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Abstract: Chitosan is a versatile biopolymer with many interesting functionalities. Its effects on
the barrier and mechanical properties of single- or double-coated fibre-based packaging papers in
dependence on the applied drying regime were successfully tested. Our investigations revealed
chitosan to be a highly robust biopolymer, since the different drying regimes did not alter its
contribution to the development of strength and barrier properties of the coated packaging papers.
These properties showed a stronger influence of the applied coat weights than of the different drying
regimes. The effect of chitosan coatings were quantified by measuring tensile strength (TS), burst
strength (BS) and tensile energy absorption (TEA). These revealed that TS, BS and TEA of the coated
papers increased significantly. Moreover, the chitosan-coated papers were less permeable against
water vapor and air. High grease resistance was observed for double-coated papers, irrespective
of the drying regimes. The coated paper surface showed a more hydrophilic character, resulting in
lower contact angles and higher water absorption properties. In this study, industrially produced
chitosan has been proven to be a renewable, robust biopolymer that can be utilized as an additive to
increase strength and the barrier properties of fibre-based materials.

Keywords: industrially produced chitosan; surface treatment; fibre-based material; drying effects;
multi-layering; barriers; mechanical properties

1. Introduction

Sustainable and renewable materials and products are constantly gaining importance in everyday
life. The extensive utilization of bio-based materials is crucial for the further development of a circular
bioeconomy to decrease our dependence on petroleum-based materials. Among the many well-known
applications of fibre-based materials, packaging paper and board grades for food, pharmaceuticals
and cosmetics are some of the most important in our daily life [1–6]. Unlike the homogeneous
synthetic polymeric material, the building units of the paper network are cellulosic fibre that are
heterogeneous by nature and creating a dense structure that lacks pores or voids without additives
is almost impossible. The surface of fibre-based packaging materials is porous and must be treated
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either by applying petroleum-based polymers, biopolymers, or blends of polymeric and inorganic
minerals [7–11]. Because of their innate structural properties, packaging papers and boards lack
crucial barrier properties against the permeation of fat, oil, water vapor or other gases. For that reason,
they have to be laminated or extrusion coated with petroleum-based polymers, which ultimately affects
the sustainability, recyclability and biodegradability of the final, fibre-based packaging products [12–15].
The tensile properties of paper and board can be improved by blending cellulosic fibres with functional
strength additives to increase the bonding area and strength between fibres, which leads to an increase
in the overall packaging strength [16–20].

Packaging consumption is directly related to the growth of the global population and the increase
in online commerce. The results of the current forecast for the global packaging market indicate a
growth in consumption of at least 4% in 2018 to a market volume of almost 1 trillion USD. The demand
for functional chemicals, such as strength additives and barrier coatings for packaging applications,
that today still are mainly petroleum-based, has also increased since 2015 by at least 5% per year [21,22].
Possible alternatives for the substitution of non-renewable packaging materials are combinations of
paper and board with renewable biopolymers, such as industrially produced chitosan. Its production
has steadily increased along with growing application in the food, textile, pharmaceutical industries,
and, more recently, in the packaging industry [23,24]. Chitosan is a biopolymer which is abundant in
nature, fully biodegradable and renewable and has a high potential to be used in the surface treatment
of paper and board to improve its structural, mechanical and barrier properties. Chitosan is derived
from chitin, found in exoskeleton of insects or crustaceans. Under defined conditions regarding
pH, degree of polymerization and deacetylation, chitosan has the character of a polyelectrolyte and
becomes fully water-soluble [25–28].

The chitosan as a natural material is in focus of many researchers all over the world and several
references citied in our work are dealing with chitosan barrier and strength properties investigations.
However, previous investigations such as influence of drying on barrier and strength properties were
mostly performed using casted freestanding films. Furthermore, the cellulosic fibre based substrates
that have been used for coating are laboratory-produced paper sheets, which serve as a model for
possible industrial applications [29–31]. The results of already published work represent valuable
basis for further development and practical applications of chitosan in surface treatment of fibre based
packaging material presented in our work.

The subject of our investigation was an experimental study of the barrier and mechanical
properties of industrial grade chitosan coated onto paper surfaces. We investigated how chitosan
coated onto paper is influenced by different drying regimes used in the paper coating industry (Infrared
or hot air drying). Our experimental approach evaluated whether drying could potentially influence
the development of strength properties and alter the surface and barrier properties. Additionally,
we evaluated the impact of two different applied coat weights by single or double coating the paper
on the barrier and mechanical properties. The coating technique applied in this work was a laboratory
film press, which was designed to simulate the real industrial-coating environment accurately. For the
thus coated papers grease resistance, water vapor transmission rate, air permeance, wettability (contact
angle) and water absorption were determined. The coated surface was visualized using scanning
electron microscopy (SEM) and the most important mechanical properties of packaging materials,
such as the tensile strength, burst strength, tensile energy absorption were assessed. Our results
indicate that chitosan has the potential to improve both the mechanical and barrier properties of
fibre-based packaging material.

2. Materials, Equipment and Methods

2.1. Raw Materials and Characterization

Industrially produced chitosan (CAS: 9012-76-4, poly-[1,4]-β-D-glucosamine) was purchased
from Biolog-Heppe GmbH (Landsberg, Germany). Chitosan was supplied as a solid powder
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(yellow particles). The most important, product-specific data received from the chitosan producer are
summarized in Table 1. The applied chitosan has a medium molecular weight and viscosity, making it
suitable for application using the film press method. The substrate used for surface treatment was an
industrially produced base paper from an Austrian paper mill. The base paper consists of a mix of
bleached hardwood and softwood chemical pulp. The paper was mass sized using alkyl ketene dimer
(AKD) and the surface was untreated.

Table 1. Properties of industrially produced chitosan used for the preparation of the coating formulation [32].

Raw Material Ash Content
[%]

Molecular
Weight [kDa]

Degree of
Deacetylation [%]

Particle
Diameter [µm]

Dynamic Viscosity *
[mPa·s]

Chitin from
crustaceans ≤1 115 90 ≤200 135

* Viscosity of 1% chitosan (w/w) in 1% (w/w) acetic acid under standard conditions.

