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Abstract: Xylan hemicelluloses are considered the second most abundant class of polysaccharides
after cellulose which has good natural barrier properties necessary for foods packaging papers and
films. Xylan exists today as a natural polymer, but its utilisation in packaging applications is limited
and not sufficiently analysed. In this study, the performances of hardwood xylan hemicellulose
in forming uniform films and as biopolymer for paper coatings were analysed. The xylan-coated
paper and film samples were tested regarding their water, air, and water vapour permeability, water
solubility, mechanical strength, and antimicrobial activity against pathogenic bacteria. Structural
analyses of xylan hemicelluloses emphasised a high number of hydroxyl groups with high water
affinity. This affects the functional properties of xylan-coated papers but can facilitate the chemical
modification of xylan in order to improve their hydrophobic properties and extend their areas of
application. The obtained results unveil a promising starting point for using this material in food
packaging applications as a competitive and sustainable alternative to petroleum-based polymers.
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1. Introduction

Nowadays, the packaging industry is under great pressure from both authorities
and consumers to improve its environmental and sustainability credentials in the coming
years. Therefore, there is a need for the development of a new generation of packaging
that has at least the same technical performances as today’s mono- or multi-materials but
with demonstrated recyclability and biodegradability. The new EU Plastics Strategy (2018)
and German Packaging Law (2019) are intended to counteract the massive increase in the
production of plastics worldwide [1–3]. In this context, there are real business opportunities
for packaging materials that must be with easy integration into an existing waste value
chain, having a high recycling rate, and being biodegradable in compost medium and in
marine environments.

Bioresources represent an important vision of a circular economy that explores the
importance of research and advancements with regard to the conversion of biological raw
materials in the development of innovative value chains. Bioeconomy concept depends on
biomass availability, which has an important role in biobased production.

According to this, the utilisation of bioresources from lignocellulose biomass (cellu-
lose, hemicellulose, and lignin) to design and produce bio-based sustainable materials
has a high potential for development in the coming years, to replace the oil-based mate-
rials [4]. The worldwide production of lignocellulosic biomass is estimated to be about
60 billion tons/year [5].
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Hemicelluloses are the second-most abundant class of biopolymers found in plant
biomass, after cellulose, and they represent an important renewable resource of biopoly-
mers which, until a few years ago, was usually removed from lignocellulosic biomass with
lignin during pretreatment and used by conversion into chemicals, fuel, and as a source
of heat energy. For example, in the pulp and paper industry, most hemicelluloses remain
in the fibres, to improve the strength properties of paper products or are discarded as
waste material during bleaching and other operations. Due to their structural varieties and
diversity, hemicelluloses can be utilised for value-added applications in native or modified
forms in various areas, including packaging applications [4]. There are many renewable
resources of biomass which were insufficiently exploited to obtain hemicelluloses and
value-added products. The primary and secondary cell walls of wood and annual plants
(cereal straws) contain about 20–35% hemicelluloses; the amounts vary as a function of
biomass source, such as hardwood (40%), softwood (35%), cornstalk (31%), maize steins
(28%), barley straw (38%), wheat straw (32%), rice straw (24%), rye straw (36%), various
agricultural residues (30%), and green algae (50%) [6–9]. When compared with cellulose
which occurs in the cell walls as microfibrils, hemicelluloses exist in the matrix phase of
cell walls.

In the last two decades, studies have shown a greater application potential of hemicel-
luloses, emphasised many times by leading polysaccharide scientists, but has not yet been
exploited on an industrial and commercial scale [10,11].

Based on their excellent biodegradability, biocompatibility, and bioactivity, HCs and
their derivatives have currently received considerable attention in terms of material appli-
cations such as edible coatings and films or coatings for paper and board for the packaging
industry, hydrogels and binders for medicine or drug delivery and release in the pharma-
ceutical field, functional composites for heavy metals, and dye adsorption in wastewaters
treatment and textile industry, as well as for obtaining biofuels [12–17].

Hemicelluloses consist of various different sugar monomer units arranged in differ-
ent proportions which include five-carbon sugars and six-carbon sugars called pentoses
(C5H8O4)n and hexoses (C6H10O5)n, respectively. Xylose and arabinose are representative
sugars units for pentoses and mannose and galactose for hexosanes. In addition to these
regular sugars, acidified forms also exist in hemicelluloses, for instance, glucuronic acid
and galacturonic acid [4,17].

Hemicelluloses (xylan and glucomannan) are generally extracted from the primary
and secondary plant cell walls or as co-products from several industrial processes that use
wood as raw material, such as dissolving pulp manufacturing, nanocrystalline cellulose
and nanofibrillated cellulose production, or sugar for biofuels [18]. The most popular
processes used to extract hemicelluloses are alkaline and hot water extractions, steam
extraction, organic solvent, ionic liquid, as well as their combination [19–24].

Depending on the source of plant biomass, different hemicellulose compositions,
chemical structures, and amounts could be obtained. For example, the dominant hemi-
cellulose in hardwood is xylan (glucuronoxylan), while in softwood, it is mainly mannan
(glucomannans and galactoglucomanns). After cellulose, xylan hemicelluloses exist in
large quantities in lignocellulosic biomass, which is the main focus of this paper.

Xylan: A Major Type of Hemicelluloses

Xylan polysaccharides are the most abundant hemicelluloses component of hardwood,
available in large quantities in secondary cell walls of agro-residues (wheat straw, corn
stalks, and cobs) or as secondary products in the wood or pulp and paper industry [4,16,25].
A new source of xylan biopolymers includes some types of seaweed (green and red al-
gae) [25]. In biomass, xylans can be found with various structures based on their botanical
source or tissue type. In annual plants and algae, xylans are heteropolymers based on a
1,4-β-D-xylopyranose backbone, which is branched by short carbohydrate chains. How-
ever, certain green and red algae contain 1,3-β-D-xylans or 1,3;1,4-β-D-xylans, which are
homoxylans [4,26].
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The most amount of xylan is generated in the manufacturing process of dissolving
pulp, with high α-cellulose content. The existing trends in the increasing demand for
dissolving pulps will contribute to a noticeable increase in xylan production and availability
in the next few years.

