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DESCRIPTION

TECHNICAL FIELD

[0001] The present disclosure concerns a process for preparing modified hemicellulose as well
as modified hemicellulose obtainable by such a process and articles such as a film comprising
said modified hemicellulose. More specifically, the present disclosure concerns a process for
preparing a film comprising modified hemicellulose and films obtainable by such a process.

BACKGROUND

[0002] Hemicelluloses are a group of polysaccharides found in wood and cereal crops.
Hemicelluloses are the second most abundant polymer in nature, only cellulose being more
abundant. Compared to cellulose, the properties of hemicellulose are less beneficial and
hemicelluloses are therefore often considered as waste or by-products of low value in
manufacturing processes. As a consequence, large amounts of hemicelluloses are burnt to
provide energy, disposed of, used in animal feed etc.

[0003] Hemicelluloses include xylan, glucuronoxylan, arabinoxylan, glucomannan and
xyloglucan.

[0004] In wood, the two main hemicelluloses are xylan and glucomannan. In hardwood xylan is
the major hemicellulose while softwood contains a mixture of xylan and glucomannan.

[0005] Scheme 1 depicts an exemplary chemical structure of xylan, which has a backbone of
xylose monomer units. It will be appreciated that the chemical structure of xylan may vary
depending on e.g. its origin. For instance, some xylose monomers may be substituted with
glucose residues and/or it may contain glucuronic acid.
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Scheme 1

[0006] Scheme 2 depicts an exemplary chemical structure of galactomannan, which has a
backbone of mannose and glucose with galactose side-groups. It will be appreciated that the
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chemical structure of galactomannan may vary depending on e.g. its origin.
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Scheme 2

[0007] Arabinoxylan is the most abundant hemicellulose in the grain (as non-starch
polysaccharides) and the straw (associated with cellulose fibres and lignin) of cereal crops.

[0008] Scheme 3 shows an exemplary chemical structure of arabinoxylan, which has a
backbone of 1 ,4-linked xylose units some of which are substituted with arabinose residues. It
will be appreciated that the chemical structure of the arabinoxylan may vary depending e.g. on
its origin. For instance, the ratio of arabinose: xylose may vary and/or the arabinoxylan may
contain ferulic acid.
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Scheme 3

[0009] It has been found that the process for producing the hemicellulose may impart
attractive properties to the resulting hemicellulose(s) and products thereof. Consequently, it
has been realized that hemicellulose containing materials such as agricultural by-product
constitute a valuable source of renewable materials.

[0010] WO 2016/198651 discloses a process for producing hemicellulose fractions from cereal
crops, comprising hot water extraction of hemicellulose fractions from cereal crops in
combination with enzymatic treatments and/or subsequent membrane ultrafiltration to further
purify the extracts. The arabinoxylans isolated from the process are predominantly feruloyated,
and may be used for the preparation of carbohydrate-based materials with functional
properties selected from the group consisting of films, hydrogels, active food packaging,
prebiotics, bioactive compounds and texturizing agents. A comparison is made with a process
for preparing arabinoxylan (AX), said process involving alkaline extraction at high pH, which is
stated to cause cleavage of phenolic acid functionalities from the AX fractions.

[0011] Biomacromolecules, 2016, 17, 2972-2980 discloses the synthesis and characterization
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of periodate-oxidized polysaccharides, and the formation of dialdehyde xylan is reported. It is
stated that the oxidized xylan demonstrated lower thermal stability upon TGA analysis and a
greater amount of char compared to the unmodified xylan.

[0012] To increase the versatility and/or availability of hemicelluloses, and/or enable industrial
production thereof, there remains a need for alternative processes in this field.

[0013] It is an object of the present disclosure to provide a process fulfilling said need. Further,
it is an object of the present disclosure to overcome or at least mitigate some of the problems
associated with processes for preparing hemicellulose(s) such as modified hemicelluloses
and/or the resulting hemicelluloses thereof. It is also an object of the present disclosure to
provide a hemicellulose film obtained by such a process.

SUMMARY

[0014] There is provided a process for producing modified hemicellulose. The process
comprises the steps of:

1.a) providing a mixture of at least one solvent and a hemicellulose, wherein said
hemicellulose is arabinoxylan,

2. b) subjecting the mixture of step a) to an oxidizing agent selected from the group
consisting of periodate, lead tetraacetate, ozone, dichromate, permanganate,
thallium(lll) salts, pyridinium chlorochromate and any combination thereof to provide an
oxidized mixture,

3. ¢) adding a reducing agent selected from the group consisting of aluminium hydride,
borohydride, dithionite, polysulfide, anthraquinone and any combination thereof to said
oxidized mixture, and

4. d) treating the mixture of step c¢) with a reagent selected from the group consisting of
epoxide, alkyl halide, alkyl tosylate, alkyl mesylate and any combination thereof,
optionally in the presence of a base or a coupling reagent, thereby providing modified
hemicellulose.

[0015] Further, there is provided modified hemicellulose obtainable by the process described
herein.

[0016] There is also provided an article such as a film comprising modified hemicellulose
obtainable by the process described herein.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0017]

Figure 1 shows an FTIR spectrum of arabinoxylan from wheat before and after treatment with
the process described herein.

Figure 2 shows the amount of modified carbohydrates for arabinoxylan from wheat before and
after treatment as described herein.

Figure 3 shows the amount of arabinose and xylose for arabinoxylan from wheat before and
after treatment as described herein.

Figure 4 shows the amount of modified carbohydrates for arabinoxylan from barley before and
after treatment as described herein.

Figure 5 shows the amount of arabinose and xylose for arabinoxylan from barley before and
after treatment as described herein.

DETAILED DESCRIPTION

[0018] In accordance with the present disclosure there is provided a process for producing
modified hemicellulose. The process comprises the steps of:

1.a) providing a mixture of at least one solvent and a hemicellulose, wherein said
hemicellulose is arabinoxylan,

2. b) subjecting the mixture of step a) to an oxidizing agent selected from the group
consisting of periodate, lead tetraacetate, ozone, dichromate, permanganate,
thallium(lll) salts, pyridinium chlorochromate and any combination thereof to provide an
oxidized mixture,

3. ¢) adding a reducing agent selected from the group consisting of aluminium hydride,
borohydride, dithionite, polysulfide, anthraquinone and any combination thereof to said
oxidized mixture, and

4. d) treating the mixture of step c¢) with a reagent selected from the group consisting of
epoxide, alkyl halide, alkyl tosylate, alkyl mesylate and any combination thereof,
optionally in the presence of a base or a coupling reagent, thereby providing modified
hemicellulose.

