 475 μm, more than 

three times the thickness of the swollen C25 film (154 μm) and 

approximately 22 times that of the film before the test. This result 

directly proves that tuning the chitosan content resulted in different pH 

responses in the nanocomposite films. The FE-SEM micrographs of the 

films after water exposure, i.e., Fig. 4.12 (a*)–(c*), clearly show an 

increase in pore size in the microstructures, correlated with the pH 

response, as the chitosan content increased in the nanocomposite film. 
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C75 clearly has larger pores than the other samples. The increased pore 

size was related to the protonation of chitosan and a greater osmotic 

pressure, but the acidic pH also favored dissolution of chitosan. It is 

therefore important to investigate the chitosan release of the swollen 

samples at acidic pH. 

4.2.4.3 Tunable release of chitosan from the nanocomposite films (Paper IV) 

The measurements of chitosan release was performed by immersing the 

nanocomposite samples in the aqueous solutions with pH of 3, 5 and 7. 

The dry weight of the swollen samples were recorded after 1, 3, 6, 9 

and 12 h. As mentioned above, the swelling ratios reached equilibrium 

after the first 12 h, therefore the weight loss within the first 12 h was 

monitored. Table 4.5 shows the weight loss of the prepared samples 

after 12 h at pH 3, 5 and 7; this indicates that chitosan was released into 

the testing medium. The nanocomposite samples with higher chitosan 

content lost more weight; this agrees with the swelling ratios and 

thickness changes of the samples, where higher chitosan contents at low 

pH leading to increased osmotic pressure and chitosan protonation. The 

highest weight loss, 55%, occurred with C75 at pH 3. However, the C75 

was not disintegrated, which is most probably due to physical 

entanglement and interlocking by the insoluble cellulose polymer 

chains. The lower weight loss in C75 at pH 5 than at pH 3 was mostly 

due to the lower degree of protonation of chitosan. Comparing C25 with 

C75, the former sample lost much less weight and had smaller porous 

structures. The lower the chitosan content of the nanocomposite, the 

lower the osmotic pressure, leading to less swelling and less chitosan 

release. The data in Table 4.5 apparently indicate that the cellulose 

molecules in the composite matrix strongly decreased the release of 

chitosan.  

The weight loss at pH 7 is dramatically lower than at the lower pH 

values investigated, consistent with a low degree of protonation. Again 

comparing this with the pure chitosan, which has a weight loss of 10 
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wt% at pH 7, we infer a very important effect of the mixing with 

cellulose in the films.  

Table 4.5 Weight losses of the samples after 12 hours at pH 3, 5 and 7 

 Weight loss, wt% 

Sample pH 3 pH 5 pH 7 

Cellulose 0 0 0 

C25 4.0 ± 1.0 2.8 ± 1.1 1.2 ± 0.5 

C50 27.0 ± 2.6 18.4 ± 1.9 2.5 ± 0.9 

C75 55.1 ± 2.1 45.7 ± 3.6 6.1 ± 1.1 

Chitosan -a - 10.2 ± 0.8 

a The chitosan sample dissolved after 12 h 

For the 75% chitosan films, the weight loss was monitored as a function 

of time at pH 3 and 5. Important features of the data reported in Fig. 

4.13 are that there is an initial lag period before the release speeds up 

and that the release slows with time. Since protonation can be assumed 

to be fast, we attribute the initial slow release to slow chain 

disentanglement. We note that not all chitosan was released even after 

a relatively long time, attributing this to the entanglement and co-

crystallization effects. Lowering the pH from 5 to 3 had a minor effect, 

explainable by a high degree of protonation even at the higher pH. 
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Fig. 4.13 Time dependence of the weight loss for films with 75 wt% 

chitosan at pH 3 and 5. 

4.2.4.4 Tunable Mechanical properties of cellulose-chitosan nanocomposite 

films (Paper IV) 

Uniaxial tensile stress–strain tests were performed on the different 

samples to determine their mechanical properties. Fig. 4.14 shows the 

tensile stress–strain curves of cellulose, chitosan, and nanocomposite 

films, while the results of the tensile testing are presented in Table 4.6. 

