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ABSTRACT 

Using and finding applications from biomass is and will continue to be an important subject for 

research, and biomass from trees, has shown several outstanding aspects other than just for the pulp 

and paper applications. It is now, more than ever, time to find efficient uses for all the wood 

components, in particular, the hemicelluloses. The hemicelluloses account for approximately one-

third of a dry composition of lignocellulosic wood biomasses. Of these hemicelluloses, xylan is the 

most abundant in many plants, particularly in hardwood. As for the Swedish forestry, xylan from 

birch is considered as one of the most promising resources for the future. 

This thesis investigates the impact of acetylation of xylan on some properties such as solubility, 

thermal stability and film formation. Films were prepared using the non- and acetylated xylan with 

addition of different plasticizers (glycerol, sorbitol and xylitol). 

Alkali-soluble birch xylan (ASX), obtained by ethanol/toluene extraction and sodium chlorite 

delignification of the wood sawdust followed by potassium hydroxide extraction of the obtained 

holocellulose, and commercial xylan (CX) were acetylated to different degree of substitution with 

acetyl groups (DSAc), using acetic anhydride in dimethyl sulfoxide (DMSO) and 1-methylimidazole 

(NMI). Films were prepared by suspending non-acetylated xylan in water (H2O) and adding different 

percentages of plasticizers (20 and 40%) or by suspending acetylated xylan in chloroform (CHCl3). 

Characterizations of the non- and acetylated polymer (AcASX and AcCX) and films were conducted in 

order to determine thermal and mechanical properties.  

CX and ASX presented different reactivity leading to different behaviour during acetylation and so 

different DSAc. The thermal stability has been improved for both ASX and CX following the increase of 

the DSAc. Concerning film formation, ASX showed a great ability to form films through casting with or 

without plasticizers while it was impossible to obtain any films using only CX. For AcASX and AcCX the 

film formation using chloroform was depending on the DSAc and the  dispersability in the solvent. All 

the films obtained have been mechanically and thermally tested. Best results for the mechanical 

tests were obtained with 40% plasticizers with creation of a plastic behaviour and improvement of 

the flexibility. Thermally speaking, the thermal stability gained through acetylation of the samples is 

lost by film casting, and use of plasticizers reduced the thermal  stability as a new component was 

added to the composition. 
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SAMMANFATTNING 

Att använda och hitta tillämpningar från biomassa är och kommer att fortsätta att vara ett viktigt 

ämne för forskning, och biomassa från träd har visat flera goda aspekter annat än bara för massa- 

och pappersapplikationer. Det är hög tid att hitta effektiva användningar för alla träkomponenter, i 

synnerhet hemicelluloserna. Hemicelluloserna står för ungefär en tredjedel av en torr 

sammansättning av lignocellulosa. Av dessa hemicellulosor är xylan den vanligaste i många växter, 

särskilt i lövträ. När det gäller det svenska skogsbruket anses xylan från björk vara en av de mest 

lovande resurserna för framtiden. 

Denna avhandling undersöker effekterna av acetylering av xylan på vissa egenskaper, såsom 

löslighet, termisk stabilitet och filmbildning. Filmer framställdes med användning av den icke-och 

acetylerade xylanen med tillsats av olika mjukningsmedel (glycerol, sorbitol och xylitol).  

Alkalöslöslig björkxylan (ASX), erhållen genom etanol / toluenutvinning och natriumkloritfördelning 

av träsågspån följt av kaliumhydroxidutvinning av erhållen holocellulosa och kommersiell xylan (CX) 

acetylerades till olika grad av substitution med acetylgrupper (DSAc), med användning av 

ättiksyraanhydrid i dimetylsulfoxid (DMSO) och 1-metylimidazol (NMI). Filmer framställdes genom att 

suspendera icke-acetylerad xylan i vatten (H2O) och tillsätta olika procentdelar mjukningsmedel (20 

och 40%) eller genom att suspendera acetylerad xylan i kloroform (CHCI3). Karakteriseringar av den 

icke-och acetylerade polymeren (AcASX och AcCX) och filmer utfördes för bestämning av te rmiska 

och mekaniska egenskaper. 

CX och ASX presenterade olika reaktivitet vilket ledde till olika beteenden under acetylering och så 

olika DSAc. Den termiska stabiliteten har förbättrats för både ASX och CX efter ökningen av DSAc. När 

det gäller filmbildning uppvisade ASX en stor förmåga att bilda filmer genom gjutning med eller utan 

mjukningsmedel medan det var omöjligt att erhålla några filmer med endast CX. För AcASX och AcCX 

var filmbildningen med användning av kloroform beroende av DSAc och dispergerbarheten i 

lösningsmedlet. Alla filmer som erhållits har testats mekaniskt och termiskt. Bästa resultat för de 

mekaniska testerna erhölls med 40% mjukningsmedel med skapandet av ett plastiskt beteende och 

förbättring av flexibiliteten. Termiskt sett förloras den termiska stabiliteten som erhållits genom 

acetylering av proverna genom filmgjutning, och användning av mjukningsmedel reducerade den 

termiska stabiliteten som en ny komponent tillsattes till kompositionen.  
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LIST OF ABBREVIATION S 

 

AcASX Acetylated alkali-soluble xylan 

AcCX Acetylated commercial xylan  

ASX Alkali-soluble xylan 

CHCl3 Chloroform  

CX Commercial xylan 

Td Degradation temperature 

DP Degree of polymerization  

DSAc Degree of substitution with acetyl group  

DMSO Dimethyl sulfoxide 

FTIR Fourier transform infrared 

GalA Galacturonic Acid 

GlcA Glucuronic Acid 

G Glycerol 

HPLC High Performance Liquid Chromatography  

HCl Hydrochloric acid 

LCC Lignin carbohydrates complexes 

NMI 1-methylimidazole 

wt% Percentage by weight 

S Sorbitol 

εb Strain-at-break 

Tpeak Temperature at the peak of decomposition 

σb Tensile strength at break  

TGA Thermogravimetric analysis 

TFA TriFluoroacetic Acid 

H2O Water 

X Xylitol   
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1. INTRODUCTION 

Hemicelluloses are abundant polysaccharides and they are one of the main biopolymers in plants, 

which account for approximately one-third of dry composition of lignocellulosic wood biomasses 

(Timell, T. E., 1964; Ebringerova, A., & Heinze, T,. 2000; Saha, B. C., 2003).  Part of these 

hemicelluloses, xylan is the most abundant one in many plants and especially hardwoods (Timell, T. 

E., 1964; Pettersen, R. C., 1984; Saha, B. C., 2003). As for the Swedish forestry, birch accounts for 12% 

of the total wood volume of Swedish forests (SLU, Sveriges officiella statistik, 2017), which makes it 

one of the most prominent resources for the future. 

Xylan is a polymer that can be chemically modified and used for various applications, such as 

bioplastics, packaging, coatings, adhesives, etc. (Gabrielii, I., & Gatenholm, P. 1998; Ebringerova, A., 

& Heinze, T,. 2000). In order to have industrial uses of the xylan, the polymer needs to be isolated 

from lignocellulosic biomasses and chemically modified to improve and/or create thermochemical 

properties. Xylan chains naturally contain acetyl groups (Pettersen, R. C., 1984; Ebringerova, A., & 

Heinze, T,. 2000; Saha, B. C., 2003) but the alkaline processes often used for the isolation lead to 

saponification and therefore removal of those acetyl groups. Nevertheless, this undesirable reaction 

can be reversed by proceeding with a subsequent acetylation of the alkali-soluble xylan. 

Hemicelluloses are usually degraded during the pulping process when it is done by chemical 

processes and completely removed during viscose process in order to obtain pure cellulose.  Xylan, 

but also other hemicelluloses, can be source of inhibitors during the ethanol production by 

fermentation and thus affect the yield and the purity of the final product (Palmqvist, E., & Hahn-

Hägerdal, B., 2000). Isolation of these hemicelluloses prior to fermentation will increase their value 

and lead to a more efficient use of biomass. This means there is a certain amount of hemicelluloses 

that is not used today and could be used to produce new materials instead. 