[0019] Surprisingly, it has been found that the modified hemicellulose produced in accordance
with the process described herein may be converted into articles such as films having attractive
properties such as water-resistance, water-insolubility, transparency and/or elasticity.

[0020] The hemicellulose used in the process described herein may be obtained from
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agricultural side streams and/or agricultural product streams. This is a significant benefit since
such agricultural side streams and/or product streams is/are frequently easily available in large
amounts at low cost. Instead of burning or disposing of the agricultural side streams and/or
product streams, the process of the present disclosure provides for use of agricultural side
streams and/or product streams in high value applications. Accordingly, the process of the
present disclosure allows for valorization of agricultural side streams and/or product streams
from both an economic and an environmental point of view. Examples of agricultural side
streams and/or product streams include an agricultural by-product such as a cereal by-
product. Examples of cereal by-products from which the hemicelluloses of the present
disclosure may be derived include cereal bran such as wheat bran, barley bran, rye bran, or
oat bran, or cereal husk such as wheat husk, barley husk, rye husk, or oat husk.

[0021] Thus, the fact that the modified hemicellulose may be produced from agricultural side-
streams and product streams as described herein that may otherwise have been disposed of
or burnt makes the process as well as products resulting from said process sustainable and
also valuable from an economic point of view. Moreover, the modified hemicellulose described
herein is believed to be at least partially biodegradable thereby further lowering the overall
environmental impact.

[0022] In particular, films comprising the modified hemicellulose as described herein may be
used in a large number of important applications such as packaging, materials, membranes,
food, pharmaceuticals and additives. For instance, the films comprising the modified
hemicellulose as described herein may be used as a plastic wrap, cling film, cling wrap or the
like for sealing items such as food in containers. The films may be provided as a roll in a box
with a cutting edge. When used for sealing, the film may allow for a tight closure over the
container without a need for an adhesive.

[0023] In comparison, plastic wraps currently on the market are frequently based on fossil fuel
based materials such as polyvinylchloride, polyethylene and polyvinylidene chloride which are
not biodegradable. Instead, articles such as films comprising the modified hemicellulose as
described herein constitute an eco-friendly and sustainable alternative.

[0024] The hemicellulose of the process described herein may comprise or consist of
arabinoxylan. The arabinose content of the arabinoxylan may vary depending on e.g. the origin
of the arabinoxylan and/or the preparation process of said arabinoxylan. The arabinoxylan may
have an arabinose:xylose ratio within the range of from 0.1:1 to 2:1 or from 2:1 to 1:5. For
instance, the arabinose:xylose ratio may be 0.3:1, 1:1 or 1:3.4. Moreover, the arabinoxylan
may be feruloylated, i.e. it may contain ferulic acid. The ferulic acid may be covalently bonded
to the arabinoxylan. It will be appreciated that the arabinoxylan of the process described herein
may be feruloylated to varying degrees. For instance, it may be substantially feruloylated or
may substantially lack ferulic acid. The origin of the arabinoxylan may have an impact on the
amount of ferulic acid present in the arabinoxylan, as it has been reported in WO 2016/198651
that an alkaline extraction process decreases the amount of feruloylated arabinoxylan while hot
water extraction of hemicellulose fractions from cereal crops provides feruloylated
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arabinoxylan.

[0025] The arabinoxylan may be provided from at least one cereal and/or wood. The cereal
may be or comprise cereal bran and/or cereal husk. Examples of cereal bran include wheat
bran, barley bran, rye bran, or oat bran. In an example, the cereal bran may be wheat bran.
Examples of cereal husk include wheat husk, barley husk, rye husk, or oat husk. In an
example, the cereal husk may be barley husk.

[0026] It will be appreciated that the process described herein may be performed with any
oxidizing agent suitable for cleavage of vicinal diols into corresponding aldehyde groups and/or
any reducing agent suitable for reducing an aldehyde into the corresponding alcohol and/or
any epoxide or alkylating agent suitable for reaction with an alcohol such as a primary alcohol.
Examples of suitable oxidizing agents suitable for cleavage of vicinal diols into corresponding
aldehyde groups include periodate, lead tetraacetate, ozone, dichromate, permanganate,
thallium(lll) salts, pyridinium chlorochromate and any combination thereof. The periodate may
be periodic acid or sodium periodate. Examples of suitable reducing agent suitable for
reducing an aldehyde into the corresponding alcohol include aluminium hydride, borohydride,
dithionite, polysulfide, anthraquinone and any combination thereof. In an example the reducing
agent is borohydride such as sodium borohydride. Examples of suitable epoxides include alkyl
glycidyl ethers such as butyl glycidyl ether. Suitable alkyl halides, alkyl tosylates and alkyl
mesylates may include straight or branched alkyl chains optionally provided with aryl
substituents. The oxidizing agent may be periodate such as sodium periodate, and/or the
reducing agent may be borohydride such as sodium borohydride or dithionite such as sodium
dithionite, and/or the epoxide may be butyl glycidyl ether. It has been found that the aldehyde
groups formed in the oxidation step of the process of the present disclosure lower the thermal
stability of the hemicellulose, while reduction of the aldehyde groups into corresponding alcohol
groups increased the thermal stability of the resulting hemicellulose as compared to the
hemicellulose containing aldehyde groups. Table 2 of the Examples section of this documents
provides evidence for this lowering and increase of thermal stability as measured by T, (i.e.

onset temperature) using TGA (i.e. thermogravimetric analysis) measurement.

[0027] The solvent(s) used in the steps of the process described herein may be any suitable
solvent(s) known to the person skilled in the art. For instance, the solvent(s) may include water
and/or an alcohol.

[0028] Further, it will be appreciated that the hemicellulose subjected to oxidation and
reduction of the process described herein may be reacted with any suitable alkyl halide or
epoxide optionally in the presence of a base and/or coupling agent. Examples of suitable
alkylating agents include alkyl halide, alkyl tosylate and alkyl mesylate as described herein. The
base may be a hydroxide such as sodium hydroxide or a hydride such as sodium hydride. The
coupling agent may be N, N'-dicyclohexylcarbodiimide.

