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Kamola, P.; Wierzchowski, A.;

Bartkowiak, A.; Mizielińska, M.
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Abstract: The goal of this work was to improve the barrier properties of selected papers against water,
grease and oil or gases (water vapor and oxygen) by covering them with biodegradable commercial
coating carriers based on cellulose nanocrystals (CNCs) and polyvinyl alcohol (PVOH). The aim
was also to obtain cellulose recyclable packaging materials with improved barrier characteristics.
The properties of paper coatings based on CNCs and PVOH were characterized. Various paper
coating techniques (flexographic printing, rotogravure printing and blade printing) were evaluated
with respect to the final properties of the surface-modified paper with different starting grammages
(40 g/m2, 70 g/m2, 100 g/m2). Functional properties, such as the barrier against oxygen, water vapor,
water and grease; mechanical properties; and seal characterization of coated paper were examined.
The results of this study demonstrated that the covering of the paper may improve the water, grease
and oil barrier and that the best results were obtained for Gerstar 70 g/m2 coated with J12 coatings
using the flexographic technique.

Keywords: coated paper; coating methods; PVOH; CNCs; barrier properties

1. Introduction

Food packaging is one of the most important processes in the food supply chain. The
main function of the packaging materials is to protect and preserve the quality and safety
of food products. It is also important for extending their shelf life [1]. Currently, the food
packaging sector is faced with the necessity of the proper selection of the most appropriate
eco-packaging materials taking into account the recent changes in both regulations with
respect to circular economy and end-user sustainability expectations. Packaging materials
that are nontoxic, recyclable and biodegradable and have high barrier properties against
moisture, gas, and oil are in high demand. Paper as a sustainable packaging material
arouses great interest, but due to inadequate barriers against water vapor and oxygen, its
application in the processed food packaging sector is very limited [2]. EU policy requires
a gradual increase in the amount of recycled materials used in packaging [3]. It should
be noted that packaging made of cellulose in the form of paper or cardboard is one of the
oldest types of packaging and has been successfully recycled for a long time [2,3].

Unmodified paper is characterized by its fiber-based and as a result porous structure. It
can easily absorb moisture due to its hygroscopic structure, providing a low barrier against
water, water vapor, oxygen or grease. These characteristics disqualify it as a material for
use in a wide range of applications. To overcome this limitation, paper is usually coated
with other materials, including plastics or aluminum, that provide improvements in the
barrier properties at the expense of its eco-friendly and biodegradable nature [4].
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One of the final processes that affects paper properties is calendering. During the
calendering process, a paper sheet is pressed between two or more cylinders at a certain
pressure and temperature [5]. The main purpose of calendering is to modify the surface
structure [6]. In the case of printing on either cardboard or paper, the main calendering
effect is the tightening of the holes, which reduces the surface roughness to achieve a good
print quality.

In this case, various treatments are used to obtain a cellulose material with enhanced
measurable barrier properties. To be applicable as food packaging, these materials are
covered with one or more coatings offering separate barrier properties against gases and
moisture and good sealing and mechanical properties. The barrier properties of the pack-
aging materials define the level of resistance of the materials to various external and
internal factors. In modified packaging materials, all substances that have contact with
food products should be approved for contact with food [7]. All technological processes,
with precautions taken for writing paper as well as packaging paper in general, depending
on the area of application, are designed to prevent the penetration of certain chemical or
physical agents.

Naturally renewable biopolymers including proteins, polysaccharides, lipids or com-
binations of those components have already been evaluated as barrier coatings for various
paper materials. In most cases, they maintain the favorable recyclable and environmen-
tally friendly characteristics of the paper packaging materials [8]. Biopolymers such as
polysaccharides and proteins are regarded as the most promising substances due to their
advantages of providing an appropriate barrier against gases and having a positive effect
on mechanical properties [9]. Cellulose nanocrystals are bio-based nanoparticles of high
crystallinity obtained from a cellulosic material (e.g., wood, cotton). The amorphous part
of cellulose is removed by acid hydrolysis, and pure nanocrystals are obtained after the
sonication of the batch. CNCs are biodegradable materials with excellent mechanical
properties. In some studies, they were evaluated as coating additives in the investigation
of the surface and barrier properties of paper [10].