2.2. Coating Machine

The laboratory coater used for surface treatment of the fibre-based substrate was a film press
Coating Unit CU 5 supplied by Sumet Messtechnik GmbH (Denklingen, Germany). The coater is
equipped with an applicator roll (diameter of 95 mm and width of 300 mm) and, depending on the
coating material and substrate, the contact force for rolls can be adjusted (0–1150 N at 8 bar). Between
the application rod and substrate, the possible contact force ranges from 0 to 230 N at 8 bar. The coater
was equipped with an air-drying system (max. 2000 W) and an infrared emitter (max. 3 × 1500 W).
The coating speed was adjusted to 5 m/min for the performed trials 1–6 (Table 2). A drying time of 4
s (power output 100%) with infrared (IR) heating and 120 s (power output 100%) with hot air (HA)
heating was used. During the simultaneous drying regime (IR + HA), drying was first conducted for
four seconds with the IR emitter, followed by 120 s with the HA heater. Due to the shorter drying
time and unequal energy input moisture content of dried samples is variable. The IR and HA dried
samples might manifest higher amounts of moisture compared to intensive simultaneous drying
method (IR + HA). For that reason, all samples dried with different drying methods were equally
conditioned in climate chamber for 48 h at 23 ◦C and 50% RH prior characterization [33].

Table 2. Design of coating trial with defined layer thickness, number of layers, drying regimes and
coat weights. Trials with one layer of chitosan are indicated by trial numbers 1, 2 and 3 (light blue) and
trials with two chitosan layers are indicated by 4, 5 and 6 (light green).

Trial Wet Layer Thickness [µm] Number of Layers Drying Regime Dry Coat Weights [g/m3]
1 60 1 IR + Hot air

3 g/m22 60 1 IR
3 60 1 Hot air
4 60 2 IR + Hot air

6 g/m25 60 2 IR
6 60 2 Hot air

2.3. Design of Coating Trials

Table 2 lists the coating parameters which were altered in the six trials. The first three trials were
performed with one layer of chitosan (see Table 2). The second layer was applied under the same
conditions with a targeted coat weight of 3 g/m2 for one layer and 6 g/m2 for two layers. The top
side of the paper was coated and all samples were one-side coated. The applied dry coat-weight was
controlled for each coated sheet by weighing and only sheets that deviated less than 5% from the target
coat-weight were accepted. The wet layer thickness was controlled by the use of a grooved rod and in
both cases was 60 µm.
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2.4. Preparation of Chitosan-Based Coating Solution

The desired solid content of the chitosan formulation used in coating trials was 5% (w/w).
This concentration was achieved by dissolving the chitosan in hot water and adjusting the pH using
acetic acid (pure, technical grade from Rotipuran) (see Figure 1). The distilled water was heated to
50 ◦C and stirred at 600 rpm for ten minutes. Subsequently, the chitosan powder was added in portions
(1–2 g) to the heated water (held at 50 ◦C). After dispersion of the chitosan powder the temperature was
increased to 70 ◦C. Small portions of acidic acids were added (0.5–1 mL) to improve and fully solubilize
the chitosan, which occurs at a pH lower than 6 [34,35]. This solution was then stirred for 8 h at 70 ◦C,
once the chitosan particles had fully dissolved. Deprotonated (referring to water-soluble chitosan)
chitosan is positively charged and charge was monitored by measuring the zeta potential using a
Stabino particle charge mapping analyser (Colloid and Particle Metrix GmbH, Inning am, Ammersee,
Germany). The average zeta potential of the chitosan was +475.0 ± 45.3 mV, which indicated that the
solution was stable.
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Figure 1. Chitosan powder in its native form (a) and chitosan fully dissolved in water, used for surface
treatment of the fibre-based substrate (b).

2.5. Flow-Behaviour of Water-Soluble Chitosan Solution

The viscosity of the 5% (w/w) chitosan solution was measured using a rotational rheometer
(Paar Physica MCR 301, Anton Paar, GmbH, Germany) at low, medium and high shear rates under
standard conditions. In the Table 3 mean values and corresponding standard deviations of four-fold
viscosity measurements for each shear rate are given (n = 4). The shear rates were chosen to represent
the conditions in an industrial coating process regarding pumping, mixing and metering in a film
press using a rod. Shear rates during pumping and mixing lie in the range of 0.1 to 1000 1/s, whereas
in grooved rod metering shear rates of 50,000 1/s and higher are observed. The viscosity of the
chitosan decreased at higher shear rates, meaning that the chitosan solution displayed shear-thinning
flow behaviour. This is an important characteristic of a coating material intended to serve as a
surface-treatment chemical in film press coating, as it is directly related to both the material coatability
and to the runability of the coating machine [36–38].

Table 3. Viscosity of chitosan, shear rates, corresponding operation stages and units (n = 4).

Operation Stage Operation Units Shear Rate [1/s] Viscosity [mPa·s]

1 Pumping 0.1 6760.1 ± 834.4
2 Mixing 1000 762.5 ± 44.6
3 Coating 50 000 59.5 ± 2.6

2.6. Determination of Dry Coat Weight; Basis Weight, Density and Thickness

The uncoated and chitosan-coated paper samples were conditioned according to the standard [33]
in a climate room for 48 h at 50% relative humidity ±3% and 23 ± 1 ◦C. Conditioned samples were
used for the assessment of basic physical properties, such as basis weight, thickness, density and dry
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coat weight as well as the evaluation of mechanical and barrier properties [39,40]. The basis weight of
the uncoated raw paper was determined using an analytical balance (Sartorius BP 210D, Sartorius AG,
Göttingen, Germany) and the thicknesses of the samples were measured with a Lehmann thickness
tester. After determining the basis weight, the dry pick-up weight (equal to the dry coat weight) for
coated samples was calculated using Equation (1), where the basis weight of the coated paper (cp) was
subtracted from that of the uncoated paper (up).