[0029] The choice and amount of alkylating agent or epoxide may be selected to provide for
desired properties. For instance, between 3 and 5 mole equivalents of the epoxide or alkylating
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agent based on the amount of hemicellulose prior to oxidation and reduction may be used
leading to a molar substitution degree of from about 1 to about 5 such as from 2 to 4.

[0030] Surprisingly, it has been found that the combination of subjecting the hemicellulose
arabinoxylan to oxidation and reduction as described herein with reaction with an epoxide,
alkylating agent or the like provides modified hemicelluloses with properties such as a low
glass transition temperature and low or substantially no water-solubility. These properties make
them suitable for thermal treatment and/or for use in applications where water-resistance is
desired.

[0031] The hemicellulose of the process described herein may be obtained from any suitable
production process thereof. For instance, the hemicellulose may be obtained from an alkaline
extraction process, and/or a process comprising pressurized hot water extraction and
enzymatic treatment.

[0032] Advantageously, an alkaline extraction process suitable for producing arabinoxylan that
may subsequently be used in the process described herein includes an alkaline extraction step
which may be performed at room temperature. For instance, the alkaline extraction process
may include the steps of:

1. (i) treating an aqueous solution of an agricultural side-stream or product stream with HCI
(i.e. hydrochloric acid),

2. (ii) removing the aqueous phase from (i) thereby providing a residue,

3. (iii) delignifying the residue of step (ii) by treatment with aqueous chlorite such as sodium
chlorite,

4. (iv) removing the aqueous phase of step (iii) to provide a residue,

5. (v) treating the residue of step (iv) at room temperature with aqueous hydroxide such as
sodium hydroxide and a reducing agent such as thionite, preferably sodium dithionite,

6. (vi) adding an acid such as HCI thereby precipitating cellulose and providing
arabinoxylan in an aqueous solution,

7. (vii) isolating the hemicellulose from the aqueous solution of step (vi),

8. (viii) optionally further treating the isolated hemicellulose from step (vii) such as
subjecting the isolated hemicellulose to enzymatic treatment. The enzymatic treatment
may involve treatment with amylase.

[0033] Additionally or alternatively, the hemicellulose of the process described herein may be
obtained from a process comprising pressurized hot water extraction and enzymatic treatment.
Such a process is described in WO 2016/198651 and is incorporated by reference herein.
Thus, there is provided a process for producing a hemicellulose fraction from a cereal crop,
comprising subjecting said cereal crop to

1. a) pressurized hot water extraction and a subsequent
2. b) enzymatic treatment of the insoluble residues.
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[0034] The pressurized hot water of step a) may be performed at a temperature of between
140-160°C and/or at pH between pH 5-9. For instance, step a) may be performed at 160°C at
pH 7. Instead of or in addition to step b) the process may comprise one or more further steps
of subsequent membrane ultrafiltration to further purify the extracts.

[0035] There is also provided modified hemicellulose obtainable by the process described
herein.

[0036] Advantageously, the modified hemicellulose obtainable by the process described herein
may be converted into an article optionally in combination with one or more additives.
Accordingly, there is provided an article comprising modified hemicellulose obtainable by the
process described herein. The article may be selected from the group consisting of a film,
material, membrane, food ingredient, pharmaceutical excipient and additive. In an example,
the article is a film. The material may form part of a composite material and/or provide for a
barrier against moisture. The composite material may be provided as a film. The articles
produced in accordance with the process described herein may be used as a replacement for
and/or in combination with fossil fuel based materials thereby reducing a negative
environmental impact and/or allowing for a transition towards use of renewable raw material in
the form of modified hemicelluloses as described herein.

[0037] Thus, the process described herein may comprise a further step of:
e) forming a film comprising said modified hemicellulose.

[0038] Thus, the process described herein may be a process for producing a film comprising
or consisting of a modified hemicellulose as described herein.

[0039] The step of forming the film may comprise subjecting the modified hemicellulose
described herein to solution casting, hot pressing, film blowing and/or extrusion blowing.

[0040] The solution casting may be performed as described herein. For instance, the solution
casting may take place by subjecting a sample placed in a solvent such as water, ethanol or a
mixture of water and ethanol in a vessel followed by drying until a film is formed. The drying
may take place at a temperature from about 20°C to about 30°C.

[0041] The hot pressing may be performed as described herein. For instance, the hot pressing
may take place by subjecting a sample between plates to a temperature from about 50°C to
about 200°C and/or a pressure of from about 1 ton to about 10 tons. For instance, the
temperature may be about 140°C or about 150°C and the pressure may be about 5 tonnes.

[0042] Advantageously, the step of forming a film includes thermal treatment such as hot
pressing allowing for convenient manufacturing on an industrial scale.
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[0043] Surprisingly, it has been found that articles such as films comprising or consisting of a
modified hemicellulose obtainable from the process described herein exhibit advantageous
properties including at least one of: water resistance, water-insolubility and/or elasticity.
Further, the articles may be meltable when subjected to hot pressing as described herein.

[0044] Thus, there is provided an article as described herein exhibiting at least one of the
following properties:

water-insoluble,

an elongation within the range of from about 12% to about 300% such as from about 30% to
about 220%,

a melt viscosity within the range of from about 50 Pa-s to about 70.000 Pa-s such as from
about 100 Pa-s to about 7000 Pa s.

[0045] Additionally or alternatively, there is provided an article as described herein exhibiting at
least one of the following properties:

water-insoluble,

a tensile stress within the range of from about 0.5 MPa to about 30 MPa such as from about
0.5 MPa to about 20 MPa,

an elongation within the range of from about 12% to about 300% such as from about 30% to
about 220%,

a Young modulus within the range from about 1 MPa to about 400 MPa such as from about 1
MPa to about 10 MPa,

a melt viscosity within the range of from about 50 Pa-s to about 70.000 Pa-s such as from
about 100 Pa-s to about 7000 Pa s.

[0046] In this document, an article is understood to be water-insoluble if ocular inspection
shows that said article is not or substantially not dissolved in water when immersed in a water
bath for up to 24 hours, said water bath having a temperature of about 60°C.

