Impact of birch xylan composition and structure on film formation and properties

Danila Morais de Carvalho®®*, Célia Marchand®, Jennie Berglund?, Mikael Lindstrom®,

a,d,*

Francisco Vilaplana®®, Olena Sevastyanova

#KTH Royal Institute of Technology, Department of Fibre and Polymer Technology, Division of
Wood Chemistry and Pulp Technology, Stockholm 100 44, Sweden

® University of Helsinki, Department of Food and Nutrition, Faculty of Agriculture and Forestry,
Helsinki 00790, Finland

¢ Grenoble INP-Pagora, Graduate School of Engineering in Paper, Print Media and Biomaterials,
38402 Grenoble, France

4 KTH Royal Institute of Technology, Department of Fibre and Polymer Technology, Wallenberg
Wood Science Center, Stockholm 100 44, Sweden

¢ KTH Royal Institute of Technology, AlbaNova University Center, Division of Glycoscience,
Stockholm 106 91, Sweden

* Corresponding authors at: Department of Fibre and Polymer Technology, KTH, Royal Institute
of Technology, SE-100 44 Stockholm, Sweden.

E-mails: dmdc@kth.se (D.M.de Carvalho), olena@kth.se (O. Sevastyanova).

Abstract

Commercial birch xylan (CX) and alkali-soluble birch xylan (ASX) were subjected to controlled
acetylation and used for film formation in the presence (20% and 40%) or absence of plasticizers
(i.e., glycerol, sorbitol and xylitol). Although the content of Klason lignin was similar (1.2-1.4%),
the acetylation process was favored by the high-purity CX (97% xylan) over the ASX (89% xylan).
On the other hand, the presence of residual pectin heteropolysaccharides rather than xylan in the
ASX sample was beneficial for film formation. These heteropolysaccharides seemed to act as
natural plasticizers during film formation, allowing the formation of coherent films from ASX,
even in the absence of an external plasticizer. The use of plasticizer favored the mechanical
properties of films, especially in a dosage of 40%, when plastic behavior was created. Acetylation
favored the film formation and slightly improved the mechanical properties of the films and this

improvement was in the same range of that achieved when using 20% plasticizer in non-acetylated
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ASX.
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thermochemical properties.

Introduction

In order to develop a competitive substitute for oil-based non-biodegradable plastics, many
studies have been carried out to prepare and improve the properties of films produced from
renewable and biodegradable biopolymers (Grondahl et al. 2003, 2004; Goksu et al. 2007;
Mikkonen et al. 2009; Edlund et al. 2010; Escalante et al. 2012; Hansen et al. 2012; Mikkonen and
Tenkanen, 2012; Stepan et al. 2012; Zhang et al. 2013; Egiiés et al. 2013, 2014; Gordobil et al.
2014; Tbn Yaich et al. 2014; Stepan et al. 2014; Mikkonen et al. 2015; Svérd et al. 2015). In this
scenario, birch xylan appears to be a strategic biopolymer for the Swedish industry. Currently, birch
is the hardwood most used for industrial purposes in Sweden, accounting for approximately 12.4%
of the total wood volume produced (SLU 2018). The industrial use of birch generates a
considerable amount of xylan-rich waste, such as branches, sawdust and stumps. Birch xylan can
also be generated as a by-product of industrial processes, for example, during the production of
dissolving pulp for textiles, cellulose derivatives and ethanol, where the xylan accumulated both in
waste and as a by-product has a great potential for novel and green applications (Mikkonen et al.
2015).

The properties of xylan generally depend on its natural chemical structure, which depends
on its origin, and on the extraction method used for its isolation (Egiiés et al. 2014). For film
applications, however, a number of other factors must be considered to produce films with good
properties and a coherent matrix. Such factors include, for example, the purity of the xylan sample
(Goksu et al. 2007; Hansen et al. 2012), the choice of derivatization methods for the
functionalization of the xylan structure (Grondahl et al. 2003; Egiiés et al. 2014; Gordobil et al.
2014; Stepan et al. 2014) and the use of plasticizers during film formation (Grondahl et al. 2003;
Escalante et al. 2012; Hansen et al. 2012; Gordobil et al. 2014).

Selective lignin removal is usually an important step during xylan preparation. For film
formation, however, the limit of lignin content is not so strict. The presence of a certain amount of

residual lignin in the xylan (approximately 1.0%) has been shown to be beneficial for the formation
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of a coherent film from birch xylan (Goksu et al. 2007; Hansen et al. 2012) or from agricultural
waste (Egiliés et al. 2013). Alkaline extraction is largely used to produce high-yield xylan from
holocellulose (delignified lignocellulosic biomass). The alkaline conditions also promote the
removal of acetyl groups and, to a lesser extent, of uronic acid substitutions from xylan. The
alkaline conditions also promote the disruption of intermolecular ester and ether bonds between
xylan and other chemical components, including residual lignin (Egiiés et al. 2014). Despite the
selectivity of the method, some residual heteropolysaccharides other than xylan may still remain
in the extracted fraction after alkaline treatment. To the best of our knowledge, no study which
relating the presence of residual heteropolysaccharides in xylan to film formation has yet been
published.

The derivatization of xylan by acetylation has been considered by several authors to be a
strategic tool for improving the properties of xylan and, consequently, the properties of its films
(Grondahl et al. 2003; Egiiés et al. 2014; Gordobil et al. 2014; Stepan et al. 2014). Different
acetylation methods have been described (Zinbo and Timell 1965; Koroskenyi and McCarthy 2001;
Lu and Ralph, 2003; Xu et al. 2010; Stepan et al. 2012; Zhang et al. 2012; Stepan et al. 2013; Zhang
et al. 2016). Recently, a method using a combination of dimethyl sulfoxide (DMSO) and 1-
methylimidazole (or N-methylimidazole - NMI) has been suggested as an efficient method for
dissolving lignocellulosic biomasses using relatively mild conditions (Lu and Ralph, 2003; Zhang
et al. 2012; Zhang et al. 2016). By acetylation, the hydroxyl groups in xylan are substituted by
acetyl groups, and this improves properties of xylan such as thermal stability, mechanical strength
and water resistance (Grondahl et al. 2003; Egiiés et al. 2014).