Depending on biomass source and used extraction method, the yield of xylan extrac-
tion from hardwood pulps is about 31–67% of the original xylan content [27].

Until now, the commercial applications of xylan hemicelluloses have been limited to
xylitol and biofuels obtained from the biological conversion of sugar, starch, and vegetable
oils. Xylitol is the most widely produced compound from xylan, and it is obtained by
chemical and biotechnical methods with large applications such as food sweeteners for
diabetic patients or preventive additives against dental caries in toothpastes composition.
Due to their potential prebiotic properties, the xylooligosaccharides produced from xylan
are used as dietary fibres or functional foods [28].

Existing in high diversity and complexity, xylans are considered nowadays valuable
by-products which can be used as sources of raw materials for different applications, even
if there are not available in their entirety for industrial production. Based on the existing
studies, the xylan hemicelluloses represent a promising renewable biopolymeric resource
for different industrial applications [29].

Generally, xylan hemicelluloses are hydrophilic polymers with extensive hydrogen
bonds that limit the area of their industrial applications (Figure 1). The abundance of
free hydroxyl groups distributed along the backbone and side chains make it an ideal
candidate for chemical functionalisation using a variety of chemical reactions. As result,
a new material with appropriate properties, such as hydrophobicity, thermal formability,
and the ability for forming films can be obtained. The last feature is necessary for xylan
hemicellulose to improve self-supporting barrier films when used in food packaging.
This will broaden the applications areas of hemicelluloses [23]. Modified xylans have the
potential for wide applications in medicine, as hydrogels and drug delivery, as emulsifying
additives in the food industry, or as wet-end additives, coatings, and films in packaging [30].
Literature reviews indicate that the main application of the xylan hemicelluloses is as a
barrier material for stand-alone packaging films. Xylan-based films have demonstrated
good gas barrier properties against oxygen, grease, and aroma and therefore have the
potential for application on food paper packaging, especially in oxygen-sensitive dairy
products, greasy snacks, or pet foods, as well as aromatic products such as spices and
coffee. Furthermore, coated on the inside of paper packaging, it can prevent the migration
of mineral oils from recycled fibres or printing inks into the packaged products [31,32].
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Figure 1. Chemical structure of hardwood xylan edited according with [33].

This research study aimed to evaluate the performances of hardwood xylan hemicel-
lulose to form uniform films and as a biopolymer for paper coatings. The samples of films
and coated papers were evaluated in terms of mechanical strength, barrier ability to water
and water vapour, air permeability, and antimicrobial properties.



Sustainability 2021, 13, 13504 4 of 16

2. Materials and Methods
2.1. Materials

• Commercial base paper from unbleached cellulose pulp with a grammage of 50 g/m2

and water absorption, Cobb index of 28 g/m2;
• Xylan hemicellulose from beechwood—brown powder purchased from Carl Roth

Company, Germany; it was used as an aqueous dispersion of 20 g/L;
• Chitosan, as fine particulate material, was purchased from the Vanson Company, with

high molecular mass and degree of acetylation about 20.8%; it was used as dispersed
in acetic acid (1%);

• Glycerol (plasticiser), as a pharmaceutical commercial product with 99% purity.

2.2. Methods

• Xylan Hemicellulose’s Characterisation

The FTIR spectra were recorded with a solvent-free Bruker Invenio spectrometer,
with a horizontal attenuated reflective device (ATR) equipped with diamond crystal, on a
spectral window between 400 and 4000 cm−1, scan no. = 32 (sample/background), and a
resolution of 4 cm−1. No prior preparation of samples was required for spectrum recording.
A computer, Model OPUS 8.2.8, was used for spectrum recording.

• Film Preparation

Four series of films (Table 1) were prepared by the casting method. Xylan, plasticiser,
and chitosan were dispersed in deionised water (1%) and ethanol under magnetic stirring
at 1500 rpm and room temperature for 3 h; subsequently, the mixture was cast in a Petri
dish (11 cm in diameter) and dried at the laboratory temperature for 4 days (Figure 2).

Table 1. Codification of xylan film samples.

Composition Sample Code

Xylan XHc
Xylan and glycerol (25%) XG

Xylan with ethanol solvent XP1/25
Xylan:chitosan ratio 50:50 50XCh
Xylan:chitosan ratio 70:30 70XCh
Xylan:chitosan ratio 80:20 80XCh
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• Surface Treatments (Coating) of Paper

The coatings were applied as thin layers of 0.75–1 g/m2 on each side of the paper
using the Mayer rod laboratory coating system. In this system, the dispersion of xylan was
applied in front of the rod, and by manual rotation of the rod over the paper substrate, a
well-defined amount of coating dispersion was applied. The thickness of the coating layer
was controlled by the diameter of the wire. The obtained samples were dried for 10 min at
room temperature and 10 min in an oven at 60 ◦C.

2.2.1. Testing Methods for Coated Paper Samples

• Air Permeability

This was evaluated as a measure of time (s) for the passing of air volume through
paper samples, with settled area according to ISO 5636-5:2013 by the Gurley method.

• Water Absorption Capacity

This was determined as described in the standard method SR ISO 535:2014, where a
given amount of water was in contact with the paper for 60 s and weight differences were
compared (Cobb60 index).

• Oil Absorption Capacity

This was measured according to the T-441 om-98 standard, where a given amount of
rapeseed oil was in contact with the paper for 600 s, and weight differences were compared
(Unger-Cobb600 index).

• Water Vapour Permeability (WVTR), g/m2.day

The measure of water vapour transmission rate was evaluated according to SR EN
ISO 15106-1:2005 Part 1: Method with humidity detector; it was determined by measuring
the time necessary for the increase in humidity in the top chamber, from a predefined
minimum value to a predefined maximum value. The measured time was compared with
the time registered in the calibration process of the standard film with known permeability,
and the result was expressed as water vapour transmission rate in g/m2/24 h.

