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ABSTRACT 

Rapeseed straw was fractionated through a hydrothermal process into its 

hemicellulose, lignin and cellulose components. In the first step, hemicellulose-rich 

fractions were extracted. Xylan-rich fractions with high molecular weight, 30,000 – 

50,000 g/mol, were obtained at 110 °C and 1.5 M NaOH. Neutral and acidic 

conditions yielded extract rich in glucomannan with co-extracted xylan and lignin.  

 

After hemicellulose extraction, the straw was subjected to a soda cooking step where 

the straw was delignified and lignin solubilized. Two cooking times were evaluated 

in this step. A longer cooking time resulted in a lignin-rich precipitate and a cellulose 

pulp with a lower content of lignin compared with the shorter cooking time. Analysis 

showed rapeseed straw lignin consists of syringyl and guaiacyl aromatic structures. 

Peroxide bleaching of the pulp decreased the lignin content in the cellulose pulp 

further. Cellulose nanoparticles (CNF and CNC) were isolated from the bleached 

pulp. The CNF fraction was heterogenous in size while the CNC fraction was more 

homogenous in size with rod like aspects. Both were highly crystalline, with good 

thermal stability and high aspect ratio.  

 

Thin free-standing films of xylan were cast from water solution with mechanical 

integrity and very high strain-at-break > 80% even without added plasticizer.  

 

A surface modification process was developed where xylan was first pre-activated in 

alkali. This was followed by an etherification coupling reaction with glycidyl 

methacrylate and subsequently grafted by interfacial free radical graft polymerization 

with octadecyl acrylate chains. The resulting grafted xylan became hydrophobic and 

gained a thermoplastic behavior. It was blended with PCL matrix via melt-extrusion. 

The grafted xylan was homogeneously distributed within the biocomposite and the 

PCL matrix was reinforced while at the same time preserving the ability to elongate 

to tensile strains > 500%. Analogous biocomposites with unmodified xylan in a PCL 

matrix resulted in heterogenous mixtures and brittle tensile properties.  

 

Keywords: Rapeseed/canola straw, biorefinery, hemicelluloses, lignin, cellulose, 

cellulose nanoparticles, films, grafting, thermoplastic, biocomposites   



 

SAMMANFATTNING 

Rapshalm fraktionerades med en hydrotermisk process till hemicellulosa-, lignin- 

och cellulosakomponenter. I första steget så extraherades hemicellulosarika 

fraktioner ur rapsstjälkarna genom att variera tid, temperatur och pH på 

extraktionsvätskan i en sållningsstudie. Vid 110 °C och ett högt pH erhölls xylan-rika 

fraktioner med en hög molekylvikt på 30 000 – 50 000 g/mol. Sura och neutrala 

förhållanden resulterade i fraktioner rika på glukomannan men också xylan och 

lignin.  

Efter att hemicellulosa isolerats från halmen så återstår lignin och cellulosa kvar i 

halmen. I nästa steg så delignifierades halmen där lignin extraherades till vätskefasen 

med ett sodakokningssteg. Två koktider testades och den längre tiden gav ett mer 

lignin-rikt extrakt samt en cellulosamassa med låg andel lignin. Rapslignin innehåller 

syringyl- och guaiacylstrukturer, vilket fastställdes med FTIR och HSQC NMR 

analys. Ligninhalten i cellulosamassan efter koksteget sänktes ytterligare med 

peroxidblekning. Från den blekta massan isolerades cellulosananopartiklar 

(nanofibrillär cellulosa (CNF) och nanokristallin cellulosa (CNC)). CNF-fraktionen 

var heterogen med fibriller av olika längd och diameter.  CNC-fraktionen hade mer 

homogen och tubliknade struktur. Båda var mycket kristallina med god termisk 

stabilitet och högt förhållande mellan diameter och längd.  

Fristående och tunna plastfilmer, med en töjningsförmåga på upp till 80%, 

framställdes genom gjutning av vattenlösningar med utvunnet xylan. En 

ytmodifieringsprocess utvecklades med vilken xylan först behandlades med alkali 

och därefter kopplades glycidyl metakrylat på genom en företringsreaktion. Med en 

fri radikalpolymerisation ympades xylanet med oktadecylakrylat-kedjor. Ett 

hydrofobt och termoplastiskt material skapades vilket användes för att framställa 

biokompositer genom blandning med PCL genom extrudering. Ympad xylan gav 

upphov till en homogen biokomposit och förstärkte PCL-matrisen, samtidigt som den 

uppvisade hög töjningsförmåga, >500%. Omodifierat xylan i en PCL-matris 

resulterade i heterogena och spröda blandningar.  

 

Nyckelord: rapshalm, bioraffinaderi, hemicellulosa, lignin, cellulosa, cellulosa nano 

partiklar, hemicellulosafilm, ympning, termoplastisk, biokompositer  
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1 PURPOSE OF THE STUDY 

New and a more efficient utilization of biobased resources are needed to obtain 

sustainable and renewable functional polymeric materials of the future. Rapeseed 

straw is an agricultural-industrial waste product that does not compete with food 

production. The purpose of this work was to:  

 

 Develop and demonstrate an industrially applicable biorefinery process for 

the sequential multi-component extraction of polysaccharide and lignin 

fractions from rapeseed straw.  

 Unveil the relationship between extraction conditions and the composition, 

yield and molecular weight of the extracts. 

 Set the framework for liberation of cellulose and production of cellulose 

nanoparticles from the biorefinery straw pulp.  

 Formulate and demonstrate a renewable bioplastic of the hemicelluloses 

isolated from the rapeseed straw biorefinery. 
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2 INTRODUCTION 

2.1 OIL-SEED RAPE 

Oil-seed rape or canola, Brassica Napus 

(Figure 1), is an annual plant belonging to 

the crucifer’s family with a height of 

approximately 0.6 – 1.5 meter. The plant 

originates through the spontaneous 

interspecific hybridization of turnip rape 

and cabbage. The Brassica oilseeds and 

vegetables were among the earliest plants to 

be systematically cultivated by humankind 

as early as 10,000 years ago. Today, it is the 

third-leading resource for vegetable oil after 

palm oil and soybean. Rapeseed is mostly 

cultivated in rotation with wheat and clover 

over a period of 4 – 5 years. Rapeseed 

captures a lot of nitrogen, which makes it 

beneficial to the growing of wheat.1  

 

The oil is used for food and transportation 

fuels (rapeseed oil methyl ester, RME or 

fatty acid methyl ester, FAME).1 The 

rapeseed food-oil is considered very healthy 

due to its favorable composition of nutrients 

Figure 1. Rapeseed straw after blooming. 
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and non-saturated fat.2 Hence the cultivation of rapeseed increases worldwide. Life 

cycle analysis of rapeseed cultivation compared with other oil-crops shows that it 

is one of the most sustainable produced oil-crop.3-4 The press-cake from oil 

filtration is currently mostly used as animal feed or biogas, however recent 

research have demonstrated that the filter cake contains valuable proteins that can 

be used as supplement for meat and in the future can compete with soy and quorn.5 

Companies like Perstorp are developing methods to produce platform chemicals from 

the rapeseed oil.6  

 

The rapeseed straw consists of 37 wt.% cellulose, 31 wt.% hemicellulose, 21 wt.% 

lignin as well as 6.5 wt.% protein, 0.7 wt.% fat and 0.3 wt.% starch.7-8  Rapeseed 

straw has a cellulose fiber length in range of that of hardwoods.9 There is an interest 

to use the straw as a source for short fibers applications in countries where wood is 

not available in sufficient quantities.10-11 As of now, the straw is either left on top of 

the field or partly collected and pressed for burning due to its low ash content. Due 

to interesting composition of the straw it could with great benefit be used as a 

chemical and material feedstock, as demonstrated in this thesis.  The production and 

the use of the straw would be beneficial for following sustainably reasons. UN 

Sustainability goal 12 aims to “doing more and better with less”.12 Using the rapeseed 

straw as a materials resource would add new uses of the straw apart from burning and 

increase revenues for farmers. Also, we would use a part of a plant that cannot be 

used as food or cattle feed. Only the rapeseed is used for food. This is in line with 

UN Sustainability goal 2 with the aim of zero hunger in the world where “it is time 

to rethink how we grow, share and consume food”.12  

2.2 THE CELL-WALL POLYMERS 

The three cell-wall biopolymers in land-based annual and perennial plants are 

hemicelluloses, lignin and cellulose (schematic representation of each in Figure 2). 

These build up the cell wall matrix with covalent linkages and hydrogen bonds and 

are responsible for different parts of the cell wall performance, i.e. enforcement and 

conduction.13-15  
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Figure 2. Representaive structure of (from top to bottom) xylan, glucomannan, cellulose and 

the monolignols guaiacyl, syringyl and p-hydroxyphenyl.  

 



                                                                                  INTRODUCTION 

5 

2.2.1 Hemicellulose 

Hemicellulose is the collective name a diverse group of non-cellulosic 

polysaccharides containing xylans, mannans and glucomannans, xyloglucans and β-

(1→3,1→4)-glucans.16-17 In annual plants, the most common hemicelluloses are xylan 

and glucomannan. In vascular plants xylan is often used for cell wall strength together 

with cellulose.18 The hemicelluloses in annual are often structurally more diverse than 

the hemicelluloses found in wood.15 The hemicellulose chains are often decorated 

with pendant groups, such as acetyl groups, methyl glucuronic acid groups, and 

monosaccharides arabinose, galactose and rhamnose.15, 17  

2.2.2 Lignin 

Lignin is a three-dimensional network biopolymer built up of three aromatic alcohols 

called monolignols: p-coumaryl, coniferyl and sinapyl alcohols. Within the three-

dimensional network the constituents are named p-hydroxyphenyl (H), guaiacyl (G), 

and syringyl (S), respectively. The composition and structure of lignin varies 

depending on the plant source. Softwood lignin is mostly containing S structural 

units, hardwood in general have more S-units but also significant amounts of G-units, 

while grass lignin has equal amounts of H, G and S. These are linked with no ordered 

or regular repeating units via a multitude of linkages such as β-O-4’ (which is the 

most common linkage), α-O-4’, β-5’, β-1’, 5-5’, 4-O-5’and β-β’.13, 19 Lignin can also 

be covalently linked to other polysaccharides, in particular with hemicelluloses, to 

form so called lignin-carbohydrate complexes (LCC).13, 20 

2.2.3 Cellulose  

Cellulose is a linear polysaccharide of β-(1→4’)-linked glucose units and has a degree 

of polymerization as high as 10 000 – 15 000. 13, 15 The cellulose polymers bind to 

one another through hydrogen bonding, packing the cellulose polymers tightly and 

forming fibrils. These fibrils consists of both highly ordered crystalline regions and 

less ordered amorphous regions. The cellulose fibril is resistant towards dissolution 

and chemical degradation due to its high chain length and macrostructure.13, 15  
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2.3 EXTRACTION AND SEPARATION OF THE CELL-WALL 

BIOPOLYMERS 

2.3.1 The biorefinery concept and the hydrothermal process 

The vision of the biorefinery is to fractionate a lignocellulose feedstock through an 

array of processes and to convert the obtained polysaccharides and lignin into highly 

value-added renewable material applications and bioenergy streams.21 The 

hydrothermal process is the commercially and industrially most dominating process 

to fractionate the cell-wall polymers. The process is a complex system of degradation 

reactions. Several modifications of the inherent structures of lignin and 

polysaccharides occurs in addition to mass transfer limitations. The separation of the 

cell-wall polymers is controlled by the process conditions: time, temperature and pH 

of the liquid. Regardless, complete separation and isolation is challenging, attributed 

to the similar solubility of the cell-wall polymers, strong interactions and chemical 

affinity of some components.22 The resulting hydrothermal liquid phase is a complex 

aqueous mixture of organic and inorganic components. The organic components are 

degraded lignin, not fully degraded hemicelluloses, organic acids, extractives and 

proteins. Inorganic components are trace minerals from the plant and possible 

processing chemicals.13, 23 It is from this complex hydrothermal extraction liquid that 

hemicelluloses and lignin are isolated while cellulose remains in the solid phase.13  

2.3.2 Polysaccharide reactions during hydrothermal extraction 

Extraction of hemicellulose are commonly achieved with a hydrothermal process.13, 

24-29 Glucomannan are typically obtained with water,24-25, 29 and xylan are typically 

obtained with alkali.27-28 The pH of the extraction liquid affects the solubility of 

hemicelluloses into the extraction liquid. The pH particularly influences the pendant 

groups present on the hemicellulose chain. The active ion during water extraction is 

the hydronium ion from the autoionization of the water molecule at elevated 

temperatures. It is also the hydronium ion which is the active ion during hydrothermal 

extraction with dilute acid. The hydroxide ion is the active ion during alkaline 

extraction.13 

 

Acetylated glucomannan is soluble in water at room temperature, where the acetyl 

groups present on the chain are important for the solubility. Accordingly, removal of 
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acetyl groups or uronic acid groups decreases the solubility.30-32 Galactose pendant 

groups also increase the solubility of glucomannan.33 During water extraction and 

dissolution of acetylated xylan, the degree of acetylation decreases with extraction 

time as the acetyl groups are cleaved off form the xylan chain.34 In alkaline aqueous 

environment, glucomannan is typically deacetylated and degraded.13, 35-36 Instead, 

alkaline extraction conditions typically yield an extract rich in xylan. Acetyl and 

uronic acid groups and arabinose substituents increases the solubility of xylan,37-38 

while covalently bound lignin decreases the solubility.39 These substituents are 

susceptible to cleavage which will influence the solubility. The degree of 

deacetylation increases with alkali charge.40-42  

 

The degradation reactions of polysaccharides during hydrothermal extraction are i) 

the peeling reaction in alkaline environment, and ii) the acid or alkaline catalyzed 

hydrolysis.  These degradation reactions affect cellulose and hemicelluloses. The 

predominant degradation reaction at temperatures 70 – 170 °C of the polysaccharides 

is the peeling reaction, in which the chain is degraded by β-elimination from the 

reducing end group and along the polysaccharide chain.13, 36 At temperatures <170 °C 

the glycosidic linkage between the monosaccharides in the chain is stable from acid 

or alkaline catalyzed hydrolysis. The reaction occurs randomly along the 

polysaccharide chain, and the chain cleavage leads to rapid loss in degree of 

polymerization. New reducing end-groups are created which can act as a starting 

point for the peeling reaction. 

 

Hemicelluloses, with its lower molecular weight compared to cellulose, are especially 

sensitive to the degradation reactions. In an alkaline environment, glucomannan is 

mostly degraded by the peeling reaction while xylan is affected to a lesser extent due 

to the “stopping reaction”. During β-elimination, a pendant group can act as a leaving 

group instead of degrading the monosaccharide unit and the glycosidic bond. The 

elimination reaction is stopped and the chain is preserved together with the molecular 

weight.13, 36 Great care must be taken in selecting the hemicellulose extraction 

conditions. Enough time is given for the mass transfer and the conditions are not too 

harsh so that the molecular weight is preserved. 
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2.3.3 Dissolution and isolation of lignin 

Lignin undergoes degradation and re-polymerization reactions during hydrothermal 

processing. The composition of the solubilized lignin fraction depends on extraction 

conditions and type of raw material.43-45 The main degradation reaction of the lignin 

polymer is the breaking of the β-O-4’ – bond and the fragments are dissolved into the 

liquid.13 Lignin can be precipitated from the hydrothermal liquid by acidic 

precipitation and heat coagulation.46 The stability of lignin in an alkaline solution is 

an interplay of attractive and repulsive forces. The balance of these forces is 

influenced by pH, temperature, ion strength, lignin concentration and the type and 

number of functional groups.47  

 

Aggregation is favored if the attractive forces, such as the van der Waals interactions, 

hydrogen bonds and other hydrophobic forces, dominate. The lignin is more stable in 

solution in the opposite case.47-48 Lignin precipitation from alkaline liquids are 

achieved at pH 9 – 10 and a temperature of 60 – 90 °C by addition of acid such as 

sulphuric acid, where about 70 – 85% of the available lignin is precipitated especially 

if step-wise precipitation is employed.49 The precipitation is closely related to the 

protonation of ionized phenolic groups in lignin, leading to a decrease in electrostatic 

repulsion between the molecules which in turn becomes more hydrophobic and the 

solubility decreases.50-52  

 

Solubilized hemicelluloses, especially xylan, with preserved chains exist as random 

coils which can link to the agglomerating lignin macromolecules. The presence of 

hemicelluloses does not greatly affect the precipitation process but will affect the 

purity.53 By decreasing the pH and increasing the temperature during precipitation, 

the amount of xylan in the precipitate will decrease.43 After acidification at pH 9 – 

10.5, the precipitate will contain a lot of ash and consequently washing is essential. 