Several studies have reported difficulty in forming films using only xylan-rich material
(Grondahl et al. 2004; Goksu et al. 2007; Mikkonen et al. 2009; Hansen et al. 2012; Egiiés et al.
2014; Mikkonen et al. 2015; Svérd et al. 2015). The addition of a plasticizers agent, such as
carboxymethyl cellulose sodium salt, glycerol, methoxypolyethylene glycol, sorbitol or xylitol, has
been suggested to improve film formation by reducing the brittleness and forming a coherent film
matrix (Grondahl et al. 2004; Goksu et al. 2007; Mikkonen et al. 2009; Edlund et al. 2010; Hansen
et al. 2012; Zhang et al. 2013; Gordobil et al. 2014; Ibn Yaich et al. 2014; Mikkonen et al. 2015;
Svérd et al. 2015). Although low molecular weight plasticizers are usually used, polymeric
compounds, such as the carboxymethyl cellulose sodium salt, have also been reported to improve

film formation from xylan (Edlund et al. 2010; Ibn Yaich et al. 2014; Svird et al. 2015). Glycerol



and xylitol have a favorable effect on the formation of coherent, transparent and flexible films from
glucuronoxylan (Grondahl et al. 2004), and glycerol also enables the formation of films with
increased elongation films from cotton stalk xylan (Goksu et al. 2007) and lowers the glass
transition temperature (Grondahl et al. 2004; Zhang et al. 2013). In turn, the use of sorbitol as
plasticizer during films formation has been reported to be more effective than glycerol in creating
a water vapor barrier (Mikkonen et al. 2009) and preserving the thermal stability of the films
(Hansen et al. 2012).

The aim of the present study was to improve the formation of films of birch xylans by
controlled acetylation and to assess the effect of the degree of acetylation on the thermochemical
and physico-mechanical properties of films prepared from such xylan samples. The effect of the
use of different plasticizers (i.e., glycerol, sorbitol and xylitol) on the properties of film prepared

from non-acetylated xylan was also investigated as an alternative to acetylation.

Materials and methods
Materials

Alkali-soluble xylan (ASX) prepared from extractives-free birch wood and commercial
xylan (CX) from birch (Sigma, Germany) were used for the preparation of xylan films.

The following chemicals were used for controlled acetylation and film preparation: glacial
acetic acid (100%) (VWR, France), sodium acetate 99% (Merck, USA), sodium chlorite 80% (Alfa
Aesar, Germany), acetone 99.5% (VWR, France), polyester membrane (PES) (porosity 60 pum)
(Monodur®, Germany), potassium hydroxide lentils (Fisher Scientific, UK), formic acid 98/100%
(VWR, England), methanol HPLC grade (Fisher Chemicals, UK), dimethyl sulfoxide 99.5%
(DMSO) (Sigma-Aldrich, France), 1-methylimidazole >99% (NMI) (Sigma-Aldrich, Germany),
acetic anhydride (Sigma-Aldrich, Germany), absolute ethanol (VWR, France), chloroform (Fisher
Scientific, UK), sorbitol (Sigma-Aldrich, Germany), glycerol (VWR Chemicals, France) and
xylitol (Acros Organics, Belgium).

Isolation of ASX sample
For delignification, 10 g extractives-free birch wood was suspended in 388 mL of water, 15
mL of glacial acetic acid, 72 mL of sodium acetate 30% (w/v) and 55 mL of sodium chlorite 30%

(w/v) at 75°C under constant stirring. The reaction was kept for 30 min and additional glacial acetic



acid, sodium acetate and sodium chlorite (same dosages) were added to the suspension up to a total
of 3 reagent additions at 30 min intervals between additions. The suspension was then filtered using
a polyester membrane and the holocellulose was washed with 5 L of distilled water followed by
100 mL of acetone and dried at room temperature (24°C) (Magaton, 2008).

Thereafter, the holocellulose was used for xylan isolation. About 5 g holocellulose was
added to 140 mL of KOH 24% (w/w) and stirred at 24°C for 24 h under nitrogen (Hansson &
Hartler, 1968; Escalante et al. 2012). The suspension was then filtered using a polyester membrane
and washed with 100 mL of distilled water, and the supernatant was added to 600 mL of ethanol at
pH 3.5 (adjusted with formic acid) and cooled overnight at 4°C so that the xylan precipitated. The
precipitated xylan was recovered by centrifugation, washed with methanol and dried at room

temperature (24°C) (adapted from Hansson & Hartler, 1968).

Controlled acetylation of birch xylan at low and high degrees of acetylation

Controlled acetylation of birch xylan was performed to obtain low and high degrees of
acetylation. Birch xylan was placed in a dark bottle and DMSO and NMI were added in ratio of
22:2:1 (mg xylan:mL DMSO:mL NMI). The suspension was heated at 100°C for 5 h under nitrogen
with constant stirring. After the initial heating, the solubilization of xylan in DMSO/NMI continued
at room temperature and under constant stirring for a further 19 h, resulting in a total time of 24 h
for solubilization.

Acetic anhydride (Aa) was used as the esterifying agent in the acetylation reaction. It was
assumed that 100 mg dry xylan contains approximately 1.52 mmol hydroxyl groups (Zhang et al.
2016), and different volumes of Aa were added to obtain low and high degrees of acetylation (0.4-
25:1 mol Aa/mol hydroxyl groups in the xylan sample) (Table 1). Aa was added dropwise to the
xylan suspension, and the reaction was kept under constant stirring for 24 h, after that the
acetylation reaction was quenched by cooling in an ice bath, and the xylan was precipitated by the
addition of cold water and cold absolute ethanol (2.2:1:4 mg xylan/mL MilliQ-H>O/mL EtOH),
and cooling at 4°C overnight. Thereafter, the suspension was centrifuged and the xylan was
recovered, washed with ethanol/water (80% ethanol) and freeze-dried (adapted from Lu and Ralph
2003 and Zhang et al. 2016).