The 100 wt% cellulose film exhibited the best stress–strain properties, 

with tensile stress and strain values of 82 MPa and 4.0%, respectively. 

As listed in Table 4.6, the cellulose film had the highest density, 1520 

kg m–3, of the tested samples, indicating that there were stronger 

intermolecular interactions between the polymer chains in pure 

cellulose than in the prepared nanocomposites. Furthermore, the 

cellulose film also displayed better aligned microstructures than did the 

cellulose–chitosan nanocomposites, as discussed in the previous section. 

This implies that its densely packed and aligned microstructure 

contributes to the higher tensile stress–strain performance of the pure 

cellulose film.  

Time, h
3 6 9 12

W
e

ig
h

t 
lo

s
s
, 

w
t%

0

10

20

30

40

50

60

pH 3  

pH 5 



 

49 

 

Fig. 4.14 The uniaxial tensile stress–strain curves of pure cellulose, 

C25, C50, C75 and pure chitosan. The pure cellulose film displays the 

best stress–strain properties. Increased additions of chitosan slightly 

worsen the stress–strain properties of the nanocomposite samples. 

Compared with the pure cellulose film, the tensile stress and strain of 

the nanocomposite films decreased as more chitosan was incorporated. 

Table 4.6 presents the density and tensile stress–strain properties at 

different chitosan ratios in the nanocomposites: the densities dropped 

from 1480 kg m–3 in C25 to 1400 kg m–3 in C75, while the tensile stress 

and strain decreased from 74 MPa and 3.6%, respectively, in C25, to 69 

MPa and 2.6% in C75. The elastic modulus of the nanocomposite films 

also decreased, from 6.0 GPa in C25 to 5.2 GPa in C75. These results 

agree with the observations from the XRD and SEM analyses and 

suggest that increased chitosan content leads to a less aligned and more 

loosely packed microstructure in the nanocomposite, resulting in 

nanocomposite samples with worsened mechanical properties. Other 

studies have confirmed that increased chitosan content decreases the 

domain size of cellulose, inducing lower mechanical strength in 

composite films 102. 
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Table 4.6 Mechanical properties of cellulose, chitosan and the 

nanocomposite films 

Sample 

 

Tensile 

stress 

(MPa) 

Tensile 

strain 

(%) 

Elastic 

modulus 

(GPa) 

Density 

(kg m–3) 

Cellulose 82 ± 4.8 4.0 ± 0.7 6.6 ± 0.4 1520 ± 30 

C25 74 ± 5.0 3.6 ± 0.5 6.0 ± 0.4 1480 ± 20 

C50 71 ± 3.5 2.8 ± 0.5 5.6 ± 0.3 1420 ± 40 

C75 69 ± 6.7 2.6 ± 0.4 5.2 ± 0.3 1400 ± 30 

Chitosan 60 ± 5.9 2.0 ± 0.4 4.7 ± 0.4 1350 ± 20 

 

The 100 wt% chitosan film had inferior tensile stress–strain properties, 

agreeing with the results of other investigations.114 The tensile stress 

and strain of the chitosan film were 60 MPa and 2.0%, respectively. In 

the present work, the chitosan used to make the nanocomposite films 

had a DD of 89%. The remaining amide groups from the chitin affect 

the brittleness of the film sample, impairing its tensile stress–strain 

properties.115 

 
4.3 Cellulose hydrogel (Paper V) 

4.3.1 Rheological analysis of cellulose solution and cellulose/MBA 

Apart from the induced gelation by addition of a certain cross-linking 

agent, cellulose solutions are often metastable, and gelation tends to 

occur with temperature, pH, time or changing solvent concentration. In 

particular, it is well known that the stability of cellulose solutions in 

aqueous alkali is strongly temperature dependent. The gelation time has 

been found to decrease exponentially with increasing temperature.116; 