Poly(vinyl alcohol) (PVOH) is a synthetic water-soluble polymer. It is mainly known
for its high barrier capacity against oxygen, good thermal resistance, great adhesive proper-
ties and biocompatibility. Other characteristics it displays are good water solubility and
biodegradability, excellent film-forming capacity and transparency [11]. Polyvinyl alcohol
coatings have been implemented in a variety of applications. It is an ideal coating material
to use in applications such as paper-based packaging and barrier materials due to its high
content of hydroxyl groups. Additionally, the flexibility, high mechanical strength and
long-term thermal stability of PVOH are the most important beneficial properties for the
aforementioned applications [12].

The goal of this work was to improve the barrier properties of selected types of paper
against water, grease and oil or gases (water vapor and oxygen) by covering them with
biodegradable commercial coating carriers based on CNCs and PVOH.

2. Materials and Methods
2.1. Materials

Three commercial types of paper (reference papers) were used in this research:

- Kraft paper (grammage 40 g/m2), (Nordic Paper, Greåker, Norway);
- White paper (grammage 70 g/m2), (Gerstar HDS, Ahlstrom, France);
- Kraft paper (grammage 100 g/m2), (Mondi, Poperinge, Belgium).

Two commercial coating carriers were used to cover the papers:

- C03—aqueous dispersion of cellulose nanocrystals (CNCs) (Eurikas, Vilvoorde, Belgium);
- J12—aqueous dispersion of polymers based on polyvinyl alcohol (FOBARO GROUP,

Poznań, Poland).

The chemical composition of both coating carriers (C03 and J12) was not disclosed by
the producer.
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2.2. Coating Carrier Preparations

The aqueous solution/suspension of CNCs (C03) and the aqueous dispersion of PVOH
were diluted with distilled water at a ratio of 4:1. Additionally, the C03 coating carrier was
diluted with distilled water at a ratio of 1:1.

2.3. Coating Carrier Analysis

The coating carriers were analyzed by determination of solid content (moisture ana-
lyzer, Radwag, Radom, Poland), pH (Elmetron, Zabrze, Poland), appearance and viscosity.
The viscosity was analyzed using two methods. As the first step of the experiments, a Ford
viscosity cup No. 4 was used. Next, the viscosity was analyzed using an AR-G2 Rheometer
(TA Instruments, New Castle, DE, USA) at 25 ◦C.

2.4. Paper Covering

A4 sheets of selected papers were covered with the coatings using three different types
of coaters: Unicoater 409 (Erichsen, Hemer, Germany) with 4, 6, 12 and 24 µm diameter bars;
SUMET (Messtechnik, Freiburg, Germany) with 25◦ and 40◦ blades using the drawn down
speed 5 m/min; the hand flex-coating K-lox manual applicator (RK Print Coat Instrument,
Royston, UK) with 400/5 (transfer volume 4.3 m3/m2) and 100/185 (application volume
39.1 m3/m2) engraved rollers. The coating was performed at 25 ◦C. All coated materials
were dried for 4 min at a temperature of 80 ◦C.

2.5. Uncoated and Coated Paper Property Analysis

In this study, 3 types of uncoated (control samples) papers and paper covered with
the C03 and the J12 coatings using different methods were thoroughly characterized. The
following tests were performed: thickness (Sylvac, Yverdon-les-Bains, Switzerland), paper
grammage and grammage of the obtained coatings according to PN-EN ISO 536:2020-
08 [13]. Water absorption (Cobb60) analysis was carried out according to ISO 535:2023 [14].
This analysis allowed the determination of the water barrier properties. Grease barrier
properties were measured using the KIT test according to ISO 16532-2-2007—oil and grease
resistance [15].

The coating samples with a grammage lower than 5% of the total paper grammage
were selected for further analysis. The oxygen transmission rate (OTR) of these samples
was measured according to the ASTM F1927-20 [16] method (temperature 23 ◦C, 0% RH).
The water vapor transmission rate (WVTR) was measured according to ASTM F1249-20
standard [17] (temperature 23 ◦C, 85% RH).

To analyze the structure of the uncoated paper and to verify the presence and integrity
of the obtained coatings, a microscopic analysis of the selected papers was performed. The
paper/coated paper samples were then placed on pin stubs, and a thin layer of gold in a
sputter coater was used to cover them at room temperature (Quorum Technologies Q150R
S, Laughton, UK). Then, the samples were analyzed with a scanning electron microscope
(SEM). The microscopic analysis of the samples was carried out through the use of a Vega
3 LMU microscope (Tescan, Brno, Czech Republic). The analysis took place at 24 ◦C with
the use of a tungsten filament with an accelerating voltage of 10 kV to create SEM images
of the uncoated and covered papers. The specimens were then examined from above.