Table 1. Acetylation parameters (color of xylan, Aa/xylan molar ratio and acetic anhydride
volume), degree of acetylation, acetylation yield, number-average molar mass (Mn), weight-
average molar mass (Mw) and dispersity (D). The Mn, Mw and D parameters of ASX and CX

acetylated at low degree were not determined (n.d).

Acetic .
Sample Color of Aa/xyla{l anhydride DSac* Acfetylatlon Mn, kDa Mw, kDa D
xylan (mol mol™") yield (%)
(mL)
Light yellow - - 0.04 +0.00 - 6.6 17.7 2.8
CX Brown 0.4:1 0.25 0.58 £0.03 22 n.d. n.d. n.d.
Dark brown 25:1 16 1.59 £ 0.04 121 4.4 42.8 9.7
Light yellow - - - - 13.8 23.7 1.7
ASX Brown 25:1 16 0.38 £0.01 89 n.d. n.d. n.d.
Dark brown 25:1 16 1.17 £ 0.06** 107 #** 9.0 35.4 3.9

*[Degree of substitution with acetyl groups in the xylan structure].

**[To obtain the degree of acetylation of 1.17, the ASX sample acetylated at degree of acetylation 0.38 was subjected
to another acetylation process].

*#*%[Combined yield of two acetylation steps: 1** step — 89% and 2™ step — 114%)].

n.d.: not determined

For ASX, an additional acetylation step was applied to the acetylated ASX to obtain the
high degree of acetylation. The conditions for this extra acetylation were the same as those
previously described. The acetylation process was performed in only one replication for each

degree of acetylation.

Preparation of films

Non-acetylated xylan samples (birch ASX and birch commercial) were used for the
preparation of films with and without plasticizer. Water-based films were prepared by stirring 300
mg xylan in 20 mL deionized water at 60°C for 3 h. The suspension was then poured into a plastic
Petri dish (5.5 cm diameter) and dried in an oven at 25°C. Alternatively, two dosages of 20% or
40% (based on dry xylan weight) of plasticizer (glycerol, sorbitol or xylitol) were added to the
aqueous xylan dispersions for film formation (Grondahl et al. 2004; Hansen et al. 2012; Gordobil
et al. 2014). The suspension (with or without plasticizer) was poured into a plastic Petri dish (5.5
cm diameter) and dried in an oven at 25°C. In the case of low-acetylated xylan, the films were
prepared by the same method but without any plasticizer.

Films of acetylated xylan with low and high degrees of acetylation (birch ASX and birch
commercial) were cast in chloroform. In this case, 300 mg acetylated xylan were stirred in 20 mL

chloroform at room temperature for 3 h, and the suspension was poured into a Teflon Petri dish
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(6.0 cm diameter) and dried in a fume hood, covered by an inverted funnel.

When necessary, the dispersion of the xylan samples in the solvents was improved by
sonication. Dried films (from non-acetylated and acetylated xylan samples) were conditioned at
23°C and 50% relative humidity for at least 24 h before testing. One film was prepared for each

sample and plasticizer dosage.

Thermochemical characterization of the xylan structure
Fourier transform infrared (FTIR) spectroscopy

Acetylation of the xylan structure was initially confirmed by assessment of the functional
groups in Fourier-transform infrared (FTIR) spectra. A Perkin-Elmer Spectrum 100 FTIR
spectrometer equipped with a single reflection (ATR: attenuated total reflection) (Golden gate from
Graseby Specac LTD, Kent, England) was used. Dry xylan samples were analyzed at room
temperature in the range of 4000—600 cm™' wavelength using 16 scans at a resolution of 4 cm™! at

intervals of 1 cm ™.

Acetyl groups and degree of acetylation of xylan samples

The content of acetyl groups in the xylan samples was determined as described by Bi et al.
(2016). Acetylated xylan (approximately 7 mg) was placed in 2 mL Eppendorf tubes and suspended
in 300 uL MilliQ-H,O. Sequentially, 1.2 mL 0.8 mol L™! sodium hydroxide (NaOH) and 10 pL 1
mol L™! propionic acid (internal standard) were added, and the suspension was agitated at 60°C
overnight for complete solubilization. The solution obtained was neutralized using 37% HCI and
filtered through Chromacol (0.45um) filters into HPLC vials. The samples were analyzed by high-
performance liquid chromatography (HPLC) (Dionex Sunnyvale, CA, USA) and detection by
UV/Vis. Samples for the calibration curve were prepared using glacial acetic acid. The analysis
was performed in duplicate.

The degree of acetylation (DSac) was determined from the content of acetyl groups (Xu et

al. 2010) as:

132 X % acetyl
(Macetyl X 100) - (Macetyl — 1) X % acetyl

DS, =

(1)

where DSy is the degree of acetylation of the xylan samples, % acetyl is the acetyl content
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determined by HPLC and Mcey is the molecular weight of the acetyl group (43 g mol™).

Klason lignin and sugar composition of xylan samples

Klason lignin was determined after two sequential acid hydrolysis procedures. The xylan
sample was initially subjected to acid hydrolysis using 72% sulfuric acid at room temperature for
1 h. The acid concentration was then reduced to approximately 2.5% sulfuric acid using MilliQ-
H>0, and the second acid hydrolysis was performed at 121°C for 1 h. Thereafter, the suspension
was filtered and washed with hot water, and the Klason lignin was recovered as the solid fraction
and gravimetrically quantified according to the Tappi test method (T222 om-06) after drying in an
oven at 105°C. Klason lignin analysis was performed in duplicate.