In lab scale, the precipitate is re-dispersed in water and more acid is added until pH 

2 – 3.49   
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2.3.4 Isolation methods of cellulose nanoparticles 

Cellulose nanoparticles can be divided into two major groups, cellulose nanofibrils 

(CNF) and cellulose nanocrystals (CNC), depending on different morphologies and 

sizes as a result of the different preparation methods.54 Apart from the preparation 

methods, the final properties of cellulose nanoparticles are also dependent of the 

resources from which they are obtained such as wood and agricultural residues.55-56 

CNFs are produced by mechanical disintegration methods; such as homogenization, 

high-speed counter collision, microfluidization, high-intensity ultrasoniation and 

grinding. The resulting CNFs consist of a long web-like structure and display 

amorphous regions intercalated between crystalline regions with several microns in 

length. CNCs, also called nanowhiskers, are rod-like crystalline cellulose regions and 

are produced by acid hydrolysis.54 The preparation parameters, such as type of acid, 

acid concentration, acid-to-cellulose ratio, time and temperature during hydrolysis 

and the duration of sonication to disperse the CNC suspension, all influences the yield 

and final product.49, 57-58 CNCs have a very high Young’s modulus, large surface area, 

a highly crystalline nature and very low density.54  
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2.4 RENEWABLE FILMS AND BIOCOMPOSITES 

Biopolymers have gained much attention as a renewable resource for materials to 

replace fossil-based plastics and are an integral part to meet the global demands of a 

sustainable society. Many different applications for the hemicelluloses have been 

proposed, such as films, gels, coatings, biocomposites and additives in plastics.16, 59-

62 Lignin can be used as solid fuel or after a few modifications as monomers in 

polymerization reactions.63-64 Cellulose nanoparticles with their high surface area and 

a good mechanical response upon stress are very interesting as reinforcement fillers 

in biocomposite materials.54-55, 65 In this thesis, the extracted hemicellulose was used 

as films or chemically modified and used as additives in plastics as biocomposites. 

The following introduction will be focused on those applications.  

2.4.1 Hemicellulose films 

Hemicellulose films can be used as renewable oxygen barriers in food packaging. 

However, the films suffer from some difficulties with brittleness, high production 

costs and water/moisture sensitivity. Mechanical properties are crucial for many 

applications. Hemicelluloses have difficulty in forming free-standing films and also 

are brittle due to low chain mobility, high chain stiffness and low molecular weight 

which do not allow the formation of enough chain entanglements to form a 

continuous and cohesive network. The films are very delicate to handle since they 

can easily crack or break during manufacturing. The classical approach to enhance 

the film formability and extensibility of polysaccharides is through plasticization. 

Sorbitol, glycerol, xylitol and even water are common used biobased plasticizers for 

hemicelluloses. These small molecules can disrupt the hydrogen bonding between 

the chains and increase the free volume in the network and chain mobility. However, 

due to their small size these plasticizing molecules can migrate out of the material 

leading to the loss of the plasticizing effect.59  A way to avoid this is to blend with 

other macromolecular co-component such as carboxyl methyl cellulose (CMC) or 

other polysaccharides. The mechanical properties of the resulting film depends on the 

miscibility, compatibility, mutual affinity between the hemicellulose and co-

component, the composition and inherent physical properties. 16, 59, 66 
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2.4.2 Thermoplastic biocomposites 

The dispersion of polysaccharides as a reinforcement filler in a thermoplastic matrix 

has be extensively studied. Common matrices used are polyethylene, polypropylene, 

polystyrene and polyvinyl chloride. One major advantage of thermoplastic 

biocomposites is the ability to use conventional processing techniques such as 

extrusion and injection molding. Extruders can be divided into two types: single and 

twin screw, where the latter can be run co- or counter clockwise. Owing to the 

excellent mixing effect of twin-screw extruders, polysaccharides can be 

homogenously distributed into thermoplastic matrices.54, 67-68  

 

Poly(ε-caprolactone) (PCL) has gained an increasing attention as a promising matrix 

for biocomposites with polysaccharides, despite its monomer origin in petroleum. 

PCL is a hydrophobic and semi-crystalline polymer with a melting temperature 

around 60 °C and a glass transition temperature around – 60 °C. It can be melt-

processed in a temperature range of 100 – 130 °C.69-70 This processing temperature 

window is good for polysaccharides where the thermal degradation starts at around 

200 °C.71-73 By mixing a petroleum-based PCL with polysaccharides and fibers the 

carbon footprint can be decreased. The most important restraint from using 

polysaccharides in biocomposites is dispersing the filler. Preventing the presence of 

aggregation effects is not a trivial issue because of the poor compatibility between 

the hydrophilic polysaccharide and the typically hydrophobic matrix.54, 67-68   

 

PCL has for example been blended with brewery spent grain,74 starch,75 cellulose 

nanoparticles76 and grafted cellulose nanoparticles.77-78 Previous studies by Herze et 

al. and Hejna et al. both demonstrated that with and increasing amount of un-modified 

polysaccharide filler the PCL-biocomposite became stiffer and the materials ability 

to become elongated decreased.74, 76 In order to improve the compatibility and the 

dispersion, modification of the polysaccharide structure is required as demonstrated 

by Siqueira et al. and Habibi et al. 77-78 The use of a polymer grafting method is one 

viable option with the added benefit of a covalent linkage between the compatibilizer 

and the polysaccharide filler.65  
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Chemical modification of polysaccharides offers numerous possibilities to derive 

hybrid materials and tailor the properties aiming to extend their applicability. The 

primary starting reactive site for modification is the large numbers of hydroxyl groups 

on the polysaccharide chain. The reactivity of the hydroxyl groups depends on their 

position, electronegativity, accessibility, and on the type, medium and conditions of 

the reaction. Esterification and etherification are the most common methods for 

chemical modification of polysaccharide hydroxyl groups. Ether bonds are less 

susceptible to hydrolytic cleavage and are thereby more stable than ester bonds. The 

major drawback is that high pH is required to deprotonate the hydroxyl group to 

alkoxides to be able to form the ether linkage with the etherifying agent. The high pH 

can lead to partial degradation of the hemicelluloses. With etherification various 

functional groups can be introduced to the polysaccharide chain. For example, vinyl 

moieties can be introduced with the purpose to obtain a macroinitiator from which 

grafting can be achieved.59, 65, 79-83  

 

The two main grafting approaches are grafting from and grafting onto. In the grafting 

from approach, polymerization is initiated from the polymeric macroinitiator 

backbone. The growing copolymer forms by the subsequent propagation of the 

monomer molecules. The grafting from approach offers many possible combinations 

and grafting can be done in homogeneous or heterogeneous systems. Generally, it is 

much easier to obtain good control and high yield in homogeneous systems. It is still 

possible to combine monomers and macroinitiator with very different 

hydrophobicity, for example by surface-initiated radical grafting polymerization with 

acrylate monomers  with hydrophobic character and hydrophilic macroinitiators81 or  

by surface initiated ring-opening polymerization.65 This stands out as an attractive 

strategy to modify hydrophilic biopolymers such as hemicelluloses to more 

hydrophobic molecules for future material applications.  
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3 EXPERIMENTAL  

3.1 CHEMICALS AND MATERIALS 

3.1.1 Rapeseed straw 

The following straw samples were used:  

 Rapeseed straw was kindly provided by Svensk Raps and stored at 91 % 

dryness and stored in dark until use (used in the first hemicellulose extraction 

study, Paper I).  

 Rapeseed straw, hybrid type Compass, was collected in the Grillby area in 

Sweden July 2014 (used in the second hemicellulose extraction study, Paper 

II). Xylan extracted from this straw sample was used in the material study of 

thermoplastic xylan (Paper III).  

 Straw from extraction study two (Paper II) with additionally collected 

rapeseed straw from the Österhaninge area, in July 2017, was used in the 

biorefinery study (Paper IV). The new collected straw was dried for three 

days in 40 °C, which resulted in a dryness of 95 % and then stored in dark 

until use.  

3.1.2 Chemicals for extraction and processing  

Deionized water from the tap was used for all water extractions. A 10.25 M NaOH 

stock solution was prepared by dissolving sodium hydroxide pellets (99.7%, CAS nr.: 

1310-73-2, VWR International), and the resulting stock solution was used to prepare 

the 0.5 M and 0.1 M NaOH extraction solution in the Paper I. A 1 M NaOH solution 

(1 L, 40 g/ 1 L H2O Chemsolute®, Th. Geyer) was used as a stock solution to prepare 
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a 0.25 M NaOH extraction liquid. The aforementioned 10.25 M NaOH stock solution 

was used to prepare the 1.5 M NaOH extraction liquid for Paper II. A 1 mM HCl 

extraction liquid was prepared by dilution of 37% hydrochloric acid (Sigma Aldrich, 

CAS nr.: 7647-01-0). In paper IV, the 1.5 M NaOH(aq) solution was prepared by 

diluting a 4 M NaOH stock solution (VWR, EC nr.: 215-185-5). Ethanol (96% vol, 

CAS nr.: 64-17-5, VWR Chemicals) was used for precipitation.  

3.1.3 Chemicals and materials for preparation of films and 

biocomposites 

The hemicellulose film was prepared with carboxymethyl cellulose sodium salt 

(CMC) as an additive (medium viscosity of 400 – 1000 m Pa s, 2% in water, degree 

of substitution of 0.3 and weight average molecular weight (Mw) of 550,000 g/mol, 

CAS nr.: 9004-32-4, Sigma Aldrich).  

 

The chemical modification of rapeseed straw xylan was done in 1 M NaOH (prepared 

from NaOH(s) pellets (Sigma Aldrich, CAS nr.: 1310-73-2)). The grafting chemicals 

were dimethyl sulfoxide (DMSO) (Merck, CAS nr.: 67-68-5) and toluene (Fisher 

Scientific, CAS nr.: 108-88-3), with glycidyl methacrylate (GMA) (Aldrich 

Chemistry, > 97.0%, CAS nr.: 106-91-2), octadecyl acrylate (ODA) (Aldrich 

Chemistry, 97%, CAS nr.: 4813-57-4), ammonium persulfate (ACS reagent > 98%, 

CAS nr.: 7727-54-0) and 2,2’-azobis(2-methyl-propionitrile) (AIBN) (Acros 

Organics, CAS nr.: 78-67-1, 98%). Precipitation was done in 2-propanol (VWR 

Chemicals, CAS nr.: 67-63-0). Melt-extrusion was done with polycaprolactone 

(PCL) (Aldrich Chemistry, number average molecular weight (Mn) 80,000 g/mol, 

pellets ~ 3 mm, CAS nr.: 2480-41-4). 

3.2 STEAM HEATED AUTOCLAVES PILOT PLANT – GENERAL 

PROCEDURE 

Extraction with water and alkaline media was done in 2.5 L steel autoclaves. 

Extraction with acidic medium was done in 2 L teflon-covered autoclaves due to the 

corrosive nature of the medium. Approximately 50 – 100 g (dry weight) of straw (cut 

to pieces with a length of 20 - 5 cm) was placed in each autoclave. Air was evacuated 

for 30 min with a pump before adding the extraction liquid by vacuum suction and 
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thereby impregnating the straw with the liquid. Each autoclave was immersed in a 

steam-heated ethylene glycol bath at a slight incline to induce mixing. The extraction 

time was between 20 min – 3 h, and 10 min was added to the extraction time for the 

heating of the autoclaves to the extraction temperature. The extraction was terminated 

by removing the autoclaves from the ethylene-glycol bath and placing them in a 

water-cooling bath for 20 min. The liquid was separated from the straw by filtering 

through a sieve and pressing by hand. The liquid and straw fractions were stored cold 

until further analysis. 

3.3 EXTRACTION OF HEMICELLULOSES 

3.3.1 Sample abbreviations 

Samples are named by the following system: extraction media-temperature (in °C)-

time (in min).  

 

Example 1: W-105-20  

 

Sample extracted with water at 105 °C for 20 min. 

This sample is from Paper I. 

 

Example 2: W-80 Sample extracted with water at 80 °C for 60 min. 

This sample is from Paper II.  

 

Example 3: B0.5-105-60 Sample extracted with 0.5 M NaOH(aq) at 105 °C 

for 60 min. This sample is from Paper I. 

 

Example 4: B1.5-110 Sample extracted with 1.5 M NaOH(aq) at 110 °C 

for 60 min. This sample is from Paper II. 

 

Example 5: A-140 Sample extracted with 1 mM HCl(aq) at 140 °C for 

60 min. This sample is from Paper II. 

 

Refer to abbreviations for a table translating the sample abbreviations used in the 

summarizing text and the sample abbreviations used in the papers.   
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3.3.2 Extraction study 1: extraction according to a full statistical 

screening design (Paper I) 

In the first hemicellulose extraction study the conditions were designed according to 

a full statistical screening of the effect of time, temperature and pH. Eight extractions 

were performed in which the aforementioned conditions were simultaneously varied 

from a fixed low (-) to a high (+) level (Table 1). Two reference extractions with 

intermediate conditions between the high and low levels were also performed, 

HB0.1-120a and HB0.1-120b. The liquid-to-straw ratio was 10:1.  

 

Table 1. Extraction conditions of hemicelluloses according to a full statistical screening 

design. 

Extraction Temp. (⁰C) NaOH (M) Time (min) 

W-105-20 105 - 0 - 20 - 

W-105-60 105 - 0 - 60 + 

B0.5-105-20 105 - 0.5 + 20 - 

B0.5-105-60 105 - 0.5 + 60 + 

W-140-20 140 + 0 - 20 - 

W-140-60 140 + 0 - 60 + 

B0.5-140-20 140 + 0.5 + 20 - 

B0.5-140-60 140 + 0.5 + 60 + 

B0.1-120a 

B0.1-120b 

120  0.1  30  
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3.3.3 Extraction study 2: extraction based on severity factor analysis 

(Paper II) 

The second hemicellulose extraction study was based on severity factor analysis. The 

extraction conditions including results of pH and severity factor calculations are 

listed in Table 2. The severity factor is expressed in equation 1, and it is a model of 

the hemicellulose degradation and dissolution depending on the effect of time and 

temperature.  

𝑅0 = 𝑡 × 𝑒
𝑇−100

14.75    
Eq. 1 

 

The equation was proposed by Overend and co-authors, where 𝑡 denotes extraction 

time at the maximum extraction temperature (in min) and 𝑇 denotes the maximum 

extraction temperature (in ⁰C).84 The equation is only valid if the pH of the 

hydrothermal extraction liquid is close to neutral pH, and is no longer representative 

if the pH is acidic or alkaline. To accommodate also non-neutral extraction, an 

extended expression for the severity factor by 𝑅0
′ = [𝐻+]𝑅0 is needed, as proposed 

by Chum et al. and Abatzoglou et al. for acid catalyzed extraction processes (Equation 

2).85 86 The severity factor of the second extraction study was calculated according to 

Equation 4.  

 

𝑅0
′ = 10−𝑝𝐻 × 𝑡 × 𝑒

𝑇−100

14.75    
Eq. 2 

 

log(𝑅0
′ ) = log (10−𝑝𝐻 × 𝑡 ×

𝑇−100

14.75
)    

 

Eq. 3 

 

Which can be simplified to: 

log(𝑅0
′ ) = log(𝑅0) − 𝑝𝐻     

 

Eq. 4 

 

The pH of the hydrothermal liquid was calculated theoretically with consideration for 

the specific extraction temperature. The calculation was based on the temperature and 

pressure dependence of the ionization constants listed by Bandura and Lvov.87 The 

pressure at the extraction temperature in the autoclaves was calculated using the ideal 

gas law (Equation 5) with 𝑝1 = 0.1 𝑀𝑃𝑎, 𝑇1 = 298 𝐾, 𝑇2 = the extraction 

temperature (K) and 𝑝2 the pressure in the autoclaves.  
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𝑝2 = 𝑝1 ×
𝑇2

𝑇1
   Eq. 5 

 

The ionization constant (KW) was selected at 0.1 MPa, assuming that 𝑝1 ≈ 𝑝2. The 

pH of the extraction media at the extraction temperature, 𝑝𝐻(𝑇), could be calculated 

(Table 2) using Equation 6 and 7 for water extraction, Equation 8 and 9 for alkaline 

extraction and Equation 10 – 12 for acidic extraction.  

 

Water extraction: 

[𝐻+]2 =  10−𝑝𝐾𝑤(𝑇)   

 

Eq. 6 

𝑝𝐻(𝑇) =  10
−𝑝𝐾𝑤(𝑇)

2  

 

Eq. 7 

Alkaline extraction:  

𝑝𝑂𝐻 =  −𝑙𝑜𝑔[𝑂𝐻−]   

 

Eq. 8 

𝑝𝐻(𝑇) =  𝑝𝐾𝑤(𝑇) − 𝑝𝑂𝐻 

 

Eq. 9 

Acidic extraction:  

𝑝𝐻 =  −𝑙𝑜𝑔[𝐻+] 

 

Eq. 10 

𝑝𝑂𝐻(𝑇) =  𝑝𝐾𝑤(𝑇) − 𝑝𝐻 

 

Eq. 11 

𝑝𝐻(𝑇) = 𝑝𝐾𝑤(𝑇) − 𝑝𝑂𝐻(𝑇) 

 

Eq. 12 
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Table 2. Extraction conditions including the calculated pressure and pH in the extraction 

media, and the severity factor 𝑙𝑜𝑔(𝑅0) and 𝑙𝑜𝑔(𝑅0
′ ) for each extraction in the second 

hemicellulose extraction study. The extraction time was 60 min and liquid-to-straw ratio was 

10:1.  

Extraction  Temp. 

(⁰C) 

Pres. 