• Static Contact Angle (CA)

CA tests were performed by the sessile drop method, according to the TAPPI T
458 cm-04 standard (2004), using a Kyowa goniometer, Model DM-CE1, equipped with
a digital camera and software for recording and processing results. Paper samples were
fixed with clamps on the goniometer test table, and then water drops were deposited
on its surface with a microsyringe. The value of the contact angle was recorded after a
water–substrate contact time of 5 s on samples. A total of 10 measurements were taken for
each sample (Figure 3).
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• Dry and Wet Tensile Strength

This was measured using Instron extensometer, as maximum tensile strength on width
length, which was supported by paper sample until breaking point, according to SR EN
ISO 1924-2:2009 and ISO 3781:201.
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• Tearing Strength

This is the tearing force that continues an initial cutting within one paper sample,
according to SR EN ISO 1974:2012; the Elmendorf tearing strength tester was used for
this determination.

• Bursting Strength

This is an important property for packaging papers and is determined by the maxi-
mum hydrostatic pressure required to rupture the sample of paper. It was measured using
Lorentzen and Wetre bursting strength tester, according to SR EN ISO 2758:2015.

• Antimicrobial Activity

A qualitative screening was performed using an adapted agar diffusion technique:
Petri dishes containing Muller–Hinton solid medium were inoculated with a 1 mL bacterial
suspension, obtained from pathogenic cultures of 24 h on Muller–Hinton broth medium;
then, pieces about 1 cm2 area from samples of coated and reference paper were placed on
solidified media inoculated with Escherichia coli and Staphylococcus aureus bacteria. The
resulting plates were incubated for 24 h at 37 ◦C. The appearance of a growth inhibitory
zone was interpreted as an antibacterial effect. The inhibition zones were measured and
expressed in mm.

• Antifungal Activity

The microbiological activity of xylan-coated papers was evaluated against standard
fungi. The procedure consisted of the application of sterilised paper pieces (about 1 cm2

area) on malt mould agar (MMA) culture medium placed in Petri dishes. The level of fungi
growth was evaluated after 5–7 days of incubation at 20–25 ◦C. The fungi growth was
identified by sample observation under a stereomicroscope. The captured images were
analysed, and results were expressed as the percentage of paper surface covered by fungi.

2.2.2. Testing Methods for Xylan Film Samples

Water swelling capacity was determined after 1 h immersion of film sample in distilled
water at room temperature. It is considered that this period of time is sufficient to reach
the equilibrium state. After the time was reached, the excess of water was removed with
filter paper. Before (Wdry initial) and after water swelling (Wwet final), the weight of film
samples was measured. The initial dry weight of the samples (Wdry initial) was calculated
considering its dryness after treatment in an air oven at 103 ◦C [34].

The swelling capacity of film samples was calculated by Equation (1).

Swelling capacity, % =
Wwet final − Wdry initial

Wdry initial
× 100 (1)

Water solubility was determined as the percentage of dry matter of film which is
solubilised after 1 h immersion in distilled water at 25 ◦C. The samples of films were dried
in an oven for 2 h at 103 ◦C and weighted to obtain the initial dry weight (Wdry initial). Then,
the samples were immersed in 50 mL of distilled water at room temperature and for 1 h.
The remaining samples (waste) were filtered by filter paper and dried at 103 ◦C for 4 h and
weighed to obtain the final weight (Wdry final). The solubility capacity of film samples was
calculated by Equation (2) [35].

Water solubility, % =
Wdry initial − Wdry final

Wdry initial
× 100 (2)

3. Results and Discussions
3.1. FT IR Analysis of Xylan Biopolymer

The analysis of xylan spectrum is shown in Figure 4, while the observed functional
groups are presented in Table 2.
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Figure 4. FTIR Spectrum of xylan hemicellulose.

Table 2. Structural evaluation of xylan hemicelluloses.

Region/Area, cm−1 Stretching Vibration Class of Potential Functional Groups

1000–1200 νC-H-O/νC-OH esters/ethers
3000–3700 alcohols

~3410 νCO-H aldehydes
2800–3050 νC-H -CH3, -CH2, -CH

1460 ν-COCH3 acetyl l
2839 ν-CH2 metoxi
2856 ν-CH3 C-CH3

1725–1737 νc=o aldehyde/ketone groups
1414 νcoo

- carboxylic acids

894 1–4 glycosidic bond between
xylopyranose units xylanic chains

As it is observed in Table 2, a high number of hydroxyl groups in the structure of xylan
hemicellulose are present, thus increasing its hydrophilic character. However, the high
number of hydroxyl groups facilitates the chemical modification of xylan hemicelluloses
when new functional groups can be introduced to improve its hydrophobicity.

3.2. Barrier Properties of Xylan-Coated Papers

Liquid absorption and gas/vapour permeability are the most important properties
required for packaging papers that come into contact, temporarily or permanently, with
aqueous liquids and wet foods. Current solutions to obtain adequate barriers for food
packaging paper are coatings with synthetic polymers/waxes and lamination with plastic
or aluminium foils [36]. Literature reviews show the main applications of hemicelluloses
as a barrier material for stand-alone packaging films, and only a few of them are related to
packaging paper coatings [37].

As it can be observed from the results presented in Table 3, in comparison with the
base paper, xylan-coated samples exhibit a reduction in air volume and water vapours that
pass through the paper structure.
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Table 3. The water and air barrier properties of xylan-coated papers.

Property Base Paper Xylan Coated Paper

Air permeability, Gurley, s 89.95 167.1
Water vapours transmission rate, g/m2/day 233.3 211.63

This can be explained as follows: due to their hydrophilic properties, xylan hemicellu-
lose blocks the air through the cellulose fibre network very effectively; in addition, based
on its ability to form uniform films, xylan is able to fill and close the pores on the paper
surface [38,39]. This is confirmed by the improvement in water and oil absorption of coated
paper samples (Figure 5).
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Figure 5. The liquids absorption capacity of xylan-coated paper samples.