The sugar composition of the xylan samples was determined by acid methanolysis analysis
(De Ruiter et al. 1992; Bertaud et al. 2002; Willfor et al. 2009; Appeldoorn et al. 2010).
Approximately 1 mg freeze-dried xylan was hydrolyzed in 1 mL of 2 mol L™! hydrochloric acid
(HCI) in dry methanol at 100°C for 5 h. Thereafter, the suspension was neutralized using pyridine
and dried at room temperature under an inert gas. Another hydrolysis was then performed by the
addition of 1 mL of 2 mol L™! trifluoroacetic acid (TFA) at 120°C for 1 h, after this which the
suspension was again dried under an inert gas and finally dissolved in 1 mL of water (MilliQ-H>O).
The hydrolysates were analyzed by high-performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) using an ICS-3000 system (Dionex) equipped with a
CarboPac PA1 column (4 x 250 mm, Dionex) (Morais de Carvalho et al. 2017). Samples for
calibration were prepared using standard sugars. Sugar analysis by methanolysis was performed in

three replicates.

Molecular weight

The molecular weight of the xylan samples was determined by size exclusion
chromatograpy (SEC) on a SECcurity 1260 system (Polymer Standard Services, Mainz, Germany)
equipped with a refractive index (RI) detector (Polymer Standard Services, Mainz, Germany)
coupled in series to a multiple-angle laser light scattering detector (MALLS; BIC-MwA7000,
Brookhaven Instrument Corp., New York). 4 mg/mL xylan solution was prepared by dissolving the
xylan directly in the SEC eluent (0.5% LiBr in DMSO) for 16 h at 60°C under constant stirring.
The solution was then filtered through 0.45 um PTFE syringe filters and analyzed by SEC. The
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samples were separated by GRAM columns (Polymer Standard Services, Mainz, Germany) where
a PreColumn (50 x 8 mm, 10 um particle size), a 100 A column, and a 10 000 A column (300 x 8
mm, 10 um particle size) were connected in series. The flow was 0.5 ml/min, the column oven was
at 60°C, and the RI-detector at 40°C. Nine pullulan standards with a Mp ranging between 342 and
708 000 Da (Polymer Standard Services, Mainz, Germany) were used for standard calibration to

determine the apparent molecular weight of the samples. The analysis was performed in duplicate.

Thermogravimetric analysis and differential scanning calorimetry of xylan samples and films
prepared with addition of plasticizers

The thermogravimetric (TGA) properties of both xylan samples and films prepared with
addition of plasticizers were assessed using a Mettler Toledo TGA/DSC 1 instrument coupled with
a STAR® System. Samples, 2-8 mg, were first heated from 25 to 600°C at rate of 10°C min™ in
nitrogen. The differential scanning calorimetry (DSC) analysis was performed using 2-6 mg of
sample in a Mettler Toledo DSC 1 instrument coupled with a STARe System. Samples were heated
at 10°C/min from 25 to 105°C to remove moisture, and then after cooling to 25°C, heated again
from 25°C to 400°C in nitrogen (Egiiés et al. 2014). The glass transition (Tg) temperature was
obtained from the second heating scan. Both the TGA and DSC analyses were performed in

duplicate.

Physico-mechanical properties of films
Physico-mechanical tests

The physico-mechanical tests were performed in a room with controlled temperature (23°C)
and relative humidity (50%) and the films were conditioned under these conditions for at least 24
h before testing. The weights, diameters and thicknesses of the xylan films were determined in
accordance with SCAN-P 88:01. The mechanical properties were measured on 5 mm wide strips
cut from the central part of the films using an Instron 5944 equipment with a 500 N load cell. The
mechanical tests were performed with a free span between the clamps of 150 mm and a constant

rate of elongation of 1.5 mm min™'. A total of 5 strips were measured for each sample.

Transmittance

Transmittance was measured at a wavelength of 800-200 nm on single xylan film sample
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using a Shimadzu UV-2550 (Japan) spectrophotometer, considering air as the reference.

Results and Discussion

Acetylation of xylan samples: influence of reaction conditions

Acetylation is a simple and efficient derivatization reaction which generates modified
polysaccharides with specific thermochemical properties suitable for barrier applications
(Grondahl et al. 2003; Egiiés et al. 2014; Gordobil et al. 2014; Stepan et al. 2014). To fairly assess
how the degree of acetylation affects the preparation and properties of films, alkali-soluble birch
xylan (ASX) and commercial birch xylan (CX) were acetylated to two different degrees, designated
low (for values lower than 0.7) and high (for values higher then 1.0). Unlike the observation for
the ASX sample, traces of acetyl groups were detected in the CX sample (Table 1), although they
were imperceptible in the FTIR spectrum (absence of band at 1740 cm™) (Figure 1), probably due
to the low content.

The successive substitution of hydroxyl groups by acetyl groups during acetylation was
confirmed by FTIR spectra based on the emergence and/or the increasing intensity of the band at
1740 cm™ (C=0 stretching) and the decrease in intensity of vibrations in the OH-region (around
3750-3000 cm™) (Bian et al. 2010; Belmokadden et al. 2011) (Figure 1). The OH-region is due to
several stretching vibration of inter- and intra-molecular hydrogen bonds (Popescu et al. 2011;
Djikanovi¢ et al. 2016), e.g., involving the O(2)H and the O(3)H in the xylan chain. The
combination of such vibrations causes a broadening of the OH region in the FTIR spectra (Popescu
et al. 2011). The substitution of hydroxyl by acetyl groups was also corroborated by other bands:
at 1364 cm!, assigned to the C-CH3 stretching, at 1210 cm™, due to the C-O stretching, and at 1426
cm’!, due to the asymmetric aliphatic C—H deformation of the methyl group (Drobniak; Mastalerz,
2006; Belmokaddem et al. 2011). Typical bands for polysaccharides were observed at 2946 (C-H
stretching vibration), 1608 (water absorption), 1034 (C-O and C-C stretching or C-OH bending)
and 896 cm! (B-glycosidic linkage) (Gupta et al. 1987; Kacurakova et al. 1998; Rodrigues et al.
1998; Rodrigues et al. 2001; Chaikumpollert et al. 2004; Sun et al. 2004).
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Figure 1. FTIR spectra of ASX and CX samples non-acetylated and acetylated at low (0.38-0.58)
and high (1.17-1.59) degrees.