1.1.  HEMICELLULOSES STRUCTURE 

Hemicelluloses are one of the most abundant macromolecules present in the world. They are, like 

cellulose and lignin, the key structural components of plant cell walls and lignocellulosic materials, 

and account for about 20 to 30% of wood dry weight). 

Monomer units of hemicelluloses are based on pentoses (5 carbons), hexoses (6 carbons) and acid 

sugars. Main pentose units are arabinose and xylose, main hexose units are galactose, glucose and 

mannose and main acid sugars are 4-O-methylglucuronic acid and galacturonic acid (Pettersen, R. C., 

1984). The pentoses and hexoses are represented in Figure 1: 

 
Figure 1 – Main pentoses and hexoses constituting the hemicelluloses 
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Hemicelluloses are quite different from cellulose when it comes to chemical composition and 

structure (Aspinall, G. O., 1959; Pettersen, R. C., 1984; Ebringerova, A., & Heinze, T,. 2000; Saha, B. C., 

2003; Hansen, N. M., & Plackett, D., 2008; Chen, H., 2014): 

 They are made of a mixture of monosaccharides, which makes them very diverse when 

cellulose is only made from glucose units. The chemical composition is quite heterogeneous 

according to different parameters: species, origin, part of the biomass, etc.  

 The main bonds between monomers are 𝛽-1, 4-Glycosidic bonds in main chains; 𝛽-1.2-, 𝛽-

1.3-, 𝛽-1.6-glycosidic bonds in side chains.  

 The degree of polymerization (DP) is around 200, which is considerably lower than cellulose 

(around 10,000) which makes them easily degraded and hydrolysed during pre-treatment, 

cooking processes and pulping.  

 The structure is mainly amorphous, heterogeneous, branched and there is a chemical bond 

between lignin and hemicelluloses.   

Table 1 – Percentages of some constituents of wood (Timell, T. E., 1964; Hon, D. S., 2017) 

 Hardwood Birch** Softwood 

Cellulose (%) 43 – 47 41.0 40 - 44 

Hemicellulose (%) 25 – 35 - 25 – 29 

Xylose* (%) 17 - 25 24.6 5 - 7 

Lignin (%) 16 – 24 18.9 25 – 31 

Degree of acetylation 0.36 – 0.54 0.4 0.17 – 0.36 

*Values in percent of extractive-free wood 

** Betula papyrifera  

Hemicelluloses are associated with lignin and cellulose with different kind of bonds. They are linked 

with lignin and formed a network around the fibres and they are linked with cellulose mostly in the 

cell walls. These complexes are called lignin carbohydrate complexes (LCC) (Lawoko, M., 2005). The 

presence of these complexes explains why it is so difficult to extract pure xylan or pure lignin. In 

addition, the presence of a small residual amount of lignin after extraction can influence the 

reactivity of the polymers and the colour of the extracted polymer. 

1.2.  XYLAN 

Xylan is the most abundant hemicellulose in hardwood (Albertsson, A. C., & al., 2011), and, as 

mentioned before, is a branched and amorphous polymer with a low DP. Depending on the biomass 

(wood, grass, algae), the polymer structure varies, creating a diverse family of xylan. The main 

backbone chain, β-(1→4)-D-xylopyranosyl, is usually common to all xylan types. The branching of side 

groups such as arabinofuranose, glucuronic acid or acetyl groups on C2 and/or C3 positions on the 

main chain is the major difference (Aspinall, G. O., 1959; Timell, T. E., 1964; Ebringerova, A., & 

Heinze, T,. 2000; Albertsson, A. C., & al., 2011).  
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Figure 2 –Possible positions for the side groups on xylan and backbone chain 

Considering birch, O-acetyl-(4-O-methylglucurono)xylan, commonly called glucuronoxylan, is the 

main hemicellulose (Stepan, A., 2013) and represents more than one third of the birch 

hemicelluloses composition (Timell, T. E., 1964). The O-acetyl substitutions occur mostly on C2 

and/or C3 and lead to a natural degree of acetylation around 0.4 for birch xylan but that degree is 

depending on the biomass and it has been determined that, in the birch xylan structure, there is 

approximately one 4-O-methyl-D-glucuronic acid every 15 xylose units (Teleman, A., & al., 2002). A 

hypothetical structure for the Birchwood xylan is presented in Figure 3: 

 
Figure 3 - Hypothetical Birchwood xylan structure (Mikkonen, K. S., & al., 2015) 

This natural acetylation is removed through the alkali extraction due to saponification of the 

polysaccharides. This is why a re-acetylation is necessary in order to obtain some specific properties. 

1.3.  BIRCH 

Birch is a hardwood tree from the Betulaceae family with a recognizable white bark. It is the third 

most common tree species in Sweden (just after pine and spruce) and the most common leafy tree 

accounting for 12% of the total wood volume (see Figure 4). Two species of birch are found in 

Sweden: Betula pendula (Silver Birch) and Betula pubescens (Downy Birch). 

Figure 4 - Tree species repartition in Sweden 

(SLU, Sveriges officiella statistik) 

Wood from birch has many applications: the main 

one is for the pulp and paper industry, but it is 

also used for indoor carpentry such as plywood 

and furniture. There is growing interest in using 

the main polymers (cellulose, hemicelluloses, and 

lignin) and other wood components (extractives) 

in order to create new materials or replace 

petroleum-based chemical, which means a new set of applications for birch trees.   
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1.4.  CONTROLLED ACETYLATI ON 

As previously seen on the structure of the hemicelluloses, some hydroxyl groups (-OH) are present on 

the chain, and can be accessible for water, which can create hydrogen bonds and therefore limit the 

application possibilities, including packaging for example, due to hydrophilicity. The goal of 

hemicelluloses acetylation is to replace these hydroxyl groups by less hydrophilic groups such as 

acetyl (-COCH3) containing carbonyl groups (C=O). This group substitution is performed to decrease 

hydrophilicity and increase solubility (by changing polarity) and thermal  stability (Rowell, R. M., & al., 

2007; Zhang, X., & al., 2016). The DSAc cannot exceed 2 as there are only 2 potential sites (on C2 

and/or C3) on every xylose unit in the polymer chain. 

Acetylation can be done by following different methods and  by using different solvents and catalysts 

depending on the raw materials, the desired DSAc or the environmental impact (Zhang, X., & al., 

2016), but the most commonly used acetylation agent is acetic anhydride. Concerning solvents, ionic 

liquids are gaining in popularity thanks to their environmental-friendliness compared to other 

methods (Stepan, A., 2013). 

1.5.  FILM FORMATION 

Film casting is one possible application for hemicelluloses to potentially replace or decrease the 

amount of plastics used for packaging purposes. The solvent used to cast the film is dependent on 

the polarity and affinity of the polymer. The polymer should be soluble  or well disperse in the solvent 

to allow formation of good and continuous films. Plasticizers are often required to guarantee 

flexibility of the films and therefore obtain stronger films. Commonly used plasticizers in 

hemicelluloses films are glycerol, sorbitol and xylitol (Hansen, N. M., & Plackett, D., 2008). 

Some properties can be required from the films depending on the applications: oxygen barrier, water 

barrier, mechanical strength, transparency or flexibility, among others. 

Films from hemicelluloses are usually casted using water or chloroform depending on the solubility. 

Extracted hemicelluloses are naturally hydrophilic due to the presence of hydroxyl groups that allow 

hydrogen bonding with water molecules. After acetylation, those groups are substituted with acetyl 

groups making the hemicelluloses more hydrophobic. Water is then commonly used to cast films 

from extracted hemicelluloses when chloroform is used to cast the ones with acetylated 

hemicelluloses (Gröndahl, M., & al., 2004; Hansen, N. M., & Plackett, D., 2008; Stepan, A., 2013; 

Gordobil, O., & al., 2014; Zhang, Y., 2014). 