The obtained results for air permeability, water absorption, and WVTR of xylan-coated
paper samples can be compared with those obtained by Manea et al. (2011) for food pack-
aging paper treated with fluorochemicals (Lodine 2000). Under similar conditions, they
obtained greaseproof paper (55 g/m2) with an air permeability of 158 s, water absorption
capacity of 22 g/m2, and water vapour transmission rate (WVTR) of 198.11 g/m2/day,
respectively [40]. In addition, in their research, Anthony et al. (2015) have tested hemicellu-
loses as binders in paper coatings in comparison with polyvinyl alcohol (PVA) coatings.
The results indicated that water absorption and water vapour transmission rate (WVTR)
for both PVA- and hemicelluloses-based coatings were similar [41]. In other studies [42],
the xylan hemicellulose was used as a binder in pigmentary coatings based on kaolin
and calcium carbonate. The coated papers were compared with those coated with acrylic
latex (Styronal 302) as the binder. The air permeability of coated paper with xylan binder
coatings was slightly higher than values obtained for coatings with acrylic latex, at 10 pph.
By using corn cob xylan for surface treatment of linerboard, Witherspoon (2018) obtained
an improvement in gas permeability and a slight decrease in mechanical strength of coated
papers, at 15 g/m2 weight of coating layer [43].

Contact angle (CA) is a measure of the capacity of fluids to adhere and wet the surface
of different substrates. It is a widely used technique for studying the loss and recovery
of hydrophobicity of polymer films. For coated papers, wetting is a complex procedure
involving the spread and absorption of water into the coating layer structure. Absorption
starts after the drops have wetted the surface to a certain extent.

Analysing the results presented in Figures 6–8, it can be seen that the contact angle
values for xylan-coated paper samples do not vary significantly, compared with the paper
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substrate. The value of water absorption for the base paper indicates that this substrate is
medium sized. This limits the penetration of xylan dispersion within a fibrous network.
As a result, a higher amount of xylan polymer remains at the paper surface which is
hydrophilic and hydrosoluble [39]. In this case, the contact angle of the coated samples is
influenced by the nature of the coating layer only.

Generally, hemicellulose-based coatings are hygroscopic and absorb moisture. This
is because the hemicelluloses have abundant free hydroxyl groups with a high affinity
to water distributed along the main and side chains [44]. Furthermore, the formation of
the composite film reduced the direct contact area between the paper fibres and water
and weakened the combined effects. This leads to an increase in the fibre’s attraction to
water [45].

The obtained CA values are similar to those reported by Anthony and collab (2015),
who obtained coated papers with CA of about 112◦ using native hemicelluloses with 26%
content of xylan (about 4 g/m2), extracted by distiller’s grains. These values were higher
than CA of coated papers with polyvinyl alcohol dispersions at the same coating weight.
Moreover, the comparative values of CA have been reported by Laine et al. (2013) by the
replacement of acrylic latex with modified xylan in coatings for paper packaging [41,42].
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Figure 6. Images of water drop on the coated paper samples surface. P0, base paper; X1, xylan-coated
paper sample; F/B, front side/backside of sample.
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Figure 7. The values of contact angle for base paper and xylan-coated paper samples (F, front size).
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3.3. Mechanical Strength Properties of Coated Paper Samples

In addition to functional properties, mechanical strength is very important for paper
packaging to assure the appropriate protection of the packaged material during transport
and handling. Moreover, for papers that will be used under wet conditions, high wet
strength is preferred. The wet strength of the samples is expressed in terms of the wet/dry
strength ratio, which is the wet tensile strength expressed as a percentage of dry tensile
strength. Analysing the obtained results (Figure 9), it is observed an insignificant increase
in the wet tensile strength of xylan-coated papers, in comparison with the base paper.
This suggests that hydrogen bondings are still the predominant basis of the structure [38].
The decrease in dry tensile strength of xylan-coated papers may be suspected by the fact
that xylan has lower mechanical strength than the paper substrate, which would lead to
a decrease in tensile strength in the combined material. It is also possible that the xylan
coating interferes with the hydrogen bond network, which reduces the tensile strength of
the base paper as well.

Sustainability 2021, 13, x FOR PEER REVIEW 11 of 17 
 

[38]. The decrease in dry tensile strength of xylan-coated papers may be suspected by the 
fact that xylan has lower mechanical strength than the paper substrate, which would lead 
to a decrease in tensile strength in the combined material. It is also possible that the xylan 
coating interferes with the hydrogen bond network, which reduces the tensile strength of 
the base paper as well. 

 
Figure 9. Tensile strength of xylan-coated paper samples. 

The decrease in tearing strength (Table 4) is due to the fact that, as a result of coating 
treatments, the paper structure is more compacted (confirmed by a decrease in porosity), 
and the tearing force acts on a lower surface. 

Table 4. The mechanical strength of xylan-coated paper samples. 

Property Base Paper Xylan Coated Paper 
Tearing strength, mN 480 440 
Bursting strength, kPa 200 279 

As it is observed in Table 4, xylan treatment leads to the improvement in the burst-
ing strength of coated paper. This can be explained by the fact that at low coating weights, 
the additional moisture in the paper substrate as an effect of xylan hygroscopicity is less 
and have no negative influence on the bursting strength of coated paper. Similar results 
were reported by Witherspoon (2018), who obtained an improvement in the bursting 
strength of filter paper coated with corn cob xylan at low coating weights [43]. 

3.4. Antimicrobial and Antifungal Activity of Coated Paper Samples 
The antimicrobial activity of food packaging paper is of great importance in order to 

preserve food quality and extend shelf life; in recent years, this topic was intensively 
studied for lignocellulosic materials. 

Inhibition zone is the most-used method for antimicrobial activity tests of materials. 
By using this method, bacterial growth is inhibited by the formation of a transparent zone 
resulting from the diffusion of antimicrobial agents in agar plates. As can be observed in 
Figure 10, there is no inhibition zone around the paper piece, for both base paper and 
coated samples with xylan hemicellulose. 

0

0.5

1

1.5

2

2.5

3

3.5

Dry state Wet state

Te
ns

ile
 s

tr
en

gt
h,

 k
N

/m

Base paper Xylan coated paper

Figure 9. Tensile strength of xylan-coated paper samples.



Sustainability 2021, 13, 13504 11 of 16

The decrease in tearing strength (Table 4) is due to the fact that, as a result of coating
treatments, the paper structure is more compacted (confirmed by a decrease in porosity),
and the tearing force acts on a lower surface.

Table 4. The mechanical strength of xylan-coated paper samples.