117 Nevertheless, the reason for such gelation is still not fully clear.117-

120 Recently it has been suggested that the observed gelation is due to 

the precipitation of cellulose where the crystallites would then act as 

bridging points, competing for the same cellulose molecules, and thus 
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acting as effective cross-linkers to form the 3D gel network.117 

Additionally, Isobe et al. have suggested that upon heating a cellulose 

solution, gelation is triggered by the hydrophobic interaction with 

aggregating cellulose molecules side by side into monomolecular 

sheets, followed by their mutual association via hydrogen bonding.121 

Based on this previous knowledge, the first step of this work consisted 

of selecting a proper cellulose concentration where thermal gelation 

was minimized. By doing so, the cellulose concentration effect on 

gelation could be excluded from the cross-linking agent effect. In 

Figure 4.15, temperature ramps of fresh 2, 3 and 4 wt% cellulose 

solutions, dissolved in LiOH/urea, are shown from 23 to 60 °C. Initially 

all samples display a liquid-like behavior with the loss modulus, G’’, 

being higher than the storage modulus, G’. The normal thermal effect 

is also observable with both moduli decreasing as the temperature 

increases. However, for the 3 and 4 wt% cellulose solutions, the moduli 

were observed to crossover (G’ = G’’) at ca. 59 °C and ca. 58 °C, 

respectively. This abrupt change indicates the temperature of gelation, 

Tg; above it, G’ > G’’ and the cellulose solutions behave predominantly 

as solid-like materials. On the other hand, the 2 wt% cellulose solution 

presents overall lower G’ and G’’ moduli in comparison to the other 

samples of higher concentration over the entire temperature range 

studied. Although it is worth noting that the G’ slightly increases during 

the test, no crossover between G’ and G’’ was observed. Clearly, the 2 

wt% cellulose solution did not gel when heated up to 60 °C. 
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Figure 4.15 Storage modulus, G’, (solid lines) and loss modulus, G’’, 

(dashed lines) as functions of temperature for 2 wt% (black), 3 wt% 

(red) and 4 wt% (blue) cellulose solutions. The temperature ramp was 

performed with a heating rate of 1 °C/min at a constant frequency of 1 

Hz and strain amplitude of 10%. 
 

Since the 2 wt% cellulose solution did not gel after being heated up to 

60 °C, this concentration was further selected to evaluate the effect of 

the MBA cross-linking agent on the gelation and hydrogel formation 

(see Table 3.1 for curing conditions and sample coding). In Figure 

4.16a, the effect of MBA on the gelation kinetics can be observed. It is 

important to note that in this experiment the temperature was ramped to 

60 °C during the first 10 min and then kept constant in the subsequent 

20 min. In these non-equilibrium conditions only the sample with the 

higher MBA content (CG603) gelled during the first 10 min (i.e., Tg ≈ 

53 °C). For lower amounts of cross-linking agent (i.e., CG601 and 

CG602), the sol-gel transition took place after the samples had been 

equilibrated at 60 °C for several minutes. In general, the higher the 

cross-linking amount, the faster the kinetics of gelation and the more 

superior the elastic properties of the hydrogel formed, particularly when 

compared with the systems wherein gelation was solely thermally 

induced without MBA (Figure 4.15). 

The gelation kinetics were also evaluated at room temperature (i.e., 

23 °C) for the different MBA contents (Figure 4.16b). The sample 
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without MBA was fairly stable and did not gel at room temperature for 

at least, 12 h. On the other hand, when adding MBA to cellulose 

solutions, the gelation time was shortened as the amount of MBA 

increased. The gelation time dropped from 6 to 5 h, and to less than 4 h 

for CG231, CG232 and CG233, respectively. Overall, the data suggest 

that the cross-linking of cellulose with MBA can occur at room 

temperature but at a much slower rate; the preparation of the cross-

linked cellulose hydrogels can be shortened from 6 h at 23 °C to ca. 10 

min at 60 °C. 