The ASX and CX materials differed in terms of reactivity during the acetylation, the CX
sample being clearly more reactive. For the ASX sample, two steps of acetylation were necessary
to achieve a high degree of acetylation (1.17), but for the CX sample only one acetylation step was
required, resulting in a degree of acetylation of 1.59 with a yield of 121% (Table 1). To obtain a
lower degree of acetylation (0.38) of the ASX sample, the Aa:xylan molar ratio was kept at 25:1
(mol mol™), but the Aa:xylan molar ratio was reduced to 0.4:1 (mol mol™) to obtain the degree of
acetylation of 0.58 for the CX sample. Surprisingly, in this case, the xylan recovery was only 22%,
suggesting that most of the low-acetylated CX was soluble in ethanol (Peng et al. 2009).

Comparing the acetylation parameters of ASX and CX, three important features can be
pointed out: 1) the limited reactivity of the ASX sample; 2) increase in the ASX reactivity by
acetylation after sequential acetylation; and 3) a decrease in the yield of xylan during the acetylation
process, resulting in a yield below 100. As a rule, the substitution of hydroxyl groups (low molar
mass) by acetyl groups (high molar mass) should increase the final xylan mass, and our results
suggested that there was some loss of xylan during the first acetylation step of ASX. This was
probably due to the increased solubility of a certain xylan fraction in the ethanol used in the final
xylan recovery step. During the second acetylation step, on the other hand, a gain in xylan mass
was observed, indicating a good recovery yield. The molecular weight of the CX was slightly lower

than that of ASX material, and acetylation increased the molecular weights of both ASX and CX
M



probably due to the introduction of the larger acetyl groups and, as a result, the change in the
hydrodynamic volume of the xylan. After acetylation, the xylan formed less aggregates in solution
than the non-acetylated xylan.

The darkening of the acetylated xylan samples could due to side reactions between xylan
and the solvent system used for acetylation (i.e, the DMSO/NMI), and to side reactions between
the solvent system and the esterifying agent (i.e., the acetic anhydride). It has been reported earlier,
that at elevated temperature and prolonged contact, NMI can form colored condensed products and
adducts with terminal reduced end units of polysaccharides (Ebner et al. 2008; Liebner et al. 2010).
Stepan et al. (2013) studied the acetylation of rye xylan in the ionic liquid 1-alkyl-3-
methylimidazolium under various conditions. A brown product was usually obtained after a long
reaction time (e.g. 16h) at 50°C, whereas a white product was obtained when the reaction time was
only 5 minutes. The authors suggested that, when possible, the acetylation time should be reduced
to obtain a white acetylated xylan. In addition, when mixed with certain alkylation or acylating
agents (e.g. the acetic anhydride used for acetylation in the present study) DMSO may result in
oxidation of hydroxyl groups in cellulose according to a mechanism similar to the Swern oxidation
process (Henniges et al. 2007). A similar effect of DMSO on the hemicelluloses was suggested by
Haimer et al. (2010) due to the introduction of keto groups into the polymer and the potentially
formation of colored compounds. A short reaction time and low derivatization temperature were
shown to minimize the extent of oxidation, but oxidation cannot be completely avoided when

DMSO-based mixtures are used (Henniges et al. 2007).

Impact of acetylation on the chemical composition of xylan samples

The monosaccharide composition of the xylan samples was monitored during acetylation,
and the results are shown in Table 2. The presence of xylose and glucuronic acid (GlcA) in the
structure of glucuronoxylan from birch has been reported elsewhere (Teleman et al. 2002;
Ebringerova et al. 2005). As expected, these two monosaccharides represented more than §89% of
the sugars in the xylan samples, the highest amount being in the CX samples (higher than 97%).
Interestingly, the acetylation process seemed to lead to a purification of the xylan samples,
especially the ASX sample. Before acetylation, the ASX sample contained approximately 10.6%
heteropolysaccharides (defined here as monosaccharides from polymers other than xylan), mainly

galactose (Gal) (2.3%) and galacturonic acid (GalA) (3.2%). After the first acetylation step (DSac
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0.38), the amount of heteropolysaccharides decreased to 9.5%, of which 2.0% and 2.3% were Gal
and GalA, respectively. The reduction of the heteropolysaccharide content was even greater after
the second acetylation step. Highly acetylated ASX (DSac 1.17) contained 7.4%
heteropolysaccharides (1.0% Gal and 2.3% GalA). Although only 2.8% heteropolysaccharides
were found in the CX sample, the trend for purification to occur during acetylation was also
observed.

The presence of monosaccharides from heteropolysaccharides other than xylan in CX and
ASX can be explained by the coextraction of residual pectin substances together with xylan during
the isolation processes. Pectins are a known group of substances present in plants that may contain
polysaccharides such as galacturonan, rhamnogalacturonan, arabinan and galactans (Sjostrom and
Westermark 1999). The coextraction of heteropolysaccharides was apparently favored by the
alkaline conditions used for xylan isolation in the present study, leading to a less pure ASX sample.

Similar contents of residual Klason lignin were observed in the CX (1.2%) and ASX (1.4%)
samples. According to Goksu et al. (2007), a small amount of lignin in a xylan sample can be

beneficial to the formation of a coherent films, especially for lignin contents around 1.0%.

Table 2. Monosaccharides composition of xylan samples monitored during the acetylation process.
Values in parenthesis refer to the average degree of acetylation obtained by HPLC. Values in

parenthesis refers to the degree of acetylation of the samples.