Sonication is also sometimes performed in order to obtain a better dispersion of the polymer in the 

solvent (Gordobil, O., & al., 2014). That improvement is obtained because of the soundwaves that 

agitate the particles and break down the aggregates. 

1.6.  AIM OF THE STUDY 

Controlling the acetylation of xylan can improve particular properties such as thermal stability or film 

formation and then help to design xylan according to the desired application. 

The aim of this study is to assess the effect of acetylation of Birchwood xylan on the thermal 

properties and the solubility and to optimise the process of film formation. 
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2. EXPERIMENTAL 

2.1.  MATERIALS 

Acetic anhydride, CX, DMSO, NMI and sorbitol were purchased from Sigma-Aldrich (France and 

Germany). Ethanol and glycerol were purchased from VWR Chemicals (France) and xylitol from Acros 

Organics (Belgium). Chloroform was purchased from Fisher Scientific (UK). 

2.2.  METHODS 

I SOLATI ON OF XYLAN 

ASX sample was obtained by ethanol/toluene extraction and sodium chlorite delignification of the 

wood sawdust followed by potassium hydroxide extraction of the obtained holocellulose (Sun et al., 

2004; Shalatov et al., 1999). 

ACETYLATION 

Controlled acetylation has been conducted to obtain different DSAc. The procedure used to acetylate 

the polymer was following the one described in Zhang, X., & al., (2016) with some modifications:  

440mg of xylan (dry basis, ASX and CX samples) were suspended in 40ml DMSO supplemented with 

20ml NMI at 100˚C for 5h under nitrogen atmosphere and constant stirring.  

The suspension was then cooled down to room temperature and kept under constant stirring for 19h 

(24h in total).  In the first batch of acetylation, 16ml of acetic anhydride were added (drop by drop) 

and the reaction kept for 24h at room temperature under constant agitation.  In the second batch of 

acetylation, in order to obtain intermediate DSAc, the volume of acetic anhydride has been 

decreased. Thereafter, the acetylated xylan was  cooled in an ice bath and precipitated using 200ml 

of cold water and 800ml of cold pure ethanol. The precipitated xylan was kept at 4˚C overnight. The 

suspension was centrifuge and the xylan was recovered, washed with ethanol/water solution (80% 

ethanol) and then freeze-dried. 

The xylan recovered after freeze-drying was weighted and re-acetylated if necessary following the 

same protocol described in order to obtain a higher degree of acetylation.  

These protocol differences described above between the first and the second batch of acetylation 

can be found in Table 2: 

Table 2 – Acetylation parameters for 1st and 2nd batch of acetylation 

 

 

 Xylan (mg) DMSO (ml) NMI (ml) Repetitions (-) Acetic anhydride (ml) 

1st AcCX 440 40 20 2 16 

2nd AcCX 440 40 20 1 16 

AcCX (0.6) 440 40 2 2 0,25 

AcCX (0.95) 440 40 20 2 0,4 

1st AcASX 440 40 20 8 16 

2nd AcASX 440 40 20 4 16 
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FILM PREPARATION  

For non-acetylated xylan samples, films were prepared by suspending 0.3g of non-acetylated xylan in 

20ml deionized water. Plasticizers (glycerol, sorbitol and xylitol) have been added in different 

proportions (20 and 40 wt. % of the dry xylan weight) in order to assess the impact of these additives 

on the film formation and on the thermomechanical properties (Gröndahl, M., & al., 2004; Hansen, 

N. M., & al., 2012; Gordobil, O., & al., 2014). The suspension was kept under stirring at 60°C for 3h. 

The suspension was then poured onto plastic Petri dishes with a 5.5cm diameter. Films were let to 

form upon drying in an oven at 25°C for 7 days. 

For acetylated xylan samples, films were prepared by suspending 0.3g of acetylated xylan in 20ml 

chloroform without any additives. Suspensions have been sonicated in order to obtain good 

dispersion and to see the impact of sonication on film formation and then poured onto Teflon Petri 

dishes with a 6cm diameter. Films were let to form upon drying in a fume hood and covered by a 

funnel at room temperature for 7 days.  

The dried films were stored in a conditioned room (23°C and 50% relative humidity) before analysis 

and mechanical testing. The films preparation parameters can be found in Table 3: 

Table 3 – Film preparation parameters for non- and acetylated xylan samples 

2.3  ANALYSIS 

ACETYL GROUPS CONTEN T AND DEGREE OF ACETYLATION 

7mg of xylan sample (acetylated or not) were suspended in 300µl water, 1.2ml 0.8M sodium 

hydroxide (NaOH) and 10µl 1M propionic acid under constant agitation at 60 ˚C overnight. After 

dissolution, the solution was neutralized using 37% HCl and filtered through chromacol (0.45µm) 

filters to HPAEC-PAD vials (Voragen, A. G. J., & al., 1986). The neutralization was assessed by using pH 

paper.  

 Sample 
weight (mg) 

Plasticizer (wt.%) Solvent 
volume (ml) 

Sonication 

Glycerol Sorbitol Xylitol 
CX 300 0 0 0 20 (H2O) Yes/No 

40 0 0 

0 40 0 

0 0 40 
20 0 0 No 

0 20 0 
0 0 20 

1st AcCX 300 0 0 0 20 (CHCl3) Yes 

ASX 300 0 0 0 20 (H2O) 
 

Yes 

40 0 0 
0 40 0 

0 0 40 
20 0 0 No 

0 20 0 
0 0 20 

1st AcASX 300 0 0 0 20 (CHCl3) Yes 

2nd AcASX 300 0 0 0 20 (CHCl3) Yes 
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Analysis was performed in duplicate and a blank was prepared containing the same amount of each 

chemical. The acetyl group content was determined by High Performance Liquid Chromatography 

(HPLC) and the DSAc was calculated according to Equation 1 (Xu et al., 2010): 

Equation 1 – Degree of acetylation by acetyl group  

𝐷𝑆𝐴𝑐 =  
132 ∗ %𝑎𝑐𝑒𝑡𝑦𝑙

(𝑀𝑎𝑐𝑒𝑡𝑦𝑙 ∗ 100) − (𝑀𝑎𝑐𝑒𝑡𝑦𝑙 − 1) ∗ %𝑎𝑐𝑒𝑡𝑦𝑙
 

132 g.mol-1: xylose molecular weight 

%acetyl: acetyl content determined by HPLC 

Macetyl: acetyl molecular weight (43g.mol -1)  

FOURIER TRANSFORM IN FRARED (FTIR)  SPECTROSCOPY 

Chemical structure of xylan sample (non- and acetylated) can be qualitatively and quickly confirmed 

by carrying out FTIR spectroscopy measurement. A Perkin-Elmer Spectrum 2000 FTIR spectrometer 

(Waltham, MA, USA) provided with an attenuated total reflectance (ATR) system (Spectac MKII 

Golden Gate Creecstone Ridge, GA, USA) has been used to determine qualitatively xylan samples 

structure. Spectra of dry samples was assessed in the range of 4000-600cm-1 for the wavelength, by 

performing 16 scans at a resolution of 4cm-1 and with 1cm-1 intervals at room temperature. The 

acetylation is confirmed by appearance of major changes in the spectra (see section 3.3). 