 

Figure 4.16 Storage modulus G’ (solid lines) and loss modulus G’’ 

(dashed lines) of 2 wt.% cellulose solutions with different 

MBA/glucose molar ratios: 0 (black), 0.26 (red), 0.53 (green) and 1.05 

(blue) cured in different conditions: (a) temperature ramping from 23 

°C to 60 °C during the first 10 min followed by 20 min at 60 °C, (b) 

cured at 23 °C for 720 min. 
 

 

4.3.2 FTIR and Raman analysis of crosslinked cellulose hydrogel 

In order to shed light into the cellulose-MBA cross-linking mechanism 

and hydrogel formation, a detailed FTIR analysis was performed. 

Figure 4.17a shows the FTIR spectra of the MBA and non-cross-linked 

cellulose references, and those of the cross-linked cellulose hydrogels 

cured at different conditions. In the MBA spectrum, the typical 

absorption bands for -C=O, C=C and -NH can be highlighted at 1656 

cm−1, 1621 cm−1 and 1540 cm−1, respectively 122-124. Once the cellulose 
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hydrogel is formed, the C=C vibration band at 1621 cm−1 vanishes, 

which suggests that the double bonds were consumed during the 

crosslinking reaction. At the same time, in the hydrogel, the -C=O 

(1656 cm−1) and -NH (1540 cm−1) vibrational bands are still identifiable, 

which suggests that MBA was successfully grafted onto the cellulose 

chains. Regardless of the temperature, it can be noted that the intensity 

of the absorption band at 1656 cm−1 increases with the content of MBA. 

This can be clearly seen in Figure 4.17b where a linear regression 

analysis based on the peak intensities after normalization was 

conducted 99. The data suggest that the intensity of the -C=O band in 

FTIR is proportional to the amount of grafted functional groups in the 

cellulose hydrogel, and both the reaction temperature and time 

significantly influence the cross-linking degree. 

 

Figure 4.17 FTIR spectra of (a) 2 wt% cellulose samples, and (b) the 

linear regression analysis between the peak intensities of the carbonyl 

group at 1656 cm−1 and the MBA/glucose molar ratios. The vertical 

dashed lines at 1656 cm−1, 1621 cm−1 and 1540 cm−1 can be assigned to 

the -C=O, C=C and -NH vibration modes of MBA, respectively. The 

peak intensities of the -C=O group at 1656 cm−1 have been normalized 

with respect to the intensities of the common peaks at 1100 cm−1 and 

4000 cm−1. The linear regressions show coefficients of determination 

“R” of 0.95 and 0.99 for the hydrogels cured at 60 °C (red) and 23 °C 

(blue), respectively. 
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In the full Raman spectra of the cellulose samples without MBA (G600 

and G230), the specific bands at 1092 cm−1, 1362 cm−1 and 2887 cm−1, 

which can be assigned to asymmetric and symmetric C-O-C stretching, 

C-H2 bending and C-H stretching, respectively, could be identified 

(data not shown).125; 126 The zoomed Raman spectra between 700 cm−1 

and 1900 cm−1 are presented in Figure 4.18a. A characteristic band for 

cross-linked cellulose was detected at 1621 cm−1 and assigned to the -

C=O vibration mode from the MBA.123; 124 The enhanced band intensity 

with MBA concentration was found to be in perfect agreement with the 

previously discussed FTIR data. The regression analysis of the Raman 

data was also conducted and compared with the FTIR data (Figure 

4.18b). Likewise, the grafting of the -C=O onto the cellulose matrix 

perfectly correlates with the MBA concentration. 

 

Figure 4.18 (a) Raman spectra between 700 cm−1 and 1900 cm−1 of 2 

wt% cellulose solutions cured at 60 °C and 23 °C and with different 

MBA contents. The vertical dashed line at 1621 cm−1 can be assigned 

to the –C=O vibration mode from the MBA. (b) Linear regression 

analysis between the peak intensities of the carbonyl group at 1621 cm−1 

and the MBA/glucose molar ratios. The linear regressions show 

coefficients of determination “R” of 0.98 for the hydrogels cured both 

at 60 °C for 30 min (red) and 23 °C for 12 h (blue). 
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Raman spectroscopy has been recently used to estimate the water 

accessibility to the –CH2OH in cellulose by comparing the intensity 

changes of bands at 1380 cm−1 and 1096 cm−1.127 Agarwal et al. 