[0047] Further, the melt viscosity described herein may be measured as described in the
Examples section of this document.

[0048] Moreover, in this document an article such as a film is considered to be stretchable
when exhibiting an elongation within the range of from about 12% to about 300% such as from
about 30% to about 220%. The elongation may be measured as described in the Examples
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section of this document. The stretchability is advantageous in several applications such as in
sealing applications.

[0049] Therefore, articles such as films comprising or consisting of a modified hemicellulose
obtainable from the process described herein may be used in applications where properties
such as water resistance, water-insolubility and/or elasticity are desirable. Examples of such
applications include packaging material, composite material, membrane, food ingredient,
pharmaceutical excipient and/or additive.

[0050] Thus, there is provided use of an article such as a film comprising or consisting of a
modified hemicellulose obtainable from the process described herein as packaging material,
composite material, membrane, food ingredient, pharmaceutical excipient and/or additive.
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[0052] The disclosure is further illustrated by the following non-limitative Examples.

EXAMPLES

Abbreviations

[0053]

AX

Arabinoxylan
AX wheat

Arabinoxylan from wheat bran
AX barley



Arabinoxylan from barley husk

Anhydroxylos unit
BGE

Butyl glycidyl ether
kDa

kiloDalton
DO

Degree of Oxidation
DMA

Dynamic Mechanical Analysis
GC

Gas Chromatography
GGM

Galactoglucomannan

h
hour(s)
L
liter
M
molar
mM
millimolar
mmol
millimole(s)
mi
milliliter
MS
Molar substitution
MSNMR
Molar substitution degree as measured by NMR
n.d.
not determined
nm
nanometer
NMR
Nuclear Magnetic Resonance
FTIR
Fourier Transform Infrared
Tg
Glass transition temperature
To

Onset temperature
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Thermal Gravimetric Analysis
UV-Vis

Ultraviolet-Visible spectroscopy
Pa

Pascal
MPa

Mega Pascal

second(s)

General

[0054] All chemicals were purchased from Sigma-Aldrich if nothing else is stated. The
chemicals were used without further purification. Dialysis membrane (Spectra/Por 3) with a
molecular weight cut-off of 3.5 kDa was purchased from Spectrum Labs. Wheat bran was
provided by Lantménnen, Sweden. The barley husks were provided as milled barley husks.
The xylan was beech wood xylan from Sigma-Aldrich. The GGM was spruce GGM.

[0055] '"H NMR spectra were recorded on a Varian MR-400 MHz spectrometer at 25°C and
calibrated by using the residual peak of the solvent as the internal standard (D;O: d4 = 4.79

ppm). Prior to analysis the samples were hydrolyzed with a 72% sulfuric acid as described
below. After hydrolysis the liquid solution was neutralized with barium hydroxide and then
filtered through glass filters before water was removed through a rotary evaporator.

[0056] Hydrolysis: A hydrolysis was performed by adding 3 ml 72% sulfuric acid to 200 mg
oven dried sample. The samples were first placed under vacuum for 15 minutes followed by
heating in a water bath at 30°C for 60 minutes. Thereafter, 84 g deionized water was added to
the samples and an aluminum foil lid was placed over the samples before put in an autoclave
for about 1 h at 125°C and thereafter cooled down to room temperature. The solid particles
are removed from the liquid by filtration through a 0.45 um filter. The liquid is collected and
used in further analysis.

[0057] FTIR spectra were recorded on a Perkin Elmer Frontier FT-IR Spectrometer equipped

with an attenuated total reflection (ATR) device. FTIR was analyzed between 4000-400 cm™
and 16 scans collected.

[0058] Carbohydrate analysis: A high performance anion exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), using an ion chromatography system ICS 3000
(Dionex) equipped with a CarboPac PA1 (4 x 250 mm) analytical column, a gradient pump,
isocratic post column pump, column oven and autosampler was used to analyse the



DK/EP 3700941 T3

carbohydrate composition. The different sugars detected with the available system were
arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl), and mannose (Man). Prior to
analysis the samples were hydrolyzed as described herein and the liquid solution was
subsequently diluted to a concentration of 200 mg/L.

[0059] A UV-Vis spectrometer (Cary 60 UV-Vis, Agilent Technologies) was used to follow the
progress of the oxidation reaction, scanning the wavelength between 800 to 200 nm with a
scanning rate of 300 nm/min. The absorbance at 290 nm was analyzed to measure the
consumption of sodium periodate, according to Maekawa et al. in Wood research: bulletin of
the Wood research Institute, Kyoto University, (1986), 73: 44-49. A linear standard curve of
sodium periodate was prepared with concentrations between 0.1-5 mM. Quarts cuvettes were
used for the analysis.

[0060] Dialysis: Purification of the samples were done by a dialysis process where the sample
were placed into dialysis membrane tubes and sealed in both ends. The filled dialysis tubes
were then placed in deionized water for at least 2 days. The deionized water was replaced at
least three times per day.

[0061] TGA instrument TGA/DSC 3+ Star System (Mettler Toledo) was used where
approximately 10 mg sample was heated from 25°C to 500°C under N, atmosphere and with a

heating rate of 5 °C /min.

Arabinoxylan

[0062] The arabinoxylan used in the experiments of this document was isolated from wheat
bran or milled barley husks using an alkaline extraction process as described in the thesis
"Chemical modification of polysaccharides - Fundamental research with an applied
perspective” by Mikaela Borjesson, Chalmers University of Technology, 2016, ISBN: 978-91-
7597-456-9 and BioResources, (2018), 13(3), 6201-6220. By way of example, this alkaline
extraction process was performed as follows to obtain arabinoxylan from wheat: 0.5 kg wheat
bran was pre-hydrolyzed in 0.05 M HCI solution (10 L) at room temperature over night. The
wheat bran was filtrated providing a solid residue. The solid residue was delignified by mixing
with 2 L aqueous solution of sodium chlorite (75 g) and adjusting the pH to 3.1 (Jenway 3510
pH meter) with NaOH, thereafter heating at 80°C for 3 h. After delignification the sample was
filtrated providing a solid residue, which was dispersed into 1 M NaOH-solution (5 L) containing
50 g sodium dithionite as reducing agent. This alkaline extraction was performed over night at
room temperature. The mixture was neutralized by addition of HCI leading to precipitation of
cellulose while the hemicellulose remained in the aqueous solution. The two polymers were
separated through centrifugation (Heraeus Megafuge 40, Thermo Scientific).