(MPa) 

𝒑𝑲𝒘(𝑻) pH at 

room 

temp. (25 

°C)  

Calculated 

pH in the 

autoclaves 

𝒍𝒐𝒈(𝑹𝟎) 𝒍𝒐𝒈(𝑹𝟎
′ ) 

 

Water 

W-80 80 0.12 12.61 7 6.3 1.2 -5.4 

W-110 110 0.13 12.13 7 6.1 2.1 -4.0 

W-140 140 0.14 11.76 7 5.9 3.0 -2.9 

W-150 150 0.14 11.64 7 5.8 3.3 -2.5 

 

1 mM HCl 

A-80 80 0.12 12.61 3 1.6 1.2 -0.4 

A-110 110 0.13 12.13 3 1.1 2.1 0.9 

A-140 140 0.14 11.76 3 0.7 3.0 2.3 

 

0.25 M NaOH  

B0.25-80 80 0.12 12.61 12.6 12.0 1.2 -10.8 

B0.25-110 110 0.13 12.13 12.6 11.5 2.1 -9.4 

B0.25-140 140 0.14 11.76 12.6 11.2 3.0 -8.2 

 

1.5 M NaOH 

B1.5-80 80 0.12 12.61 13.6 12.8 1.2 -11.6 

B1.5-110 110 0.13 12.13 13.6 12.3 2.1 -10.2 

B1.5-140 140 0.14 11.76 13.6 11.4 3.0 -8.9 
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3.4 THE BIOREFINERY PROCEDURE (PAPER IV) 

 
Xylan, lignin and cellulose were sequentially extracted from rapeseed straw 

according to the biorefinery illustrated in Scheme 1.  

 

Scheme 1. Biorefinery pathway for the extraction of B1.5-110, lignin and rapeseed pulp from 

which cellulose nanoparticles (CNF and CNC) were isolated.  

 

Pre-alkaline step and extraction of xylan (Scheme 1: Steps 1 and 7) 

Xylan was extracted from rapeseed straw (100 g dry weight) through hydrothermal 

extraction in the steam-heated autoclaves (see section 3.2). The extraction conditions 

were 1.5 M NaOH(aq) at 110 °C in 60 min. After the extraction was terminated 500 

mL of the free liquid was separated from the straw by filtration through a sieve and 
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collected. The liquid was subsequently freeze-dried for 72 h and the solid phase was 

collected (step 7).  

 

Soda pulping of rapeseed straw and precipitation of lignin (Scheme 1: Steps 

2 and 8) 

The wet straw residue (from step 1) was put back into the autoclaves together with 

half of the extraction liquid from step 1. Resulting in a liquid-to-straw ratio of 5:1 

and a residual alkali of 22% (Table S1, supporting information, Paper IV. The 

autoclaves was sealed and placed back into the steam-heated glycol bath with a 

temperature increased to 155 °C. The extraction time was 1.5 and 3 h. The liquid was 

separated from the straw residue was by filtration through a sieve and by pressing the 

straw by hand and collected.  

 

Precipitation form the extraction liquid (step 8) was done through acidification 

according to the method described by Lin and Dence (1992).46 The extraction liquid 

was heated to 60 °C under rapid stirring with magnetic bar and 72% H2SO4 was added 

dropwise until pH was lowered to 9. The liquid was then cooled in an ice-bath, after 

which the liquid was centrifuged at 3000 rpm for 5 min. The collected precipitate was 

washed twice in acid de-ionized water (at pH 2) and centrifuged at 3000 rpm for 5 

min and finally dried in oven at 105 °C for 72 h.  

 

Liberation of fibers and bleaching (Scheme 1: Steps 3 - 4)  

The straw residue (after step 2) was washed in de-ionized water for 72 h. Fiber 

liberation was achieved by mechanical defibration (Lorentzen & Wettre) as a fiber 

suspension of 2 L and for 2000 turns. Bleaching of the obtained pulp was done at 4 

% (w/v) fiber concertation with 8 % H2O2 submerged in a water bath at 90 °C for 6 

h. After removal form the water bath, the fiber suspension was filtered through a cloth 

and a sieve and washed with deionized water.  
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Fibrillated nanocellulose particles, CNF (Scheme 1: Step 5) 

Prior to fibrillation the wet bleached fibers (20 dry g at fiber suspension of 10 g/L) 

was stirred with mechanical defibration for 10 000 turns. A M-110EH microfluidizer 

(Microfluidies Corp. Westwood, USA) was used to achieve fibrillation. The fiber 

suspension first passed through a 400/200 chamber at a pressure of 850 – 900 bar, 

and then five subsequent passes through 200/100 µm chambers at 1600 – 1700 bar. 

After every pass through a chamber a sample was collected.  

 

Cellulose nanocrystals, CNC (Scheme 1: Step 6)  

The bleached straw was air-dried and milled with a 20 µm cut of sieve in a Wiley 

mill. Acid hydrolysis was done with a 5% H2SO4 at 55 °C for 20 min on milled 

powder (7 g dry weight). The hydrolysis was terminated by pouring the hydrolysis 

liquid on ice. The product was washed with Milli-Q water and centrifuged at 250 000 

rpm for 20 min at 10 °C until the pH of supernatant was equal to that of the Milli-Q 

water. The collected product was then dialyzed with a Spectra/Por Dialysis 

Membrane (cut off 6 – 8 000) in Milli-Q water for three weeks with water change at 

regular intervals. The collected sample was dispersed by sonication at 20% pulse for 

9 min at 3 min on/off intervals. The solution was centrifuged at 5000 rpm for 30 min 

and casted on a PET petri dish (diameter of 5.5 cm) and dried at 25 °C for 3 days.   

3.5 FILMS AND BIOCOMPOSITES  

3.5.1 Preparation of hemicellulose films (Paper I) 

Five hemicellulose extracts were selected for film preparation from the first 

hemicellulose extraction study: W-105-20, B0.5-105-20, W-140-60, B0.5-140-60 

and B0.1-120b. The film hemicellulose/CMC suspension was prepared according to 

the following protocol: 0.4 g of freeze-dried material was mixed with an aqueous 

solution of 0.2 g CMC/15 mL and left on the shaking board at 200 min-1 for 56 h until 

the mixtures reached homogeneity. The mixtures were cast on Petri dishes (diameter 

of 8.7 cm) and dried at 30 ⁰C for 12 h and conditioned at 23 ⁰C and 50% relative 

humidity (RH) for 72 h.  
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3.5.2 Synthesis of thermoplastic xylan (Paper ІІІ) 

The crude extract of B1.5-80 and B1.5-110 was chemically modified in a three-step 

process; pre-activation of the xylan, synthesis of the xylan macroinitiator and grafting 

of xylan-GMA with ODA (Scheme 2).  

 

Scheme 2. Chemical pathway for grafting of B1.5-80 and B1.5-110: (Step 1) pre-activation 

of the xylan (I → II). (Step 2) Synthesis, with GMA (III), of a xylan-GMA macroinitiator 

(IV). (Step 3) Free radical graft-polymerization form the macroinitiator (IV) with ODA (V) 

yielding xylan-GMA-g-ODA (VI).  

Step 1: Pre-activation of xylan  

Freeze dried crude xylan, B1.5-80 or B1.5-110 (1 g), was dissolved in 8 mL of 1 M 

NaOH(aq) and stirred for 2 h at 65 ⁰C. 
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Step 2: Synthesis of the xylan macroinitiator (xylan-GMA) 

To start the synthesis of the macroinitiator, GMA (2 mL) was added to the reaction 

mixture and the reaction was left for 20 h at 65 °C. The reaction time was varied from 

2 to 26 h in individual experiments to analyze the conversion as a function of reaction 

time. The reaction was terminated by removing the round bottom flask from the heat 

and allowing it to cool followed by precipitation in acetone. The precipitate was 

collected through centrifugation and air-dried. Two different xylan macroinitiators 

were derived, denoted B1.5-80-GMA and B1.5-110-GMA respectively. In addition, 

B1.5-80 was reacted as described above for 20 h at 65 °C but with no added GMA as 

a control experiment.   

 

Step 3: Grafting of xylan-GMA with ODA 

The macroinitiator (500 mg) was suspended in 30 mL DMSO by stirring at 50 °C for 

12 h. A solution of ODA (4 g) dissolved in 15 mL of toluene was added dropwise to 

the macroinitiator suspension. The temperature was set to 65 °C and the reaction was 

started by addition of 40 mg ammonium persulfate and left for 2 h. In an additional 

kinetic study, the grafting reactions were left for 0.5, 1, 1.5, 2, and 4 h, respectively, 

in individual identically prepared reaction vessels. Each reaction liquid was poured 

into 2-propanol and the precipitate was collected by centrifugation at 3000 rpm for 5 

min. The collected precipitate was dissolved in toluene and again precipitated in 2-

propanol. The precipitate was washed with 2-propanol and centrifuged at 1990 rpm 

for 5 min. This step was repeated five times. In the final step the precipitate was 

dissolved in toluene and centrifuged at 3700 rpm for 60 min and the formed gel was 

collected and air-dried for 48 h. The grafted samples were denoted B1.5-80-GMA-g-

ODA and B1.5-110-GMA-g-ODA, respectively. 
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3.5.3 ODA reference polymerization (Paper ІІІ) 

ODA was homopolymerized as a control experiment, where ODA (8 g) was dissolved 

in 30 mL of toluene together with 80 mg AIBN as initiator and polymerized at 70 °C 

for 2 h. The reaction mixture was removed from the heat and allowed to cool before 

it was precipitated in 2-propanol and washed according to the same protocol as 

applied to grafted xylan-GMA. Finally, the precipitated was dissolved in toluene, 

centrifuged at 3700 rpm for 60 min, and the resulting gel collected and air-dried for 

48 h. The ODA monomer and the ODA homopolymer were both analyzed by NMR 

(Figure S1 in Paper III supplementary information).  

3.5.4 Preparation of Xylan-GMA-g-ODA and PCL biocomposites 

(Paper ІІІ) 

Biocomposites were prepared by mixing PCL with 5% or 20% (w/w) of either B1.5-

80-GMA-g-ODA or B1.5-110-GMA-g-ODA (added as a powder to the PCL 

granules), and composite samples of PCL with 5% and 20% of non-modified B1.5-

80 and pure PCL were prepared as reference samples for comparison, using a twin-

screw miniextruder (DSMXplore 5 cm3 Micro-Componder). The temperature was set 

to 100 °C with a hold time of 2 min after injection and a screw speed of 100 rpm in 

counter-rotation mode. The dog-bone shape, length 75 mm and testing area 50 x 5 x 

2 mm (mould ISO527-2-1BA), was obtained using a mini-injection molder (Thermo 

Scientific Haake MiniJet Pro). The material was heated in a furnace to 130 °C and 

injected into the mold with an injection pressure of 500 bar for 10 s. The mold had a 

temperature of 30 °C and the post pressure was 100 bar for 10 s.  

  



                                                                                  EXPERIMENTAL 

26 

3.6 CHARACTERIZATION AND INSTRUMENTAL METHODS  

3.6.1 Atomic force microscopy (AFM)  

The morphology of the cellulose nanoparticles (CNC and CNF) was assessed in the 

dry state with AFM (Multimode V, Bruker, Santa Barbara, CA). To determine the 

size distribution of the CNC particles the samples were specifically prepared using 

layer-by-layer technique. Silicon wafers were used as substrates for adsorption. The 

wafers were placed in an air plasma cleaner (model PDC 002, Harrick Scientific 

Corporation, NY) for 4 min at 30 W. A cationic polymer was introduced for 5 min, 

washed and dried. Finally, the silicon wafers were rinsed with 2 x 10 – 4 wt.% of 

CNC solutions. 

The silica wafer was attached to an AFM specimen disk and a RTSP silica cantilevers 

(Burker) with a tip of 8 nm radius and a spring constant of 20 – 80 N m-1 and with 

fundamental resonance frequencies between 360 – 366 kHz were used. Images were 

processed in the dry state with tapping mode in amplitude, height and phase modes.  

NanoScope Analysis software (version 1.4, Bruker Corporation) was used to 

determine the particle diameters, where considering the height of the CNCs as 

equivalent to the diameter to eliminate the effect of tip radius on the width 

measurements. By counting more than 100 individual particles in each sample, the 

distribution of the particle length and diameter was determined ans considering the 

average value and standard deviations of the samples.  

3.6.2 Attenuated total reflectance fourier transform infrared 

spectrometry (ATR-FTIR)  

A Perkin-Elmer Spectrum 2000 FTIR (Paper I – III) with an attenuated total 

reflectance (ATR) crystal accessory (Golden Gate) was employed to analyse samples 

at room temperature and corrections were made for atmospheric water and carbon 

dioxide. All data was collected using Spectrum Timebase software and the spectra 

were calculated as an average of 32 individual scans. 
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Samples from article IV was analysed with a Perker-Elmer Spectrum 100 with a 

triglycine detector and equipped with a single reflection accessory unit (Golden Gate) 

from Graseby Specac LTD (Kent, England). Spectra was recorded at 4.0 cm-1 

resolution, at a range of 600 – 4000 cm-1 and calculated from 16 individual scans and 

corrections made for atmospheric water and carbon dioxide. The spectra were 

processed using the Perkin-Elmer Spectrum software.  

3.6.3 Contact angle measurement 

The static water contact angle was measured on films of B1.5-80, HB1.5-80-GMA, 

and B1.5-80-GMA-g-ODA with a Contact-Angle meter CAM-200 form KVS 

Instruments. A droplet of 3 µL of MiliQ water was applied on the film with an 

automatic dispenser according to the sessile drop method. A Basler A6021-2 camera 

was used to record the drop interaction with the film, and the static contact angle and 

calculated using One Attention software with corrected baselines. Only one droplet 

was applied on the B1.5-80 film, while three drops were applied onto the B1.5-80-

GMA and B1.5-80-GMA-g-ODA films at different sites, and the static contact angle 

was calculated as an average.  

3.6.4 Differential scanning calorimetry (DSC) 

A Mettler Toledo DSC 820 instrument was used to record thermograms of B1.5-80, 

B1.5-110, B1.5-80-GMA, B1.5-110-GMA, B1.5-80-GMA-g-ODA, B1.5-110-

GMA-g-ODA and the ODA homopolymer. Samples were heated from 25 ⁰C to 200 

⁰C and held at 200 ⁰C for 3 min, then cooled from 200 ⁰C to 25 ⁰C, held at 25 ⁰C for 

3 min, and finally heated from 25 ⁰C to 200 ⁰C under a nitrogen flow of 50 mL/min. 

The data were processed using STAR METTLER software. 

 

3.6.5 Dynamic light scattering (DLS) 

The ζ-potential of dispersions of CNC (1 mg/mL, sonicated for 7 min at 20% pulse 

at a 10 s on/off cycle) and CNF (0.06 mg/mL, sonicated for 2 min at 20% pulse at a 

10 s on/off cycle) were analyzed on a Zetasizer Nano ZS from Malvern Instruments 

(Malvern, UK) at 20 °C. 
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3.6.6 Field-emission scanning electron microscopy (FE-SEM) 

Images were reordered by Hitachi S-4800ultra-high-resolution field emission 

scanning electron microscopy (FE-SEM) operating at 5 kV. Using double-sided 

adhesive carbon tape to attach samples to stubs. Samples were coated with a 7 nm 

thick layer of gold/palladium with a Cressington 20HR Au/Pd sputter coater inert 

atmosphere. 

3.6.7 Gas chromatography (GC) 

The methylglucoronic acid content was determined with gas chromatography 

(Agilent Technologies 7890 B GC System equipped with an HP 5 column and using 

helium as carrier gas). Samples were prepared according to the method proposed by 

Li and co-authors.88-89 Methanolysis was performed on samples (5 mg) and erythritol 

(1 mg per sample as internal standard) with a 2.6 M Methanol-HCl at 80 ⁰C for 16 h. 

The methanol-HCl solution was prepared by slowly drop-wise adding 3 mL of HCl 

in 4.5 mL of methanol with the tube placed in an ice-bath. The solution was cooled 

to room temperature and subsequently evaporated with N2 gas for 2 h. Data was 

processed using OpenLABS DCS Chem-Station Edition for GC Systems (Agilent 

Technologies) software and the methylglucoronic acid content was calculated. The 

substitution was quantified by comparing the results with a beech xylan reference 

with known substitution. 

 

Acetyl chloride (99%, CAS nr.: 75-36-5, Acros Organics), methanol (100.0%, CAS 

nr.: 67-56-1, VWR Chemicals), and acetic anhydride (99 %, CAS nr: 108-24-7, 

Sigma Aldrich) were used to quantify methylglucuronic acid contents and xylan from 

beech wood (90%, CAS nr.: 9014-63-5, Sigma) was used as a reference. 

3.6.8 High-performance anion exchange chromatography with pulsed 

amperometric detection (HPAEC-PAD) 

The monosaccharide and lignin composition were determined according to the 

standard carbohydrate composition SCAN-CM 71:09. All samples were in the form 

of powders to allow access for the acid. In the cases where the samples were too 

bulky, Wiley mill with a 40 or 20 µm cut off filter was used to grind them into a 

powder. Samples of 200 mg (or 80 mg in case of lignin) was put into red-lidded Pyrex 

bottle together with 3 mL of H2SO4 (72%, LabService AB, Sweden). The material 
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was mixed in with a glass rod so that everything was in contact with acid and left for 

1 h under vacuum in a desiccator.  