Dry coat weight
[ g

m2

]
= Basis weight cp

[ g
m2

]
− Basis weight up

[ g
m2

]
(1)

2.7. Evaluation of Mechanical Properties

Important tensile properties for packaging materials, such as the tensile strength (TS) and tensile
energy absorption (TEA), were measured using a universal tensile tester Zwick Z010 (Zwick, Ulm,
Germany) and the data were analysed using the software testXpert V3.0. The measurements were
performed for both the cross direction (CD) and machine direction (MD). The test speed (strain rate)
of the Zwick tensile tester was the same for all samples (5 mm/min). Samples were cut into strips,
each with a width of 15 mm and length of 15 cm. The clamp distance of the Zwick tensile tester at
start position was 50 mm for all samples. The determination of the burst pressure was performed
using an L & W bursting strength tester SE 180 [41]. The bursting strength of the samples is expressed
as burst pressure. The clamp force and gauge pressure of the burst strength tester were 2900 N and
0.22 MPa, respectively.

2.8. Determination of Barrier Properties, Wettability and Water Absorption

The water vapor permeability, expressed as water vapor transmission rate (WVTR), was measured
using a gravimetric method according to the standard at 23 ◦C and 50% RH [42]. The test area used
was 50 cm2 and the measurements were performed over 24 h. Silica gel was used as a desiccant
(20 g of silica gel with indicator, Carl Roth GmbH, Karlsruhe, Germany), pre-dried at 160 ◦C for 24 h.
The calculation of the water vapor transmission rate (g/m2 24 h) was performed using Equation (2),
where ∆m represents mass gains in grams over the time period t, t is the time interval in hours and A
is the sample test area exposed to desiccant.

WVTR =
∆m

A ∗ ∆t
(2)

The grease resistance of the uncoated and coated samples was measured according to Tappi
559 paperboard [43]. This procedure is better known as the KIT test and represents the resistance of a
material to penetration by oils and fats. Prior to testing the samples, fresh KIT testing solutions based
on different mass ratios of hexane (analytical grade, Merck, Vienna, Austria), toluene (analytical grade,
Carl Roth GmbH, Karlsruhe, Germany) and castor oil (pharmaceutical grade, Merck, Vienna, Austria)
were prepared according to the standard. In total, twelve different solutions (1–12) were prepared and
used for the assessment of grease resistance.

The air permeance of the coated samples was evaluated by measuring the air-flow rate according
to the Bendtsen method [44]. The test area was 10 cm2 and the applied testing pressure was 1.47 kPa.
The air permeance (P) in µm/(Pa·s) was calculated by using the Equation (3) in accordance with the
Bendtsen method: where q is the air flow rate in mL/min, A is the tested area of the sample (cm2) and
p is the testing pressure multiplied by factor k (k = 6).

P =
q

k ∗ A ∗ p
(3)

The water absorption of the samples was measured using a Frank PTI Cobb tester [45]. The tested
area of the samples was 100 cm2. The water absorption of the uncoated and coated samples was



Polymers 2018, 10, 1232 6 of 17

measured using deionized water for 60 and 1800 s, respectively. The Cobb60s and Cobb1800s were given
as the mass of water that was absorbed by sample (g/m2) over the given period of time.

The surface wettability (Contact angle) of all samples were measured with deionized water using
a Fibrodat 1100 device (Fibro System AB, Stockholm, Sweden) [46]. Samples were cut into strips
(10 cm × 1.5 cm) and placed into the sample holder, then covered with double-sided tape. For each
strip, 10 drops of water were placed on the strip and the contact angle was determined. The volume of
the dosed water drop was 4 µL, which was kept constant for all samples.

2.9. Surface Analysis

The characterization of the surfaces was performed at low acceleration voltages of the electron
beam (low voltage scanning electron microscopy, LVSEM, Technologies Inc., Salem, OR, USA) using
the high resolution scanning electron microscope Zeiss Sigma 300 VP (Zeiss, Oberkochen, Germany)
and the Everhart-Thornley Secondary Electron Detector (ETD, SE2 according to the databar of the
micrographs, Oberkochen, Germany). All images were acquired at an acceleration voltage of 0.65 kV
(i.e., the landing energy of the electrons is 0.65 keV) at small working distances with a magnification
of 500× (horizontal image field width: 228.7 µm). Each of the samples was cut in squares measuring
1.5 cm × 1.5 cm. These squares were mounted on SEM stubs using a conductive double-faced adhesive
carbon tape with no further preparation since LVSEM enables imaging of surfaces without coating [47].

2.10. Statistical Analysis

All data are given as mean values with the corresponding standard deviations. The number of
replicates for each measurements is provided in the description of the figures and tables (n = number
of replicates). An analysis of the experimental data was performed using the ANOVA function in
Microsoft Excel with a confidence interval of p < 0.05. In order to establish the statistical differences
between mean values, an analysis was performed using the Tukey-Kramer test with a confidence
interval of p < 0.05.

3. Results and Discussion

3.1. Physical Characterization of Uncoated and Coated Samples

Table 4 shows the basis weight, bulk density, thickness and coat weights for all samples. The bulk
density was calculated by division of the basis weight by thickness. As expected, the bulk density of
the chitosan-coated samples increased compared to the uncoated paper with the double coated paper
showing the highest densities. The dry coat weights were in the desired range of 3 and 6 g/m2 with
corresponding standard deviations of less than 5%.

Table 4. Basic characterization: thicknesses, basis weight, bulk densities, dry coat weights and number
of chitosan layers of substrate and coated samples from trials 1–6 (n = 15).

Specimen No. of Chitosan
Layers

Thickness
(µm)

Basis Weight
(g·m−2)

Bulk Density
(g·cm−3)

Dry Coat Weight
(g·m−2)

Substrate - 95.8 ± 1.2 72.3 ± 0.5 0.75 ± 0.01 0
1 (IR + HA) 98.2 ± 1.0 75.4 ± 0.3 0.77 ± 0.01 3.1 ± 0.1

2 (IR) 1 98.0 ± 1.0 75.3 ± 0.4 0.77 ± 0.02 3.0 ± 0.1
3 (HA) 98.4 ± 1.1 75.4 ± 0.6 0.77 ± 0.01 3.1 ± 0.1

4 (IR + HA) 100.1 ± 1.3 78.3 ± 0.6 0.78 ± 0.01 6.0 ± 0.2
5 (IR) 2 99.9 ± 1.7 78.4 ± 0.7 0.78 ± 0.01 6.1 ± 0.2

6 (HA) 100.0 ± 1.4 78.4 ± 0.4 0.78 ± 0.02 6.1 ± 0.1

3.2. Effects of Drying and Chitosan Layers on Surface Topography

The coating layer quality was assessed using scanning electron microscopy (SEM). Conventional,
water-based coating solutions, unlike those containing chitosan, usually have viscosities below
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100 mPa·s. The lower viscosity of the coating solution promotes a higher degree of penetration into the
substrate, which could be beneficial to the development of the material strength properties [37].