[0063] The hemicellulose fraction obtained after isolation contained high amounts of glucose
(approximately 18% as shown by the carbohydrate composition measured with a HPAEC-PAD
system as described herein), which is believed to origin from starch and B-glucan. The starch
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was removed from the arabinoxylan by addition of a-amylase (Termamyl 120, Sigma-Aldrich)
to an AX/water solution (5 g/L), heated at 60°C for 20 h, followed by dialysis against deionized
water. The destarched AX sample was analyzed with respect to its carbohydrate composition
using carbohydrate analysis as described herein.

Oxidation of hemicellulose

[0064] The arabinoxylan from wheat or barley, the xylan or the GGM was oxidized by
treatment with NalO4 (sodium periodate obtained from Riedel de Haen AG) leading to cleavage
of vicinal diols and formation of aldehyde groups. The concentration of NalO4 added results in
different degree of oxidation. By way of example, the oxidation was performed as follows for
the arabinoxylans: 4 g (30 mmol) hemicellulose such as arabinoxylan was dissolved in 165 mi
deionized water and 25 ml of a sodium periodate solution containing 15.2 mmol NalO4 (0.5
mole eq./AXU), 7.6 mmol NalO4 (0.25 mole eq./AXU) or 3.8 mmol NalO4 (0.125 mole eq./AXU).
Isopropanol (10 ml) was added to all samples as radical scavenger to prevent side reactions
and chain scission. The oxidation reaction was performed at room temperature and in dark
with magnetically stirring. The reaction was followed by UV-Vis at A=290 nm, corresponding to
the consumption of sodium periodate. A linear standard curve for the consumption of NalO 4 at
290 nm was performed for concentrations between 0.1-5 mM NalOy4. It was observed that not
all sodium periodate was consumed. The reaction was considered to be completed when it
was observed that the amount of NalO4 no longer decreased as shown by UV-Vis. After
complete oxidation the solutions were used in a following reducing reaction without any
purification. The examples with xylan and GGM are not according to the invention.

[0065] Table 1 shows the number of mole equivalents (mole eq.) of added NalOy4 for the tested

hemicelluloses and the resulting DO. However, for GGM the DO could not be calculated since
the GGM solution appeared to interfere with the absorption band from the consumed NalO4 at

290 nm.

Table 1
Sample |} Example No. ;| Mole eq. of added NalO,4/ carbohydrate { DO (%)
unit
AX wheat 1 0.125 7
2 0.25 19
3 0.5 44
AX barley 4 0.125 3
5 0.25 9
Xylan 6 0.125 3
7 0.25 10
GGM 8 0.125 n.d.
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Sample | Example No. { Mole eq. of added NalO,4/ carbohydrate { DO (%)
unit
9 0.25 n.d.

[0066] It was observed that AX wheat gave the highest DO. It was also observed that AX
barley and xylan had similar DO values. It is believed that the lower DO values for AX barley as
compared to AX wheat may be due to the fact that AX barley is less water-soluble than AX
wheat and also contains less amount of arabinose side groups.

Reduction of oxidized hemicellulose

[0067] The oxidized hemicellulose as described herein was treated with sodium borohydride
(NaBHy4) as reducing agent in order to convert aldehyde groups into alcohol groups. Generally,

2 g NaBH4 was added to an aqueous suspension of the oxidized hemicellulose (30 mmol)

having a concentration of 20 g/L with 0.3 g sodium phosphate added to the solution giving a
sodium phosphate concentration of 0.01 M. The reduction was carried out for 4 h at room
temperature and magnetically stirring. The samples were purified through dialysis against
deionized water as described herein. Thermogravimetric analysis (TGA) was performed for the
purified samples and the oxidized hemicellulose used as starting material for the reduction.
Table 2 shows the results of the TGA measurement. In the sample column of Table 2, the DO
of the arabinoxylan from wheat is indicated. T, is the onset temperature, i.e. the temperature

where the sample starts to degrade.

Table 2

Sample Example T, (°C) oxidized T, (°C) oxidized and reduced
No. sample sample

AXwheat7 % {1 242 264

OX.

AX wheat 19 % {2 212 250

OX.

AX wheat 44% {3 191 239

OX.

[0068] It was observed that the T, value increased for all samples tested, which was taken as

evidence for reduction of the aldehyde groups into alcohol groups. A comparative example for
AX wheat that had not undergone oxidation and reduction was performed, which showed a T,

value of 256°C.

Etherification
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[0069] The hemicellulose subjected to oxidation and reduction as described herein was
reacted with butyl glycidyl ether (BGE) to convert the alcohol groups into ether groups.
Different degrees of oxidation of the hemicellulose and different amounts of butyl glycidyl ether
were evaluated. By way of example, the etherification is described for arabinoxylan (AX) as
follows: To a 100 ml 3-necked round bottom flask equipped with a reflux condenser and
nitrogen flow inlet, an AX/water solution (10 g/L) containing 4 g AX (30 mmol) was added
together with NaOH pellets (3-5 mole eq./AXU) and dissolved during 1 h at 45°C. Butyl glycidyl
ether (3-5 mol eq./AXU) was slowly added to the solution through a needle and the reaction
was carried out over night at 45°C and magnetically stirred. After reaction the solutions were
neutralized with sulfuric acid. During neutralization the hemicellulose precipitated and was
isolated through centrifugation and washed with either water or ethanol depending on the
solubility character of the resulting hemicellulose.