Property Base Paper Xylan Coated Paper

Tearing strength, mN 480 440
Bursting strength, kPa 200 279

As it is observed in Table 4, xylan treatment leads to the improvement in the bursting
strength of coated paper. This can be explained by the fact that at low coating weights, the
additional moisture in the paper substrate as an effect of xylan hygroscopicity is less and
have no negative influence on the bursting strength of coated paper. Similar results were
reported by Witherspoon (2018), who obtained an improvement in the bursting strength of
filter paper coated with corn cob xylan at low coating weights [43].

3.4. Antimicrobial and Antifungal Activity of Coated Paper Samples

The antimicrobial activity of food packaging paper is of great importance in order
to preserve food quality and extend shelf life; in recent years, this topic was intensively
studied for lignocellulosic materials.

Inhibition zone is the most-used method for antimicrobial activity tests of materials.
By using this method, bacterial growth is inhibited by the formation of a transparent zone
resulting from the diffusion of antimicrobial agents in agar plates. As can be observed
in Figure 10, there is no inhibition zone around the paper piece, for both base paper and
coated samples with xylan hemicellulose.

Sustainability 2021, 13, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 10. The antimicrobial activity of coated paper samples: (a) E.coli; (b) S.Aureus. 

However, a slight antibacterial effect of coated paper samples can be observed on its 
surface, where the number of bacterial colonies is lower than the reference sample, espe-
cially for S.aureus pathogenic microorganisms (Figure 10b). 

Concerning the antifungal activity of xylan-coated papers, the inhibition effect of 
fungal growth was expressed as a percentage of paper surface covered with fungi. 
Therefore, while the surface of the uncoated paper was covered with fungi more than 
35%, on the surface of xylan-coated papers, a very low quantity of spores, about 1.5%, 
was developed (Figure 11). In this case, the film-forming ability of xylan hemicelluloses 
contributes to the development of some mechanisms which can prevent the growth of 
spores on the paper surface [46,47]. 

 
  

Figure 11. The antifungal activity of xylan-coated papers. 

The obtained results are in accordance with the literature data regarding the anti-
microbial activity of native hemicelluloses. Thus, in recent studies [34,48,49], the antimi-
crobial properties of paper coated with xylan hemicelluloses and films were reported. It 

(b) 

(a) 
Base paper 

Base paper 

Xylan coated paper 

Xylan coated paper 

Figure 10. The antimicrobial activity of coated paper samples: (a) E. coli; (b) S. aureus.

However, a slight antibacterial effect of coated paper samples can be observed on
its surface, where the number of bacterial colonies is lower than the reference sample,
especially for S. aureus pathogenic microorganisms (Figure 10b).
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Concerning the antifungal activity of xylan-coated papers, the inhibition effect of fun-
gal growth was expressed as a percentage of paper surface covered with fungi. Therefore,
while the surface of the uncoated paper was covered with fungi more than 35%, on the
surface of xylan-coated papers, a very low quantity of spores, about 1.5%, was developed
(Figure 11). In this case, the film-forming ability of xylan hemicelluloses contributes to the
development of some mechanisms which can prevent the growth of spores on the paper
surface [46,47].
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Figure 11. The antifungal activity of xylan-coated papers.

The obtained results are in accordance with the literature data regarding the antimicro-
bial activity of native hemicelluloses. Thus, in recent studies [34,48,49], the antimicrobial
properties of paper coated with xylan hemicelluloses and films were reported. It was con-
cluded that, in its native form, xylan shows a slight antimicrobial activity against pathogen
bacteria (E. coli, S. aureus). In these studies, a substantial improvement in the antimicrobial
activity of xylan hemicelluloses is obtained by chemical modification using esterification or
crosslinking methods. In other research [50,51], it is reported that gels using xylan, gelatin
glycerol, and nicotinamide have good microbiological activity against yeasts and fungi.

3.5. Film-Forming Ability of Xylan Hemicellulose and Water Barrier Properties of Films

Generally, the native xylan exhibits poor film-forming ability and forms high brittle
films with very low mechanical stability. This is a direct consequence of the insufficient
chain length of the polymer and poor solubility [12]. Commonly, plasticisers (sorbitol,
xylitol, glycerol and propylene glycol, etc.) are added, or other biopolymers (wheat gluten,
carboxyl methylcellulose, nanofibrillated cellulose, chitosan, etc.) are compounded along
with xylan hemicellulose to enhance film forming and other properties of these films.

The capacity of water resistance is the most important property for food packaging ma-
terials. The swelling capacity showed by all films is due to the high hydrophilicity of xylan
and chitosan polymers [34]. In this study, the chitosan biopolymer and glycerol plasticiser
were used to improve the properties of xylan films (50 XCh, 70XCh, and 80XCh samples;
Figure 12). In Table 5, t is shown that the mean value of swelling capacity of films with
major xylan content is higher, probably due to the high hydrophilicity of hemicelluloses.
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Table 5. The water barrier properties of xylan hemicellulose films.

Sample Swelling Capacity, % Solubility, %

50XCh 73.2 78.3
70XCh 85.4 82.4
80XCh 90.0 95.5

XHc 94.2 99.23
XG 93.2 98.9

XP1/25 (alcohol) 93.5 99.25

It is important to mention that, in the swollen state, films with xylan and chitosan
preserved their integrity, i.e., they were easily handled (Figure 13). This is beneficial for
predicting their potential application for hydrogels and packaging purposes.
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Figure 13. Xylan hemicellulose films after 1 h immersion in water.

The films’ solubility is a relevant characteristic of packaging to improve and protect
the packaged product integrity. It can be observed that there is an increase in solubility for
films with high content of xylan. The presence of chitosan may reduce water absorption due
to its low solubility in water. Due to the high hydrophilic character of xylan hemicellulose,
the solubility of xylan films is higher than other polymeric materials used in packaging
applications [35]. This can be decreased by the chemical modification of xylan biopolymers
or by the addition of other compounds that are more hydrophobic [12,35,36].
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4. Conclusions

This research study aimed to evaluate the performances of wood xylan polysaccha-
rides in coating applications for paper food packaging and polyelectrolyte complexes
formula for uniform films formation.

According to the obtained results, it can be concluded that by coating the paper with
xylan hemicellulose, an improvement of water/oil and gas barrier properties was obtained.
The xylan treatment had a positive effect on the bursting strength of the coated papers,
which is one of the most important strength properties of packaging paper.