We used surface visualization to evaluate the differences between uncoated and coated samples
and effects of the drying method on the formation of the chitosan layer on the paper surface. In the
Figure 2, SEM images with magnifications of 500× are shown for the raw uncoated paper and coated
paper samples. Surface of the uncoated raw paper with visible fibres and voids, seems to be very porous,
thus enabling chitosan solution to penetrate easily into paper structure. In accordance with SEM images
it can be optically seen that after coating of the raw paper, pores and fibres are partially or totally covered
with chitosan. Samples coated with one layer show a poorer coating coverage compared to those coated
with two layers of chitosan, where a homogenous layer without visible fibres or voids was observed.
The differences between paper surface coated with one layer and dried with IR, HA and IR + HA are
also observed and might depend on different drying time and drying energy input. We observed that the
drying influenced the coverage of the fibres. It is noticeable that the HA and IR + HA drying methods
allowed the layer to consolidate more rapidly due to higher drying energy input compared to 100% IR
drying method, where the drying was conducted for shorter period of time (see Section 2.2). According
to our results, it can be stated that two layers of chitosan are able to close the pores and covers the fibres
surface, irrespective of drying method. When it comes to one layer of chitosan, shorter drying leads (IR)
to worse surface coverage compared to longer drying (HA and IR + HA).
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3.3. Effects of Chitosan Coating and Drying Regime on Tensile Strength

The tensile properties of uncoated fibre-based materials are influenced predominately by the
strength and length of individual fibres, bonding strength of fibre-fibre bonds and bonding area [48].
Tensile properties are one of the most important mechanical properties of paper-based packaging
materials, due to their direct correlation to material failure during converting operations. Furthermore,
they are also an indication of how paper will perform at different loads for some specific packaging
application. In Figure 3 the mean values for tensile strength (n = 15) with corresponding standard
deviations are given.
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(a) TI for machine direction (MD); (b) TI for cross direction (CD). (n = 15).

For both measurements in MD and CD a noticeable increase in the paper tensile strength is
observed for the papers coated with one and especially with two chitosan layers. The results of
statistical analysis indicated no statistically significant effects of drying on the TS values obtained in
both MD and CD for one or two layers (p > 0.05). These results agree well with research performed
using chitosan films, which found no significant difference between different drying technologies [31].
Furthermore, obtained results are in alignment with published data reporting a positive influence of
chitosan coatings on development of fibre-based material strength properties [49–51].
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3.4. Effects of Chitosan and Drying on Tensile Energy Absorption

Tensile energy absorption (TEA) is a further significant property of packaging materials and
is indicative for the energy taken up by the paper during fracture. It is defined as the total work
consumed during tensile testing per unit area of the sample [52,53]. Figure 4 depicts the mean values
and corresponding standard deviations for TEA (MD and CD) for one and two chitosan layers. It is
evident that, even with one chitosan layer, the TEA in both CD and MD was improved by at least
60% compared to uncoated paper. With two layers of chitosan, an increase in the TEA of at least 85%
compared to uncoated paper was observed.
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Although the values obtained with IR and HA drying were slightly higher than those obtained
with HA + IR, again no statistically significant effects of the drying method were observed for the
single or double chitosan coated samples (p > 0.05). According to the results of our analysis, chitosan
generally has remarkable influence on the tensile energy absorption.

3.5. Effects of Chitosan and Drying on Burst Strength

Together with TI and TEA, bursting strength (see Figure 5) is a further important material property
of packaging papers. Although the principle of measurement differs from TI and TEA, it can still
be correlated with these values regarding the final application of paper-based packaging materials.
Bursting strength is defined as the amount of hydrostatic pressure applied to circular sample area.
It provides an indication of the resistance of the paper to rupturing and paper with a low burst strength
cannot retain packed goods and tears easily [54]. The burst pressure of raw paper is 175.3 ± 15.0 kPa.
By coating the paper with one layer of chitosan, the burst pressure can be enhanced by at least 25%. By
adding two layers, the burst strength is improved still further, whereby an increase of 32% compared
to that of uncoated paper was achieved.
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The interaction between chitosan as a cationic biopolymer and cellulosic fibres seems to be intense,
due to fact that the overall paper burst strength was improved. This improvement could be a result
of new bonds created between chitosan and the fibres and a greater bonding area created between
fibres. The development of the burst pressure follows the same trend that has already been seen with
the tensile strength and tensile absorption energy. The mean values obtained from samples coated
with one or two layers and then dried using either the IR, HA, or both methods, were not significantly
different (p > 0.05) meaning that the increase in the burst strength was definitely affected by the higher
coat weights and can potentially be improved greatly by using industrially produced chitosan.

3.6. Effects of Drying and Chitosan Layers on Air Permeance

The air permeance of uncoated and coated samples is shown in Figure 6. The air permeance of
uncoated paper (9.2 ± 0.6 µm/Pa·s) was significantly higher than that of paper with one chitosan layer
regardless of the drying method used. The air permeance values of the single coated samples dried
using the IR (0.32 ± 0.01 µm/Pa·s), IR + HA (0.11 ± 0.05 µm/Pa·s) and HA (0.02 ± 0.01 µm/Pa·s)
correlated with the observation from the SEM images. For all three drying techniques there was some
penetration of the chitosan into the paper structure. This prevented full film formation, yet it resulted
in a lower air flow. Statistical evaluation of the results, however, indicated, that the values were not
significantly different. Two layers of chitosan, irrespective of the drying method used, reduced the
airflow to 0 mL/min which indicates full film formation and surface closure. These results correlate
well with the SEM images where a clear film formation was observed when two chitosan layers were
applied to the paper making the sample impermeable to air.
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3.7. Effects of Drying and Chitosan Layers on Greases Resistance

Grease (oil and fats) resistance is an important property of packaging materials. Depending on
the future applications, coated material can come into direct contact with different types of oil and fat,
which originate from different sources. The KIT test employed to measure the oil and fat resistance of
our samples coated with one layer of chitosan gave the following results: 4.0 ± 1.0 (IR + HA), 5.0 ± 1.0
(HA) and 7.0 ± 0.5 (IR) (see Figure 7).