The seal strength of coated surfaces was determined in accordance with the ASTM
F88/F88M-21 standard [18] using the RDM HSE-3 sealer with flat bars. Following the
sealing of 30 mm wide samples, the central 15 mm width was subsequently excised for the
assessment of seal strength, 4 h after sealing. The temperature of the bars was varied, while
seal time and pressure were maintained at 0.3 s and 2.0 N/mm2, respectively. An average
and standard deviation were calculated based on three individual measurements.

3. Results

The results of this study demonstrated that C03 and J12 coating carriers were charac-
terized by a high viscosity (Table 1). Unfortunately, it is impossible to cover paper with
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too-viscous carriers (Ford cup 4.0 > 60 s) using flexographic coating techniques. In order
to decrease the viscosity of both the C03 and J12 aqueous dispersions, the analyzed dis-
persions were diluted with distilled water at a ratio of 4:1. As was shown in Table 1, a
viscosity lower than 30 s was observed for diluted J12 carrier, while no significant decrease
in viscosity was noticed for C03 diluted carrier. Therefore, in the case of C03, a 1:1 dilution
was applied. Unfortunately, the high dilution of C03 did not decrease its viscosity but
resulted in an undesirable decrease in the dry mass of the aqueous coating dispersion.

Table 1. Characteristics of the commercial coating carriers.

Specifications C03 J12

Solid content (%)
After dilution

25.6
–

20.0
18

pH 2.5–6.5 5.5

Appearance Liquid,
transparent Liquid, yellow−transparent

Viscosity (mPa·s at 23 ◦C)
After dilution

800
800

500
180

Viscosity (s at 23 ◦C)
After dilution

>60
>60

>60
<30

Three types of unmodified paper were characterized as control samples in relation
to the modified papers (Table 2). It was important to analyze the paper before covering it.
The results of this study demonstrated that the grease barrier of the uncoated paper was
very low (Table 2). The highest water absorption was noticed for the uncovered Gerstar,
while the lowest water absorption was observed for the Kraft paper (grammage 40 g/m2)
samples. In summary, none of the analyzed papers had a barrier against both grease/oil
and water.

Table 2. Characteristics of the uncoated papers.

No. Name Grammage
(g/m2)

Thickness
(mm) KIT Test * Cobb60

(g/m2)

1 Kraft 40 ± 1.140 0.064 ± 0.002 1 27.4 ± 1.853
2 Gerstar 70 ± 0.713 0.065 ± 0.003 1 36.3 ± 0.192
3 Kraft 100 ± 1.141 0.143 ± 0.003 1 32.4 ± 3.412

* 1 = low grease and oil barrier. 12 = high grease and oil barrier.

It was assumed in this study that an expected, upper mass limit/grammage of the
surface modification/coating should be lower than 5% wt. of the mass/grammage of the
paper (before covering). Based on this assumption, the possible coating grammage for
the three types of paper should be ≤2.0 g/m2 for Kraft 40 g/m2, ≤3.5 g/m2 for Gerstar
70 g/m2, and ≤5.0 g/m2 for Kraft 100 g/m2.

The results of the experiments that were performed using the UNICOATER 409 demon-
strated that the grammage values of the J12 and C03 layers applied on the surface of the
Kraft 40 g/m2 paper were 4.2 g/m2 (J12) and 8.7 g/m2 (C03) (Table 3). This means that the
coatings’ grammages/weights exceeded 5% of the paper grammage even when the smallest
application bar thickness (4 µm) was used. Similar results were noticed for the Gerstar
70 g/m2 paper that was covered with the C03 layer (Table 4). The obtained findings resulted
in the rejection of the covered Kraft 40 g/m2 paper and Gerstar 70 g/m2 paper coated with
the C03 layer for further analysis (Tables 3 and 4). The results of the experiments led to the
observation that none of the obtained J12 coatings applied on the surface of the Gerstar
70 g/m2 paper was higher than 3.5 g/m2. This means that none of them exceeded 5% of
the paper grammage. Additionally, it was observed that covering the Gerstar 70 g/m2
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paper with J12 coatings improved its barrier properties. In the analysis of the grease and
oil barrier changes, it was noticed that these barriers increased from 1 to 5 or from 1 to
12 when compared to uncoated Gerstar 70 g/m2 paper. As was emphasized in Table 3, the
use of a 4 µm thickness bar allowed a J12 layer of 1.2 g/m2 grammage to be obtained. The
thinnest coating improved the grease and oil barrier properties, but a higher improvement
was observed for the layers with higher grammages. Comparing the J12 layers that were
obtained using 6 µm, 12 µm and 24 µm thickness bars, it was demonstrated that the grease
and oil barrier increased from 1 to 12, confirming that the grammage of the coating (in the
range of 1.9–3.5 g/m2) had no influence on the barrier improvement. Comparing the water
barrier properties of J12 coatings, it was observed that the increase in the water barrier
was the highest for the coating with the grammage of 3.5 g/m2. The lowest improvement
was observed for the layer with the grammage of 1.2 g/m2. The findings proved that the
grammage of the J12 coating on the surface of Gerstar 70 g/m2 paper had an influence on
its water barrier properties. It is worth mentioning that the grease and oil barrier properties
and water barrier properties observed for the J12 coating with the grammage of 1.9 g/m2