Measurements of microbiological activity revealed that the xylan-coated papers ex-
hibited moderate antifungal activity against standard fungi and only a slight antibacterial
effect against S. aureus pathogenic bacteria.

The film-forming ability of xylan hemicelluloses, as well as the swelling and solu-
bility of films, can be improved by adding chitosan biopolymer. In swollen state, the
polyelectrolyte complexes in xylan–chitosan films kept their integrity. This can predict
their potential utilisation in packaging applications.

Although there is a limited number of research studies concerning the application of
hemicelluloses in paper coatings, the obtained results reveal a promising starting point in
anticipating the use of these biopolymers in food packaging applications, as competitive
and sustainable alternatives to petroleum-based materials (i.e., fluorochemicals additives),
to obtain environmentally friendly products according to a circular economy.

These preliminary results will help to design the future research directions, which
will be focused on finding the appropriate pathways for chemical modification of xylan
hemicelluloses by esterification or crosslinking with other compounds to reduce their
hydrophilic character and to be more appropriate for paper coatings.

Author Contributions: Conceptualisation, P.N. and R.M.; methodology, P.N. and R.M.; validation
P.N., R.M. and F.C.; investigations, P.N., R.M. and F.C.; writing—original draft preparation, R.M.;
writing—review and editing, P.N.; visualisation, P.N.; supervision, P.N. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by DUNAREA DE JOS UNIVERSITY OF GALATI, ROMANIA,
grant number RF 3646/2021.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are provided in the paper.

Acknowledgments: The authors are thankful for the support of the Research Centre for Environ-
mental and Agriculture “Lunca”, within Engineering and Agronomy Faculty in Brăila, “Dunărea de
Jos” University of Galat, i, Romania.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. German Packaging Law 2019—New Obligations for Online Retailers in Germany. Available online: https://www.clickworker.

com/2018/11/22/german-packaging-law-2019/ (accessed on 20 August 2021).
2. Plastics Fact Sheet Global Action. Available online: https://ec.europa.eu/commission/sites/beta-political/files/plastics-

factsheet-global-action_en.pdf (accessed on 22 September 2021).
3. European Commission Releases a New Plastics Strategy. 19 January 2018. Available online: https://www.lexology.com/library/

detail.aspx?g=af12a6e8-64ff-4cb6-9b09-266e72a6b7d4 (accessed on 22 September 2021).
4. Wissam, F. Investigation of Hemicellulose Biomaterial Approaches: The Extraction and Modification of Hemicellulose and

Its Use in Valueadded Applications. Ph.D. Thesis, L’Université de Lyon, Lyon, France, Université Jean Monnet Saint-Etienne,
Saint-Étienne, France, North Carolina State University, Raleigh, NC, USA, 2018.

5. Christopher, L. Adding Value Prior to Pulping: Bioproducts from Hemicellulose. In Global Perspectives on Sustainable Forest
Management; Clement, A.O., Ed.; InTech: RijeKa, Croatia, 2012; ISBN 978-953-51-0569-5.

6. Marchand, C. Design and Preparation of Films from Birchwood Xylan, Degree Project in Fibre and Polymer Technology KF200X.; Kth
Royal Institute of Technology: Stockholm, Sweden, 2018.

https://www.clickworker.com/2018/11/22/german-packaging-law-2019/
https://www.clickworker.com/2018/11/22/german-packaging-law-2019/
https://ec.europa.eu/commission/sites/beta-political/files/plastics-factsheet-global-action_en.pdf
https://ec.europa.eu/commission/sites/beta-political/files/plastics-factsheet-global-action_en.pdf
https://www.lexology.com/library/detail.aspx?g=af12a6e8-64ff-4cb6-9b09-266e72a6b7d4
https://www.lexology.com/library/detail.aspx?g=af12a6e8-64ff-4cb6-9b09-266e72a6b7d4


Sustainability 2021, 13, 13504 15 of 16

7. Hansen, N.M.L.; Plackett, D. Sustainable films and coatings from hemicelluloses: A review. Biomacromolecules 2008, 9, 1493–1505.
[CrossRef] [PubMed]

8. Ciolacu, D.E. Biochemical modification of lignocellulosic biomass. In Biomass as Renewable Raw Material to Obtain Bioproducts of
High-Tech Value; Popa, V.I., Volf, I., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 154–196.

9. Menon, V.; Prakash, G.; Rao, M. Value added products from hemicellulose: Biotechnological perspective. Glob. J. Biochem. 2010, 1,
36–67.

10. Ebringerova, A.; Hromadkova, Z.; Heinze, T. Hemicellulose. Adv. Polym. Sci. 2005, 186, 1–67. [CrossRef]
11. Ren, J.L.; Sun., R.C. Hemicelluloses. In Cereal Straw as a Resource for Sustainable Biomaterials and Biofuels; Elsevier: Amsterdam,

The Netherlands, 2010; pp. 150–300. [CrossRef]
12. Geng, W.; Venditti, R.A.; Pawlak, J.J.; Chang, H.; Pal, L.; Ford, E. Carboxymethylation of hemicellulose isolated from poplar

(Populus grandidentata) and its potential in water-soluble oxygen barrier films. Cellulose 2020, 21, 3359–3377. [CrossRef]
13. Peng, X.; Du, F.; Zhong, L. Synthesis, Characterization, and Applications of Hemicelluloses Based Eco-friendly Polymer

Composites. In Sustainable Polymer Composites and Nanocomposites; Inamuddin, S.T., Raghvendra, K.M., Asiri, A., Eds.; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 1267–1322.

14. Rahman, M.L.; Sarkax, S.M.; Yusoff, M.M.; Abdullah, M.H. Optical detection and efficient removal of transition metal ions from
water using poly (hydroxamic acid) ligand. J. Sens. Actuators B Chem. 2017, 242, 595–608. [CrossRef]

15. Zhang, L.; Xue, W.; Gu, L. Modification of hyperbranched hemicellulose polymer and its application in adsorbing acid dyes.
Cellulose 2019, 26, 5583–5601. [CrossRef]

16. Qaseem, M.F.; Shaheen, H.; Wu, A.M. Cell wall hemicellulose for sustainable industrial utilization. Renew. Sustain. Energy Rev.
2021, 144, 110996. [CrossRef]

17. Akubude, V.C.; Okafor, J.A.; Oyedokun, O.O.; Petinrin, K.N. Application of Hemicellulose in Biohydrogen Production. In
Sustainable Bioconversion of Waste to Value Added Products; Inamuddin, A.K., Ed.; Springer: Berlin/Heidelberg, Germany, 2021;
p. 254.