According to the results of the ANOVA analysis, the p-value was equal or greater 0.05, meaning
that values are significantly different. Thus, the Tukey-Kramer test was performed to ascertain the
differences between the use of the different drying methods. The fat resistance with IR drying was
significantly different from that of IR + HA (one sided test), however, no significant difference was
observed with HA drying.
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Figure 7. Grease resistance as measured with the KIT test for uncoated substrates and coated substrates
with one and two layers of chitosan. (KIT, n = 6).

Irrespective of the drying method used, the KIT values for samples with two layers reached
a maximum of twelve with a corresponding standard deviation of less than 5%. The behaviour of
chitosan depends on the pH environment, level of de-acetylation, degree of polymerization and
interactions with the substrate. It acts act as a hydrophilic agent which should be beneficial for grease
resistance [38,55].

3.8. Effects of Drying and Chitosan Layers on the Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) is one of the most frequently measured and important
properties of food packaging materials. The controlled transmission of water vapor into packaging
crucially affects the preservation of packed goods. Moisture can alter the quality of packaged goods by
allowing the growth of microorganisms, increasing spoilage rates and shortening the product shelf life.
Especially dry food and its quality features (e.g., crispness) are affected by uncontrolled water vapor
transmission into packaging [3,4]. The average WVTR values measured for uncoated (689.7 ± 29.2 g/m2

24 h) and coated paper are given in Figure 8. By adding one layer of chitosan, the WVTR was reduced
by at least 50% for all drying methods. Adding two layers of chitosan prevented more than 70% of
total water vapor transmission compared to the uncoated sample. For both single and double coated
samples the effect of the drying regime showed no statistically significant influence.
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These results lead us to the conclusion than chitosan, as a polymeric material, is able to impregnate
the paper structure, close the pores, repress and reduce the transmission of water vapor. We believe
that the largest part of the reduction in water vapor transmission is due to the closing of the pores
as demonstrated by the air permeance measurements, Figure 6. However, unlike the air permeance
water vapor transmission does not go down to zero at 6 g/m2 coat weight. This can be attributed to the
hydrophilic nature of the chitosan which enables water vapor diffusion through the closed paper surface.
The results obtained are in accordance with those of previously reported investigations [31,56,57].

3.9. Effects of Drying and Chitosan Layers on Wettability and Water Absorption

The wettability of chitosan-coated and uncoated substrates was studied by measuring the
contact angle over ten seconds using deionized water (Figure 9). Water absorption as a material
bulk property was determined with Cobb measurements according to ISO 535 for 60 and 1800 s
(Figure 10). The uncoated substrate, which was internally sized with an AKD size, had a higher contact
angle (~90◦) compared to the chitosan-coated samples. When adding one layer of the hydrophilic
chitosan, the contact angle was reduced by nearly 5◦ with the IR, 10◦ with the HA and around 25◦

with the HA + IR drying methods. The lower influence for IR drying correlates well to the poorer
coverage of the fibres by chitosan as observed in the SEM image (see Figure 2). As a result, the paper
surface, which shows a high contact angle due to internal sizing with AKD, is more exposed to water
compared to coated papers dried with the HA and IR + HA methods and the contact angle is more
similar to the one of the uncoated paper. A similar observation was also made for samples with two
chitosan layers, with the reduction in the contact angle being larger due to the higher coat weights.
For IR drying the contact angle was reduced by up to 10◦, using HA drying by 35–40◦ and for IR + HA
by 40–45◦. Based on these measurements, we can state that different drying methods have an effect
on the wettability of single and double chitosan coated samples. However, the wettability definitely
correlates with a higher amount of the hydrophilic chitosan coated onto the surface.
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Figure 9. Contact angle of uncoated samples and coated samples measured with deionized water for
10 s: (a) Cobb 60 s; (b) Cobb 1800 s. (n = 10).

The water absorption of materials is a time-dependent property and is measured as the capacity
of the material to absorb water over a certain amount of time. The Cobb values of the uncoated
substrate showed a higher uptake for 1800 s (47.5 ± 3.12 g/m2) compared to the uptake for 60 s
(25.09 ± 0.48 g/m2). Water absorption over 60 s and 1800 s increased for samples coated with one
layer of chitosan and further increased, when applying two chitosan layers. This correlation of higher
amounts of chitosan coated onto the paper surface to the observed higher values for water absorption
agrees with data found in the literature [58].
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Comparison of the different drying regimes showed significantly different absorption values at
60 s and 1800 s for IR drying compared to the two other drying methods for both single and double
coated papers. These results correlate well with the contact angle measurements, where IR drying also
had a different effects on the surface wettability compared to other two drying methods.
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Figure 10. Cobb values for 60 s (a) and 1800 s (b) with uncoated samples and coated samples with one
and two layers of chitosan. (n = 8).

According to the results of our investigations, a difference between the surface and bulk properties
can be distinguished regarding the influence of chitosan application. The contact angle mostly depends
on surface chemistry and presence of pores or voids and it was influenced by altering these parameters
using chitosan as a coating material. Different drying methods seemed to affect the consolidation
and retention of the chitosan layer on the paper surface, as seen in the SEM images and thus also the
penetration of chitosan into the paper structure. For this reason, the wettability was also changed
and the hydrophilicity of chitosan contributed to the measurement of lower contact angles and these
contributions can be influenced by using different drying methods. On the other hand, bulk properties
such as water absorption or grease resistance do not necessarily depend on the surface properties but
rather on the material composition. In our case, one layer of 3 g/m2 of chitosan seemed to be sufficient
to impregnate the paper and to penetrate into the network structure, thus, changing the material
composition. By adding two layers, this impregnation was followed by film formation, whereby both
the bulk and surface composition were altered. This resulted in moderate changes in bulk properties
such as water absorption, when one layer was added and a significant impact when two layers were
added, independent of the drying method used.