[0070] The etherification of the hemicellulose alcohol groups was observed by FTIR as shown
in Figure 1. Figure 1, graph a) shows an FTIR spectrum of non-modified AX wheat. Figure 1,
graph b) shows an FTIR spectrum of AX wheat reacted with BGE without prior oxidation and
reduction. Figure 1, graph c) shows an FTIR spectrum of AX wheat that had been subjected to
oxidation (DO = 7%), reduction and reaction with BGE as described herein. Figure 1, graph d)
shows an FTIR spectrum of AX wheat that had been subjected to oxidation (DO = 19%),
reduction and reaction with BGE as described herein. It was observed that Figure 1, graph b)

has a more pronounced peak at about 2900-2800 cm™' compared to Figure 1, graph a), which

is believed to be due to the butyl group from the BGE. Further, the peak at about 1465 cm™ is
more pronounced in Figure 1, graphs ¢) and 1d) compared to Figure 1, graph b), which is
believed to be due to higher extent of substitution of the butyl group from the BGE. The

presence of the butyl group of the BGE is also evidenced by the peak at about 740 cm™! in

Figure 1, graphs c) and 1d). The shape of the peak of the O-H group at about 3400-3200 cm"’
in Figure 1, graph a) changes upon reaction with BGE as shown in Figure 1, graphs b), ¢) and
d).

[0071] The molar substitution (MS) degree, i.e. the average number of reacted butyl glycidyl
ether groups per carbohydrate unit of the arabinoxylan, was calculated from NMR analysis on
hydrolyzed materials i.e. the sugar monomers. The proton from the carbon at the C-1 position
in the sugar monomers is used to calculate a ratio for the etherification reactions. The sugar
monomers appear in to two different structures, alfa and beta. Therefore the signals around
4.5 ppm (beta H-1) and 5.2 ppm (alfa H-1) were used to evaluate the intensity of the CHj

group found in the attached functional group, namely the butyl glycidyl ether. The hydrolysis
was performed as described herein.

[0072] The molar substitution degree was determined by NMR using formula (1):

__ ] methyl protons of ether)
MSyur = 3x([ aH1+[BH1) (1)
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[0073] Table 3 shows the molar substitution for arabinoxylan and xylan subjected to oxidation,
reduction and reaction with butyl glycidyl ether (BGE) as described herein. The arabinoxylan
was derived from wheat bran and barley husk, respectively. For arabinoxylan from wheat bran
(AX wheat) 3 and 5 mole equivalents (mole eq.) were tested. For the other samples, only 3
mole eq. were tested.

[0074] A DO of 0 (zero) in Table 3 means that the sample was not subjected to oxidation and
reduction. Thus, these samples were subjected to reaction with BGE without prior oxidation
and reduction. However, when a DO value different from zero is provided the sample was
subjected to oxidation and reduction prior to reaction with BGE.

Table 3
Sample | Example { DO { MSyyg for 3 mole eq. {| MSypr for 5 mole eq.
No. of BGE of BGE
1 0 0.98 2.37
AX wheat 2 7 2.03 2.91
3 19 2.98 3.08
4 0 2.30
AX barley 5 3 3.87
6 9 3.60
Xylan 7 0 1.17
8 10 1.49

[0075] It was observed that subjecting the samples to oxidation and reduction prior to reaction
with BGE resulted in a higher MSyyr. This is believed to be due to formation of the more

reactive primary alcohols in the reduction reaction.

Hemicellulose films

[0076] Hemicellulose films were prepared from solution casting and/or through a hot-press
technique. The apparent film thickness were determined after storage of the films at 23°C and
50% RH by measuring the thickness at five random locations on each film using a digital
caliper.

Solution casting

[0077] In the solution casting technique a solution of the sample in water or ethanol was
casted in a petri dish and dried in a climate chamber holding 23°C and a relative humidity of
50%. The resulting film had a thickness of approximately 0.1 mm.
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[0078] The BGE-treated films, i.e. films made from AX wheat or AX barley that had been
reacted with BGE without prior oxidation and reduction as described herein, were water-soluble
and casted from 20 g/L water solutions.

[0079] The oxidized and reduced BGE-treated films, i.e. films made from AX wheat or AX
barley that had been subjected to oxidation, reduction and reaction with BGE as described
herein, had a much lower solubility in water as compared to the AX films but formed a viscous
solution in ethanol or an ethanol water mixture containing at least 65% ethanol. The oxidized
and reduced BGE treated AX-films were casted from 20 g/L in ethanol solutions.

[0080] Xylan that had been oxidized, reduced and reacted with BGE was casted from 20 g/L
water solution.

[0081] GGM that had been oxidized, reduced and reacted with BGE was casted from 20 g/L
ethanol solution of at least 65% ethanol concentration.

[0082] Table 4 shows the solubility of the solution casted films in water and water-ethanol
mixture of at least 65% ethanol, respectively. A DO of 0 (zero) in Table 4 means that the
sample was not subjected to oxidation and reduction. Thus, these samples were subjected to
reaction with BGE without prior oxidation and reduction. However, when a DO value different
from zero is provided the sample was subjected to oxidation and reduction prior to reaction
with BGE. The testing was made by immersing the film in water or mixture of ethanol and water
to a temperature of about 60°C for 24 hours or less followed by ocular inspection to see if the
film was dissolved. If the film was dissolved it is noted as "Yes" in Table 4. If the film was not
dissolved it is noted as "No" in Table 4. When the films showed partly solubility in both solutions
it is noted as "Partly" in Table 4. For GGM, the DO could not be determined by UV-Vis at 290
nm because the GGM solution interfered with the absorption band from the consumed NalOy4.

Therefore, for GGM the amount oxidation agent is stated.

Table 4
Sample Example DO (%) Solubility Solubility in
No. in water ethanol >65%
Butylated AX wheat 1 0 Partly Partly
(3 mole eq. of BGE) > 7 No Yes
3 19 No Yes
Butylated AX barley 4 0 n.d. n.d.
(3 mole eq. of BGE) 5 3 No Yes
6 9 No Yes
Butylated Xylan (3 7 0 Yes No
mole eq. of BGE) 8 3 nd. nd.
9 10 Partly Partly
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Sample Example DO (%) Solubility Solubility in
No. in water ethanol >65%
Butylated GGM (3 10 0 No Yes
mole eq. of BGE) 11 0.125 mole eq, No Yes
NalO4 were added
12 0.25 mole eq. No Yes
NalO4 were added

[0083] Example 1 of Table 4 shows that an arabinoxylan sample that had been reacted with
BGE without prior oxidation and reduction provided a partly water-soluble film. Examples 2, 3,
5 and 6 of Table 4 show that samples that had undergone oxidation and reduction prior to
reaction with BGE provided films that were not water-soluble. Instead, these fiims were soluble
in a mixture of ethanol and water with a concentration of at least 65% ethanol. It was
concluded that subjecting arabinoxylan to oxidation, reduction and reaction with a
functionalizing group such as BGE allowed for producing a film that was not water-soluble.