 

Acid hydrolysis was performed at 4% dilution at 125 ⁰C for 60 min. Lignin content 

was determined gravimetrically after hydrolysis as the weight of the filtrate (the acid 

insoluble lignin also known as the Klason lignin). The sample hydrolysates eluent 

were diluted 10:1. The following sugars were treated the same way and used as a 

reference: L-(+)-Arabinose (99.9%, CAS nr.: 5328-37-0, Sigma), D-(+)-Galactose 

(99.9%, CAS nr.: 59-23-4, Sigma-Aldrich), D-(+)-Glucose (99%, CAS nr.: 50-99-7, 

Sigma), D-(+)-Xylose (99%, CAS nr.: 58-86-6, Sigma), D-(+)-Mannose (99%, CAS 

nr.: 3458-28-4, Sigma), L-Rhamnose monohydrate (99%, CAS nr.: 6155-35-7, 

Sigma). The hydrolysate with the sugar reference was diluted into a calibration curve.  

 

The monosaccharide composition was determined using HPAEC-PAD (ICS-3000 

Dionex, Sunnyvale CA, USA). The system was equipped with a CarboPac PA1 (4 x 

250 mm) column, using 260 mM NaOH, 170 mM acetate and Mili-Q water gradient 

as the mobile phase. The results were an average of at least two individual runs and 

processed using Chromeleon 7.1 software. The percentage of lignin and each 

monosaccharide component contributes to 100% of the sample. 

3.6.9 Metal analysis  

Metal content analysis of W-105-20 and B0.5-140-60 (in mg/g dry matter) was 

performed by Eurofins Environment Sweden AB (Linköping, Sweden). Samples 

were analysed for the sintering metals aluminium, calcium, potassium, magnesium, 

sodium and silica.  

3.6.10 Moisture content determination of straw and pulp 

The moisture content in samples (approximately 1 g wet) was determined using a 

Mettle Toledo Moisture Analyzer HB43-S by heating each sample to 160 °C and the 

weigh-loss recorded. The dry content was reported as a % of the initial content.  
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3.6.11 Nuclear magnetic resonance (NMR) 

Samples were analyzed in a Burker DMX-400 NMR spectrometer operating at 400 

MHz, after being pipetted into NMR tubes with an outer diameter of 5 mm. Data was 

processed using MestReNova software. 

Analysis of crude hemicellulose and macroinitiator samples (Paper I – III)  

Crude hemicellulose samples including B1.5-80-GMA and B1.5-110-GMA (25 mg) 

was dissolved in 1 mL D2O and freeze-dried to remove internally bound water. This 

step was repeated 3 times, after with 0.6 mL DMSO-d6 was added and mixed until 

adequate suspension. A 1H NMR spectra of 128 scans were recorded. 

Chemicals used were deuterium oxide (D, 99.9%, CAS nr.: 7789-20-2, Cambridge 

Isotope laboratories, Inc, USA) and dry DMSO with 0.05% TMS as internal standard 

from ampules (D, 99.9%, CAS nr.: 2206-27-1, Cambridge Isotope laboratories, Inc, 

USA) or DMSO-d6 (Cambridge Isotope laboratories, Inc., USA, D, 99.9%, CAS nr.: 

2206-27-1). 

Analysis of modified and grafted xylan samples (Paper III) 

Samples of grafted B1.5-80-GMA-g-ODA and B1.5-110-GMA-g-ODA (25 mg) 

were dissolved in 0.6 mL toluene-d8 (Cambridge Isotope laboratories, Inc., USA, 

99.6%, CAS nr.: 2037-26-5) and stirred at 50 °C heating for a few hours until 

adequate suspension and then directly pipetted into NMR tubes and subsequently 

analyzed. A 1H NMR spectra of 128 scans were recorded. 

Analysis of lignin samples (Paper IV)  

Samples (100 mg) were dissolved in 0.7 mL DMSO-d6 (Cambridge Isotope 

laboratories, Inc., USA, D, 99.9%, CAS nr.: 2206-27-1). 2D HSQC NMR analysis 

was performed according to the method described by Zhang and Gellerstedt.90   
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3.6.12 Residual hydroxide concentration in liquid  

The residual hydroxide ion concentration on the extraction liquid was determined 

according to SCAN N 33:94 standard method. 

3.6.13 Size-exclusion chromatography (SEC) 

The water/alkaline SEC system Dionex Ultimate-3000 HPLC (Dionex, Sunnyvale, 

CA, USA) was used to determine the molecular weights (Mw and Mn) and dispersities 

(Đ) of extracted hemicelluloses and xylan-GMA. The SEC system used was equipped 

with three PS surprema columns in series (300 × 8 mm, 10 µm particle size) with 

pore sizes of 30 Å, 1000 Å and 1000 Ås, together with a guard column (50 × 8 mm, 

10 µm particle size), LPG-3400SD gradient pump, a WPS-3000SL autosampler  a 

Waters-410 refractive index detector (Waters, Millford, MA, USA)  and a DAD-3000 

UV/Vis detector (Dionex, Sunnyvale, CA, USA). The mobile phase was 10 mM 

NaOH(aq) with a flow rate of 1 mL/min and was maintained at 40 °C during analysis. 

Each sample (4 mg) was dissolved in 1 mL of 10 mM NaOH(aq) and stirred on a 

shaking board until acceptable dissolution was achieved (approximately 2 h). The 

samples were then filtered through 0.45 µm PTFE filters before injection into analysis 

vials. Pullulan standards with controlled molecular weights ranging from 342 to 708 

000 g/mol (PSS, Germany) were used for calibration. The data were processed and 

analyzed using Chromeleon 7.1 software. 
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3.6.14 Thermal gravimetric analysis (TGA) 

A Mettler Toledo TGA/DSC and with STARe software for data processing was used 

for TGA analysis of samples. System was calibrated using the melting points of 

standards In, Zn and Al. 

Ash content (Paper I, II, IV) 

Samples (approximately 5 – 10 mg) were heated from 25 or 40 °C to 800 °C at a 

heating rate of 10 °C /min in N2 with a flow rate of 50 mL/min. The atmosphere was 

changed to 50 mL/min O2 at 800 °C and the ash content was calculated as the weight 

loss when O2 was introduced.91  

Thermal decomposition (Paper III) 

Samples (approximately 10 mg) was heated form 25 °C to 800 °C in N2 with a flow 

rate of 50 mL/min and with a heating rate of 10 °C/min.  

Thermal behavior (Paper IV)  

Samples (approximately 4 mg) was placed in a 70 µL alumina crucible without lid. 

Each sample was repeated twice and the average including the standard deviation of 

the thermal parameter obtained from these replicates were considered as 

representative. Pyrolysis was done from 25 °C to 750 °C at 10 °C/min under a 

nitrogen atmosphere (50 mL/min). Preceding the sample run, the measurement was 

corrected with a blank run. The resulting data of the experimental curves were closely 

spaced and contained more than 2000 points. The thermogravimetric (TG) and 

derivative thermogravimetric (DTG) curves were obtained using STARe Evaluation. 

The onset (initial decomposition temperature) was obtained by extrapolating the 

slope of the DTG curve in correspondence with the first local maximum in the second 

derivative thermogravimetric curve and down to the zero level of the DTG axis.92  
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3.6.15 Tensile testing 

Tensile testing was done on an Instron 5566 at 23 °C and 50% relative humidity with 

Bluehill software used for test-control and result analysis. Prior to testing samples 

was conditioned for at least a week in the testing environment. Width and thickness 

were determined as the average of 5 measurements prior to testing. 

 

The cast films of extracts HW-105-20, HB0.1-120b, HB0.5-105-20 and HB0.5-140-

60 was cut into strips with average width 5 mm and length approximately 40 mm, 

allowing a 20 mm long testing length. 

  

The dog-bone shaped samples of the biocomposites and pure PCL were tested at a 

speed of 50%/min.  

3.6.16 X-ray diffraction (XRD) 

The crystalline index (CI) of the straw, bleached pulp and the cellulose nanoparticle 

samples was determined using an analytical X’Pert PRO MRD equipped with an 

X’Celerator detector. The analysis was performed with monochromatic CuKα 

radiation (ƛ=1.542˚A) at 30 mA and 40 kV over the range of 2θ=10-50◦ with a 

scanning rate of 1.0 min-1 at room temperature. The crystalline index (CI) was 

determined using the empirical method proposed by Segal and co-authors according 

to (Eq. 13).93  

 

𝐶𝐼 =  
𝐼200 − 𝐼𝑎𝑚

𝐼200
× 100 

Eq. 13 
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4 RESULTS AND DISCUSSION 

Hemicellulose, cellulose and lignin were individually extracted from rapeseed straw 

in line with the biorefinery concept where the aim was to obtain polymers that can 

primarily be used as green materials resource (Figure 3).  

 

Figure 3. Overview of the rapeseed straw biorefinery (Paper I – IV). 

In the first step the rapeseed straw anatomy and composition was characterized 

(Chapter 4.1, Paper II). Since the hemicelluloses are most susceptible to degradation 

reactions, the first step was to develop an extraction strategy of the hemicelluloses. 

Polymeric hemicelluloses were extracted through a hydrothermal process and the 

extraction conditions effect on the molecular weight and composition was determined 

(Chapter 4.2, Paper I and II). After this, the more robust cell-wall polymers, lignin 

and cellulose, were targeted. The alkaline treated straw residue from hemicellulose 
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extraction was further delignified in a soda pulping step. The straw residue was then 

bleached, and cellulose particles were produced (Chapter 4.3, Paper IV). Lignin was 

precipitated from the soda cooking liquid and characterized (Chapter 4.4, Paper IV). 

The extracted crude hemicelluloses were further used as films (Chapter 4.5, Paper I) 

and renewable thermoplastic additives to PCL (Chapter 4.6, Paper III).  

4.1 THE RAPESEED STRAW ANATOMY AND COMPOSITION  

The morphology and anatomical structure of crude rapeseed straw macrostructure 

was visualized with SEM (Figure 4), and the interior and wall composition were 

characterized to understand the distribution of lignin and polysaccharides (Table 3). 

The straw consists of, an epidermis facing the exterior, an inner hard wall, vascular 

bundles and, in the core, a sponge-like interior of dry cell walls. The outside wall of 

the epidermis is smooth while the inner hard wall has a wood-like rough structure. 

The vascular bundles are responsible for the conduction in monocotyledonous stems 

and consist of spiral cells where the cellulose acts as framework.94-96  The sponge-

like interior had a bubble-like structure made visible by SEM.  

 

The interior was manually removed from the stem prior to analysis with HPAEC-

PAD. The distribution of lignin and polysaccharides was determined using HPAEC-

PAD. The rigid epidermis had a higher content of lignin and hemicelluloses than the 

interior which consists mostly of cellulose and smaller amounts of lignin and 

hemicelluloses. 
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Figure 4. The rapeseed straw: (A) straw in the field, (B – C) cross-section views of the straw, 

(D) the outer wall, (E) the inner wall, (F) vascular bundles and (G) inner structure. (The SEM 

pictures had the following of: C1 30x, C2 150x, D 300x, E 300x, F1 600x, F2 600x, F3 1000x, 

F4 300x and G 300x magnification.  

Table 3. Lignin and monosaccharide composition (%) of epidermis including vascular 

bundles and interior. 

% Epidermis and 

vascular bundles 

Interior 

Lig. 19 8 

Ara. 2 2 

Gal. 2 3 

Glu. 50 67 

Xyl. 22 11 

Rha.  2 5 

Man.  3 4 
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4.2 DEVELOPING AN EXTRACTION STRATEGY FOR 

POLYMERIC HEMICELLULOSES 

The hemicelluloses are sensitive to degradation reactions due to their lower degree 

of polymerization and their structure and are thereby highly influenced by the 

extraction conditions. From a material perspective, producing hemicelluloses with 

high molecular weight and appreciable yield is crucial. A good understanding of how 

the extraction conditions affect the composition, molecular weight and yield is 

necessary. Two extraction studies were performed where the hemicelluloses were 

extracted with water, alkali and acid at different temperatures and times. The first 

study, a full statistical screening design with high and low levels of temperature, time 

and alkali charge provided knowledge about the effect of the extraction conditions. 

Severity factor modelling and expanding the extraction conditions provided deeper 

insights from which the extraction conditions could be selected. 

4.2.1 Structural analysis of crude extracts    

1H-NMR and ATR-FTIR analysis of extracts (Figure 5 and 6) provided an initial 

confirmation that the hydrothermal processes indeed yielded an extract-rich in 

polysaccharides and some lignin. The hemicellulose chains are often decorated with 

pendant groups such as arabinose, galactose, and uronic acid and acetyl groups.17 

These groups play important parts in the solubilisation and extraction of the 

hemicellulose chain (see Introduction 2.3.2). The amount of uronic acid in the 

extracts was low (Paper II Table 2), and especially in the extracts obtained with alkali 

where the amount was nearly non-existent. Similarly the alkali-extracted 

hemicelluloses were more deacetylated than the extracts obtained with water (H-

NMR peaks at 1.5 to 1.8 ppm), or acid, in which these groups were preserved (peak 

at 2.1 ppm) (Figure 5).97-99 This is in accordance with a study by Parajó and co-authors 

who found that uronic acid and acetyl groups were cleaved off in the presence of 

alkali while during autohydrolysis, these were preserved.100 The deacetylation during 

alkaline treatment was also expected since deacetylation increases with increasing 

alkali charge.40-41 
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Figure 5. H1-NMR analysis of selected crude extracts. Peak assignments: a. H2O from 

internally bound water, b. anomeric protons on the polysaccharide, c. DMSO-d6, d. e. and f. 

–CH3 in acetyl substituents on xylan.  

ATR-FTIR analysis of extracts (Figure 6) which provided an initial confirmation that 

the hydrothermal processes indeed yielded extracts rich polysaccharides and some 

lignin. The spectra exhibited characteristic adsorptions bands such as the broad band 

at 3500 – 3200 cm-1 which was assigned to bonded OH-groups and the smaller band 

at 3000 – 2800 cm-1, which was assigned to CH-groups. The two bands at 1600 – 

1585 cm-1 and 1500 – 1400 cm-1 were assigned to the aromatic C-C ring stretching 

vibrations. The band at 1050 cm-1 was assigned to C-O and C-O-C bonds. The small 

adsorption band at 895 – 900 cm-1 was characteristics of β-glyosidic bonds, indicating 

that the polysaccharides are polymeric. Some of the spectra have a small peak at 1700 

cm-1 indicating the presence of acetyl pendant groups. 101-103 This was a good 

indication that hemicelluloses were indeed extracted under the applied conditions. 

More detailed analysis of the extracts was needed to unveil the physicochemical 

characteristics.  
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Figure 6. ATR-FTIR of extracts obtained with acid, water and alkali at 110 ⁰C.   
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4.2.2 The effect of extraction conditions on the hemicellulose  

The relative lignin and monosaccharide composition, ash content, uronic acid groups, 

yield and mass flows, including the molecular weight of the extracts are reported in 

Table 4. The amount of furfural was not determined because more severe extraction 

conditions are required to generate furfural than those applied in this work.37  

Water extraction targeted the extraction of glucomannan,22, 29 which was confirmed 

by the monosaccharide composition of the extracts obtained with water. Lignin, xylan 

and pectic substances, indicated by the presence of arabinose and rhamnose in the 

extract, were co-extracted as well. Indeed, as the extraction temperature increased, 

from 80 ⁰C to 140 ⁰C, the more xylan was solubilized and the overall molecular 

weight of the extract increased. To confirm this trend, an additional water extraction 

from fresh straw at 150 ⁰C for 60 min was also done. It resulted in an extract with the 

highest molecular weight and approximately equal amounts of glucomannan, xylan 

and lignin.  

 

Acidic extraction resulted in extracts with co-extracted lignin, glucomannan and 

xylan. The molecular weight was slightly lower than extracts obtained with water. 

From an instrumental perspective, water extraction would be preferred to obtain 

glucomannan due to its less corrosive nature. 

  

Alkaline extraction targeted extraction of xylan. Generally, as the alkali charge 

increases so does the amount of extracted xylan and the molecular weight. Low alkali 

charge, 0.1 M NaOH, resulted in an extract with co-extracted lignin, glucomannan 

and xylan with high molecular weight. The highest alkali charge, 1.5 M NaOH, 

resulted in an extract rich in xylan with a low content of lignin, high molecular weight 

and the highest yield. The high alkali charge and a temperature less than 110 ⁰C 

promotes the stopping reaction on xylan and thereby preserves the chain length 

compared with lower alkali charge.28 This was previously demonstrated by Testova 

and co-authors and was also the case for the extracts obtained in this study. The 

molecular weight of B1.5-140 was slightly lower than that of B1.5-110. 
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Table 4. Lignin and monosaccharide composition of extracted hemicellulose fractions, 

molecular weights and dispersity, ash and yield g/ 100 g charged straw, including calculated 

lignin, xylose and mannose mass flows. 