and the J12 coating with the grammage of 3.3 g/m2 were the same. This means that from
the economical point of view, it would be better to use a 6 µm thickness bar than a 12 µm
thickness bar to cover Gerstar 70 g/m2 paper with the J12 coating.

Table 3. Characterization of the papers coated with J12 layers using a laboratory coater (UNICOATER
409 Erichsen).

No. Sample
Wet Coating
Thickness

(µm)

Paper
Grammage

(g/m2)

Thickness
(mm)

Coating
Grammage

(g/m2)
KIT Test * Cobb60

(g/m2)

1 Kraft
40 g/m2 4 44 ± 1.886 0.073 ± 0.003 4.2 ± 1.886 – –

2
Gerstar
70 g/m2

4 71 ± 0.825 0.069 ± 0.003 1.2 ± 0.825 5 22.9 ± 0.409
6 71 ± 0.236 0.070 ± 0.001 1.9 ± 0.825 12 20.2 ± 1.677
12 73 ± 0.589 0.070 ± 0.002 3.3 ± 0.589 12 20.2 ± 0.147
24 73 ± 0.118 0.074 ± 0.003 3.5 ± 0.118 12 19.0 ± 0.071

3
Kraft 100

g/m2

4 105 ± 2.121 0.169 ± 0.004 5.5 ± 2.121 5 39.1 ± 1.387
6 106 ± 1.414 0.170 ± 1.414 6.3 ± 1.414 6 37.9 ± 3.928
12 105 ± 0.471 0.172 ± 0.004 5.5 ± 0.471 5 4.0 ± 0.318
24 106 ± 1.061 0.174 ± 0.009 6.1 ± 1.061 6 4.0 ± 0.078

* 1 = low grease and oil barrier. 12 = high grease and oil barrier.

Table 4. Characterization of the papers coated with C03 layers using a laboratory coater (UNICOATER
409 Erichsen).

No. Sample
Wet Coating
Thickness

(µm)

Paper
Grammage

(g/m2)

Thickness
(mm)

Coating
Grammage

(g/m2)
KIT Test * Cobb60

(g/m2)

1 Kraft
40 g/m2 4 48 ± 1.875 0.071 ± 0.002 8.7 ± 1.875 – –

2 Gerstar
70 g/m2 4 78 ± 1.875 0.077 ± 0.002 8.2 ± 1.711 – –

3
Kraft

100 g/m2

4 106 ± 2.828 0.169 ± 0.006 6.0 ± 2.282 1 37.4 ± 5.091
6 105 ± 2.475 0.170 ± 0.006 5.8 ± 2.475 5 39.3 ± 3.323
12 106 ± 1.367 0.172 ± 0.008 6.0 ± 1.367 5 35.7 ± 1.131
24 107 ± 2.663 0.74 ± 0.010 – – –

* 1 = low grease and oil barrier. 12 = high grease and oil barrier.

The results of the work indicated that in the case of Kraft 100 g/m2 paper, covering
the paper with the J12 and C03 coatings using 4 µm and 6 µm thickness bars decreased the
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water barrier properties of the paper and increased the grease and oil barrier properties
but not significantly (Tables 3 and 4). Similar results were noticed for the C03 layer that
was applied on the surface of the Kraft 100 g/m2 paper using a 12 µm thickness bar. As
shown in Table 3, the grease and oil barrier increased from 1 to 5 and 6 when 12 µm and
24 µm thickness bars were used to coat the analyzed paper with the J12 layers, meaning
that the coatings improved the barrier properties of the paper. Moreover, these coatings
caused a decrease in water absorption (Table 3) from 32.4 g/m2 to 4 g/m2, meaning that
the improvement of the water barrier properties observed for these two coatings was
significant. However, it has to be underlined that both of the J12 coatings (with grammages
of 5.5 g/m2 and 6.1 g/m2) exceeded 5% of the paper grammage.