[0084] A comparison of Example 7 with Example 9 of Table 4 shows that subjecting xylan to
oxidation and reduction prior to reaction with BGE did only slightly change the water solubility
properties of the film.

[0085] Examples 10-12 of Table 4 show that the produced film was non water-soluble but
soluble in a mixture of ethanol and water with a concentration of at least 65% ethanol. Thus,
for GGM the solubility in ethanol or water does not seem to be affected by letting the sample
undergo oxidation and reduction prior to reaction with BGE.

Hot press technique

[0086] In the hot press technique, the sample was pressed into 0.5 mm thick films by placing
the dried sample in a mold (30 x 30 x 0.5 mm) with thin Teflon film and metal plates on top and
below the sample and mold. The sample plates were pressed between two hot plates (140°C)
and the temperature was controlled by a EUROTHERM 91e device. The films were pressed for
6 minutes in total where the first 3 minutes was without pressure and the last 3 minutes was
with 5 tonnes pressure.

[0087] AX wheat, xylan and GGM were subjected to the hot press technique described above.
However, it was found that none of them could be pressed into a film using these conditions.

[0088] AX wheat and AX barley that had been reacted with BGE without prior oxidation and
reduction, were subjected to the hot press technique described above. These samples were
found to form a film.
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[0089] AX wheat and AX barley that had been reacted with BGE following oxidation and
reduction (i.e. Examples 2, 3, 5 and 6 of Table 4) were subjected to the hot press technique
described above. These samples were found to form a film.

[0090] Xylan and GGM that had been reacted with BGE without prior oxidation and reaction
(i.e. Examples 7 and 10 of Table 4) were subjected to the hot press technique described
above. However, it was found that these samples melted only partially and did not form a
homogenous film.

[0091] Xylan that had been oxidized, reduced and reacted with BGE (i.e. Example 6 of Table
4) was subjected to the hot press technique described above. However, it was found that this
sample melted only partially and did not form a homogenous film.

Carbohydrate analysis

[0092] Carbohydrate analysis was performed as described herein.

[0093] Table 5 shows the relative amounts of arabinose (Ara), galactose (Gal), glucose (Glc),
xylose (Xyl) and mannose (Man) for the hemicelluloses AX wheat, AX barley, xylan and GGM.
AX wheat and AX barley were obtained by the alkaline extraction process described herein.
Table 5

Hemicellulose {Ara Gal Glc Xyl Man Ara:Xyl {Gal:Glc:Man
(Rel%) {(Rel%) {(Rel%) {(Rel%) {(Rel%)

AX wheat 47 3 3 46 0 1:1 -
AX barley 21 1 8 71 0 0.3:1 -—--
Xylan 1 0 4 95 0 --- -—-
GGM 2 12 19 0 67 — 0.18:0.29:1

[0094] From Table 5 it can be seen that the ratio Arabinose:Xylan was 1: 1 for AX wheat while
it was 0.3:1 for AX barley. Thus, the arabinose content was considerably lower for AX barley. It
can also be seen that the xylan and GGM contain very little arabinose.

[0095] Further, the total amount of arabinose (Ara), galactose (Gal), glucose (Glc), xylose (Xyl)
and mannose (Man) for arabinoxylan (i) before and (i) after oxidation, reduction and reaction
with BGE was measured.

[0096] Figure 2 shows the amount of modified carbohydrates in per cent by weight (wt%) as
measured by carbohydrate analysis as described herein for four samples derived from AX
wheat obtained by alkaline extraction as described herein. A modified carbohydrate has a
changed structure due to oxidation and reduction and/or BGE etherification. The AX wheat
does not contain any modified carbohydrates added through either oxidation or etherification.
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[0097] The AX sample that had been treated with 3 mole eq. of BGE was found to contain
about 40 wit% of modified carbohydrates.

[0098] The sample 7% ox. AX + BGE refers to AX wheat that had been oxidized to a DO of 7%,
reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found to
contain about 52 wt% of modified carbohydrates.

[0099] The sample 19% ox. AX + BGE refers to AX wheat that had been oxidized to a DO of
19%, reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found
to contain about 50 wt% of modified carbohydrates.

[0100] Figure 3 shows the amount of arabinose and xylose for arabinoxylan from wheat before
and after treatment as described herein.

[0101] The AX wheat sample was found to contain 60 mg/L of xylose and arabinose,
respectively giving an Ara:Xyl ratio of 1:1.

[0102] The AX sample that had been treated with 3 mole eq. of BGE was found to contain
about 40 mg/L of xylose and about 30 mg/L of arabinose giving an Ara:Xyl ratio of 0.77:1.

[0103] The sample 7% ox. AX + BGE refers to AX wheat that had been oxidized to a DO of 7%,
reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found to
contain about 30 mg/L of xylose and about 20 mg/L of arabinose giving an Ara:Xyl ratio of
0.77:1.

[0104] The sample 19% ox. AX + BGE refers to AX wheat that had been oxidized to a DO of
19%, reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found
to contain 30 mg/L of xylose and about 20 mg/L of arabinose giving an Ara:Xyl ratio of 0.77:1.

[0105] Figure 4 shows the amount of modified carbohydrates in per cent by weight (wt%) as
measured by carbohydrate analysis as described herein for three samples of AX barley. The
AX barley does not contain any modified carbohydrates.

[0106] Figure 5 shows the amount of arabinose and xylose for arabinoxylan from barley before
and after treatment as described herein.

[0107] The sample 3% ox. AX + BGE refers to AX barley that had been oxidized to a DO of 3%
reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found to
contain about 49 wt% of modified carbohydrates.