Monosaccharides Samples
(%) CX (0.04) AcCX (0.59) AcCX(1.59) ASX(-) AcASX (0.38) AcASX (1.17)
Xylose 96.5 96.8 97.3 86.8 89.1 91.6
Glucuronic acid 0.7 0.6 0.8 2.7 1.4 1.0
Arabinose 0.0 0.0 0.0 0.3 0.4 0.2
Glucose 0.4 0.7 0.3 2.1 2.5 2.3
Mannose 0.0 0.0 0.0 1.7 1.5 0.9
Galactose 0.3 0.2 0.2 2.3 2.0 1.0
Galacturonic acid 2.1 1.7 1.3 3.2 2.3 2.3
Ramnose 0.0 0.0 0.1 1.0 0.9 0.6
Xylan* 97.2 97.4 98.1 89.4 90.5 92.6

*[Sum of xylose and glucuronic acid contents].

Films formation: preparation and visual aspects

As suggested in the literature, water was used for film preparation from non-acetylated
xylan (CX and ASX) (Grondahl et al. 2004; Goksu et al. 2007; Mikkonen et al. 2009; Egiiés et al.
2014; Gordobil et al. 2014) and chloroform was used for the casting of films of the highly
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acetylated xylan (Stepan et al. 2012; Stepan et al. 2013; Zhang et al. 2013; Egiié¢s et al. 2014;
Gordobil et al. 2014). The formation of a film from ASX acetylated to a low degree of acetylation
was tested in both water and chloroform. Due to the low yield and insufficient amount of sample
obtained for the CX with a low degree of acetylation, this sample was not used for film preparation.
To improve the dispersability of xylan in the solvents, sonication was used in combination with
stirring (chloroform-based films) (Gordobil et al. 2014) and stirring/heating (water-based films).
Images of the xylan films are presented in Figure 2. The color of the films followed the
color of the xylan samples; light yellow for non-acetylated samples and darker (brown) with
increasing degrees of acetylation. Non-coherent and brittle films were formed from the non-
acetylated CX samples without and with plasticizer, regardless of the type and charge of the
plasticizer used (Figure 2a). Since all the CX-films showed a similar behavior, only the CX-film
without plasticizer is shown in Figure 2a. The inability to form films from birch wood xylan has
been reported by Hansen et al. (2012), who attributed this to the low amount of Klason lignin
(0.6%) in the birch wood xylan sample. According to Goksu et al. (2007) a residual content of
around 1.0% Klason lignin seems to be required to allow film formation from cotton stalk xylan.
It is expected that some interactions and crosslinks between lignin and xylan, common in cell walls,
may be unaffected when a certain amount of lignin is preserved in xylan samples, improving their
subsequent film formation (Hansen et al. 2012). Our results revealed, however, similar Klason
lignin contents in CX (1.2%) and ASX (1.4%), indicating that factors other than the lignin content
had affected the film formation. This argument was corroborated by the successful formation of
films from ASX samples with and without plasticizer (Figure 2c). Since all ASX-films were
visually similar, only the ASX-film without plasticizer is presented in Figure 2¢c. The fundamental
difference between the CX and the ASX samples was the significantly greater amount of
heteropolysaccharides in the ASX samples. This was originally assumed to be a problem, but
instead it improved the formation of the film. Grondahl et al. (2004) asserted that the shortness of
the xylan chain is a factor that compromises film formation. According to our results, the presence
of pectin heteropolysaccharides in the xylan fractions apparently acted as an internal plasticizer
during film formation. ASX containing heteropolysaccharides formed coherent, transparent and
homogeneous films. The presence of such heteropolysaccharides in the xylan fractions improved
the film formation probably by increasing the dispersibility of the xylan in water. Finally, our results

proved not only that residual lignin improves the formation of xylan films but also that the presence
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of a certain amount of heteropolysaccharides is also beneficial.

CX

" Not tested

(a) (b)

(c) (d) (e) (f)

Figure 2. Birch films prepared using non-acetylated CX in water (a), high-acetylated CX in
chloroform (b), non-acetylated ASX in water (c), low-acetylated ASX in water (d), low-acetylated
ASX in chloroform (e) and high-acetylated ASX in chloroform (f). The colored rows in the

background were used for viewing the transparency of the strips of films.

The free hydroxyl groups of xylan have been derivatized by several researchers to favor
film formation (Grondahl et al. 2003; Stepan et al. 2012; Egiiés et al. 2014). However, the ASX
acetylated to a low degree of acetylation did not form a coherent film either in water or in
chloroform (Figures 2d and 2e). The low degree of modification probably created two distinct
polarities in the xylan structure, preventing interaction with water by the acetylated fraction and
interaction with chloroform by the non-acetylated fraction. Good interactions with chloroform were
observed only in xylan samples with a degree of acetylation higher than 1.0. Both CX and ASX
samples with a high degrees of acetylation formed coherent films. The acetylated CX sample
formed a transparent and homogeneous film (Figure 2b), but the acetylated ASX sample formed
an opaquer and heterogeneous film, with light and dark regions (Figure 2f). It is known that the

market prefers transparent films and coatings, especially for food packaging. However, Hansen et
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al. (2012) have stated that the current demand does not exclude the use of dark films, and other

properties of films such as physico-mechanical and thermal properties should therefore be assessed.

Properties of films
Physico-mechanical properties

The effect of plasticizers on the physico-mechanical properties of ASX-films was
investigated, glycerol, sorbitol and xylitol being added in two dosages: 20% or 40%. The films
prepared using the ASX in the presence or absence of a plasticizers were equally transparent and
were identical in appearance. The transparency of the ASX-films (with or without plasticizer) was
confirmed by the high transmittance results obtained at a wavelength of 550 nm (an arbitrary value
chosen in the middle of the visible wavelength range) (Figure 3). Although the transmittance of all
the ASX-films was in the same range (67.7%-75.6%), sorbitol preserved the transparency of the
films better than the other plasticizers. In general, the use of 40% plasticizer reduced the
transparency of the films compared with films prepared without plasticizer, regardless of the
plasticizer used.

The acetylated CX-film, which was colored and translucent, had a transmittance value of
12.7%, which was much higher than that of acetylated ASX-film (1.5%) that was not only colored,

but also opaque and heterogeneous.