Surface modification using flexographic printing is an effective and economically
feasible technique only when the applied coatings have low viscosities (Ford cup < 30 s)
and optimum high dry mass contents (>40% d.m.). The results of this study confirmed that
the viscosity of the C03 coating carrier was higher than 60 s when measured using a Ford
cup. It was described above that the dilution of the carrier did not decrease its viscosity
but resulted in an undesirable decrease in the dry mass of the aqueous coating dispersion.
This is why the C03 coating carrier was rejected and omitted from the further tests using
K-lox. Table 5 summarizes the results observed for the J12 coatings applied on the surfaces
of three analyzed papers. The results of the work indicated that the grammages of the
Gerstar 70 1 g/m2 paper and of the Kraft 100 1 g/m2 paper were not changed when an
anilox 4.3 cm3/m2 coater was used to cover the paper samples. As shown in Table 5, the
J12 coating grammages applied on the surfaces of all papers for a theoretical applicator
volume of 39.1 cm3/m2 were noticed to be lower than 1 g/m2. It is worth mentioning that
the grammages of the coatings obtained using the flexographic technique were lower than
the grammages of J12 layers obtained using the UNICOATER 409.

Table 5. Characterization of the papers coated with J12 layers using a hand K-lox manual flex-
coating applicator.

No. Sample
Application

Volume
(cm3/m2)

Paper
Grammage

(g/m2)

Thickness
(mm)

Coating
Grammage

(g/m2)
KIT Test * Cobb60

(g/m2)

1 Kraft
40 g/m2

4.3

40 ± 0.118 0.067 ± 0.003 0.4 ± 0.118 6 13.9 ± 0.212

2 Gerstar
70 g/m2 70 ± 0.354 0.067 ± 0.003 – – –

3 Kraft
100 g/m2 100 ± 0.354 0.158 ± 0.003 – – –

1.1 Kraft
40 g/m2

39.1

40 ± 0.354 0.067 ± 0.004 0.4 ± 0.354 6 13.9 ± 0.212

2.1 Gerstar
70 g/m2 70 ± 0.118 0.068 ± 0.003 0.2 ± 0.118 12 14.4 ± 0.141

3.1 Kraft
100 g/m2 101 ± 0.707 0.147 ± 0.002 0.8 ± 0.707 1 45.3 ± 1.125

* 1 = low grease and oil barrier. 12 = high grease and oil barrier.

In an analysis of the water absorption of the J12 layers obtained using the flexographic
method, it was determined that coatings applied on the surface of the Kraft 40 g/m2 paper
and on the surface of the Gerstar 70 g/m2 paper improved the water barrier properties of the
paper samples. However, this coating increased the water absorption of the Kraft 100 g/m2

paper. Even though the grammage of the J12 coatings on the surface of the Kraft 40 g/m2

paper and on the surface of the Gerstar 70 g/m2 paper was low (Table 5), these coatings
significantly improved the grease and oil barrier properties of these papers. It was shown
that the grease and oil barrier increased from 1 to 6 for the Kraft 40 g/m2 samples, while a
higher increase (from 1 to 12) in grease and oil barrier properties was noticed for the Gerstar
70 g/m2 paper. In summary, the highest barrier property improvements were observed for
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the Gerstar 70 g/m2 paper covered with J12 coating. Comparing the J12 coatings applied
on the surface of Gerstar 70 g/m2 paper, it should be underlined that the layers with the
grammages of 1.9 g/m2 and 3.3 g/m2 (obtained using the UNICOATER 409) and with the
grammage of 0.2 g/m2 (obtained using the K-lox) influenced the decrease in the grease and
oil permeability and the water absorption (Tables 3 and 5), confirming that the coatings’
barrier property improvement did not depend on their grammages significantly.

As shown in Table 6, the grammages of the J12 and C03 coatings applied on the
surfaces of Kraft 40 g/m2, Gerstar 70 g/m2 and Kraft 100 g/m2 papers using the blade
technique did not exceed 5% of the papers’ grammages. In a comparison of the three
covering techniques that were used in this study, it was confirmed that the lowest coating
grammages (lower than 1 g/m2) were obtained when the flexographic technique was used
(Tables 4–6).