concluded that when soaking a polymorphous cellulose sample with 

D2O and after full OH-to-OD exchange in the cellulosic material, the 

increase in the intensity of the band at 1380 cm−1 relative to that of 1096 

cm−1 is an indication of the non-crystalline nature of cellulose in that 

sample.128 Therefore, the fraction of amorphous cellulose in the cross-

linked hydrogel can be estimated from the following relation: 

𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 % =
𝐼1380

𝐼1096
∗ 100 (Eq. 4) 

where I1380 and I1096 are the Raman spectral intensities at 1380 cm−1 and 

1096 cm−1, respectively. 

It is important to stress that despite this simple method being rather 

qualitative, valuable information can be still inferred from the water–

hydroxyl group interactions in cellulose materials.128 In Figure 4.19 the 

estimated numbers of amorphous regions (Equation (4)) in the 

synthesized cellulose hydrogels are reported for the different curing 

conditions. Three striking observations can be made: Firstly, it is clear 

that the percentage of estimated amorphous areas in the hydrogel 

increases with the MBA content. Most likely, the chemical cross-

linking among different cellulose molecules does not enable a 

successful cellulose packing and formation of crystalline domains (i.e., 

cellulose molecules become trapped in the 3D network). Secondly, the 

systems without MBA show a lower amorphous cellulose content. This 

suggests that since no chemical bonds are formed within the hydrogel 

without MBA, cellulose molecular motion, physical entanglements and 

chain packing can be enhanced, resulting in a comparably less 

disordered system. Finally, the temperature effect is notable. When 

MBA is present, the amorphous cellulose content increases for the 

samples cured at higher temperature. Recently, the gelation of cellulose 
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in alkaline aqueous solutions has been suggested as a consequence of 

cellulose precipitation/crystallization, where cellulose chains may 

participate in more than one crystallite, forming a cross-linked physical 

network.117 

Data strongly suggest that the MBA chemical cross-linking inhibits the 

system from forming more ordered crystallites, thereby resulting in a 

more amorphous hydrogel. The structural order is also expected to be 

poorer due to kinetic trapping and low possibility for molecular re-

conformation (diffusion-limited aggregation).  

The increment in the amount of amorphous cellulose also suggests that 

the accessible amount of hydroxyl groups to the water molecules in the 

crosslinked gels at 60 °C was increased, which could possibly indicate 

a better swelling capacity than for the samples prepared at 23 °C.129 

 

Figure 4.19 The percentages of amorphous cellulose in the hydrogels 

cured at 60 °C for 30 min (red symbols) and 23 °C for 12 h (blue 

symbols) estimated from Equation (4). 

From a mechanistic point of view, the FTIR and Raman data support 

the hydrogel formation via a Michael addition-based process.130 In 

Figure 4.20, a hypothetic reaction scheme of the MBA-cellulose cross-

linking reaction is suggested. Briefly, the initial step would consist of 

the deprotonation of the hydroxyl group at the C6 position of the 
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LiOH aqueous solvent), forming an enolate ion as an intermediate.57 

Note that the pKa values of OH groups in the glucose units are between 

12 and 12.5,131 which means that glucose anhydride is indeed a good 

Michael donor in the basic Michael addition process. This nucleophile 

can then react with MBA, which behaves as the Michael acceptor of 

α,β-unsaturated ketones. The negative charge carried by the nucleophile 

is delocalized and saturates the alkene bond in MBA. The charge 

delocalization breaks the π bond of MBA and renders the oxygen with 

a negative charge and a double bond. In a later step, the negatively 

charged oxygen abstracts a proton from the water molecules. This type 

of mechanism has been verified in various tailored assembled 

macromolecular structures, ranging from linear thermoplastic to hyper-

branched and cross-linked polymers. The Michael addition is one of the 

most useful reactions to form C-C bonds in a mild and environmentally 

friendly way. It can be carried out efficiently in the absence of volatile 

organic substitutes; with or without a catalyst in polar solvents; and 

either under acidic or basic conditions. 