4. Conclusions

Application of chitosan in surface treatment of fibre-based material improved the mechanical
properties such as tensile strength, burst strength and tensile energy absorption. Voids and pores
of the uncoated paper were partially covered with one layer of chitosan and fully covered with two
layers, thus reducing the air or water vapor permeability. Air permeance can be reduced to 0 µm/Pa·s
depending on the number of layers added. The water vapor transmission rate was also reduced
compared to raw paper, however it due to the hydrophilic character of chitosan it does not go down
to zero. The surface of coated paper was hydrophilized by chitosan addition as demonstrated by a
lower water contact angle, the water absorption increased. Grease resistance of chitosan-coated paper
is moderate with one coating layer (KIT = 4 to 7) and high with two layers (KIT = 12).

Based on the measurements and results of the statistical analyses, the barrier and mechanical
properties of coated material are not significantly impacted by the use of the different drying methods.
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While not significant in statistical tests the mechanical properties of IR + HA drying are worse in nearly
every case and the surface hydrophilicity is higher, which indicates a systematic trend. We think that
better surface retention of the chitosan due to higher energy input during IR + HA drying causes better
film building with this drying method. These differences between the drying techniques could be a
future approach to altering the surface functions of chitosan-coated paper.

According to our results it can be also stated that one layer of chitosan, is not sufficient to form
the film onto paper surface. Therefore, for some specific application either substrate with smoother
structure should be used or at least two chitosan layers must be applied in order to create clear
homogenous film onto surface, irrespective of drying method used. The mass percentage of chitosan
in the paper coated with 3 g/m2 and 6 g/m2 was around 4% and 8%, respectively, in terms of the
paper basis weight. Considering that the mass percentage of conventional chemicals used as strength
or barrier additives in paper-based packaging materials can exceed 10%, chitosan performed excellent
as a strength and barrier additive [54]. With respect to the different drying methods, we conclude that
chitosan performs well with infrared (IR), hot air (HA), or simultaneously drying (IR + HA) methods
and, therefore, represents a potential functional coating material that can be used in an industrial
production environment.

Author Contributions: S.K. designed and performed the coating experiments, physical measurements, barrier
characterization and statistical analysis. A.W. analysed the data and conceptualized the paper. A.Z. performed
the SEM experiments. R.K. performed physical measurements. S.K., A.W., E.L., U.H. and W.B. analysed the data
and wrote the paper.

Funding: This research was funded by the Austrian Research Promotion Agency (FFG) and by Austropapier–Vereinigung
der Österreichischen Papierindustrie (FFG Project No. 855640).

Acknowledgments: The authors acknowledge the industrial partners, Mondi Group, Zellstoff Pöls AG, Delfort
Group, W. Hamburger GmbH, Smurfit Kappa Nettingsdorf, the Austrian Research Promotion Agency (FFG) and
Austropapier—Vereinigung der Österreichischen Papierindustrie, for their technical and financial support.

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

References

1. Khalil, H.P.S.A.; Davoudpour, Y.; Saurabh, C.K.; Hossain, M.S.; Adnan, A.S.; Dungani, R.; Paridah, M.T.;
Sarker, M.Z.I.; Fazita, M.R.N.; Syakir, M.I.; et al. A review on nanocellulosic fibres as new material for
sustainable packaging: Process and applications. Renew. Sustain. Energy Rev. 2016, 64, 823–836. [CrossRef]

2. Amarasekara, A.S.; Ha, U.; Okorie, N.C. Renewable polymers: Synthesis and characterization of
poly(levulinic acid-pentaerythritol). J. Polym. Sci. Part A 2018, 56, 1–4. [CrossRef]

3. Rhim, J.W.; Park, H.M.; Ha, C.S. Bio-nanocomposites for food packaging applications. Prog. Polym. Sci. 2013,
38, 1629–1652. [CrossRef]

4. Johansson, C.; Bras, J.; Mondragon, I.; Nechita, P.; Plackett, D.; Simon, P.; Svetec, D.G.;
Virtanen, S.; Baschetti, M.G.; Breen, C.; et al. Renewable fibers and bio-based materials for packaging
applications—A review of recent developments. BioResources 2012, 7, 2506–2552. [CrossRef]

5. Li, H.; Cui, R.; Peng, L.; Cai, S.; Li, P.; Lan, T. Preparation of Antibacterial Cellulose Paper Using
Layer-by-Layer Assembly for Cooked Beef Preservation at Ambient Temperature. Polymers 2018, 10, 15.
[CrossRef]

6. Romani, V.P.; Prentice-Hernández, C.; Martins, V.G. Active and sustainable materials from rice starch,
fish protein and oregano essential oil for food packaging. Ind. Crop. Prod. 2017, 9, 268–274. [CrossRef]

7. Herrera, M.A.; Mathew, A.P.; Oksman, K. Barrier and mechanical properties of plasticized and cross-linked
nanocellulose coatings for paper packaging applications. Cellulose 2017, 24, 3969–3980. [CrossRef]

8. Mazhari Mousavi, S.M.; Afra, E.; Tajvidi, M.; Bousfield, D.W.; Dehghani-Firouzabadi, M. Cellulose
nanofiber/carboxymethyl cellulose blends as an efficient coating to improve the structure and barrier
properties of paperboard. Cellulose 2017, 24, 3001–3014. [CrossRef]

9. Klemm, D.; Heublein, B.; Fink, H.-P.; Bohn, A. Cellulose: Fascinating Biopolymer and Sustainable Raw
Material. Angew. Chem. Int. Ed. 2005, 36. [CrossRef]

http://dx.doi.org/10.1016/j.rser.2016.06.072
http://dx.doi.org/10.1002/pola.28980
http://dx.doi.org/10.1016/j.progpolymsci.2013.05.008
http://dx.doi.org/10.15376/biores.7.2.2506-2552
http://dx.doi.org/10.3390/polym10010015
http://dx.doi.org/10.1016/j.indcrop.2016.12.026
http://dx.doi.org/10.1007/s10570-017-1405-8
http://dx.doi.org/10.1007/s10570-017-1299-5
http://dx.doi.org/10.1002/chin.200536238.Formularbeginn


Polymers 2018, 10, 1232 15 of 17

10. Lavoine, N.; Desloges, I.; Dufresne, A.; Bras, J. Microfibrillated cellulose—Its barrier properties and
applications in cellulosic materials: A review. Carbohydr. Polym. 2012, 90, 735–764. [CrossRef] [PubMed]

11. Zhu, R.; Liu, X.; Song, P.; Wang, M.; Xu, F.; Jiang, Y.; Zhang, X. An approach for reinforcement of paper with
high strength and barrier properties via coating regenerated cellulose. Carbohydr. Polym. 2018, 200, 100–105.
[CrossRef] [PubMed]

12. Brander, J. Surface Application of Paper Chemicals; Springer Science & Business Media: Berlin, Germany, 2012;
ISBN 9789400914575.