KLASON LIGNIN 

Determination of the acid insoluble lignin in xylan samples has been done following the TAPPI 

method (TAPPI., 2011):  

200 mg of extracted xylan sample (CX and ASX) were suspended in 3ml of 72% H2S04  and mix with a 

glass rod. The bottles, without the lid, containing the mixture were placed in a vacuum desiccator for 

an hour and the glass rod is kept inside the bottle. Mixture is mixed again and placed 20 minutes 

more in the desiccator. The mixture is diluted by adding 84ml of deionized water. The sealed bottle is 

thereafter placed in the autoclave for 60 min at 125 ˚C. The mixture is then filtered under vacuum 

through a glass filter (weighted before). The filter is washed two times with 5ml hot deionized water 

and one time with 100ml hot deionized water and one time with 100ml cold deionized water. Filter is 

wrapped in aluminium foil and dry in an oven at 105˚C overnight. The filter mass difference gives the 

Klason lignin. 

Equation 2 – Klason Lignin 

𝐾𝑙𝑎𝑠𝑜𝑛 𝐿𝑖𝑔𝑛𝑖𝑛 (%) =  
𝑀𝑓−𝑀𝑖

𝑀𝑥
× 100  

Mf: filter final weight (g) 

Mi: filter initial weight (g) 

Mx: Xylan sample (g) 

MECHANICAL PROPERTIES 

5mm wide strips were cut from the films in order to conduct tensile tests. The tests have been 

realised using an Instrom 5944 with a 500N load cell. Five strips, preferably close to the middle, were 

cut in each films. For the test, the instrument was adjusted with 15mm free span between the 
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clamps and a constant straining of 150mm/min. The weight, diameter and thickness of each film 

were measured (2 values for the diameter and 10 for the thickness) in order to normalize the results. 

SOLUBILITY TESTS 

10 mg of non- and acetylated Birchwood xylan sample were suspended in 2ml of different solvents 

and at different temperatures and stirred for 24h in order to assess the solubility. Solvents used were  

H2O, DMSO and CHCl3 at 24°C and only H2O and DMSO at 80°C (because of CHCl3 volatility) according 

to Gröndahl et al., 2003.  

SUGAR ANALYSIS BY METHANOLYSIS 

The sugar analysis is measured by performing a methanolysis of the polymer. This methanolysis was 

performed on non- and acetylated xylan samples (ASX, 1st AcASX, 2nd AcASX, CX, AcCX (0,6), 1st AcCX, 

2nd AcCX) to obtain the chemical composition of the polymer. 

1mg of dry sample was suspended in 1ml HCl and 2M methanol (resp. 86% and 14% of the total 

volume) and flushed with nitrogen to avoid humidity. The suspension is then heated up to 100°C  for 

5h. After that methanolysis, the suspension is neutralized using pyridine and cooled down to room 

temperature. Another drying step is performed using nitrogen. After complete drying, 1ml 2M TFA is 

added to start a second hydrolysis during 1h at 120°C. Another drying step of the suspension is 

performed under nitrogen atmosphere. The suspension was then dissolved again in 1ml water and 

filtered through chromacol (0,45µm) filters to HPAEC-PAD vials (Bertaud et al., 2002; Appeldoorn et 

al., 2010). Analysis was performed in duplicate. 

THERMOGRAVIMETRIC ANALYSIS (TGA)  

Thermal stability was assessed by TGA method using a Mettler Toledo instrument. Around 5mg of 

xylan samples were weighted in alumina cups and analysed by increasing the temperature from 25 to 

600˚C with a of 10˚C/min heating rate in nitrogen atmosphere (to avoid oxidation from oxygen 

atmosphere). Analysis were performed in duplicate. From the TGA spectra, the degradation 

temperature (Td) and the temperature at the peak of degradation (Tpeak) can be determined. Td 

represents the temperature at which degradation of the sample starts whereas Tpeak represents the 

temperature at which the degradation is the fastest. Other parameters can be determined as well: 

water content, percentage of degraded sample or char content (from degradation curve in nitrogen 

atmosphere). 
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3.  RESULTS AND DISCUSSI ONS 

3.1  CHEMICAL COMPOSITION  OF XYLAN 

Chemical composition of the polymers is an important information to have in order to understand 

certain behaviours towards acetylation or film formation for instance. Results of the methanolysis 

performed on different xylan samples can be found in Table 4 and Figure 5: 

Table 4 – Chemical composition and Klason Lignin content of the different xylan samples 

Sample Monosaccharides abundance (%) Klason 
Lignin (%) 

Xylose GlcA Arabinose Glucose Mannose Galactose GalA Rhamnose 

CX 94.9 ± 0.5 1.1 ± 0.1 0.0 ± 0.0 0.3 ± 0.0 0.0 ± 0.0 0.4 ± 0.1 3.3± 0.2 0.0 ± 0.0 1.2 

AcCX (0.6) 95.5 ± 0.2 1.0 ± 0.3 0.0 ± 0.0 0.5 ± 0.1 0.0 ± 0.0 0.3 ± 0.0 2.7 ± 0.1 0.0 ± 0.0 - 

1st AcCX 95.9 ± 0.1 1.4 ± 0.1 0.0 ± 0.0 0.2 ± 0.0 0.0 ± 0.0 0.3 ± 0.0 2.1 ± 0.5 0.2 ± 0.2 - 

2nd AcCX 95.6 ± 1.0 1.6 ± 0.1 0.0 ± 0.0 0.5 ± 0.0 0.0 ± 0.0 0.2 ± 0.1 2.0 ± 0.9 0.0 ± 0.0 - 

ASX 82.0 ± 0.7 4.1 ± 0.2 0.5 ± 0.1 1.4 ± 0.0 1.6 ± 0.0 3.5 ± 0.0 4.9 ± 0.7 2.0 ± 0.0 1.4 

1st AcASX 85.6 ± 1.7 2.2 ± 0.4 0.6 ± 0.1 1.7 ± 0.0 1.4 ± 0.1 3.1 ± 0.1 3.6 ± 2.1 1.7 ± 0.7 - 

2nd AcASX 89.0 ± 0.6 1.6 ± 0.4 0.3 ± 0.2 1.6 ± 0.1 0.9 ± 0.0 1.6 ± 0.1 3.7 ± 0.7 1.3 ± 0.1 - 

GlcA: Glucuronic Acid 

GalA: Galacturonic Acid 

As expected, xylose is the main constituent of the xylan sample. Xylan (xylose and GlcA) purity is 

higher for CX (95.9%) than for ASX (86.1 %) but the purity of ASX increased with acetylation reaching 

90.6% for 2nd AcASX sample. Figure 5 shows the chemical composition of all xylan samples and it is 

clear that CX sample is containing fewer impurities such as arabinose, glucose, mannose or galactose 

than ASX sample. An interesting result is the presence of GalA for both ASX and CX samples 

(respectively 4.9% and 3.3%) which is not the expected acid sugar unlike GlcA for pure xylan (4.1% for 

ASX and 1.1% for CX) (Rosell, K. G., & Svensson, S., 1975; Mikkonen, K. S., & al., 2015). These results 

can be explained by the presence of residual pectic substances in the xylan sample. Pectic substances 

from wood are a heterogeneous family containing rhamnogalacturonan, arabinan and galactans 

(Sjöström, E., & Westermark, U., 1999). The presence of such amount of arabinose, galactose, 

rhamnose and galacturonic acid remaining in ASX sample compared to CX sample is probably due to 

a difference in the extraction procedure leading to an extracted xylan with higher purity. 
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Figure 5 – Impact of acetylation on chemical composition and comparison between the different 

xylan samples 

Concerning the lignin, Klason lignin content was only performed on the starting material, CX and ASX 

sample, in order to have as much information as possible on the raw materials. Results show that the 

Klason lignin contents are similar between the two materials, 1.2% for CX and 1.4% for ASX. 

Moreover, as pointed out earlier in the section 1.1, it is difficult to extract pure hemicelluloses 

because of the presence of LCC in the wood structure (Lawoko, M., 2005). 