[0108] The sample 9% ox. AX + BGE refers to AX barley that had been oxidized to a DO of 9%
reduced and reacted with 3 mole eq. of BGE as described herein. This sample was found to
contain about 53 wt% of modified carbohydrates.
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Testing of films

Tensile stress. elongation and Young's modulus

[0109] Tensile test was performed on an Instron 5565A. Solution casted AX films with a gauge
dimension of 20 x 5.6 x 0.1 mm or hot-melt pressed films with a gauge dimension of 20 x 5.6 x
0.4 mm was attached between two clamps where the lower clamp was still and the upper
clamp moving apart until break of the films. A load cell of 100 N was used and the cross-head
speed was 30 mm/min. Before testing the samples were conditioned at 23°C and 50% relative
humidity. Six replicates were done for each sample. The tensile testing was done in
atmosphere pressure and at ambient temperature. The samples were evaluated with the
Bluehill 2 software.

Table 6: Tensile stress, elongation and Young's modulus in the linear region measured
for the different arabinoxylan samples from wheat bran.

Sample Sample Tensile stress at  jElongation at { Young's modulus

preparation {maximum load maximum in the linear
(MPa) load (%) region (MPa)

AX (wheat) Solution 40.5 (£ 10.3) 7.6 (£2.95) 700 (£ 155)
casting

BGE-AX (2 Solution 20.9 (£ 6.2) 12.0(x4.2) {372.6(x54.2)

mole eq.) casting

BGE-AX (5 Hot-melt 3.4(x0.5) 253 (x10.3) §47.7 (£ 13.8)

mole eq.) press

7% ox. BGE- {Hot-melt 0.6 (£0.1) 36.6 (£ 11.4) {4.0(x0.6)

AX (5 mole press

eq.)

19% ox. BGE- {Hot-melt 0.8 (x0.1) 184.6 (£ 1.1(x0.1)

AX (5 mole press 32.0)

eq.)

[0110] It was concluded that the samples subjected to oxidation, reduction and reaction with
BGE exhibited increased elasticity as evidenced by the values in Table 6 compared to samples
that had not undergone oxidation and reduction.

Melt viscosity

[0111] Melt viscosity was measured on a DHR3 Rheometer (TA Instruments). The geometry
used was a plate - plate with a diameter of 25 mm. The melt viscosity was measured at 140°C
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with a shear rate (y) varying from 0.1 to 500 s™!. The temperature was controlled under air by
an Environmental test chamber kit-DHR provided by TA Instrument. The melt viscosity could
only be measured for the BGE treated arabinoxylans since non-modified arabinoxylan do not
melt at those temperatures. Only arabinoxylans from wheat bran were analysed.

Table 7: The melt viscosity for the different BGE-treated arabinoxylan (wheat bran)

samples at a shear rate of 10 s-! and a temperature of 140°C.

Sample Sample preparation Viscosity at y=10 s (Pa
s)

7% ox. BGE-AX Solution casting 118.7 (£ 4.6)

19% ox. BGE-AX Solution casting 128.8 (£ 20.6)
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PATENTKRAV

1. Fremgangsmade til fremstilling af modificeret hemicellulose, hvilken

fremgangsmade omfatter falgende trin:

a) der tilvejebringes en blanding af mindst ét oplasningsmiddel og en

hemicellulose, hvor hemicellulosen er arabinoxylan,

b) blandingen i trin a) underkastes et oxidationsmiddel, der er valgt fra
gruppen bestaende af periodat, blytetraacetat, ozon, dichromat, permanganat,
thallium(lll)-salte, pyridiniumchlorchromat og en hvilken som helst kombination

deraf, til tilvejebringelse af en oxideret blanding,

C) der tilsaettes et reduktionsmiddel, der er valgt fra gruppen bestaende af
aluminiumhydrid, borhydrid, dithionit, polysulfid, anthraquinon og en hvilken som

helst kombination deraf, til den oxiderede blanding, og

d) blandingen i trin ¢) blandes med et reagens, der er valgt fra gruppen
bestaende af: epoxid, alkylhalogenid, alkyltosylat, alkylmesylat og en hvilken som
helst kombination deraf, eventuelt | neerveerelse af en base eller et

koblingsreagens, hvorved der tilvejebringes modificeret hemicellulose.

2. Fremgangsmade ifalge krav 1, hvor arabinoxylanen har et

arabinose:xylose-forhold inden for omradet pa fra 2:1 til 0,1:1 sasom fra 2:1 til 1:5.

3. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor

arabinoxylanen tilvejebringes ud fra mindst ét kornprodukt og/eller tree.

4. Fremgangsmade ifelge krav 3, hvor det mindst ene kornprodukt er kornklid

sasom hvedeklid, bygklid, rugklid eller havreklid eller
kornskaller sdsom hvedeskaller, bygskaller, rugskaller eller havreskaller.

5. Fremgangsmade ifalge krav 4, hvor kornproduktet omfatter hvedeklid

og/eller bygskaller.

6. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor

hemicellulosen i trin a) opnas fra landbrugssidestreamme og/eller produktstremme.
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7. Fremgangsmade ifelge et hvilket som helst af de foregaende krav, hvor
hemicellulosen i trin a) opnas fra en basisk ekstraktionproces eller en
fremgangsmade, der omfatter varmtvandsekstraktion under tryk og

enzymbehandling.

8. Fremgangsmade ifalge et hvilket som helst af de foregéende krav, der

endvidere omfatter falgende trin:
e) der dannes en folie, der omfatter den modificerede hemicellulose.

9. Fremgangsmade ifelge krav 8, hvor trinnet til dannelse af en folie omfatter,
at den modificerede hemicellulose underkastes opl@sningsstabning,

varmpresning, folieblaesning og/eller ekstruderingsblaesning.

10. Modificeret hemicellulose, der kan opnas med et hvilket som helst af de

foregaende krav.
11. Genstand, der omfatter modificeret hemicellulose ifelge krav 10.

12. Genstand ifglge krav 11, der er valgt fra gruppen bestaende af en folie, et

materiale, en membran, en levnedsmiddelingrediens og et tilseetningsstof.
13. Genstand ifglge 11 eller 12, der er en folie.

14. Genstand ifglge et hvilket som helst af kravene 11-13,

kendetegnet ved at udvise mindst én af felgende egenskaber:
vanduoplaselig,
en elongering inden for omradet pa fra ca. 12 % til ca. 300 %

en smelteviskositet inden for omradet pa fra ca. 50 Pa-s til ca.
70.000 Pa's, hvor elongeringen og smelteviskositeten males som beskrevet i

beskrivelsen.
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