 Lignin and monosaccharide composition, %*  
 

Lig. Ara. Gal. Glu. Xyl. Rha. Man. 

 

Extracts from water 

W-80 12 ± 1 12 ± 0 16 ± 0 41 ± 0 6 ± 0 6 ± 0 8 ± 0 

W-105-20 15 ± 4 14 ± 1 25 ± 1 31 ± 2 4 ± 0 n. d. 10 ± 0 

W-105-60 12 ± 0 8 ± 0 21 ± 0 45 ± 0 3 ± 0 n. d. 12 ± 0 

W-110 13 ± 3 12 ± 0 15 ± 0 39 ± 1 5 ± 0 6 ± 0 10 ± 0 

W-140-20 10 ± 0 11 ± 0 21 ± 0 40 ± 0 5 ± 0 n. d. 12 ± 0 

W-140-60 11 ± 1 15 ± 0 25 ± 0 25 ± 1 9 ± 0 n. d. 14 ± 0 

W-140 14 ± 0 17 ± 0 14 ± 0 27 ± 0 7 ± 0 9 ± 0 11 ± 0 

W-150 13 ± 0 16 ± 0 14 ± 0 25 ± 0 12 ± 0 10 ± 0 10 ± 0 

 

Extracts from alkaline extraction 

B0.1-120a 10 ± 1 11 ± 0 23 ± 0 35 ± 1 12 ± 1 n. d. 10 ± 0 

B0.1-120b 9 ± 1 13 ± 4 28 ± 7 21 ±18 17 ± 5 n. d. 12 ± 3 

B0.25-80 7 ± 0 15 ± 0 17 ± 0 22 ± 1 25 ± 0 10 ± 0 4 ± 1 

B0.25-110 10 ± 4 19 ± 1 20 ± 1 16 ± 1 18 ± 1 14 ± 1 3 ± 0 

B0.25-140 9 ± 0 17 ± 0 18 ± 0 14 ± 0 31 ± 0 9 ± 0 3 ± 0 

B0.5-105-20 7 ± 0 13 ± 0 20 ± 0 0 ± 0 57 ± 0 n. d. 4 ± 0 

B0.5-105-60 7 ± 0 13 ± 0 23 ± 0 18 ± 0 33 ± 0 n. d. 6 ± 0 

B0.5-140-20 7 ± 3 12 ± 0 22 ± 2 18 ± 1 35 ± 1 n. d. 6 ± 0 

B0.5-140-60 9 ± 2 13 ± 0 18 ± 0 0 ± 0 58 ± 1 n. d. 2 ± 0 

B1.5-80 5 ± 2 8 ± 1 9 ± 1 11 ± 2 63 ± 4 1 ± 1 3 ± 0 

B1.5-110 3 ± 0 9 ± 0 8 ± 0 7 ± 0 72 ± 0 0 ± 0 2 ± 0 

B1.5-110-bioref 6 ± 1 6 ± 0 6 ± 0 6 ± 1 72 ± 1 2 ± 0 1 ± 0 

B1.5-140 3 ± 1 9 ± 0 7 ± 0 5 ± 0 74 ± 1 0 ± 0 1 ± 0 

 

Extracts from acidic extraction 

A-80 6 ± 1 14 ± 3 16 ± 1 45 ± 2 6 ± 0 8 ± 0 6 ± 0 

A-110 7 ± 2 24 ± 1 16 ± 0 31 ± 1 5 ± 0 10 ± 0 7 ± 0 

A-140 9 ± 2 19 ± 0 16 ± 0 24 ± 1 13 ± 0 11 ± 0 9 ± 0 

n. d. = not determined 

* = Relative composition  



                                                            RESULTS AND DISCUSSION 

42 

Sample abbreviations: Extraction media-temperature (in ⁰C)-time (in min). The time is 

added for the first hemicellulose extraction study (Paper I, experimental 3.3). W = water, 

B1.5 = 1.5 M NaOH(aq), and A = 1 mM HCl. 

Molecular weight, g/mol and 

dispersity 

Ash, 

wt.% 

Mass flows, g/100 g charged straw 

Mn Mw Ð Yield Lig. Xyl. Man. 

 

11 020 15 040 1.4 10 1.9 0.3 0.1 0.1 

13 850 19 320 1.4 8 1.7 0.2 0.1 0.2 

14 620 24 680 1.2 n. d. 2.1 0.3 0.1 0.3 

11 210 14 730 1.3 13 2.5 0.3 0.1 0.3 

15 150 25 560 1.7 n. d. 3.2 0.8 0.2 0.4 

15 180 24 880 1.7 17 3.1 0.7 0.3 0.4 

16 790 22 180 1.3 13 5.1 0.6 0.4 0.5 

27 270 35 200 1.3 16 6.1 0.8 0.8 0.6 

 

17 055 32 710 1.9 n. d. 7.3 0.7 0.9 0.7 

17 530 37 030 2.1 n. d. 7.9 0.7 1.3 1.0 

13 800 19 630 1.4 5 10.9 1.3 2.8 0.4 

13 250 22 170 1.7 11 13.6 1.6 2.5 0.4 

17 840 23 720 1.3 1 16.9 2.0 5.3 0.5 

16 050 25 970 1.6 5 12.1 0.8 6.9 0.5 

16 300 27 430 1.7 n. d. 10.1 0.7 3.3 0.6 

15 640 24 710 1.6 n. d. 14.2 1.0 5.0 0.9 

14 050 20 780 1.5 8 13.4 1.2 7.8 0.3 

17 050 25 030 1.5 6 29.2 3.5 18.3 0.8 

22 520 36 000 1.6 2 33.2 4.0 23.9 0.7 

44 450  56 760 1.3 n. d. 31 n. d. n. d. n. d. 

20 270 30 150 1.5 3 47.0 5.6 34.8 0.5 

 

14 250 15 980 1.1 18 3.1 0.3 0.3 0.3 

16 100 19 920 1.2 17 4.4 0.5 0.3 0.3 

15 160 17 390 1.2 25 5.1 0.6 0.6 0.5 
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4.2.3 Extraction yield and mass flows  

The main purpose of the hemicellulose extraction studies was to establish the 

conditions where a hemicellulose with high molecular weight and with adequate yield 

could be obtained. The yield was therefore not the primary factor during the 

hemicellulose extraction compared with the molecular weight. In this project, the aim 

was to use the extracted hemicelluloses as a material resource (Chapter 4.4). The first 

extraction study (Paper I) provided crucial information for the design of the second 

extraction study (Paper II).  

In the first extraction study, the parameters time, temperature and pH were varied 

between a high and low level. The yield was overall slightly higher for 20 min of 

extraction than at 60 min of extraction. The molecular weight was higher for extracts 

obtained at a longer extraction time than extracts obtained with a shorter extraction 

time at the lowest extraction temperature (105 ⁰C) (comparing W-105-20 with W-

105-60 or B0.5-105-20 with B0.5-105-60). At the higher extraction temperature of 

140 ⁰C it was the opposite. At a lower extraction temperature, a longer extraction time 

was needed to isolate hemicelluloses with high molecular weight. In the second 

extraction study (Paper II) the extraction time was fixed at 60 min and the temperature 

interval was expanded: an extraction temperature of 80 ⁰C was included in the study.  

Generally, the extraction yield increased with temperature, which is in accordance 

with previous study by Song and co-authors.29 Also, the yield increased with 

increasing pH of the extraction liquid (alkaline extraction) or decrease in pH (acidic 

extraction). Alkaline extraction yielded the highest amount of isolated extracts 

compared with water and acidic extraction. Additionally, the extraction yield 

increased with increasing alkali charge. The amount of dissolved xylan followed the 

same trend. Lignin was co-extracted, and the degradation and solubilisation of 

lignin increased with the extraction temperature. The highest percentage of lignin 

was obtained during water extraction and the lowest was obtained during alkaline 

extraction with 1.5 M NaOH. The amount of mannan increased with extraction 

temperature when water, acid or lower alkali charge (0.1 M NaOH, 0.25 M NaOH 

and 0.5 M NaOH at 105 ⁰C for 60 min or 0.5 M NaOH at 140 ⁰C for 20 min) was 

used. However, the amount of mannose clearly decreased during extraction with 1.5 

M NaOH and as the temperature was increased. 
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4.2.4 Severity factor analysis  

The severity factor is a mathematical model that describes the dissolution and 

behaviour of xylan during hydrothermal processing. It assumes that the xylan 

removal is dependent on a first order differential equation between the percent xylan 

remaining in solid phase and R0.104 It combines the effect of residence time and 

temperature into one parameter R0 and simplify the interpretation of data.84 Results 

are plotted against the logarithm R0 and an optimum is found within a narrow range 

of log(R0).104 If the residence time is fixed and the temperature is varied, the severity 

factor, log(R0), will increase or decrease along with the increase or decrease of the 

temperature. An increase in temperature corresponds to an increase in log(R0) and 

vice versa. Therefore an increase in log(R0) corresponds to more severe extraction 

conditions.105 As log(R0) increases, the more xylan is removed from the solid 

phase.104 However, it should be kept in mind that this is a rough measurement of the 

harshness of the extraction conditions. It does not apply universally to a wide range 

of conditions and does not accurately account for all extraction conditions such as pH 

variations.85, 105  

 

The severity factor analysis was applied to the extracts of the second extraction study 

(Paper II). The severity factor was calculated in two ways; log(R0) and log(R0´), 

where log(R0´) takes the effect of pH into account by multiplying R0 with [H+]. The 

extract yields were plotted against log(R0) (Figure 7) and the molecular weights of 

the extracts were plotted against log(R0) and log(R0´) respectively (Figure 8). As the 

severity factor increased, the yield increased which corresponds to less 

hemicelluloses remaining in the solid phase (Figure 7). The results, Mw vs. log(R0´), 

cluster depending on pH into clearly defined areas (Figure 8b). For water extraction, 

the molecular weight increased with increasing severity. The same was observed for 

extracts obtained with 0.25 M NaOH but less pronounced. For extracts obtained with 

1.5 M NaOH and acid, the molecular weight reaches a maximum at 110 ⁰C.  

 

The calculated severity factor provided an easy comparison of how the extraction 

conditions (temperature and pH of the extraction liquid) influence the molecular 

weight and yields of the extracts. However, comparing the severity factors in this 

study with those in literature is not straightforward. First, the aim of many studies 

thus far is to obtain oligo- or monosaccharides which necessities much more severe 
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extraction conditions.31, 37, 106-107 There are exceptions, for instance Roos and co-

authors demonstrated the use of severity factor to obtain hemicelluloses from barley 

husks with high yields and high molecular weight using a microwave-assisted 

extraction method.25 Just as in study, they also reported that an increase in severity 

(corresponding to an increase in time or temperature) will increase the yield at the 

expense of the molecular weight. Secondly, many studies do not report pH, although 

pH is necessary when calculating R0´. There are two ways to determine pH: either by 

directly measuring the pH of the extraction liquid or by calculation. The calculated 

and measured pH values will not be equal. Identical extraction conditions will 

therefore result in two possible R0´ values, making comparisons more difficult.37 

Thirdly, the severity factor is derived from a scenario where xylan, not glucomannan, 

is removed with water as the extraction medium. Severity factor values in the 

literature only considers the treatment temperature and resident time while 

contributions of heating and cooling are ignored.108-109 To allow for comparison, the 

severity factors reported in this study were calculated in the same way and only the 

treatment temperature and time were considered in the calculations. 

 

 

Figure 7. The yield of crude extracts in dry weight g/100 g as a function of calculated severity 

factors, log (𝑅0).  
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Figure 8. Molecular weight (Mw) extracts recovered during extraction study 2 under different 

extraction conditions as a function of A. calculated severity factors, log (𝑅0) and B. the 

calculated severity factor with the effect of pH included, log (𝑅0
′ ).   
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4.2.5 Inorganics and metal analysis  

The ash content (Table 5) was measured using TGA, where the samples was heated 

to 800 ⁰C under nitrogen atmosphere and when 800 ⁰C was reached the atmosphere 

was switched to oxygen. The general trend was that the extracts obtained with acid 

yielded the highest amount of ash followed by water and then alkali. The trace metal 

content was determined for samples W-105-20 and B0.5-140-60. The alkaline 

extracted B0.5-140-60 had the highest content of sodium which was expected since 

the liquid was freeze-dried where only water was removed. The high contents of 

calcium, potassium, magnesium and silica demonstrates that these metals were more 

readily dissolved in water extraction than alkali. The low content of silica is positive 

since it is known to be problematic for processing equipment. Full metal analysis is 

seldom performed in hemicellulose extract studies, so comparison with other straw 

hemicelluloses is difficult.  

 

 

Table 5. Metal elements in samples W-105-20 and B0.5-140-60. 

Elements (mg/g dry matters) W-105-20 B0.5-140-60 

Aluminium (Al) 0.085 0.32 

Calcium (Ca) 42 5.6 

Potassium (K) 110 17 

Magnesium (Mg) 4.2 0.43 

Sodium (Na) 12 200 

Silica (Si) 2.2 < 0.62 
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4.2.6 The straw residue after hemicellulose extraction  

The effect of extraction severity on the rapeseed straw anatomy was visualized with 

SEM (Figure 9). The bubble-like interior was most affected by the hydrothermal 

extraction and was clearly disintegrating with increasing extraction severity. The cell 

walls were somewhat disrupted with water extraction at 110 ⁰C, and at 140 ⁰C the cell 

walls were more fragmented with more pinholes. During alkaline extraction the 

fragmentation was more severe and by highly basic conditions at 140 ⁰C the cell walls 

had collapsed completely.  

 

It was clear that cellulose and most of the lignin was left in the straw residue after 

hemicellulose extraction (Table 5). The amount of glucose in the straw residue 

corresponds to effectiveness of the hemicellulose extraction, where an increase in 

glucose content corresponds to more effective solubilisation (and/or degradation) of 

hemicelluloses. The relative content of glucose increased most for hydrothermal 

extraction with high alkali charge. This indicated a more effective dissolution of 

hemicellulose and lignin from the straw residue.  The SEM pictures confirm the 

conclusion that the anatomical structure was affected (collapsed cell walls at high 

alkali charge) and the fibers were not liberated.  

 

Mannose was readily extracted from the straw, while there was still some xylan left 

in the straw. Only the easily dissolved lignin was solubilized along with the polymeric 

hemicellulose. The amount of lignin left in the straw residue was roughly constant, 

especially for water extraction. At higher alkali charge and temperature, the straw 

was more delignified. The low content of rhamnose, arabinose and galactose (Table 

4 and Table 6) indicates that the pectic substances were solubilized along with 

hemicellulose and lignin.  The ash content of the straw residue was overall low. The 

straw residue from acid and alkaline extraction was not washed before drying and 

thereby some Na+ and Cl- from the extraction liquid may contribute to the ash content.  
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Figure 9. Visualizing with SEM at 300x magnification the changes in the rapeseed straw 

anatomical structure after extractions at different severity.   
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Table 6. Lignin and monosaccharide composition including ash content of the straw residue 

after hemicellulose extraction. Sample abbreviations: Extraction media-temperature (in °C)-

time (in min). The time is added for hemicellulose extraction study 1 (Experimental 3.3). 

Where, W = water, B1.5 = 1.5 M NaOH(aq) and A = 1 mM HCl.  

*Relative composition 

** Straw after extraction of B1.5-110 in the biorefinery study   

 Lignin and monosaccharide composition, %* Ash, 

wt% Lig. Ara. Gal. Glu. Xyl. Rha. Man. 

 

Total straw before extraction 

Straw 19 ± 0  1 ± 0  2 ± 0  49 ± 0 21 ± 0  1 ± 0  6 ± 0  4 

 

Straw after water extraction 

 

W-80 19 ± 0  1 ± 0  2 ± 0  50 ± 0  19 ± 0  1 ± 0  7 ± 0  6 

W-105-20 19 ± 0  1 ± 0  2 ± 0  50 ± 0  25 ± 0  n. d. 3 ± 0  8 

W-110 19 ± 0  1 ± 0  2 ± 0  52 ± 1  21 ± 0  1 ± 0  4 ± 0  2 

W-140-60 22 ± 0  0 ± 0  1 ± 0  54 ± 0  22 ± 0  n. d. 1 ± 0  17 

W-140 20 ± 0  1 ± 0  2 ± 0  52 ± 0  20 ± 0  1 ± 0  3 ± 0  2 

W-150 20 ± 1  1 ± 0  2 ± 0 52 ± 1  21 ± 0  1 ± 0  3 ± 0  11 

 

Straw after alkaline extraction 

B0.25-80 19 ± 0 1 ± 0 2 ± 0  51 ± 0  21 ± 0 1 ± 0 6 ± 0  13 

B0.25-110 21 ± 0 1 ± 0 1 ± 0  53 ± 0  21 ± 0 1 ± 0 2 ± 0  5 

B0.25-140 21 ± 0 1 ± 0 1 ± 0  55 ± 1  21 ± 0 1 ± 0 1 ± 0  4 

B0.5-105-20 19 ± 0  1 ± 0  2 ± 0  51 ± 0  25 ± 0  n. d. 3 ± 0  5 

B0.5-140-60 21 ± 2  0 ± 0  0 ± 0  57 ± 1  22 ± 1  n. d. 0 ± 0  8 

B1.5-80 20 ± 5  1 ± 0 2 ± 0  53 ± 3  22 ± 1 1 ± 0 2 ± 0 12 

B1.5-110 17 ± 1  1 ± 0   1 ± 0  62 ± 0  19 ± 0  0 ± 0 1 ± 0 12 

S1-straw** 21 ± 0 1 ± 0 1 ± 0 61 ± 0 14 ± 0 0 ± 0 1 ± 0 14 ± 2 

B1.5-140 16 ± 1  1 ± 0 1 ± 0  63 ± 0  18 ± 1  0 ± 0 1 ± 0 11 

 

Straw after acidic extraction 

A-80 20 ± 0  1 ± 0  2 ± 0  50 ± 1  21 ± 1  1 ± 0 4 ± 0  7 

A-110 20 ± 0  1 ± 0  2 ± 0  52 ± 0 21 ± 0  1 ± 0  3 ± 0  3 

A-140 19 ± 0  1 ± 0 2 ± 0 53 ± 0  22 ± 1  1 ± 0 3 ± 0 10 
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4.2.7 Selecting hemicellulose extraction conditions for the biorefinery 

pathway 

Considering all the presented results regarding hemicellulose extraction, a decision 

was made to select the extraction conditions for the biorefinery pathway. The 

extraction conditions which resulted in the highest molecular weight, best 

monosaccharide composition, and adequate yield in Papers I and II were selected. 