75.6
734 72.5 = 71.9 71.6

60

40

20 12.7

. W
0 —

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

Transmittance at 550 nm (%)

Figure 3. Transmittance values measured at the wavelength of 550 nm. The results refer to the films
prepared with ASX, ASX in the presence of 20% or 40% of glycerol (G), sorbitol (S) and xylitol
(X), acetylated ASX (AcASX) and acetylated CX (AcCX).

The physical aspects of the films varied depending on the dosage of plasticizer and
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acetylation (Table 3). As expected, an increase in the dosage of plasticizer increased the thickness
of the films. The dosage of plasticizer also led to a variation in the diameter of the films (ASX =
4.7 cm, with 20% plasticizer = 5.2 cm, and with 40% plasticizer = 4.8 cm). This variation can be
explained by the differences in the shrinkage processes caused by the evaporation of water during
the film formation (Grondahl et al. 2004). As a consequence, the higher plasticizer dosage resulted
in an increase in the grammage of the films. The density of the films increased when 40% glycerol
or sorbitol was used, but decreased with 40% xylitol. Much lower values of thickness, grammage
and density were observed for films prepared using acetylated xylans.

Differences in the dosage of plasticizer and acetylation resulted in different mechanical
properties of the films (Table 3). The films prepared from the ASX sample, although coherent, were
extremely stiff and brittle and had the highest observed value of the Young’s modulus (2.4 GPa)
and the lowest strain-at-break (0.8%) (Table 3). When 20% plasticizer was added, both the tensile
strength and the strain-at-break increased. Hansen et al. (2012) observed a similar improvement in
mechanical properties using 20% sorbitol, but a reduction in tensile strength when glycerol was
used. The flexibility of the films was also improved, result confirmed by the Young’s modulus
reduction to the range of 1.4-1.8 GPa. However, the improvement in mechanical properties was not
sufficient to create a plastic behavior in the films (Figure 4), which can limit their application.
Plastic behavior was only observed in films with 40% plasticizer, regardless of the type of
plasticizer (Figure 4). Despite a clear reduction in the tensile strength compared with films prepared
using 20% plasticizer, those prepared using 40% plasticizer showed a greater strain-at-break (9.6-
16.9%) with a reduction in the Young’s modulus to 0.3-0.8 GPa. Similar results were reported by
Hansen et al. (2012). A dosage of 40% plasticizer allowed film elongation without the film simply
breaking, and the best mechanical properties were obtained with 40% addition of sorbitol or xylitol.
Our results were similar to those obtained by other authors (Grondahl et al. 2004; Mikkonen et al.
2009). Grondahl et al. (2004) also observed that increasing the sorbitol and xylitol dosage from
20% to 40% resulted in a decrease in tensile strength and an increase in elongation at break in xylan
films. Comparing glycerol and sorbitol at a dosage of 40%, Mikkonen et al. (2009) also reported

that xylan films prepared using glycerol had a lower tensile strength and Young’s modulus.
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Table 3. Summary of physico-mechanical properties of birch xylan films

Samples Thickness Gramrr_lzage Densigy ;{::IIS;Z Strain—oat— rzzl(liz%;z
(m) m?)  (kgm) oMby Preak (%) (GPa)

ASX 933+1.3 1453 +2.1 1456 £33 19314 0.8+0.1 24+0.2
ASX 20% G 113.0£1.3 171.9+3.1 1478 £43 26.2+4.7 3.3+0.1 1.4+0.1
ASX 20% S 114.3£1.6 180.0+0.1 1481 +5 242+4.6 1.6+0.3 1.8+0.1
ASX 20% X 113.3£0.7 174.8+2.6 1458 £31 255+1.0 2.0+0.2 1.6 +0.1
ASX 40% G 124.1£1.8 209.4+2.8 1547+16 6.1+0.7 9.6+04 0.3+0.0
ASX 40% S 1154+0.8 204.6+1.5 1568 £ 13 17.6 £0.6 16.7£1.0 0.8+0.0
ASX 40% X 1145+24  2204+3.5 1415+ 6 14.1+1.1 16.9+2.0 0.6+0.0
AcASX 89.1+£1.6 103.3£0.6  1188+22 30.8+1.5 2.1+0.1 1.8+0.0
AcCX 78.0+0.8 87.9+0.3 1204 +9 14.6+£2.6 0.7+0.1 1.9+0.2

Acetylation gave only a slight improvement in the mechanical properties of birch ASX
films, in contrast to that reported by Egiiés et al. (2014) using corncob arabinoxylan. The Young’s
modulus values for acetylated films were similar to those obtained using 20% plasticizer in the
ASX sample (AcASX — 1.8 GPa and AcCX — 1.9 GPa), indicating that the flexibility gained by
acetylation can also be gained by using 20% plasticizer (glycerol, sorbitol or xylitol). The strain-
at-break values of acetylated ASX (2.1%) and acetylated CX (0.7%) were comparable to those
observed for films prepared using non-acetylated ASX with 20% plasticizer (1.6-3.3%) and without
plasticizer (0.8%). The results obtained in the present study for the tensile strength and tensile strain
of acetylated films were much lower than those reported for acetylated arabinoxylan (Egiiés et al.
2014; Stepan et al. 2014). On the other hand, the lower Young’s modulus obtained in this study
suggested the formation of more flexible acetylated films than those reported by the
aforementioned authors. The greater tensile strength and strain-at-break observed for ASX films
than for CX films was probably another positive effect of the presence of heteropolysaccharides in
the xylan sample. This result suggested that such heteropolysaccharides improved not only the film

formation but also the mechanical properties of the films.
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Figure 4. Stress-strain curves of films made of non-acetylated and acetylated ASX and CX samples

in presence of absence of plasticizers.

The use of plasticizer can compensate for the need for acetylation in ASX in the
development of mechanical properties. However, plasticizers not bound to the polymer and with
low molecular weight, such as glycerol, sorbitol and xylitol, may migrate from the film during use
(Svérd et al. 2015). This migration can be a problem in, for example, food-packaging, and
migration of components from films to the food should not occur with chemically bonded
acetylation.