3.2  CONTROLLED ACETYLATION 

Acetylations have been conducted in a controlled way to obtain different DSAc. The volume of acetic 

anhydride used and the yield reached after each acetylation are shown in Table 5: 

Table 5 – Volume of acetic anhydride used for acetylation and reaction yield 

The first batch of acetylations (1st and 2nd AcASX and AcCX) was following the same protocol using 

16ml of acetic anhydride (excess amount). The second batch of acetylations (AcCX (0.6), AcCX (0.95))  

was performed later, after determining the DSAc of xylan from first batch acetylations, using less 

acetic anhydride in order to obtain intermediate DSAc. All the DSAc obtained can be found in Table 6.   

After the first acetylations, CX sample was known to have a greater reactivity (higher DSAc) than ASX 

sample while following the same protocol; therefore, the volume of acetic anhydride was drastically 

reduced to 0.4 and 0.25ml. 

An unexpected behaviour has been observed during that second batch of acetylation and more 

precisely during the precipitation stage with cold water and cold ethanol  (see section 2.2). Only a 
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small amount of the acetylated xylan precipitated after that stage and the rest stayed solubilized  in 

the solution. Acetic acid has been added in the filtrate from AcCX (0.6) in order to precipitate what 

was still in solution and only a small amount of the solubilized xylan has been recovered. However, 

the yield was still low, 9% for AcCX (0.95), 22% for the filtration residue from AcCX (0.6) and 17% for 

the filtrate precipitation from AcCX (0.6) respectively. In comparison, the yield of the first acetylation 

reactions (1st and 2nd AcCX and AcASX), are quite high (86% for 2nd AcCX and 89% for 1st AcASX) and 

even higher than 100% in two cases (121% for 1st AcCX and 114% for 2nd  AcASX). This is due to the 

substitution of OH groups by acetyl groups, which have a greater molecular weight (17g.mol -1 for OH 

and 43g.mol-1 for COCH3). Nevertheless, the unexpected behaviour of the acetylated xylans during 

the precipitation stage is quite difficult to explain.  It can come from the different volume of acetic 

anhydride added as it is the only parameter that was changed between the two batches. The DSAc of 

the xylan samples obtained during this second batch (0.58, 0.66 and 0.95) cannot be the explanation 

of that non-precipitation, because they are between the ones obtained with excess amount (0.4, 1.2, 

1.6 and 1.95) so the same behaviour is expected. Moreover, this excess might have had another 

impact. The xylan samples before and after acetylation are presented in Figure 6 A and B. 

  
Figure 6 – Freeze dried xylan aspect before and after acetylation (A) and closer look at AcCX (0,6) 

after freeze dryer (B) 

ASX and CX samples are respectively white and yellow coloured and after acetylation with acetic 

anhydride in excess, the colour of the sample turns to be much darker. However, as can be seen in 

Figure 6A, when acetic anhydride is not added in excess (AcCX (0.6) and AcCX (0.95)), the colour is 

not as dark as the one obtained in excess condition. Moreover, the aspect is also different and 

especially for AcCX (0.6). After freeze-drying, the xylan was more like a foam than a powder 

concerning the part that was precipitated following the usual protocol (see Figure 6B). The part 

precipitated by adding acetic acid was extremely dense after freeze-drying. It was hard to 

disintegrate to obtain a powder for further analysis. The higher DSAc, the more aggregated the xylan 

samples were after drying and this is due to increased hydrophobicity of the xylan.  

3.3.  FTIR 

The acetylation of wood components can be detected by FTIR measurements. Three changes are 

typical of that acetylation: reduction of the hydroxyl band (3200-3500 cm-1) as the groups are 

replaced; increase in the carbonyl region (1735-1765 cm-1) as the groups are substituting the OH; and 

increase in the carbon-oxygen (C-O) region (1000-1245 cm-1) due to increase of the DSAc compare to 

the natural one (Rowell, R. M., & al., 2007). The xylan samples have been characterized by FTIR to 

confirm the acetylation. 
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Figure 7A shows spectrum from the starting materials (ASX and CX), Figure 7B shows a comparison 

between ASX and the acetylated ASX samples (1st and 2nd AcASX) and finally Figure 7C shows a 

comparison between CX and the acetylated CX samples (1st and 2nd AcCX, AcCX (0.6), AcCX + acid 

(0.6) and AcCX (0.95)). The sample used for the measurement of the acetylated xylan spectrum is a 

mix of all the different samples obtained from the different repetitions. FTIR measurement was used 

to have an idea of the success of the acetylation. In order to know properly the DSAC obtained after 

acetylation, HPLC measurements have been conducted (see section 2.3).  

The spectrum of the starting materials shows typical signals for xylan. In Figure 7A, the broad band 

between 3200 and 3500 cm-1 is characteristic of the hydroxyl groups. The more intense and wider 

the band is, the more hydroxyl groups are present on the polymer chain.  However, that same band in 

the CX spectra is a little bit higher in intensity than the one in the ASX spectra even though there are 

less hydroxyl groups on the chain (as the DSAc is higher than the ASX one). In the Figures 7B and C, it 

is easy to see the impact of the acetylation on the spectra. The hydroxyl band decreases until being 

almost flat while the DSAc increases. This means that hydroxyl groups have been successfully 

substituted by acetyl groups and the changes in other regions of the spectra support that idea. 

Increases in the carbonyl region (1735-1765 cm-1) and in the carbon-oxygen one (1000-1245 cm-1) are 

other evidences of the acetylation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 - FTIR curves comparison between starting 

materials, ASX and CX (A), between non- and acetylated 

ASX (B) and between non- and acetylated CX (C) 
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Now, looking at the DSAc results merged in Table 6, the acetylation is confirmed. Contrary to ASX, CX 

still contains some acetyl groups on the chain. As explained before, the absence of acetyl group on 

the ASX chain is due to the saponification used to extract the xylan from the wood chips.  

Table 6 – DSAc of the different xylan 

Xylan DSAc 

CX 0.04 
1st AcCX 1.59 
2nd AcCX 1.95 
AcCX (0,6) 

+ Precipitation in acetic acid 
0.58  
0.66 

AcCX (0.95) 0.95 

ASX 0 
1st AcASX 0.38 
2nd AcASX 1.17 

CX showed a better reactivity than ASX, reaching higher DSAc after both acetylations steps (1.59 and 

1.95 for 1st and 2nd  AcCX and only 0.38 and 1.17 for 1st and 2nd AcASX). As shown in Table 4 and Figure 

5, the chemical composition is different between ASX and CX sample. CX contains fewer impurities 

than ASX meaning that the acetylation agent will potentially react with the impurities and not only 

with the xylan polymer in the case of ASX sample. In addition, as the acetylation process is removing 

some of the impurities, it might happen that the acetic anhydride is acetylating the impurities 

(leaving smaller amount of it for the xylan) and those impurities are then removed during the 

washing step. 

The lignin content was also suspected to have an influence on the reactivity, but the analysis showed 

that the contents were similar for both starting materials (1.2% for CX and 1.4% for ASX), so if the 

lignin was supposed to have an effect, it should have been the same on both xylan samples. 

The structure of the xylan can also be a reason for that difference of reactivity. The CX can come 

from another birch species than the ASX leading to a slightly different polymer structure. 

Alternatively, the extraction process of the xylan from the sawdust is probably different for CX and 

can have an impact on the structure and potentially on the reactivity.  

3.4. TGA 

Xylan samples have been characterized by TGA method to assess the effect of acetylation on the 

thermal properties and especially on Td and Tpeak. The water content has also been calculated as 

acetylation is decreasing the water affinity of xylan. All the results can be  found in Table 7 and 

Figures 8, 9 and 10. 