The main application in mind for the hemicellulose was as a material resource. The 

hemicellulose film study (Chapter 4.4, Paper I) demonstrated great potential of 

rapeseed straw xylan.  

 

From the second extraction study (Paper II) there were few candidates of conditions 

that yielded hemicellulose extracts with high molecular weight. Extract W-150 had 

high molecular weight and the highest yield of all the water extracts. However, the 

lignin and monosaccharide composition were a mixture of xylan, glucomannan and 

the highest percent of lignin. B1.5-110 had the highest molecular weight combined 

with the highest yield and highest percent of xylan and lowest percent of lignin. Any 

of the extracts obtained with 1.5 M NaOH could be viable as alternatives, especially 

B1.5-80 and B1.5-110. Both were used as a renewable additive to PCL and worked 

equally well (Chapter 4.4, Paper III). With the option to only choose one, ultimately, 

the extraction conditions used for sample B1.5-110 was selected. The main reason 

was the higher molecular weight (Mw), higher content of xylan and lower amount of 

lignin obtained for this sample (Table 3).  

4.2.8 The pre-alkaline step in the biorefinery process 

The pre-alkaline step in the biorefinery process had the extraction conditions 

equivalent to sample B1.5-110. Tables 3 and 6 show the lignin and monosaccharide 

composition of extracts and straw residues of B1.5-110 (Paper II) and B1.5-110-

bioref (Paper IV). The similarity between the two samples confirms the repeatability 

of the extraction process. There is however one difference between the extraction 

procedure of B1.5-110 (Paper II) and B1.5-110-bioref (Paper IV), where in the 

biorefinery procedure only half of the liquid was removed during the filtration step 

of the straw. Unlike for B1.5-110 (Paper II) where as much of the free liquid as 

possible was collected.   
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4.3 CELLULOSE NANOPARTICLES  

In the biorefinery approach the aim was to fractionate the straw into its xylan, lignin 

and cellulose components. The process was divided into three chemical steps 

(Scheme 1): pre-alkaline step for the extraction of xylan, soda pulping step for the 

delignification of the straw and finally bleaching to purify the cellulose fraction. 

Cellulose nanoparticles were produced from the bleached cellulose fraction.  

4.3.1 Evaluation of soda pulping of rapeseed straw and bleaching 

After the pre-alkaline step, the straw was put back into the autoclaves and the next 

step was to delignify the straw. In this step the lignin is solubilized into the aqueous 

phase and the cellulose fibres left in the solid phase. The liquid-to-straw in the soda 

cooking step was 5:1 since half of the liquid was removed from the original 10:1 

liquid-to-straw ratio (Step 2, Scheme 1). The residual alkali in the liquid after the pre-

alkaline step was determined to 22% (Table S1 in supporting information of Paper 

IV).  Together with a temperature increase to 155 °C, conditions were deemed enough 

to promote delignification. Two times, 1.5 h and 3 h, were chosen for this step. The 

soda pulping conditions in this study were within what have been previously been 

demonstrated with an alkali charge between 14 – 23 %, a pulping time between 40 – 

220 min and at cooking temperatures between 160 – 185 °C.10-11 The cooking 

temperature in this study was lower than that of previous studies. The lignin and 

monosaccharide compositions of the solid phase in each step of the biorefinery 

process are presented in Table 7. 
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Table 7. Total yield and yield in each step, including chemical composition of lignin 

monosaccharides and ash of the solid phase in the biorefinery.  

*Total yield  

**Yield in each step  

 

The yield of pulp (S3-straw1.5h and S3-straw3h) after the soda cooking step was 

41% regardless of the cooking time. This yield was in accordance with soda pulping 

rapeseed straw in previous studies by Potucek et al.11 The lignin and monosaccharide 

compositions of S3-straw1.5h and S3-straw3h pulps were on the other hand very 

different. Where S3-straw1.5h pulp had a much higher content of lignin (18%) than 

S3-straw3h pulp (8%). Longer cooking time was needed to delignify the straw.13  

 

Not all lignin can be removed from the cell wall fibers with soda pulping without 

severely degrading the cellulose polymer. Other treatments need to be employed to 

degrade and remove lignin.13 Generally, cellulose nanoparticles have a higher content 

of cellulose when isolated from bleached pulp compared to unbleached.55 Common 

lab-scale single-step bleaching strategies in cellulose nanoparticle isolation studies 

include chlorite and hydrogen peroxide.110-111 Peroxide bleaching is considered more 

environmentally friendly than chlorine-based bleaching and was thereby used in this 

study. S3-straw3h, with its lower content of lignin, was chosen for the subsequent 

peroxide bleaching step. The peroxide step reduced the lignin content from 8% to 6% 

in S4-bleach (Table 7). A small amount of xylan was preserved in the bleached pulp 

which indicated that the bleaching conditions were not to harsh. However, some 

 Straw S1-straw S3-

straw1.5h 

S3-

straw3h 

S4-

bleach 

CNF CNC 

Yield*, % - 79 33 33 28 17 6.6 

Yield**, % - 79 41 41 85 85 24 

Lignin and monosaccharide composition, % 

Lig. 26 ± 0 21 ± 0 18 ± 3 8 ± 1 6 ± 0 0 ± 0 0 

Ara. 1 ± 0 1 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 

Gal. 1 ± 0 1 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 

Glu. 46 ± 0 61 ± 0 72 ± 2 80 ± 1 85 ± 0 89 ± 0 95 

Xyl. 22 ± 0 14 ± 0 8 ± 0 10 ± 0 7 ± 0 9 ± 0 3 

Rha. 1 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 

Man. 3 ± 0 1 ± 0 1 ± 0 1 ± 0 1 ± 0 1 ± 0 0 

Ash, % 7 ± 3 14 ± 2 5 ± 3 6 ± 4 5 ± 3 0 ± 0 0 ± 0 
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degradation was expected and according to the yield calculation there is 

approximately 15% mass loss.  

 

The isolated cellulose nanoparticles, CNF and CNC, from S4-bleach had a high 

content of cellulose, 89% and 95%, respectively.  The glucose content of CNF6pass 

was comparable to that of cellulose nanoparticles from acid and alkali treated 

hemp,112 bleached oil palm pulp113 and sugar beet pulp.114 The glucose content of 

CNC was comparable to that of cellulose nanoparticles from soy hulls,115 acid and 

alkali treated flax, hemp,116 industrial bioresidue,117  bark,118 pine needles110 and pine-

cones.119 The 24% yield of CNC was lower compared with previous studies by 

García-García et al.,119 Moriana et al.,110 and Le Normand et al.118 The CNC yield 

could be improved by changing the isolation conditions. 

4.3.2 Changes in morphology from straw pulp to cellulose nanoparticles 

The change in the solid phase of the straw is not only significant on the molecular 

level but also on the morphology of the straw (Figure 10). The morphology of S3-

straw3h pulp after washing and prior to mechanical defibration, after the mechanical 

defibration, bleaching and the defibration of the bleached pulp fiber into CNF at 1, 3 

and 6 passages through the homogenizer and were characterized with SEM imaging 

(Figure 10). Prior to mechanical defibration, the S3-straw3h pulp was a mixture of 

fibers and spiral cells. After the mechanical defibration, the spiral cells were nowhere 

to be found. In the bleached pulp, the fibers were clearly seen and liberated. The 

defibrillation of the bleached fiber was successfully achieved without damaging the 

micro and nanofibrils by each passage through the homogenizer. In the first passage 

the fiber starts to defibrillate, but not entirely since some fibers remained whole. In 

the third passage through the homogenizer, the fibrillation was well underway and 

finally by the sixth passage the fiber was defibrillated and the CNF6pass sample was 

produced.  
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Figure 10. SEM imaging of the changes in straw (top row) Pulp (S3-straw3h) samples before 

defibration, after defibration and after bleaching (S4-bleach) at x400 magnification, and 

(bottom row) defibration of S6-bleach to CNF after 1 passage, 3 passages and finally 6 

passages at x1500 magnification. 

The dimensions of the cellulose nanoparticles, CNF pass and CNC, were determined 

with AFM (Figure 10). The particle dimensions, length and diameter of more than 

100 particles were measured in the AFM images in the height mode and the 

histograms corresponding to these measurements were plotted. The maximum, 

minimum and average particle diameter and length including the aspect ratio and ζ-

potential for CNF6pass and CNC are presented in Table 9.  

 

According to AFM imaging, the CNF6pass had a broad size distribution with fibres 

in variable sizes. The particle length was mostly between 100 – 2500 nm, the average 

length was 1177 nm, and the particle diameter mostly between 1.5 – 12.5 nm, where 

the average diameter was 6 nm (Figure 10 and Table 9). The particle size of CNF is 

known to vary depending on starting biomass55 and the diameter were comparable to 

that of rice straw and bagasse120 while much smaller than CNF from wheat straw.115 

 

The CNC had more rod-like aspects and were more even in size according to the 

AFM image. Because of the strong hydrogen bonds between the crystals some of 

them had aggregated.118 From the histogram, CNC had a length mostly between 100 
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– 325 nm, the average length was 193 nm, and a diameter mostly between 2 – 5.5 nm 

where the average diameter 4 nm (Figure 11 and Table 9). The CNC diameter was 

comparable to that kenaf bast CNC,121 sugarcane bagasse CNC122 and coconut husk 

CNC.123 

 

Table 8. Dimensions, length and width, including the aspect ratio of the cellulose 

nanoparticles, CNF6pass and CNC, obtained with AFM. Including the ζ-potential of the 

CNF6pass and CNC obtained with DLS.  

 CNF6pass CNC 

Particle length (L), nm 

Max 4739 465 

Min 134 100 

Average 1177 ± 887 193 ± 69 

Particle diameter (D), nm 

Max  6.4 27.5 

Min 2.0 1.5 

Average 4 ± 1 6 ± 4 

 

Average aspect ratio (L/D) 294 32 

ζ-potential  -29 ± 1 -24 ± 0 
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Figure 11. AFM analysis of CNF6pass (left) and CNC (right) with histogram of the size 

distribution of particle diameter and length. 
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Aspect ratio is an important parameter to assess the reinforcement capacity of 

cellulose nanoparticles in biocomposite applications. High aspect ratio corresponds 

to a better reinforcement effect, which in turn increases the thermal stability and 

mechanical properties.124 Both CNF6pass and CNC had an aspect ratio well above 10 

(Table 9), which is the minimum value for good stress transfer from the matrix to the 

nanoparticles during reinforcement in biocomposite applications.125 CNF6pass had 

higher aspect ratio than CNC. 

 

The X-ray diffraction patterns of straw, S4-bleach, CNF6pass and CNC are plotted 

in Figure 12. The crystallinity index, CI (%), were calculated by the peak height 

method (Table 10). All samples exhibited the characteristic cellulose peaks where the 

first peak at 16° corresponds to the 101 lattice plane, the second peak at 22° 

corresponds to 002 lattice plane126 and the smaller third peak at 35-37° represents the 

contribution from the 040 plane.127 The crystallinity index (CI) of the samples 

increased with each chemical treatment. The increase was explained by the 

continuous removal of amorphous regions during the chemical treatment. CI was very 

high for all samples and highest for the cellulose nanoparticles, CNF6pass (84%) and 

CNC (88%) (Table 10). The CI of CNF was comparable to that of bleached banana 

CNC128 and wood branch CNC.110 The CI of CNC was comparable to that bleached 

jute stem CNC128 and sugarcane bagasse CNC.122 However, underestimation of the 

contribution of the amorphous region leading to the overestimation of CI is the main 

limitation of the height method126, 129 and could explain the high CI values in this 

study.  

Table 9. The crystallinity index, CI (%), of straw, S4-bleach, CNF6pass and CNC. 

 CI (%) 

Straw 80 

S4-bleach 83 

CNF6pass 84 

CNC 88 

 



                                                            RESULTS AND DISCUSSION 

59 

 

Figure 12. X-ray diffraction patterns of straw, S4-bleach and cellulose nanoparticles, 

CNF6pass and CNC. 2θ, ° 

4.3.3 Thermal analysis of the straw residue 

The thermal changes in the straw solid phase after and in each biorefinery step were 

also assessed with TGA (Figure 13). The main mass loss regions of the pyrolysis 

maximum degradation temperatures and onset temperatures are listed in Table 8. The 

thermal pyrolysis of lignocellulose materials includes several phases beginning with 

the evaporation of moisture (25 – 150 °C), decomposition of hemicelluloses (200 – 

340 °C), continuing with early pyrolysis of lignin and depolymerization of cellulose 

(340 – 400 °C) and in the last phase pyrolysis of the major part of the lignin (400 – 

525 °C).130-131 The amount of hemicellulose and lignin decreased in the straw after 

each chemical. The DTG peak became narrower and more defined for S4-bleach 

compared with Straw and S3-straw3h. The higher thermal stability of S3-straw3h 
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compared with S4-bleach was attributed to the higher content of lignin and 

hemicelluloses (Table 7). The decomposition of S4-bleach exhibited similar behavior 

as the decomposition of cellulose rich samples with a peak maxima at 347 °C.132  

 

The DTG curve of CNF6pass thermal behavior also resulted in a single degradation 

peak with Tmax at 334 °C similar to that of the bleached straw. The behavior is in 

agreement with previously reported studies by Oun and Rim,132 Zepic et al.133 and 

Oinonen et al.73 The lower Tmax for CNF6pass compared with S4-bleach was 

attributed to the removal amorphous regions.54, 134 The onset temperature of 

CNF6pass was comparable to that of cellulose nanofibrils isolated from industrial 

bioresidue.117 Two pyrolysis processes can be observed in the DTG curve of CNC. 

The first is attributed to the degradation of sulfonated amorphous regions. The second 

peak is attributed to the degradation of the crystal interior that has been made 

accessible.135 The decomposition profile is typical of CNC produced with acid 

hydrolysis and similar profiles have been reported on CNC isolated from kenaf bast 

fibers57 and forest residues.110, 118-119 The onset temperature of the rapeseed straw 

CNC was lower than CNC obtained from other resources. This was most likely due 

to sulfate groups which attached to the surface of the CNC fibril are known to induce 

degradation of the cellulose at a lower temperature.54-55  

 

Table 10. Thermogravimetric parameters of the pyrolysis of straw, S3-straw3h, S4-bleach, 

CNF6pass and CNC at 10 °C min-1. 

 [30 – 150] °C [140 – 550] °C Residue 

Mass loss, 

% 

Tpeak, °C Mass loss, 

% 

Tpeak, °C Onset, °C Mass loss, 

% 

Straw  5 ± 1 55 ± 3 67 ± 2 314 ± 36 221 ± 3 79 ± 2 

S3-straw3h 3 ± 0 - 84 ± 4 364 ± 1 326 ± 1 90 ± 4 

S4-bleach 3 ± 0 57 ± 13 91 ± 0 347 ± 1 309 ± 0 98 ± 0 

CNF6pass 3 ± 0 - 68 ± 3 334 ± 7 287 ± 20 81 ± 2 

CNC 3 ± 0 - 65 ± 1 273 ± 1/ 341 ± 9 150 ± 2 82 ± 1 
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Figure 13. A. TG curves of straw, S3-straw, S4-bleach, CNF6pass and CNC. B. DTG curves 

of straw, S3-straw, S4-bleach, CNF6pass and CNC. 
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4.4  RAPESEED STRAW LIGNIN  

4.4.1 Evaluation of the extracted lignin  

The soda step was performed with the intention to delignify the straw and solubilize 

the lignin into the liquid. The pulping time affects the delignification and the 

composition of the obtained lignin.13, 43-45 Acidic precipitation was done on the 1.5 h 

and 3 h liquid (Scheme 1: step 2) and resulted in an LX1.5h and an LX3h precipitate, 

respectively. Precipitation was done at pH 9 where according to literature about 80% 

total solid content in the pulping liquid could be isolated.46 The total yield was 9% 

regardless of pulping time (Table 11). The lignin and monosaccharide composition 

of the precipitates were significantly different: LX1.5h had high content of xylan 

(62%) and lower content of lignin (27%) than LX3h which had higher content of 

lignin (83%) and lower content of xylan (15%). LX1.5h is essentially a xylan extract 

with a molecular weight (MW) of 22,300 g/mol (Table 11). A soda pulping time of 3 

h was necessary to obtain a lignin-rich precipitate.  