18. Mikkonen, K.S.; Tenkanen, M. Sustainable food-packaging materials based on future biorefinery products: Xylans and mannans.
Trends Food Sci. Tech. 2012, 28, 90. [CrossRef]

19. Deutschmann, R.; Dekker, R.F.H. From plant biomass to bio-based chemicals: Latest developments in xylan research. Biotechnol.
Adv. 2012, 30, 1627–1640. [CrossRef] [PubMed]

20. Huang, Y.; Wang, Z.G.; Wang, L.S.; Chao, Y.S.; Akiyama, T.; Yokoyama, T.; Matsumoto, Y. Hemicellulose compostion in different
cell wall fractions obtained using a DMSO/LiCl wood solvent system and enzyme hydrolysis. J. Wood. Chem. Technol. 2015, 36,
56–62. [CrossRef]

21. Laine, C.; Asikainen, S.; Talja, R.; Stepan, A.; Sixta, H.; Harlin, A. Simultaneous bench scale production of dissolving grade pulp
and valuable hemicelluloses from softwood kraft pulp by ionic liquid extraction. Carbohydr. Polym. 2016, 136, 402–408. [CrossRef]

22. Li, Z.Q.; Qin, M.H.; Xu, C.L.; Chen, X.Q. Hot water extraction of hemicelluloses from aspen wood chips of different sizes.
BioResources 2013, 8, 5690–5700. [CrossRef]

23. Nechita, P.; Roman, M. Review on polysaccharides used in coatings for food packaging papers. Coatings 2020, 10, 566. [CrossRef]
24. Placket, D. Biopolymers—New Materials for Sustainable Films Coatings; John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2011; p. 252.
25. Ebringerová, A.; Heinze, T. Xylan and xylan derivatives—Biopolymers with valuable properties, 1. Naturally occurring xylans

structures, isolation procedures and properties. Macromol. Rapid Commun. 2000, 21, 542–556. [CrossRef]
26. Yves, S.Y.; Philip, J.H. Xylans of Red and Green Algae: What Is Known about Their Structures and How They Are Synthesised?

Polymers 2019, 11, 354. [CrossRef]
27. Ramos, A.; Sousa, S.; Evtuguin, D.; Gamelas, J. Functionalized xylans in the production of xylan-coated paper laminates. React.

Funct. Polym. 2017, 117, 89–96. [CrossRef]
28. Broekaert, W.F.; Courtin, C.M.; Verbeke, C.; Van de Wiele, T.; Verstraete, W.; Delcour, J.A. Prebiotic and Other Health-Related

Effects of Cereal-Derived Arabinoxylans, Arabinoxylan-Oligosaccharides, and Xylooligosaccharides. Crit. Rev. Food Sci. Nutr.
2011, 51, 178–194. [CrossRef] [PubMed]

29. Petzold-Welcke, K.; Schwikal, K.; Daus, S.; Heinze, T. Xylan derivatives and their application potential—Mini-review of own
results. Carbohydr. Polym. 2014, 100, 80–88. [CrossRef]

30. Konduri, M.K.; Fatehi, P. Synthesis and characterization of carboxymethylated xylan and its application as a dispersant. Carbohydr.
Polym. 2016, 146, 26–35. [CrossRef] [PubMed]

31. Realini, C.E.; Marcos, B. Active and intelligent packaging systems for a modern society. Meat. Sci. 2014, 98, 404–419. [CrossRef]
32. Hartman, J.; Albertsson, A.C.; Sjöberg, J. Surface- and bulk-modified galactoglucomannan hemicellulose films and film laminates

for versatile oxygen barriers. Biomacromolecules 2006, 7, 1983–1989. [CrossRef] [PubMed]
33. Wang, J.; Minami, E.; Kawamoto, H. Thermal reactivity of hemicellulose and cellulose in cedar and beech wood cell walls. J. Wood

Sci. 2020, 66, 41. [CrossRef]
34. Solier, Y.N.; Schnell, C.N.; Galván, M.V.; Mocchiutti, P.; Zanuttini, M.A.; Inalbon, M.C. Fast Preparation of Flexible Wet-Resistant

and Biodegradable Films from a Stable Suspension of Xylan/Chitosan Polyelectrolyte Complexes. J. Polym. Environ. 2021.
[CrossRef]

35. Silva Braga, R.; Poletto, M. Preparation and Characterization of Hemicellulose Films from Sugarcane Bagasse. Materials 2020,
13, 941. [CrossRef]

http://doi.org/10.1021/bm800053z
http://www.ncbi.nlm.nih.gov/pubmed/18457452
http://doi.org/10.1007/b136816
http://doi.org/10.1016/B978-0-444-53234-3.00004-3
http://doi.org/10.1007/s10570-020-02993-2
http://doi.org/10.1016/j.snb.2016.11.007
http://doi.org/10.1007/s10570-019-02483-0
http://doi.org/10.1016/j.rser.2021.110996
http://doi.org/10.1016/j.tifs.2012.06.012
http://doi.org/10.1016/j.biotechadv.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22776161
http://doi.org/10.1080/02773813.2015.1074248
http://doi.org/10.1016/j.carbpol.2015.09.039
http://doi.org/10.15376/biores.8.4.5690-5700
http://doi.org/10.3390/coatings10060566
http://doi.org/10.1002/1521-3927(20000601)21:9&lt;542::AID-MARC542&gt;3.0.CO;2-7
http://doi.org/10.3390/polym11020354
http://doi.org/10.1016/j.reactfunctpolym.2017.06.006
http://doi.org/10.1080/10408390903044768
http://www.ncbi.nlm.nih.gov/pubmed/21328111
http://doi.org/10.1016/j.carbpol.2012.11.052
http://doi.org/10.1016/j.carbpol.2016.03.036
http://www.ncbi.nlm.nih.gov/pubmed/27112847
http://doi.org/10.1016/j.meatsci.2014.06.031
http://doi.org/10.1021/bm060129m
http://www.ncbi.nlm.nih.gov/pubmed/16768423
http://doi.org/10.1186/s10086-020-01888-x
http://doi.org/10.1007/s10924-021-02181-8
http://doi.org/10.3390/ma13040941


Sustainability 2021, 13, 13504 16 of 16

36. Nicu, R.; Lupei, M.; Balan, T.; Bobu, E. Alkyl–chitosan as paper coating material to improve water barrier properties. Cell Chem.
Technol. 2013, 47, 623.