In the present study, only 20% and 40% dosages of glycerol, sorbitol and xylitol were
investigated. A plateau in the ratio between stress and strain in the plastic region was observed for
films prepared using 40% plasticizer, regardless of the plasticizer used (Figure 4). These results not
only confirmed the plastic behavior of those films but also indicated the possibility of optimization
of plasticizer dosages between 20% and 40%. The plastic behavior of films prepared with 40%

plasticizer was accompanied by a lower glass transition temperature (Tg) (Table 4).

Thermal properties

The thermal stabilities of the xylan samples and their respective films prepared with
addition of plasticizers were characterized by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) and the main results are summarized in Table 4 and Figure 5. An
increase in the glass transition temperature (Tg) was observed as a result of acetylation, but
plasticizer reduced the T, and increased the film flexibility (Egiiés et al. 2013).

Aloss of water was identified in the TGA spectra between 25°C and 100°C (Figure 5). Both
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acetylation and the use of plasticizer (especially xylitol) reduced the water content of the films
(Table 4). Our results confirmed those in the literature, where a reduction in water absorption was

observed after acetylation (Grondahl et al. 2003).

Table 4. Thermogravimetric properties of xylan samples and their respective films prepared with

addition of plasticizers

[25-100°C] [150-450°C] Residues at 600°C,
Sample Tg,°C
wt. (%) Onset (°C) wt.* (%) T peak (°C) wt.* (%)

Xylan samples

ASX 7.7+0.0 188.9+0.1 49.9+0.3 272.2+0.7 32.8+£0.6 1299+1.0
AcASX 0.3+0.0 3123+0.1 81.3+0.6 353.3+0.2 142+0.8 192.8+0.4
CX 42+0.5 200.6+0.4 60.3+0.5 294.1+0.1 31.5+0.1 131.7+£0.8
AcCX 0.6 +0.1 3185+1.3 82.6+1.3 3555+04 112+14 2063 +0.9
Films prepared with addition of plasticizers

ASX20%G 3.1+0.1 179.2+0.0 66.9+1.0 2722+22 31.0£2.0 127.9+0.5
ASX20% S 3.1+0.1 185.5+0.3 67.1+1.8 273.9+0.5 294+1.7 1372+1.8
ASX20% X 2.8+0.0 184.1+0.5 67.6+1.1 2748+ 0.6 289+2.0 136.8+2.3
ASX40% G 3.5+0.1 167.9+3.3 71.6+2.3 267.6+0.0 258+2.4 116.3+1.2
ASX 40% S 3.0£0.0 179.0+1.5 70.9 0.0 281.9+0.9 26.1+0.0 117.0+0.8
ASX 40% X 2.7+£0.2 1778+ 1.5 71.1+£0.7 277.8+3.6 259+0.5 121.0£ 1.5

*[On a dry basis, i.e., the value obtained by analysis were corrected by dry content measured at the stable plateau of the TGA curves 105-110°C].

The thermal degradation of the xylan itself and of the plasticizers was observed in the TGA
spectra between 150°C and 450°C. The derivative thermogravimetric curves (the lower left corners
of the graphs in Figure 5) were used to determine the thermal stability of the samples, i.e., the
temperature at which the main xylan degradation starts (Tonset). Thermal stability is a crucial
parameter for films in food packaging, especially for extrusion processing and in applications
where the product is to be microwaved (Mikkonen and Tenkanen 2012). A significant increase in
the thermal stability of xylan was observed as a result of acetylation of ASX (ATonset = 123°C) and
CX (ATonset = 118°C) samples (Table 4). Similar behavior has been previously reported (Egiiés et
al. 2014). The temperature at which the maximum rate of decomposition (T peak) occurred
increased with increasing degree of acetylation for ASX (ATt peak = 81°C) and CX (ATt peak = 61°C)
samples, but the degradation became faster. The acetylated xylan produced significantly less
residue at 600°C (char + ash) than the non-acetylated xylan, the greatest mass loss due to xylan
degradation being observed between 150°C and 450°C (Table 4).

A reduction in the thermal stability of the films was observed when the plasticizers were
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used (Table 4 and Figure 5). Hansen et al. (2012) explained that this is probably due to a
plasticization of the matrix of the film, which results in the breaking of intermolecular forces in the
film during heating. A higher plasticizer dosage lowered the thermal stability and the lowest value
was obtained with glycerol. Similar results were reported by Hansen et al. (2012) when comparing
glycerol and sorbitol. Films prepared with 40% plasticizer left less residue at 600°C (25.8%-26.1%)
than those prepared with 20% plasticizer (28.9%-31.0%) or without plasticizer (32%). This is
probably due to the evaporation of the plasticizer during the thermogravimetric analysis (Hansen

et al. 2012).
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Figure 5. Thermal decomposition and derivative thermogravimetric curves (DTG) of xylan samples
and films prepared using plasticizers, named: non-acetylated and acetylated CX (a), non-acetylated
and acetylated ASX (b), non-acetylated ASX-films with 20% plasticizer (c) and non- acetylated
ASX-films with 40% plasticizer (d).
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Conclusions

The reactivity of xylan samples during acetylation was impaired by the greater amount of
residual heteropolysaccharides in the ASX sample (11%). Acetylation led to a reduction in the
amount of residual heteropolysaccharides in xylan samples, especially in the ASX sample.

The residual heteropolysaccharides acted as natural plasticizers during film formation, and
their preservation in the ASX sample enhanced the formation of coherent, but brittle films. The use
of external plasticizers (20% and 40%) improved the flexibility and strength of the films, but only
40% plasticizer was efficient to achieve plastic behavior in the films. Acetylation favored film
formation and improved the mechanical properties of the films to values similar to those obtained
using 20% plasticizer. The use of plasticizers for preparing films is thus an alternative to acetylation
for improving the mechanical properties. This strategy allows the preparation of films from water
as solvent, without penalizing the film properties. External plasticizers not bound to the xylan may
migrate out from the film during use, but this risk is avoided with xylan chemically modified by

acetylation.
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