Table 7 – TGA results depending on the temperature range and the DSAc 

Xylan DSAc 

25 – 100°C 150 – 450°C 
Residues at 

600°C 

Water content, wt, % Td, °C 
Sample degradation 

wt*, % 
Tpeak, °C wt*, % 

CX 0.04 4.2 ± 0.5 200.6 ± 0.4 60.3 ± 0.5 294.1 ± 0.1 31.5 ± 0.1 

AcCX (0.6) 0.58 2.9 ± 2.4 230.3 ± 0.8 74.5 ± 3.9 333.2 ± 2.5 18.0 ± 4.9 
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AcCX (0.6) + acid 0.66 1.2 252.0 76.5 318.5 19.5 

AcCX (0.95) 0.95 2.7 ± 2.8 237.6 ± 0.0 75.3 ± 0.7 360.4 ± 0.3 18.2 ± 0,2 

1st AcCx 1.59 0.6 ± 0.0 318.5 ± 1.3 82.6 ± 1.3 355.5 ± 0.4 11.2 ± 1.4 

2nd AcCX 1.95 0.3 ± 0.1 322.1 ± 0.5 78.3 ± 0.5 358.8 ± 0.1 18.4 ± 0.3 

ASX - 7.7 ± 0.0 188.9 ± 0.1 49.9 ±  0.3 272.2 ± 0.7 32.8 ± 0.6 

1st AcASX 0.38 1,4 ± 0,0 220.0 ± 0.9 83.6 ± 4.0 284.3 ± 0.6 10.8 ± 4.5 

2nd AcASX 1.17 0.3 ± 0.0 312.3 ± 0.1 81.3 ± 0.6 353.3 ± 0.2 14.2 ± 0.8 

* [On dry basis]  

The water content of xylan is decreasing as the DSAc is increasing. As pointed out earlier, this is an 
expected results as the hydroxyl groups are substituted by acetyl groups. The hydrophilicity of these 
acetyl groups is lower than the one of the hydroxyl groups as the potential hydrogen bond is 
removed. This decrease is shown in Table 7 and Figure 8. 

 
Figure 8 – Water content variations for both ASX and CX depending on the DSAc 

This hydrophobicity will affect the film formation, as it will get more difficult to disperse the sample 
in water and it will be then necessary to use another solvent such as chloroform for example to cast 
the film. 

Looking now at the sample degradation curves and the first derivative curves (Figure 9), it is clear 
that the degradation starts later as the DSAc increases. On Figure 9B, the curve shift on the right is the 
evidence of that late degradation. Curves become also steeper with acetylation meaning that when 
the degradation starts, the sample is degraded faster.  
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Figure 9 – Xylan samples degradation curves from 25°C to 600°C (A) and first derivatives (B) 

So xylan sample is becoming more and more thermally stable with acetylation but when the 

degradation starts, it goes faster for the acetylated samples. This result is also supported by the Td 

and Tpeak variations. As explained in section 2.3, Td represents the temperature at which degradation 

of the sample starts whereas Tpeak represents the temperature at which the degradation is the 

fastest. In Figure 10, both are represented and it is easy to see that as DSAc increases, the gap 

between both temperatures is decreasing. It means that the DSAc affects the thermal stability in two 

ways, increasing Td and by that delaying the starting point of degradation and increasing Tpeak and by 

that delaying the moment when the sample is quickly degraded. Considering application such as 

packaging, Td is probably the most relevant temperature as it is the starting point of degradation and 

the starting point for the loss of mechanical properties. Another noticeable point is the sample 

degradation in itself. Between 0°C and 100°C, a first degradation can be allocate to the water 

evaporation but not only. Some small volatile components can also be lost at this range of 

temperature. From Figure 9B, it is easier to see that the degradation in that range is more important 

for ASX than CX sample and the main difference between the two samples lies in the impurities 

content. These impurities are mostly consisting of molecules with low molecular weight that can 

easily be evaporated. Another remarkable value is the residues content at 600°C commonly called 

char content and can be found in Table 7 and Figure 9A (and Figure 24 in the Appendix). There is a 

downward trend in the content variations, around 30% of char content for the starting material and 

close to 15% for the acetylated samples. Therefore, acetylation has also an impact on the thermal 

degradability of the material.  
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Figure 10 –Degradation and peak temperatures trend following DSAc for all xylan samples 

3.4  SOLUBILITY TESTS 

Solubility tests have been conducted to assess the solubility of CX, 1st AcCX, 1st AcASX and 2nd AcASX 

samples in different solvents: CHCl3, DMSO and H2O. These solvents were chosen for different 

reasons. H2O as it is the most environmentally friendly solvent and can be used to cast films but also 

because of the polar and protic nature. DMSO because of its polar but aprotic nature and because it 

is the solvent used to conduct the acetylation. Finally chloroform as it is commonly used to cast films 

from acetylated samples. The results are presented in Figures 11 and 12: 

Figure 12 – Solubility tests at 80°C in H2O (A) and 

DMSO (B) for CX, 1st AcCX, 1st AcASX and 2nd 

AcASX 

 

 

 

Figure 11 – Solubility tests at 24°C in H2O (A), DMSO (B) and CHCl3 (C) for CX, 1st AcCX, 1st AcASX 

and 2nd AcASX 

First, the main observation was that in every solvent and for every type of xylan, it was more a 

dispersion than a clear solution in which xylan was solubilized. The results are based on direct 
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observations and not on measurements following a clear procedure and therefore cannot be 

quantified. Measurements were considered and conducted in order to measure the solubility but 

they could not be carried out in a good and reproducible way.  

Concerning CX sample, the best results were expected in H2O as there are hydroxyl groups on the 

polymer chain and H2O is a polar and protic solvent. Figures 11A and 12A show the results for the 

different samples in H2O at 24°C and 80°C. It is obvious that CX had a higher degree of dispersion in 

that solvent compared to all the other acetylated samples. For all the acetylated samples, the xylan 

had tended to aggregate on the bottom of the vials. The explanation is that hydroxyl groups have 

been substituted by acetyl groups and so there is less possibilities for hydrogen bonds to occur. 

Acetylated xylan will therefore aggregate to decrease the surface in contact with H2O. 

Looking at the samples in DMSO (figures 11B and 12B); CX was still dispersed at 24°C and started 

aggregating at 80°C. Comparing the dispersion colour with the ones in water, CX seems to be less 

dispersed in DMSO as the dispersion looks less transparent and even a bit yellow. DMSO is an aprotic 

solvent, this means there is no labile hydrogen and consequently it is not a solvent in which hydrogen 

bonds will occur in contrary to H2O. This is why non-acetylated xylan, containing hydroxyl groups, will 

be less dispersed and acetylated ones, containing more acetyl groups, will be more. 

Looking now at the dispersions in CHCl3 (Figure 11C), CX sample aggregated a bit but was still mostly 

dispersed. For the three acetylated samples, the dispersabi lity was greatly improved. There is no 

aggregate on the bottom of the vials and the aggregates were smaller. 

From these observations and through reviews of scientific papers concerning film preparation 

(Gröndahl, M., & al., 2004; Hansen, N. M., & Plackett, D., 2008; Stepan, A., 2013; Gordobil, O., & al., 

2014; Zhang, Y., 2014), H2O was chosen as solvent for ASX and CX samples and chloroform for 1st 

AcCX and 2nd AcASX samples. 

3.5  FILMS 

FI LM FORMATI ON 

Films were prepared by using H2O and CHCl3 as solvents by casting methods. Only ASX, CX, 1st AcCX 

and 2nd AcASX samples were used to cast films to see the behaviour of the xylan depending on their 

origin (CX and ASX) and the DSAc (0, 0.04, 1.17 and 1.59). 

From the observations of the solubility tests, it has been decided to sonicate the dispersions in order 

to improve that dispersability of the acetylated xylan in CHCl3. The effect of sonication is shown in 

Figure 13: 

 
Figure 13 – Dispersability tests of acetylated xylan in CHCl3 (A) followed by 20min sonication (B) 

In Figure 13A, acetylated xylan samples were suspended in CHCl3 and stirred for 24h at room 

temperature. In Figure 13B, the same acetylated xylan sample was suspended in CHCl3, stirred for 
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24h at room temperature and sonicated during 20min. The observation was a great improvement in 

the dispersability leading to almost no aggregates left in solution. It has then been decided to 

sonicate the acetylated xylan suspended in CHCl3 in order to obtain a good dispersion. No time for 

sonication has been set, visual assessment of the good dispersion was the guiding factor.  All the films 

obtained can be found in Figure 14, 15 and 16. 