Table 11. Total yield and yield in each step of LX1.5h and LX3h, including the lignin and 

monosaccharide composition ofLX1.5h and LX3h, and molecular weight (Mw and Mn) and 

dispersity (Ð) of LX1.5h.   

 LX1.5h LX3h 

Yield, % 9 9 

Yield in each step, % 11 11 

Lignin and monosaccharide composition, % 

Lig. 27 ± 4 83 ± 12 

Ara. 2 ± 0 0 ± 0 

Gal. 2 ± 1 0 ± 0 

Glu 7 ± 0 1 ± 1 

Xyl. 62 ± 2 15 ± 11 

Rha.  0 ± 0 0 ± 0 

Man.  0 ± 0 0 ± 0 

Ash, % n. d.  9 ± 0 

Molecular weight, g/mol and dispersity 

Mn  16 700 n. d. 

Mw 22 300 n. d. 

Ð 1.3 n. d. 

n. d. = not determined 
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4.4.2 Structural analysis lignin xylan 

The chemical structures of LX1.5h and LX3h were further characterized with ATR-

FTIR (Figure 14) and 2D HSQC NMR (Figure 15). The ATF-FTIR spectra of LX1.5h 

and LX3h indicated the differences of the precipitates. The fingerprint region, 1800 

– 900 cm-1, is complex with contribution of various vibration modes from functional 

groups in polysaccharides and lignin. In LX3h, the adsorption band at 1327 cm-1 

corresponds to C – O connected to a syringyl aromatic unit and the peaks at 1265 and 

1214 cm-1 correspond to C – O groups in guaiacyl units. Similar bands were also 

represented in LX1.5h but was overlapped with the xylan peaks.136 This indicated 

that rapeseed straw lignin is a syringyl and guaiacyl type of lignin.  

 

The 2D HSQC NMR provided more in-depth insight of the extracted LX structure 

(Figure 15 with full peak assignment in Table 12).137-138 Peaks from syringyl and 

guaiacyl structural units are present in the aromatic region (insert A in Figure 15) and 

thereby confirm the results from the FTIR analysis. However, lignin in annual plants 

such as grass lignin commonly consists of equal amounts of S, G and H 

monolignols.139 The H aromatic structure results in a peaks at 115.6/6.9 ppm (H3,5 

which overlaps with G5) and 128/7.2 ppm (H2,6). This is the case for 2D HSQC NMR 

analysis of wheat straw lignin140 and bamboo lignin.141 In the LX spectra the H2,6 is 

absent and thereby H3,5 does not overlap with G5. Again, this indicates that rapeseed 

straw lignin mainly consists of syringyl and guaiacyl monolignols with a S/G ratio of 

1/0.75. This is in accordance with 2D HSQC NMR analysis of an extract from water 

treated rapeseed straw.107 Peaks from xylan were also recorded (insert B in Figure 

15), which was expected from the lignin and monosaccharide analysis (Table 11). 

Peaks of β-O-4’ and β-β’ linkages are also present which are common in lignin,13, 139 

while the 5-5´ and 4-O-5´linkages could not be detected with this NMR technique.90, 

137 The β-O-4’ peak overlaps with the xylan peaks (around δC 60 ppm and δH 3.5 ppm) 

in the LX1.5h spectra.  
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Figure 14. ATR-FTIR spectra of LX1.5h and LX3h fractions (with full peak assignment in 

Table S4 in supporting information in Paper IV).  
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Figure 15. 2D NMR spectra of samples LX1.5h and LX3h. Peak assignments are listed in 

Table 12.  
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Table 12. Peak assignments of LX1.5h and LX3h in Figure 15.137-138  

Peak LX1.5 h LX3 h Assignment 

δH, ppm δC, ppm δH, ppm δC, ppm 

DMSO 2.5 40 2.5  40 Solvent peak 

S2,6 6.60 104.09 6.6 103.97 C2/H2 and C6/H6 in S-units 

G2 6.94 111.67 7.08 111.72 C2/H2 in G-units 

G5 6.75 115.74 6.72 115.66 C5/H5 in G-units 

G6 6.75 119.41 6.75 119.25 C6/H6 in G-units 

C 3.88 63.73 3.90 63.65 Cγ/Hγ in Cinnamyl alcohol 

-OCH3 3.75  56.03 3.76 56.43 C/H in -OCH3 in G, S-units 

ββ 4.61 85.72 4.63 85.72 Cα/Hα in resinol structure 

3.05 53.97 3.07 57.19 Cβ/Hβ in resinol structure 

3.80 71.58 3.79 71.50 Cγ/Hγ in resinol structure 

4.16 71.50 4.18 71.42 Cγ/Hγ in resinol structure 

β-O-4 4.80 63.73 4.77 71.66 Overlapping peaks of β-O-4 and Xyl5 

3.60 60.18 3.61 60.27 

3.49 58.49 3.25 60.27 

Xyl1 4.28  102.4 4.28 101.9 C1/H1 in β-D-xylpyronoside 

Xyl2 3.07 73.11 3.07 73.11 C2/H2 in β-D-xylpyronoside 

 3.11 69.49 3.11 69.57 C2/H2 in α-D-xylpyronoside of xylan 

reducing end 

Xyl3 3.27 74.48 3.72 74.57 C3/H3 in β-D-xylpyronoside 

3.29 70.41 3.30 70.10 C3/H3 in α-D-xylpyronoside of xylan 

reducing end 

Xyl4 3.52 75.80 3.53 75.89 C4/H4 in β-D-xylpyronoside 

3.51 70.25 3.52 70.10 C4/H4 in α-D-xylpyronoside of xylan 

reducing end 

Xyl5 3.17 63.51 3.19 63.65 C5/H5 in β-D-xylpyronoside 

3.43 63.36 3.44 63.36 C3/H3 in β-D-xylpyronoside 
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4.4.3 Thermal analysis of lignin-xylan  

The TG and DTG curves of B1.5-110-bioref, LX1.5h and LX3h are plotted in Figure 

16 and the pyrolysis parameters are presented in Table 13. B1.5-110-bioref and 

LX1.5h had the highest content of residue, which could be due to higher content of 

sodium from the cooking chemicals (Figure 16A). The DTG curve of B1.5-110-

bioref exhibited three pyrolysis peaks. The first one at Tmax 111 °C was attributed to 

the degradation of xylose.142 The second peak at Tmax 253 °C corresponds to the 

degradation of the xylan chain,72 and the third peak at Tmax 452 °C was attributed to 

the degradation of lignin.19, 143 LX1.5h had a DTG curve pyrolysis behaviour of a 

xylan-rich sample with the main decomposition peak at 278 °C corresponding to the 

degradation of lignin.19, 143 LX3h had a higher content of lignin and had different DTG 

and TG curves. The DTG curve of LX3h exhibited three peaks. The first was 

attributed to the evaporation of moisture. The second peak at Tmax 258 °C was 

attributed to the decomposition of aliphatic alcohols, acids and esters.19, 143  The third 

peak at Tmax 366 °C was attributed to the fragmentation of lignin linkages.19, 144 The 

onset temperature is dependent of the structure of lignin. In general, softwood lignin 

has higher thermal stability than hardwood lignin.145 The structure in LX3h was 

reminiscent of hardwood lignin and the onset temperature was comparable to that of 

hardwood lignin.146   

 

Table 13.Thermogravimetric parameters of the pyrolysis of B1.5-bioref, LX1.5h and LX3h 

at 10 °C min-1. 

 [30 – 150] °C [140 – 550] °C Residue 

Mass 

loss, % 

Tpeak, °C Mass loss, 

% 

Tpeak, °C Onset, °C Mass 

loss, % 

B1.5-110-bioref 6 ± 0 111 ± 2 29 ± 0 253 ± 1/ 452 ± 0 208 ± 0 36 ± 0 

LX1.5h 2 ± 0 85 ± 4 27 ± 4 278 ± 2 215 ± 1 31 ± 5 

LX3h 3 ± 0 64 ± 0 58 ± 4 258 ± 11/ 366 ± 4 218 ± 12 68 ± 4 
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Figure 16. A. TG curves of B1.5-110-bioref, LX1.5h and LX3h and B. DTG curves of B1.5-

110-bioref, LX1.5h and LX3h. 
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4.5 HEMICELLULOSE FILMS 

Free standing films were cast from aqueous solutions of the extracts from the first 

extraction study (Paper I) and CMC (Figure 17). The glucomannan films (W-105-20 

and W-140-60) were darker than the xylan films (B0.5-105-20 and B0.5-140-60), 

most likely due to the higher content of lignin (Table 4). After air-drying, the 

xylan/CMC films were soft and bendable, whereas the glucomannan/CMC films 

were brittle and some to the point that they fragmented upon drying. This was 

especially true for W-140-60, which was so brittle that it could not be analysed with 

tensile stress and strain measurements. Tensile stress and tensile strain measurements 

(Table 14) confirmed the brittleness of the glucomannan film. W-105-20 broke at low 

strains and had high Young’s modulus. B0.1-120b, which had a nearly equal 

composition of xylan and glucomannan (Table 4), was slightly more ductile with 

higher strain and lower Young’s modulus. 

 

 

Figure 17. Cast and dried films of hemicellulose extracts (from left to right) W-105-20, W-

140-60, B0.5-105-20 and B0.5-140-60. 

The xylan films, B0.5-105-20 and B0.5-140-60, had a remarkable ability to elongate 

to strains of 70% and 90%, respectively. Pure CMC film, cast from water 

suspensions, contributes to the mechanical performance with an Young’s modulus of 

3 GPa, σb of approximately 80 MPa and εb of 8%.80 The differences in mechanical 

properties between the xylan and glucomannan films indicate that xylan molecular 

weight and structure integrity plays a role in the mechanical performance of the film. 

Films made from wood hemicelluloses have previously been shown to exhibit a 

similar behavior.59  
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The rapeseed straw xylan films had much better strain-at-break than free-standing 

xylan films reported in literature and prepared with the most common renewable 

plasticizers.59 Mikkonen and co-authors prepared oath spent grain arabinoxylan films 

with different additions of sorbitol and glycerol. The lowest addition of glycerol 

(10%) resulted in the lowest strain and highest strength. The highest strain (11%) was 

obtained with addition of 40% glycerol.60 A water suspension of birch xylan and 

CMC, prepared in a similar way as the films  in this study, resulted in a film with σb 

of 22 MPa, εb of 5% and an Young’s modulus of 1.6 GPa.80 The two main differences 

between the birch xylan and the rapeseed xylan is the different extraction conditions, 

composition and the higher molecular weight. Compared with wood hemicelluloses, 

straw hemicelluloses have been shown to be more branched which could contribute 

to a better polymer network,15 however to present no sequence analysis of the 

rapeseed straw hemicellulose is known. The remarkable strain-to-break for rapeseed 

straw xylan indicated the great potential for further utilization paths of the 

hemicellulose.  

  

Table 14. Tensile properties of hemicellulose films from extracts HW-105-20, HB0.1-120b, 

HB0.5-105-20 and HB0.5-140-60. 

 W-105-20 B0.1-120b B0.5-105-

20 

B0.5-140-

60 

Average thickness, mm 0.072 0.076 0.073 0.068 

σy, MPa -* -* 108 ±16 114 ± 9 

εy, % -* -* 67 ± 3 85 ± 7 

Tensile strength σb, MPa 22 ± 22 9 ± 2 10 ± 2 10 ± 1 

Strain-at-break, εb, % 3 ± 0 10 ± 14 70 ± 2 90 ± 6 

Young’s modulus, E, MPa 1300 ± 140 17 ± 3 30 ± 6 10 ± 1 

*yielding is equal to the breaking point 
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4.6 THERMOPLASTIC XYLAN  

Xylan-rich samples with low content of lignin, B1.5-80 and B1.5-110, were selected 

from the second extraction study (Paper II) to be used as a renewable filler additive 

to bulk plastic. Xylan is hydrophilic and when blended with hydrophobic bulk 

plastics often resulting in heterogeneous mixtures due to incompatibility.65, 68 In a 

three step synthesis the inherently hydrophilic xylan was turned hydrophobic by 

grafting polymerization (Scheme 2, experimental section). First, B1.5-80 was used 

as a reagent to elaborate and evaluate the synthesis conditions. The most viable set of 

reaction conditions were applied to B1.5-110. Two grades of modified xylan were 

prepared and were individually mixed with PCL through melt-extrusion. Mixtures of 

PCL with non-modified B1.5-80 and B1.5-110 and pure PCL samples were prepared 

for comparison.  

 

4.6.1 Pre-activation and synthesis of the xylan macroinitiator  

Xylan (I), Scheme 2, was pre-activated (II) in a basic aqueous solution, followed by 

an etherification reaction in which vinyl functionalities were immobilized onto xylan 

via coupling to GMA (III), yielding a macroinitiator (IV). The etherification reaction 

between a polysaccharide and GMA has previously successfully been 

demonstrated,79, 147 thereby creating vinyl entities that can be used as initiation sites 

for free radical polymerization. The successful coupling of GMA onto the xylan 

backbone chain was confirmed by 1H-NMR (Figure 18A) and ATR-FTIR (Figure 

18B).  
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Figure 18. A. 1H-NMR spectra of the progressing substitution reaction between B1.5-80 and 

GMA at different reaction times (in DMSO-d6). Peak assignments: a. vinyl C=CH2 of the 

immobilized GMA onto xylan chain, b. anomeric protons on the polysaccharide overlaid with 

-CH2- of GMA, c. DMSO-d6 solvent peak, d. –CH3 of GMA, and e. –CH3 in acetyl substituents 

on xylan. B. ATR-FTIR spectra of the progressing reaction between B1.5-80 and GMA at 

different reaction times. Peak assignments: a*. C=O in GMA, b*. primary alkene C=C 

stretching vibration in GMA, c*. internally bound water, d*. overlaid bands form –COO– 

vibrations, C-H and C-O stretching, e*. –C-H– vibration in GMA, f*. C-O and C-O-C 

stretching, and g*. vibration of the β-glycosidic linkage bond. 
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In the 1H-NMR spectra, the two peaks at 5 and 5.5 ppm were assigned to the vinyl 

hydrogens on the macroinitiator. These peaks were not present in the crude xylan but 

appeared early during the coupling reaction. This indicated that the coupling reaction 

was fast and prolonged reaction times up to 24 h was not necessary. The anomeric 

protons in the polysaccharide backbone resulted in the cluster of peaks between 3 – 

4 ppm. This also included a peak at 3.3 ppm originating from the water present in the 

sample. The peak at 2.5 ppm corresponds to the DMSO-d6 solvent peak. The acetyl 

pendant groups present on the xylan chain resulted in the characteristic peak at 1.6 

ppm.97-98  

 

The observations from the 1H-NMR spectra were confirmed by the ATR-FTIR: the 

GMA coupling reaction reached high conversion after 2 h and the FTIR adsorption 

bands did not change with additional reaction time. The spectrum of the pristine B1.5-

80 was characteristic of that of xylan as discussed earlier (Chapter 4.2, Figure 6). The 

macroinitiator showed the characteristic bands of a polysaccharide with the addition 

of an absorption peak at 1660 cm-1 characteristic of the alkene C=C stretching. Also, 

a small adsorption band at 1730 cm-1 originating from the ester C=O and a small 

adsorption band at 721 cm-1 assigned to –CH2– rocking from the GMA were 

observed. This indicated that GMA indeed reacted and coupled to the xylan chain.102  

 

Under the applied conditions of the pre-activation step (1 M NaOH(aq) at 65 ⁰C), as 

well as in the GMA-coupling step, there is a potential risk of xylan degradation due 

to peeling.13, 36 SEC (Table 15) measurements revealed the molecular weights of the 

xylan and the macroinitiator samples at different reaction times 2 – 26 h. 
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Table 15. Molecular weights (Mw and Mn) and dispersity (Ð) of B1.5-110-GMA after 

different reaction times, including B1.5-110-GMA 20 h.  