 

Figure 4.20. Hypothetical mechanism for hydrogel formation based on 

the Michael addition of cellulose to the α,β-unsaturated amide (MBA). 
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4.3.3 XRD and morphology of cellulose hydrogel 

The different cellulosic polymorphs in the hydrogels were characterized 

by XRD. As can be observed in Figure 4.21, the systems without MBA, 

G600 and G230 exhibited Bragg reflections at 12.4° (101) and 20.4° 

(002) typically assigned to cellulose II crystalline polymorph.55 On the 

other hand, it is striking that once MBA is added to the system, the peak 

sharpness and intensity are remarkably affected. The Bragg reflections 

become broader and less intense which strongly suggests a decrease in 

crystallinity upon addition of MBA.132 These results are thus in good 

agreement with the Raman data since the higher the MBA content the 

more amorphous the cellulose in the cross-linked hydrogels becomes. 

As described above, the crystalline regions of cellulose are expected to 

be less accessible to water molecules than the amorphous regions. 

Therefore, an enhanced swelling capacity of the hydrogels for the 

systems containing larger MBA contents can be anticipated. 

 

Figure 4.21 XRD spectra of the 2 wt% cellulose solutions with 

different concentrations of MBA and curing conditions (see Table 3.1 

for details). 

The different systems were freeze-dried and their morphologies 

evaluated by SEM. As illustrated in Figure 4.22a, the non-crosslinked 

system exhibits a “foam-like” structure with an average pore size of ca. 
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500 nm. When MBA is added, it is striking that the pore size increases, 

ranging from ca. 1 μm in CG601 (Figure 4.22b) to several μm in the 

CG603 system (Figure 4.22d). At 60 °C (Figure 4.22a–d), the self-

association/precipitation of cellulose molecules (physical gelation) may 

partially occur and most likely in a more heterogeneous fashion where 

the enhanced local concentration of cellulose molecules allows the 

physical entanglements to occur. As MBA is added, the chemical cross-

linking within these areas of enhanced cellulose concentration is 

preferred (MBA dynamics are hindered due to local physical gelation) 

and expected to prevail, resulting in the formation of larger pores. 

It is worth mentioning that the samples cured at 23 °C for 12 h showed 

very different morphological features when compared to the ones cured 

at 60 °C for 30 min. The sample without MBA, G230, (Figure 4.22e) 

showed larger pores after the 12 h curing, which was presumably 

caused by the slow and more homogeneous regeneration of cellulose 

molecules in the sample volume. The rheological measurements also 

confirmed that the sample became progressively more elastic during the 

12 h. The increase in elasticity results from the increase in cellulose-

cellulose links promoted by MBA addition. Since the physical gelation 

at lower temperature occurs at a much lower rate, the cross-linker 

diffusion and probability to establish chemical bonds on the entire 

volume increases, and thus smaller pores are expected to be formed. 
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Figure 4.22. SEM images displaying the different morphological 

aspects of cellulose based systems cured under different 

conditions: (a–d) G600, CG601, CG602 and CG603, respectively; 

(e–h) G230, CG231, CG232 and CG 233, respectively. A higher 

magnification is included in the top right corner of each image. 

4.3.4 Swelling of cellulose hydrogel 

The cellulose physical self-association and MBA-induced chemical 

crosslinks results in the formation of complex systems whose 

microstructures greately depend on the synthesis conditons, and thus 

are expected to perform differently regarding the water uptake. As 

described in the experimental section, the swelling capability was 

evaluated on the fresh hydrogels, and data are summarized in Figure 

4.23. Once submerged in water, the hydrogel swells due to the 

combination of entropic and enthalpic effects of the polymer-solvent 

interaction and the network elasticity. The hydrophilic –OH groups 

from cellulose molecules and -NH groups, introduced during MBA 

grafting, are responsible for a favorable polymer network-water 

interaction triggering the solvent uptake. On the other hand, such 

solvent diffusion inwards the hydrogel network is counterbalanced by 

an elastic retractile force arising from the finite stretching-expansion of 

the cellulose chains and 3D network.133 
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It is important to recall that the systems without MBA, i.e., G600 and 