13. Jonhed, A.; Andersson, C.; Järnström, L. Effects of film forming and hydrophobic properties of starches on
surface sized packaging paper. Packag. Technol. Sci. 2008, 21, 123–135. [CrossRef]

14. Pelton, R.; Zhang, J.; Wågberg, L.; Rundlöf, M. Dry and wet strength of paper-The role of surface polymer
compability in the formation of fiber/fiber bonds in paper. Nord. Pulp Pap. Res. J. 2000, 15, 400–406.
[CrossRef]

15. Xu, G.G.; Yang, C.Q.; Den, Y. Mechanism of paper wet strength development by polycarboxylic acids with
different molecular weight and glutaraldehyde/poly(vinyl alcohol). J. Appl. Polym. Sci. 2006, 101, 277–284.
[CrossRef]

16. Shankar, S.; Rhim, J.-W. Effects of poly(butylene adipate-co-terephthalate) coating on the water resistant,
mechanical, and antibacterial properties of Kraft paper. Prog. Org. Coat. 2018, 123, 153–159. [CrossRef]

17. Li, H.; Fu, S.; Peng, L.; Zhan, H. Surface modification of cellulose fibers with layer-by-layer self-assembly of
lignosulfonate and polyelectrolyte: Effects on fibers wetting properties and paper strength. Cellulose 2012,
19, 533–546. [CrossRef]

18. Qian, L.; Guan, Y.; He, B.; Xiao, H. Synergy of wet strength and antimicrobial activity of cellulose paper
induced by a novel polymer complex. Mater. Lett. 2008, 62, 3610–3612. [CrossRef]

19. Lindström, T.; Fellers, C.; Ankerfors, M.; Glad-Nordmark, G. On the nature of joint strength of paper—Effect
of dry strength agents. Nord. Pulp Pap. Res. J. 2016, 31, 459–468. [CrossRef]

20. Chen, T.; Xie, Y.; Wei, Q.; Wang, X.A.; Hagman, O.; Karlsson, O.; Liu, J. Effect of Refining on Physical
Properties and Paper Strength of Pinus massoniana and China Fir Cellulose Fibers. BioResources 2016, 11.
[CrossRef]

21. Packaging Industry Reports, Market Trends Analysis|Smithers Pira. Available online: https://www.
smitherspira.com/industry-market-reports/packaging (accessed on 7 August 2018).

22. Hoesl, D.; Cohen, M. The Future of Barrier Coatings. Available online: http://www.tappi.org/content/
events/11papercon/documents/583.438%20doc.pdf (accessed on 8 August 2018).

23. Song, Z.; Li, G.; Guan, F.; Liu, W. Application of Chitin/Chitosan and Their Derivatives in the Papermaking
Industry. Polymers 2018, 10, 389. [CrossRef]

24. Aranaz, I.; Acosta, N.; Civera, C.; Elorza, B.; Mingo, J.; Castro, C.; Gandía, M.L.; Heras Caballero, A.
Cosmetics and Cosmeceutical Applications of Chitin, Chitosan and Their Derivatives. Polymers 2018, 10, 213.
[CrossRef]

25. Cheung, R.C.F.; Ng, T.B.; Wong, J.H.; Chan, W.Y. Chitosan: An Update on Potential Biomedical and
Pharmaceutical Applications. Mar. Drugs 2015, 13, 5156–5186. [CrossRef] [PubMed]

26. Bellich, B.; D’Agostino, I.; Semeraro, S.; Gamini, A.; Cesàro, A. “The Good, the Bad and the Ugly” of
Chitosans. Mar. Drugs 2016, 14, 99. [CrossRef] [PubMed]

27. Sahariah, P.; Gaware, V.S.; Lieder, R.; Jónsdóttir, S.; Hjálmarsdóttir, M.Á.; Sigurjonsson, O.E.; Másson, M.
The Effect of Substituent, Degree of Acetylation and Positioning of the Cationic Charge on the Antibacterial
Activity of Quaternary Chitosan Derivatives. Mar. Drugs 2014, 12, 4635–4658. [CrossRef] [PubMed]

28. Hu, Z.; Hong, P.; Liao, M.; Kong, S.; Huang, N.; Ou, C.; Li, S. Preparation and Characterization of
Chitosan—Agarose Composite Films. Materials 2016, 9, 816. [CrossRef] [PubMed]

29. Vikele, L.; Laka, M.; Sable, I.; Rozenberga, L.; Grinfelds, U.; Zoldners, J.; Passas, R.; Mauret, E. Effect of
chitosan on properties of paper for. Cellul. Chem. Technol. 2015, 51, 67–73.

30. Escamilla-García, M.; Reyes-Basurto, A.; García-Almendárez, B.E.; Hernández-Hernández, E.;
Calderón-Domínguez, G.; Rossi-Márquez, G.; Regalado-González, C. Modified Starch-Chitosan Edible
Films: Physicochemical and Mechanical Characterization. Coatings 2017, 7, 224. [CrossRef]