After drying, the behaviour of ASX and CX samples was completely different. No film could be formed 

in water using CX (Figure 14) and adding the different plasticizers (glycerol (G), sorbitol (S) and xylitol 

(X)) had no effect on that either (Figure 15 and 16). The exact same behaviour has been observed in 

Hansen, N. M., & al. (2012) also. Samples were non-coherent and extremely brittle. Using ASX was 

successful to form coherent films (Figure 14) and adding plasticizers in different amount (20% or 40%) 

was not affecting the film formation (Figure 15 and 16). For ASX films, even before mechanically 

testing them, the ones with 40% plasticizers felt more flexible than the other ones (0 and 20% 

plasticizers). It was easier to gently bend them, but not too much, not to weaken them before the 

tests. 

 
Figure 14 – Dried cast films with ASX and CX in water  

 
Figure 15 – Dried cast films with ASX (on top) and CX (on the bottom) and with 20% of plasticizers 

(from right to left: G, S and X) in water  
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Figure 16 – Dried cast films with ASX (on top) and CX (on the bottom) and with 40% of plasticizers 

(from right to left: G, S and X) in water 

For the acetylated samples, the DSAc influenced the film formation. Figure 17 is showing the three 

different films casted in CHCl3: 

 
Figure 17 – Dried cast films in chloroform, with 1st AcASX (A), 2nd AcASX (B) and1st AcCX (C) 

Two out of three of the attempts were successful. Using 1st AcASX (DSAc = 0.4), Figure 17A, did not 

lead to any coherent film. The DSAc was not high enough to obtain a stable dispersion of the xylan in 

the solvent. During the drying, two phases appeared as the affinity between the solvent and the xylan 

was not good enough. For the film obtained using 2nd AcASX (DSAc = 1.17), Figure 17B, the film 

formation is obviously improved compared to the 1st AcASX film but from direct observations, the film 

still presents some heterogeneities (lighter or darker regions). The DSAc was high enough to induce a 

good affinity leading to film formation but the structure inhomogeneity is  still present. Looking at the 

film formed with 1st AcCX (DS = 1.59), Figure 17C, it is homogenous. The DSAc is high enough to induce 

good affinity and good stability in the solvent while drying. The conclusion is that to cast films using 

CHCl3, the xylan should be acetylated in a way to reach a DSAc high enough to increase affinity with 

the solvent and therefore improve dispersability and stability.  
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OPTICAL PROPERTIES  

Interesting parameter for films is transparency or transmittance especially if one desired application 

is packaging. Figure 18 is showing the transparency of the film (qualitative results) and Figure 19 is 

the results of transmittance measurements at 550nm (wavelength in the visible spectra, quantitative 

results): 

Figure 18 – Film transparency for ASX and 20% plasticizer (A), ASX and 40% plasticizer (B), 2nd AcASX 

(C) and 1st AcCX (D) 

From the direct observations, it is easy to say that ASX films with 20 or 40% plasticizers are quite 

similar and transparent with a light yellow colour probably due to the residual lignin (Figure 18A and 

B). Concerning the films from acetylated xylan (both ASX and CX); because of the browning of the 

sample after acetylation using excess of acetic anhydride, films were not as transparent as the ASX 

ones. Film from 2nd AcASX sample (Figure 18C) is opaque while the one from 1st AcCX is dark but still 

transparent. Looking at the values from the transmittance measurement (Figure 19), the ASX films 

(with or without plasticizers) have all a high transmittance (around 70%), while the AcASX and AcCX 

films have a low one, 1.5% and 12.7% respectively. The direct observations are well correlated with 

the measurements. 

Having a closer look at the ASX films, the plasticizer does not play a big role in the transmittance. All 

the values for the films with either 20% or 40% of plasticizers are in a similar range. An interesting 

point is that similar transmittance can be achieved by adding 20% of xylitol or 40% of sorbitol. 

Comparing the values from the AcASX and AcCX films with the other films, they are extremely lower 

due to the colour of the samples used and the heterogeneities for the AcASX film.  

 
Figure 19 – Transmittance values at 550nm for the different films  

 

73,4 72,5
75,6

71,9
67,7

71,6 69,6

1,5

12,7

0

20

40

60

80

ASX ASX 20G ASX 20S ASX 20X ASX 40G ASX 40S ASX 40X AcASX AcCX

Tr
a

n
sm

it
a

n
ce

 (%
)



25 

 

However, a more determining parameter in the choice of plasticizer and the amount used is the 

mechanical properties especially for packaging applications. 

TENSILE TESTS 

All the films have been mechanically tested to assess the effect of acetylation and addition of 

plasticizer on the mechanical properties. Table 8 and Figure 20 are presenting the tensile tests 

results. During the samples preparation (strips cutting), the physical behaviour of the films was 

different from one kind of film to the other one, and some comments can be found in Table 11 in the 

Appendix. The strain (usually noted ε) is the extension of the material per unit length; the strain-at-

break (εb) is then representing the maximal extension per unit length the material could handle 

before breaking. Tensile strength (usually noted σ) is defined as the force applied on the material per 

unit area of that same material; the Tensile strength at break (σb) is then the maximal force per unit 

area the material could handle before breaking. Young’s Modulus (also called elastic modulus) is the 

ratio between stress and strain in the elastic region. A low value of that modulus is reflective of a 

flexible material. 

Table 8 – Mechanical parameters average value and standard deviation for all the films 

 εb (-) σb (MPa) Young’s Modulus (MPa) 

ASX 0.8 ± 0.1 19.3 ± 1.4 2.4 ± 0.2 

ASX 20% G 3.3 ± 0.1 26..2 ± 4.7 1.4 ± 0.1 

ASX 20% S 1.6 ± 0.3 24.2 ± 4.6 1.8 ± 0.1 

ASX 20% X 2.0 ± 0.2 25.5 ± 1.0 1.6 ± 0.1 

ASX 40% G 9.6 ± 0.4 6.1 ± 0.7 0.3 ± 0.0 

ASX 40% S 16.7 ± 1.0 17.6 ± 0.6 0.8 ± 0.0 

ASX 40% X 16.9 ± 2.0 14.1 ± 1.1 0.6 ± 0.0 

AcASX 2.1 ± 0.1 30.8 ± 1.5 1.8 ± 0.0 

AcCX 0.7 ± 0.1 14.6 ± 2.6 1.9 ± 0.2 

Starting with ASX films, the results are highlighting the brittleness felt while manipulating the sample 

and while cutting the strips, the film has the highest Young’s Modulus among all the films (2.4MPa), 

the lowest εb (0.8) and no plastic behaviour. Even though ASX has a good film formation ability, films 

are too brittle to be used as such without any further modifications. 

Adding 20% of plasticizer slightly improves εb (between 1.6 and 3.3) but the behaviour is still the 

same as a brittle film, (Figure 20A). For the plasticized ASX films, these films can handle higher stress 

before the break but they still do not exhibit any plastic behaviour.  Adding 20% of G, S or X is not 

enough to induce a plastic response and to make the films flexible enough to find interesting 

applications (Young’s modulus lies between 1.4 and 1.8 MPa). 

Adding 40% plasticizers (Figure 20A) induces a plastic behaviour (appearance of a plateau) and the 

type of plasticizer does affect that behaviour. ASX 40% G (green curve) is reaching its plastic 

behaviour for a lower stress applied compared to ASX 40% S (blue curve) and 40% X (purple curve). 