Reaction Time (h) Mn (g/mol) Mw (g/mol) Ð 

B1.5-80-GMA 

2 9 200 9 700 1.1 

4 9 000 9 400 1.1 

6 9 900 11 700 1.2 

8 10 250 12 200 1.2 

10 9 500 10 100 1.1 

12 9 700 10 600 1.1 

14 9 800 10 700 1.1 

16 9 600 10 650 1.1 

18 9 600 10 400 1.1 

20 9 500 10 600 1.1 

22 9 400 9 800 1.0 

24 9 500 10 000 1.0 

26 9 200 9 600 1.0 

B1.5-110-GMA 

20 10 000 11 200 1.1 

B1.5-80 in 1 M NaOH(aq),  

65 °C, for 2 h 

14 400 23 300 1.6 

 

Comparing the molecular weight of pristine B1.5-80 (Mn = 17 050, Table 4 to the 

molecular weight of B1.5-80 subjected to 1 M NaOH in 65⁰C for 2 h (Mn = 14 400, 

Table 14) a small reduction was observed. To a small extent it can thus be expected 

that the xylan chain will be degraded by the peeling reaction during the GMA 

coupling reaction.36 However, throughout 26 h of reaction the molecular weights of 

B1.5-80-GMA remained constant and degradation was seemingly not significant. A 

significant difference in the molecular weights of pristine B1.5-80 and B1.5-80-GMA 

macroinitiators is noted. This can be explained by the difference in affinity of B1.5-

80 and B1.5-80-GMA to the eluent solvent and the SEC column resulting in quite 

different hydrodynamic volumes.  
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4.6.2 Graft polymerization of the xylan macroinitiator with ODA 

Xylan is inherently not thermoplastic and has often poor compatibility with 

conventional matrices.65, 68 In addition, xylan cannot be processed with conventional 

melt-processing techniques as it is thermally degraded at temperatures above 200 

°C.71, 148 A viable strategy to overcome these issues may be to decorate the xylan 

backbone with polymeric graft chains using a hydrophobic monomer. ODA stand out 

as such monomer with its long carbon chain. An interfacial polymerization system of 

DMSO and toluene was utilized. The macroinitiator was suspended in DMSO and 

the monomer was dissolved in toluene. A similar interfacial polymerization system 

has previously been successfully used to mediate grafting from nanofibrillated 

cellulose.81 As the propagation of the grafted chains proceeded, a phase separation 

occurred with a precipitate phase containing the poly(ODA)-grafted xylan: B1.5-80-

GMA-g-ODA or B1.5-110-GMA-g-ODA (see Paper ІІІ supplementary material 

Figure S4). The same phenomenon was observed by Navarro and Edlund, Waldron 

et al. and by Anastasaki et al., where the phase separation does not seem to 

significantly influence the propagation of the grafts. 81 149 150 

 
1H-NMR was used to monitor the kinetic progression of the grafting polymerization 

of ODA onto B1.5-802-GMA (Figure 19). In the 1H-NMR spectra, the peak at 1.4 

ppm was attributed to the –CH2– protons in the ODA main chain. The increase in 

peak intensity over time indicted that the ODA propagated onto B1.5-80-GMA. At 

the same time, the peak at 6.1 ppm was assigned to the vinyl group protons of the 

immobilized GMA on the polysaccharide chain, and this peak decreased in intensity 

as the propagation progressed. The conversion of the polymerization reaction seems 

to be high after 2 h of propagation. 
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Figure 19. 1H-NMR spectra of the progressive grafting polymerization of B1.5-80-GMA with 

ODA at different reaction times (in toluene-d8). Peak assignments: a. toluene-d8 solvent 

peak, b. vinyl C=CH2 of the immobilized GMA onto xylan, c. –CH3 adjacent to the vinyl 

bond, d. –CH2 and -CH of the grafted poly(ODA) main chain, and e. –CH2 of the grafted 

poly(ODA) side chain and –CH3 in GMA that reacted with ODA. 

A homopolymer of ODA was polymerized and analyzed with 1H-NMR for 

comparison and to verify the peak assignments (see Paper ІІІ supplementary material 

Figure S1). Reaction times of 20 h for the coupling reaction of GMA and 2 h for the 

grafting were chosen as sufficient based on the NMR data in Figure 18A and 19. With 

these conditions, both B1.5-80-GMA-g-ODA and B1.5-110-GMA-g-ODA were 

prepared. 
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Figure 20. DSC thermograms of endo/heating (right) and exo/cooling (left) of (from top to 

bottom): ODA homopolymer, B1.5-80 grafted with ODA at different polymerization times, 

the macroinitiators B1.5-80-GMA20h, and B1.5-80.  

The effect of grafting of ODA onto xylan was evident through DSC analysis (Figure 

20). For comparison, pristine B1.5-80, the macroinitiator, B1.5-80-GMA and the 

ODA homopolymer were also analyzed. B1.5-80 did not undergo any transition in 

the entire temperature range, 0 – 200 ⁰C, neither during heating nor cooling. Nor did 

the macroinitiator B1.5-80-GMA. Considering the restricted segmental mobility of 

the polysaccharide chain this was expected. The modified B1.5-80 gained a more 

thermoplastic behavior as the grafting of ODA onto the macroinitiator proceeded. 

The grafted B1.5-80-GMA-g-ODA underwent a clear melting transition during 

heating and crystallization during cooling (35 – 60 ⁰C). These transition temperatures 

were very similar to the ODA homopolymer melting and crystallization temperatures 

(35 – 50 ⁰C). It was another clear indication of successful grafting.  
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The 1H-NMR analysis of B1.5-80-GMA (Figure 18) indicated that reaction times of 

2 – 6 h could be sufficient to synthesize the macroinitiator. However, it was evident 

that B1.5-GMA20h-g-ODA underwent a much stronger melting endotherm when 

comparing the DSC thermograms of B1.5-GMA6h-g-ODA and B1.5-GMA20h-g-

ODA (Paper ІІІ supplementary material Figure S8). A reaction time of 20 h was 

ultimately chosen for the GMA coupling reaction.  

 

In addition, pristine B1.5-80, B1.5-80-GMA and B1.5-80-GMA-g-ODA at different 

grafting polymerization times were analyzed with TGA in a temperature range of 25 

– 800 ⁰C (Paper ІІІ supplementary material Figure S8). For B1.5-80 and B1.5-80-

GMA a weight loss was observed at 25 – 150 ⁰C due to the evaporation of bound 

water. The grafted B1.5-80 did not undergo a similar weight loss indicating the 

grafting polymerization rendered the xylan less hygroscopic. Xylan starts to degrade 

around 200 ⁰C,71 which was evident in the B1.5-80 and B1.5-80-GMA thermograms. 

For B1.5-80-GMA-g-ODA, the onset of thermal degradation was shifted towards 300 

⁰C, indicating an increasing thermal stability. This is in accordance with other 

etherification modification reactions in literature.148, 151  

 

The ODA monomer was purposely selected to add a hydrophobic element to the 

otherwise mostly hydrophilic xylan.152 The static contact angle was measured on 

films of B1.5-80, B1.5-80-GMA and B1.5-80-GMA20h-ODA2h to quantify the 

hydrophilicity (Figure 21).  
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Figure 21. A. Contact angles on films of B1.5-80, B1.5-80-GMA and B1.5-80-GMA-g-ODA 

as it varies of analysis time. B. FE-SEM pictures at 500x magnification of the film surfaces 

of B1.5-80, B1.5-80-GMA and B1.5-80-GMA-g-ODA and photographs of the droplet 

behaviour 
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The static contact angle was significantly higher for the B1.5-80-GMA20h-ODA2h 

film than the B1.5-80 and B1.5-80-GMA films.  On the B1.5-80-GMA20h-ODA2h 

film, some of the water drop was absorbed after 5 seconds and the static contact angle 

decreased. On the B1.5-80 film, the water drop was fully absorbed after 3 s, while on 

the B1.5-80-GMA film, the water drop was not fully absorbed, and the static contact 

angle stabilized around a contact angle of 15⁰.  

 

The static contact angle is also influenced by the surface topography of the film. 

Unless the surfaces are smooth and flat, true wettability will not be obtained from 

static contact angle measurements.153 However, it will still provide a good indication 

of the hydrophilicity of the material surface if major changes in wettability are 

measured. FE-SEM was used to analyze the surfaces of the films. The B1.5-80 film 

was most uneven. B1.5-80-GMA which was little more even and smooth and B1.5-

80-GMA20h-ODA2h film was most flat and smooth. Despite these differences the 

change in the contact angle from B1.5-80 surface to B1.5-80-GMA20h-ODA2h 

surface was significant and thereby it could be concluded that B1.5-80-GMA20h-

ODA2h was more hydrophobic than the un-grafted B1.5-80.  

 

.  



                                                            RESULTS AND DISCUSSION 

81 

4.6.3 Biocomposites of PCL and xylan 

PCL can be melt-processed at relatively low temperatures, around 100 ⁰C, since it 

has a melting point around 60 ⁰C and a Tg of – 60 ⁰C.69-70 Since glycosidic linkages 

of the xylan chain are known to degrade around 200 ⁰C,71 it is important to keep the 

working temperature in melt-processing low. The biocomposites were prepared using 

a twin-screw mini-extruder at 100 ⁰C, and the dogbone shaped specimens was 

obtained with a mini-injection molder (Figure 22). Six types of biocomposites were 

prepared: PCL with 5% and 20% B1.5-80-GMA20h-g-ODA2h, PCL with 5% and 

20% B1.5-110-GMA-g-ODA, and PCL with 5% and 20% unmodified B1.5-80. In 

addition, specimens of pure PCL were produced as comparison, using the same melt-

processing parameters. The biocomposites became yellowish with the addition of 

grafted xylan, and brownish with the addition of unmodified xylan. Pristine PCL dog-

bones became white. The tensile properties of the biocomposites and PCL samples 

are presented in Table 16. 

 

 

Figure 22. Dogbones of (from left to right): PCL, PCL with 5% B1.5-80-GMA20h-g-

ODA2h, PCL with 20% B1.5-80-GMA20h-g-ODA2h, PCL with 5% B1.5-80, PCL with 20% 

B1.5-80, PCL with 5% B1.5-110-GMA20h-g-ODA2h and PCL with 20% B1.5-110-

GMA20h-g-ODA2h biocomposites.  
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Pure PCL exhibited a typical viscoelastic behavior during tensile testing, with 

necking around 10% strain and a strain-at-break > 500%. When xylan was introduced 

to the PCL polymer matrix, a stiffening and reinforcing effect was observed. With 

higher amounts of xylan the effect was more pronounced. Unmodified xylan yielded 

a stronger reinforcing effect than grafted xylan, but the ductility was severely 

impaired. The tensile strain decreased from > 500% for pure PCL to around 6% for 

PCL/B1.5-80 biocomposites. This is in accordance with previously reported blends 

of polysaccharides and PCL. Blends of PCL/CNF76 and PCL/brewery spent grain74 

exhibited a similar mechanical behavior as the PCL/B1.5-80 ungrafted blend with an 

increase in stiffness and a concomitant decrease in ductility. The stiffness increased 

with increasing filler content in the composite while elongation decreased in both of 

these previously reported studies.  

 

PCL blended with grafted xylan, PCL/B1.5-80-GMA20h-g-ODA2h and PCL/B1.5-

110-GMA20h-g-ODA2h, interestingly resulted in a stiffer and also highly ductile 

material. The tensile strain at maximum tensile stress was above 500% with a 20% 

addition of grafted xylan. The true strain-at-break for the PCL/ B1.5-80-GMA20h-g-

ODA2h and PCL/B1.5-110-GMA20h-g-ODA2h samples may even be higher than 

the results presented in Table 16. Out of five dogbone specimen tested, three failed 

by slipping the grips as the volume of the specimen changed during mechanical 

tensile testing. Hence, the recorded strains were lower than they would have been if 

the biocomposites samples had continued to elongate to break.  

 

Table 16. Mechanical tensile characterization, Young's modulus, maximum tensile stress and 

tensile strain of PCL and PCL/B1.5-80 and PCL/B1.5-110 biocomposites.  

 Young’s 

modulus, MPa 

Maximum tensile 

stress, MPa 

Tensile strain at 

maximum tensile 

stress, % 

PCL 300 ± 30 26 ± 2 555 ± 65 

PCL + 5 % B1.5-80-GMA-g-ODA 340 ± 20 23 ± 2 455 ± 46 

PCL + 5 % B1.5-80 510 ± 40 6 ± 0.6 17 ± 0.5 

PCL + 20 % B1.5-80-GMA-g-ODA 440 ± 20 26 ± 0.7 540 ± 50 

PCL + 20 % B1.5-80 570 ± 30 7 ± 0.8 2 ± 0.2 

PCL +5 % B1.5-110-GMA-g-ODA 350 ± 10 24 ± 1 515 ± 46 

PCL + 20 % B1.5-110-GMA-g-ODA 420 ± 50 27 ± 2 600 ± 100 
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FE-SEM pictures of the fracture surfaces of the dogbone specimens visualized the 

miscibility of the blends (Figure 23). The PCL/B1.5-80 and the PCL/B1.5-110 were 

both heterogeneous blends with clear phase separation. The PCL/ B1.5-80-GMA20h-

g-ODA2h and PCL/B1.5-110-GMA20h-g-ODA2h composites were homogenous. 

When blending polysaccharides or fibers with a plastic matrix, the formation of 

heterogeneous blends are a common result and problem.68, 70, 74, 76 To achieve a 

homogenous mixture between rapeseed xylan and PCL, it was vital to have an ODA 

chain through an ODA grafting polymerization strategy, as can be clearly viewed 

when comparing the fracture surfaces of the biocomposites. With respect to the 

outcome of the grafting polymerization, PCL compatibility, and tensile performance 

of the biocomposites, there were only minor differences between B1.5-80 and B1.5-

110. Both seems equally viable reagents for the production of biobased reinforcing 

additives to PCL.  
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Figure 23. FE-SEM pictures at 500x magnification of fracture surfaces after tensile testing of 

PCL and PCL/B1.5-80 and PCL/B1.5-110 biocomposites. 
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5 CONCLUSIONS 

 

Hemicelluloses, lignin and cellulose were successfully fractionated from rapeseed 

straw in a sequential biorefinery process.  

 

Polymeric hemicelluloses were isolated from rapeseed straw by hydrothermal 

extraction. The impact of severity factors on the hemicellulose extraction was 

evaluated at different pH values and temperatures.  High extraction severity was 

necessary to affect the straw cell wall and to liberate high molecular weight 

polysaccharide fractions. The extracts with the highest molecular weight were 

obtained with water at 150 °C or with 1.5 M NaOH at 110 °C. The extracts had very 

different monosaccharide composition demonstrating the effect of the extraction 

conditions. Water and acidic extraction resulted in an extract rich in glucomannan. 

For the water extracts, the molecular weight and co-extraction of xylan and lignin 

increased with temperature. Alkaline extraction conditions resulted in an extract rich 

in xylan. 

The straw was further subjected to a soda cooking step after hemicellulose extraction. 

The cellulose fractions after 1.5 h and 3 h cooking time had different compositions. 

The cellulose pulp obtained after 3 h cooking time had a lower content of lignin and 

xylan than the cellulose pulp obtained after 1.5h cooking time. The cellulose pulp 

with the lowest content of lignin was bleached to 85% purity and a crystallinity index 

(CI) of 83%. Cellulose nanoparticles, CNF and CNC, were isolated from the bleached 

pulp. Both CNF and CNC were highly crystalline, CNF had a CI of 84% and CNC 

had a CI of 89%. CNF and CNC showed good thermal stability and aspect ratios well 

above 10. The CNF size was very heterogeneous with an average length of 1177 nm 

and an average diameter of 4 nm. The CNC had the typical rod-like structure and was 
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more homogeneous in size with an average length of 193 nm and an average particle 

diameter of 6 nm.  

 

Precipitation by acidification was done on the soda pulping liquids.  A soda pulping 

time of 1.5 h yielded a precipitate with higher content of xylan than lignin. The longer 

pulping time, 3 h, yielded a precipitate with higher content of lignin than xylan. The 

main monolignols in rapeseed straw lignin were guaiacyl and syringyl at a 1/0.75 

ratio.  

 

Free-standing films were prepared from some of the hemicellulose-rich extracts. The 

xylan-rich extracts resulted in a homogenous film with mechanical integrity and a 

very high strain-at-break > 80% without any added plasticizer.  

 

A thermoplastic grade of xylan was obtained by chemical modification. Vinyl 

moieties were successfully immobilized as pendant groups along the xylan backbone 

by an etherification reaction with GMA. By interfacial free grafting polymerization, 

the resulting macroinitiator was decorated with ODA polymer graft chains. The 

grafted xylan exhibited a hydrophobic behavior and a melting endotherm in the 

interval 35 – 60 °C.  

 

Grafted and un-grafted xylan was blended via melt-extrusion with PCL. Both had a 

stiffening effect on PCL. Grafted xylan showed good compatibility with the PCL 

matrix resulting in a homogeneous mixture where the ability to elongate to a strain-

at-break > 500% was preserved. Un-grafted xylan had poor compatibility with the 

PCL matrix and resulted in very brittle and heterogeneous mixtures.  

 

In this study a full biorefinery concept of the rapeseed straw has been demonstrated 

including some applications for the hemicelluloses. 
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6 FUTURE WORK 

In this work the hemicellulose isolation step of the biorefinery has received much 

focus. I would be interesting to explore other pulping conditions in the delignification 

step and study a greater variation in the cooking conditions. The same could be said 

for the bleaching step. The conditions of the CNC isolation process could be changed 

to improve the yield.  

 

A material application of the CNC and CNF could be demonstrated, such as 

reinforcement fillers in bulk plastics. 

  

Grafting-polymerization of the xylan could be improved by optimizing the use of 

solvents and the amount of solvents. Or develop a greener grafting pathway in water 

and ambient temperatures. Grafting could be done with controlled radical 

polymerization to have better process control.  
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