31. Srinivasa, P.; Ramesh, M.; Kumar, K.; Tharanathan, R. Properties of chitosan films prepared under different
drying conditions. J. Food Eng. 2004, 63, 79–85. [CrossRef]

http://dx.doi.org/10.1016/j.carbpol.2012.05.026
http://www.ncbi.nlm.nih.gov/pubmed/22839998
http://dx.doi.org/10.1016/j.carbpol.2018.07.069
http://www.ncbi.nlm.nih.gov/pubmed/30177145
http://dx.doi.org/10.1002/pts.783
http://dx.doi.org/10.3183/NPPRJ-2000-15-05-p400-406
http://dx.doi.org/10.1002/app.25551
http://dx.doi.org/10.1016/j.porgcoat.2018.07.002
http://dx.doi.org/10.1007/s10570-011-9639-3
http://dx.doi.org/10.1016/j.matlet.2008.04.010
http://dx.doi.org/10.3183/NPPRJ-2016-31-03-p459-468
http://dx.doi.org/10.15376/biores.11.3.7839-7848
https://www.smitherspira.com/industry-market-reports/packaging
https://www.smitherspira.com/industry-market-reports/packaging
http://www.tappi.org/content/events/11papercon/documents/583.438%20doc.pdf
http://www.tappi.org/content/events/11papercon/documents/583.438%20doc.pdf
http://dx.doi.org/10.3390/polym10040389
http://dx.doi.org/10.3390/polym10020213
http://dx.doi.org/10.3390/md13085156
http://www.ncbi.nlm.nih.gov/pubmed/26287217
http://dx.doi.org/10.3390/md14050099
http://www.ncbi.nlm.nih.gov/pubmed/27196916
http://dx.doi.org/10.3390/md12084635
http://www.ncbi.nlm.nih.gov/pubmed/25196937
http://dx.doi.org/10.3390/ma9100816
http://www.ncbi.nlm.nih.gov/pubmed/28773936
http://dx.doi.org/10.3390/coatings7120224
http://dx.doi.org/10.1016/S0260-8774(03)00285-1


Polymers 2018, 10, 1232 16 of 17

32. Wunder, A. Biolog Heppe GmbH–Chitosanhersteller. Available online: https://www.biolog-heppe.de/
(accessed on 2 October 2018).

33. International Organization for Standardization. ISO 187, Paper, Board and Pulps—Standard Atmosphere for
Conditioning and Testing and Procedure for Monitoring the Atmosphere and Conditioning of Samples; International
Organization for Standardization: Geneva, Switzerland, 1990.

34. Kubota, N.; Eguchi, Y. Facile Preparation of Water-Soluble N-Acetylated Chitosan and Molecular Weight
Dependence of Its Water-Solubility. Polym. J 1997, 29, 123–127. [CrossRef]

35. Qin, C.; Li, H.; Xiao, Q.; Lie, Y.; Zhu, J.; Du, Y. Water-solubility of chitosan and its antimicrobial activity.
Carbohydr. Polym. 2006, 63, 367–374. [CrossRef]

36. El-Hefian, E.; Elgannoudi, E.; Mainal, A.; Yahaya, A.H. Characterization of chitosan in acetic acid: Rheological
and thermal studies. Turk. J. Chem. 2009, 34, 47–56. [CrossRef]

37. Papermaking Science and Technology, 2nd ed.; Paltakari, J. (Ed.) Finnish Paper Engineers Association: Helsinki,
Finland; pp. 11–605. ISBN 978-952-5216-27-1.

38. Despond, S.; Espuche, E.; Cartier, N.; Domard, A. Barrier properties of paper–chitosan and
paper–chitosan–carnauba wax films. J. Appl. Polym. Sci. 2005, 98, 704–710. [CrossRef]

39. International Organization for Standardization. ISO 536:2012 Paper and Board—Determination of Basis Weight;
International Organization for Standardization: Geneva, Switzerland, 2017.

40. European Committee for Standardization. EN ISO 534:2011 Paper and Board—Determination of Thickness,
Density and Specific Volume; European Committee for Standardization: Brussels, Belgium, 2011.

41. International Organization for Standardization. ISO 2758:2014 Paper—Determination of Bursting Strength;
International Organization for Standardization: Geneva, Switzerland, 2014.

42. TAPPI Standards Department. T 448 OM-09 Water Vapor Transmission Rate of Paper and Paperboard at 23 ◦C
and 50% RH; TAPPI Standards Department: Norcross, GA, USA, 2009.

43. TAPPI Standards Department. T 559 CM-12 Grease Resistance Test for Paper and Paperboard; TAPPI Standards
Department: Norcross, GA, USA, 2012.

44. International Organization for Standardization. ISO/DIS 5636-3 Paper and Board—Determination of Air
Permeance—Part 3: Bendtsen Method; International Organization for Standardization: Geneva, Switzerland, 2013.

45. European Committee for Standardization. EN ISO 535:2014 Paper and Board—Determination of Water
Absorptiveness—Cobb Method; European Committee for Standardization: Brussels, Belgium, 2011.

46. TAPPI Standards Department. T 558 OM-15 Surface wettability and Absorbency of Sheeted Materials Using an
Automated Contact Angle Tester; TAPPI Standards Department: Norcross, GA, USA, 2012.

47. Fischer, W.J.; Zankel, A.; Ganser, C.; Schmied, F.J.; Schroettner, H.; Hirn, U.; Teichert, C.; Bauer, W.;
Schennach, R. Imaging of the formerly bonded area of individual fibre to fibre joints with SEM and AFM.
Cellulose 2014, 21, 251–260. [CrossRef]

48. Hirn, U.; Schennach, R. Comprehensive analysis of individual pulp fiber bonds quantifies the mechanisms
of fiber bonding in paper. Sci. Rep. 2015, 5. [CrossRef] [PubMed]

49. Reis, A.B.; Yoshida, C.M.; Reis, A.P.C.; Franco, T.T. Application of chitosan emulsion as a coating on Kraft
paper. Polym. Int. 2011, 60, 963–969. [CrossRef]

50. Basta, A.H.; Khwaldia, K.; Aloui, H.; El-Saied, H. Enhancing the performance of carboxymethyl cellulose by
chitosan in producing barrier coated paper sheets. Nord. Pulp Pap. Res. J 2015, 30, 617–625. [CrossRef]

51. Fithriyah, N.H. Erdawati. Mechanical properties of paper sheets coated with chitosan nanoparticle.
AIP Conf. Proc. 2014, 1589, 195–199. [CrossRef]

52. Hafrén, J.; Fernando, D.; Daniel, G.; Moberg, A.; Goldszer, K.; Ljungqvist, C.; Sandström, P. CRUW Mechanical
Pulping: High-Yield Pulp Fines: Morphology, Ultrastructure and Effects on Paper Properties; Report Number: 13;
Department of Forest Products, Swedish University of Agricultural Sciences: Uppsala, Sweden, 2013; 58p.

53. Roylance, D. Stress-Strain Curves. Available online: http://web.mit.edu/course/3/3.11/www/modules/
ss.pdf (accessed on 10 September 2018).
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