G230, did not gel. However, once immersed in water, the liquid-like 

cellulose solution is regenerated, forming a gel, the swelling of which 

is independent of the previous curing conditions. Since no chemical 

crosslinks are formed among cellulose molecules during regeneration, 

both physical networks are rather similar with no significant differences 

in swelling capacity. On the other hand, as soon as MBA is added, two 

major conclusions can be drawn. Firstly, the higher the MBA 

concentration, the higher the water uptake. This is a general observation 

and can be understood by the fact that upon cross-linking, the 

amorphous nature of the hydrogel increases (see Figure 4.19). 

Moreover, the MBA cross-linking introduces -NH groups into the 

network, which can participate in hydrogen bonding with water and 

promote swelling of the hydrogel.134 Both aspects favor water 

accessability and uptake by the cellulose-based hydrogel. The second 

conclusion is that when MBA is present, swelling is greatly enhanced 

for samples cured at higher temperatures. In this respect, the G603 

system is, by far, the most efficient system with a swelling capacity of 

ca. 220 g/g. Nevertheless, this value is lower than that for hydrogels 

formed from the related NaOH/urea system, ca. 330g/g.135 This 

difference is most likely related to the cellulose type used; the cellulose 

pulp used in this work has a much higher molecular weight than the one 

used in previoulsy reported NaOH/urea system. Therefore, for the same 

cellulose concentration, a very entangled and robust 3D network is 

expected for the higher molecular weight cellulose, which may hinder 

extensive swelling. This is also supported by a generally higher G’ 

(solid character) of the hydrogels formed from the LiOH/urea system in 

comparition to the NaOH/urea solvent. 

As previously discussed, the CG603 sample has a higher number of 

amorphous regions in the cellulose matrix, which leads to a hydrogel 

with improved accessibility to water molecules. On the other hand, the 

CG233 sample, containing the same amount of MBA, shows lower 

swelling capacity than CG603. This could be explained by the fact that 
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the systems cured at room temperaure for a longer time may render 

excessive grafting of the cross-linking cellulose network, which 

ultimatly leads to a higher rigidity of the the hydrogel, restraining the 

mobility of the molecular chains and ultimately causing limited 

swelling.136 

Overall, the swelling ratio profiles agree well with the SEM images. 

While the systems cured at room temperature for a longer time present 

a more complex and bridged network (making the hydrogel more rigid 

and limiting the swelling), the systems cured at high temperature 

display a lower degree of connectivity (larger pores), and thus can 

sustain a larger water uptake. 

 

Figure 4.23. The swelling ratios of reference and crosslinked cellulose 

hydrogels, with CG 603 exhibiting the highest swelling ratio of 220 g/g. 
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5 Conclusion 

The aim of the work described in this thesis was to illustrate the 

utilization of cellulosic biomass towards sustainable chemicals and 

novel biomaterial by extracting the lipophilic extractives from TMP 

process water and tuning the properties of cellulose-chitosan 

nanocomposites via different preparation methods, mixing ratios and 

addition of crosslinker. Novel approaches were presented for the 

production of cellulose-chitosan nanocomposites based on the 

dissolved cellulose and chitosan in the aqueous solution, and various 

properties were exploited to illustrate the potentials of novel 

biomaterials from cellulosic material.   

To order to retract the sustainable chemicals originated from cellulosic 

material, the induced air flotation in combination with DoTAC was 

adopted to refine the lipophilic extractives from TMP process water.  