37. Vartiainen, J.; Vähä-Nissi, M.; Harlin, A. Biopolymer Films and Coatings in Packaging Applications—A Review of Recent
Developments. Mat. Sci. Appl. 2014, 5, 708. [CrossRef]

38. Kesäläinen, S. Improving Plasticity and Film-Forming Quality of Xylans through Chemical Modification in Aqueous Phase.
Master’s Thesis, Faculty of Science and Engineering, Abo Akademi University, Turku, Finland, 2020.

39. Balan, T.; Guezennec, C.; Nicu, R.; Ciolacu, F.; Bobu, E. Improving Barrier and Strength Properties of Paper by Multi-Layer
Coating with Bio-Based Additives. Cellul. Chem. Technol. 2015, 49, 607–615.

40. Manea, D. Research Report of Project SAFEPACK-Special Packaging Materials from Cellulosic Fibers—A Viable Alternative for
Foodstuffs Protection and Safety, Funded by Romanian National R&D Programm Contract No. 52—169/2008. Available online:
http://www.ceprohart.ro/safepack.php (accessed on 20 October 2021).

41. Anthony, R.; Xiang, Z.; Runge, T. Paper coating performance of hemicellulose-rich natural polymer from distiller’s grains. Prog.
Org. Coat. 2015, 89, 240–245. [CrossRef]

42. Laine, C.; Harlin, A.; Hartman, J.; Hyvarinen, S.; Kanmiovirta, K.; Krogerus, B.; Pajari, H.; Rautkoski, H.; Setala, H.; Sieva-
nen, J.; et al. Hydroxyalkylated xylans—Their synthesis and application in coatings for packaging and paper. Ind. Crops Prod.
2013, 44, 692–704. [CrossRef]

43. Zachary, W. An Investigation of the Efficacy of Corn Cob Hemicellulose as a Gas Barrier and Dry Strength Agent on Previously
Uncoated Linerboard. Honors Thesis, Western Michigan University, Kalamazoo, MI, USA, 2018. Available online: https:
//scholarworks.wmich.edu/honors_theses/3010 (accessed on 1 October 2021).

44. Ruoxi, A.P.; Fleming, P.; Husovska, V. Preparation and characterization of hemicellulose-based printable films. Cellul. Chem.
Technol. 2017, 51, 939–948.

45. Wang, F.; Wang, L.; Zhang, X.; Ma, S. Improved Oil Resistance of Cellulose Packaging Paper by 1 Coating with Natural
Polymer Derived Materials. 2021. Available online: https://www.researchsquare.com/article/rs-306787/v1.pdf (accessed on
1 October 2021).

46. Bobu, E.L.; Nicu, R.A.; Obrocea, P.; Ardelean, E.L.; Dunca, S.; Balaes, T. Antimicrobial properties of coatings based on chitosan
derivatives for applications in sustainable paper conservation. Cellul. Chem. Technol. 2016, 50, 689–699.

47. Nechita, P.; Bobu, E.; Parfene, G.; Dinică, R.M.; Bălan, T. Antimicrobial coatings based on chitosan derivatives and quaternary
ammonium salts for packaging paper applications. Cellul. Chem. Technol. 2015, 49, 625–632.

48. Yang, Y.C.; Mei, X.W.; Hu, Y.J.; Su, L.Y.; Bian, J.; Li, M.F.; Peng, F.; Sun, R.C. Fabrication of antimicrobial composite films based on
xylan frompulping process for food packaging. Int. J. Biol. Macromol. 2019, 134, 122–130. [CrossRef]

49. Xu, G.; Luo, Y.; Song, T.; He, B.; Chang, M.; Ren, J. Xylan based antibacterial additive. BioResources 2020, 15, 4781–4801. [CrossRef]
50. Fu, G.-Q.; Zhang, S.-C.; Chen, G.-G.; Hao, X.; Bian, J.; Peng, F. Xylan-based hydrogels for potential skin care application. Int. J.

Biol. Macromol. 2020, 158, 244–250. [CrossRef] [PubMed]
51. Lobo, F.; Franco, A.R.; Fernandes, E.M.; Reis, R.L. An Overview of the Antimicrobial Properties of Lignocellulosic Materials.

Molecules 2021, 26, 1749. [CrossRef]

http://doi.org/10.4236/msa.2014.510072
http://www.ceprohart.ro/safepack.php
http://doi.org/10.1016/j.porgcoat.2015.09.013
http://doi.org/10.1016/j.indcrop.2012.08.033
https://scholarworks.wmich.edu/honors_theses/3010
https://scholarworks.wmich.edu/honors_theses/3010
https://www.researchsquare.com/article/rs-306787/v1.pdf
http://doi.org/10.1016/j.ijbiomac.2019.05.021
http://doi.org/10.15376/biores.15.3.4781-4801
http://doi.org/10.1016/j.ijbiomac.2020.04.235
http://www.ncbi.nlm.nih.gov/pubmed/32360465
http://doi.org/10.3390/molecules26061749

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Testing Methods for Coated Paper Samples 
	Testing Methods for Xylan Film Samples 


	Results and Discussions 
	FT IR Analysis of Xylan Biopolymer 
	Barrier Properties of Xylan-Coated Papers 
	Mechanical Strength Properties of Coated Paper Samples 
	Antimicrobial and Antifungal Activity of Coated Paper Samples 
	Film-Forming Ability of Xylan Hemicellulose and Water Barrier Properties of Films 

	Conclusions 
	References