Looking at εb, the values have been improved significantly compared to the films with 20% 

plasticizers (G: 9.6, S: 16.7 and X: 16.9). Concerning σb, the values are lower than the one for 20% due 

to the plastic behaviour. Films will start being elongated at a certain tensile stress instead of breaking 

because of the plasticizer properties.  
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For the acetylated films (Figure 20B), the Young’s modulus values (AcASX: 1.8MPa, AcCX: 1.9 MPa) 

are similar to the ASX 20% meaning that the flexibility gained through acetylation can be gained by 

adding 20% of plasticizer instead. For the εb, AcASX films are also similar to the ASX 20% X while AcCX 

are similar to the ASX. Acetylated films may gain flexibility compared to the ASX films,  however the 

brittle behaviour is still remaining leading to few possible applications. 

The films showing the best characteristics are the ASX 40% and especially the ones with sorbitol or 

xylitol. They have a good ability to elongate before breaking, one of the best flexibility among all the 

other films and can be produced according to an environmentally friendly procedure . More 

percentages between 20 and 40% could be tested to assess the trend (linear, reaching a plateau, 

with an optimum). 

 
Figure 20 – Tensile tests comparison between non-acetylated ASX with and without plasticizer (A) 

and between non- and acetylated xylan (B) 

TGA 

Films have also been thermally characterized through TGA measurements to assess the effect of 

plasticizers and acetylation on the thermal stability. All the average values and standard deviations 

are in Table 9 and the Td values can be found in Figure 21: 

Table 9 – TGA results for the cast films depending on the use of plasticizers and the DSAc 

Film 

25 – 100°C 150 – 450°C Residues at 600°C 

Water content, wt, % Td, °C 
Sample degradation 

wt*, % 
Tpeak, °C wt*, % 

ASX 4.6 ± 0.0 200.7 ± 0.2 64.7 ± 1.1 273.1 ± 1.7 32.0 ± 1.2 

ASX 20% G 3.1 ± 0.1 179.2 ± 0.0 66.9 ± 1.0 272.2 ± 2.2 31.0 ± 2.0 

ASX 20% S 3.1 ± 0.1 185.5 ± 0.3 67.1 ± 1.8 273.9 ± 0.5 29.4 ± 1.7 

ASX 20% X 2.8 ± 0.0 184.1 ± 0.5 67.6 ± 1.1 274.8 ± 0.6 28.9 ± 2.0 

ASX 40% G 3.5 ± 0.1 167.9 ± 3.3 71.6 ± 2.3 267.6 ± 0.0 25.8 ± 2.4 

ASX 40% S 3.0 ± 0.0 179.0 ± 1.5 70.9 ± 0.0 281.9 ± 0.9 26.1 ± 0.0 

ASX 40% X 2.7 ± 0.2 177.8 ± 1.5 71.1 ± 0.7 277.8 ± 3.6 25.9 ± 0.5 
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2nd AcASX 0.7 ± 0.2 191.3 ± 0.9 77.2 ± 0.6 311.5 ± 0.5 18.0 ± 0.6 

1st AcCX 1.8 ± 0.7 284.5 ± 4.6 78.0 ± 2.2 328.6 ± 1.4 15.6 ± 1.0 

The water content of the ASX film is lower than the ASX sample (respectively 4.6% and 7.7%), Td is 

increased (220.7°C for the film against 188.9°C for the sample). The only film formation does affect 

the thermal stability by increasing the temperature at which the polymer will start degrading. The 

network formed during the casting changes the behaviour of the polymer towards heat. Addition of 

plasticizers was expected to affect the thermal properties as a new component with its own 

characteristics is added to the film composition. For all the plasticized films, Td has been lowered 

significantly. For packaging application, the most important temperature is Td as it is when 

degradation starts. Concerning the acetylated films, 2nd AcASX has a lower Td (191.3°C) than ASX even 

though the DSAc is much higher. In comparison, Td for 2nd AcASX sample is 312.3°C. The thermal 

stability gained through acetylation is lost after the film formation. It is not necessary to acetylate the 

xylan if the goal is to produce films. It is less environmentally friendly (using CHCl3 to cast the film 

instead of water), the thermal properties are not kept (as the main goal of acetylation was improving 

the thermal properties) and the mechanical properties are comparable to film cast with ASX in water. 

Figure 21 – Td values comparison between ASX and 2nd AcASX as sample (green columns) and as 

cast films (blue columns) with or without plasticizers 
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4.  CONCLUSIONS AND FUTURE WORK 

The aim of this study was to assess the effect of acetylation of Birchwood xylan on the thermal 

properties and the solubility and to optimise the process of film formation. 

When it comes to acetylation, several conclusions can be drawn. First, the purity of the sample does 

affect the acetylation process. Samples with fewer impurities could reach higher DSAc using the same 

volume of acetylation reagent. Secondly, there is a clear correlation between the DSAc and the 

improvement of the thermal stability. The higher the DSAc, the more thermally stable the samples 

are. 

When it comes to film casting, it is possible to cast film with non-acetylated ASX sample in water and 

with acetylated samples (1st AcCX and 2nd AcASX) in chloroform. Concerning the effect of acetylation 

on films, there are several conclusions: the film formation was possible only at high DS Ac, the 

acetylation was not beneficial for the mechanical properties of the films and finally yet importantly, 

the thermal stability gained by the acetylated samples was lost after casting. Concerning the impacts 

of addition of plasticizers, three main results can be highlighted: mechanical properties are greatly 

improved at 40% addition leading to a plastic response of the films, thermal properties are lowered 

from the lowest amount added (20%), and last, the optical properties remain unchanged for both 

additions. 

Main conclusions are that it is interesting to acetylate the xylan samples and to use them as such in 

order to benefit from the thermal properties but to use non-acetylated xylan samples to cast film 

and to add plasticizers to improve the mechanical properties. 

Looking at future works and possible applications: optimization of the acetylation process to use less 

chemicals, conduction of further analyses such as oxygen permeability, migration testing or flavour 

and odour testing in case of food packaging applications. 
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7.  APPENDIX 

Figure 22 – Degradation temperatures of the non- and acetylated xylan samples with trend lines 

(150 - 450°C) 

Figure 23 – Peak temperatures of the non- and acetylated xylan samples with trend lines (150 - 

450°C) 
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Figure 24 – Sample residues at 600°C of the non- and acetylated xylan samples with trend line  

Table 10 – Films preparation parameters 

 
Sample 

weight (mg) 

Plasticizer (wt%) Solvent 
volume (ml) 

Sonication 
Glycerol  Sorbitol  Xylitol  

CX 

300.1 0 0 0 

20 (W) 

 

Yes 
299.8 119.8 0 0 

299.7 0 119.6 0 

300.2 0 0 120.2 

300.6 120.0 0 0 

No 

300.1 0 120.5 0 

299.7 0 0 120.2 

300.2 60.9 0 0 

300.4 0 60.1 0 

300.3 0 0 59.9 

1st AcCX 300.2 0 0 0 20 (C) Yes 

ASX 

300.3 0 0 0 

20 (W) 

 

Yes 
300.3 119.9 0 0 

299.8 0 120.4 0 

299.9 0 0 120.2 

299.8 60.6 0 0 

No 299.9 0 60.2 0 

300.3 0 0 60.3 

1st AcASX 299.8 0 0 0 20 (C) Yes 

2nd AcASX 299.8 0 0 0 20 (C) Yes 
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Table 11 – Physical behaviour of the films while cutting the strips 

Films Comments 

ASX Small cracks  

ASX 20% G No cracks 

ASX 20% S Small cracks  

ASX 20% X Small cracks, but less than ASX 20% S 

ASX 40% G No cracks 

ASX 40% S No cracks 

ASX 40% X No cracks 

AcASX Small cracks 

AcCX Very brittle 

 



TRITA CBH-GRU-2018:107

ISSN 978-91-7729-861-8

www.kth.se


	kth-cover
	début rapport KTH
	Final report - Célia Marchand