94% of the lipophilic extractives were retracted from the process water 

into the foam fraction. Compositional analysis of the lipophilic 

extractives from both the process water and the collected foam fraction 

showed only minor composition changes to triglycerides and steryl 

ester, but large changes in the composition of fatty and resin acids and 

sterol. This indicates that the lipophilic extractives have a core-shell 

structure, where the core of the droplets is less affected by the flotation 

process than the shell. Due to the hydrophilic nature of lignans, they 

were mostly dissolved in the aqueous phase. The soxhlet extraction of 

the rejected foam achieved higher yield of extraction than the LLE 

method. The dissolved hemicelluloses in the TMP process water were 

almost unaffected by the IAF treatment, allowing for the easy recovery 

of hemicellulose from the accepted process water.  

In the utilization of cellulosic biomass for novel biomaterial, the 

cellulose-chitosan nanocomposite in spheres of different sizes and films 

of tunable functionalities were successfully prepared and characterized. 

The novel cellulose-chitosan nanocomposite particles were prepared by 

co-regeneration via dripping cellulose solutions in LiOH/urea into 
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chitosan solution in acetic acid, or by mixing solutions of the two 

individual polymers in cold alkali/urea, followed by emulsification and 

co-regeneration with or without crosslinking agent. The preparation 

routes can be used to tune the nanocomposite particles into different 

surface and bulk compositions, where the emulsification method can 

have chitosan evenly distributed from surface to core and the dripping 

method, on the other hand, can incorporate chitosan into the outermost 

surface layer of the particles. The size of the nanocomposite particles, 

ranging from a few tenths of µm to a few mm, can be controlled by the 

choice of preparation method. In the preparation of nanocomposite 

films, the tunable properties of swelling and slow release of chitosan 

were achieved with adjusting the cellulose and chitosan mixing ratios. 

The films displayed different pH response in the tested pH range, but 

with high swelling at pH 3 and 5 was due to the osmotic effects of the 

difference in mobile counterion concentration between the gel and 

solution phases, as described by Gibbs–Donnan theory, which also 

enabled the slow release of chitosan at different pH values. The 

nanocomposite films also exhibited finely assembled microstructures, 

which other studies have attributed to hydrophobic interactions. The 

FE-SEM study verified that the addition of chitosan disrupted the fine 

structure of the parallel lamellae, worsening the mechanical 

performance of the nanocomposite samples.  

Finally, simple one-pot preparation of cross-linked cellulose hydrogels 

were successfully prepared, for the first time, with non-derivatized 

cellulose dissolved in LiOH/urea. The grafting of MBA onto cellulose 

molecules occurs via a basic Michael addition mechanism and the 

addition of MBA and curing conditions showed significant impacts on 

the amount of amorphous cellulose, the microstructure and the swelling 

capacity of each hydrogel. The highest swelling ratio (ca. 220 g/g) was 

obtained for the system cured at 60 °C for 30 min with the higher MBA 

content, where the high content of amorphous cellulose, the network 

elasticity (larger pores) and –NH content facilitated the water 

absorption.  
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6 Future work 

The primary aim of the project was to utilize cellulosic material towards 

sustainable chemicals and novel biomaterial. This complies with the 

sustainable development goals, and offers the most promising 

substituents in replacing the fossil fuel. In this respect, the following 

steps are suggested:  

 

Cellulose nanocomposite film with barrier properties: One of the 

increasing attentions of applying cellulose nanomaterial lies in their 

commercial application for packaging, in which the barrier properties 

will play an important role in valorization of cellulose. In our 

preliminary testing, the cellulose films presented good oxygen barrier 

in the dry state and are still good at 50% relative humidity, but poor 

moisture barrier. Therefore, compositing the dissolved cellulose with 

other high moisture, grease resistant and water soluble polymers would 

improve the barrier performance and mitigate the hindrance in the 

recycling process.  

 

Textile from cellulose aqueous dissolution: the complex challenge from 

todays’ textile industry lies not only in the need of more sustainable and 

fossil-free material, but also in the low cost and circularity. Textile 

made from cellulose aqueous solutions can be one of the alternatives 

and complement to cotton and synthetic fibers. By spinning of the 

dissolved cellulose, the textile fiber from the process can gain a more 

sustainable and cost-efficient profile compared with conventional 

viscose process. There is zero emission of sulfur in the production and 

the chemical and the water used can be recycled and reused.  
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