Table 6. Characterization of the papers coated with J12 and C03 layers using a SUMET blade coater.

No. Sample Coating Blade
(◦)

Paper
Grammage

(g/m2)

Thickness
(mm)

Coating
Grammage

(g/m2)
KIT Test * Cobb60

(g/m2)

1 Kraft
40 g/m2

J12

40 41 ± 0.354 0.072 ± 0.003 1.0 ± 0.354 4 29.7 ± 2.192

2 Gerstar
70 g/m2

25

71 ± 0.753 0.066 ± 0.002 1.4 ± 0.753 7 22.5 ± 2.893

3 Kraft
100 g/m2 103 ± 1.633 0.150 ± 0.005 3.5 ± 1.633 1 23.6 ± 1.485

1.1 Kraft
40 g/m2

C03 40

41 ± 0.937 0.064 ± 0.004 1.3 ± 0.354 6 31.0 ± 1.872

3.1 Kraft
100 g/m2 103 ± 1.267 0.160 ± 0.009 3.5 ± 1.633 1 40.2 ± 0.849

* 1 = low grease and oil barrier. 12 = high grease and oil barrier.

The results of this study indicated that the water absorption of the Kraft 100 g/m2

paper increased when it was covered with the C03 layer. However, the water slightly
decreased after it was covered with the J12 coating. It was also observed that neither of
these two coatings influenced the grease and oil barrier improvement (Table 6). As shown in
Table 6, the grease and oil barrier of the Kraft 40 g/m2 paper increased from 1 to 4 (J12 layer)
and to 6 (C03 layer). Despite the grease and oil barrier improvement, both of these coatings
were found to increase the water absorption of these paper samples. Opposite results were
obtained for the Gerstar 70 g/m2 paper covered with the J12 layer, which caused a decrease
in water absorption when compared to uncovered paper. Additionally, the J12 coating
applied on the surface of the Gerstar 70 g/m2 paper was observed to improve the paper’s
grease and oil barrier properties.

To perform SEM analysis, Kraft 40 g/m2 paper and Gerstar 70 g/m2 paper coated with
J12 layers were selected. The Kraft 100 g/m2 paper covered with a C03 layer was selected as
well. The paper samples were coated using a Sumet blade coater. It should be underlined that
the SEM analysis was carried out to demonstrate if the coatings were present on the surface of
the papers. The goal was also to show if the coatings were smooth and if they covered the
whole surface of the papers. The results of the work demonstrated that the whole surface
of the Gerstar 70 g/m2 paper was covered with the J12 coatings. Although the grammage
of the J12 coating was low (1.4 g/m2, Table 6), the cellulose fibers were not visible, meaning
that the coating carrier was well distributed on the surface of the paper (Figure 1b). It is
worth mentioning that covering the Gerstar 70 g/m2 paper with the J12 coatings led to the
improvement of the water, grease and oil barrier. It can be suggested that the smooth and
well-distributed coating had a significant influence on the water absorption and grease and
oil permeability decrease. An SEM image (Figure 1b) shows that small breaks and scratches
were visible on the coating’s surface. This may lead to the conclusion that if the breaks and
scratches had not been visible on the J12 surface, the barrier property improvement would
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have been higher. Different results were obtained for the Kraft 40 g/m2 paper covered with a
J12 layer. SEM analysis confirmed that the whole surface of the paper was not covered with
the J12 coating. Partially covered paper samples and uncoated cellulose fibers are well visible
in Figure 1a. In summary, the SEM analysis confirmed that the Kraft 40 g/m2 paper surface
was not completely covered with the J12 coating, which could have resulted in increased
absorption of water by the paper (Tables 2 and 6).
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Figure 1. SEM images of papers covered with coatings using a Sumet blade coater: (a) J12 applied on
Kraft 40 g/m2, (b) J12 applied on Gerstar 70 g/m2, (c) C03 applied on Kraft 100 g/m2.

Similar results were observed for the Kraft 100 g/m2 paper covered with a C03 layer.
SEM analysis indicated that uncovered cellulose fibers were well visible, as shown in
Figure 1c. The high viscosity of the C03 coating carrier could lead to difficulties during
surface covering which could have resulted in the increase in the absorption of water by
the analyzed paper.

The barrier properties against water vapor and oxygen were analyzed only for selected
samples. The results of the WVTR and OTR analysis showed (Table 7) that the water vapor
and oxygen permeability of the Kraft 40 and Kraft 100 papers covered with the J12 and C03
coatings decreased when compared to uncoated paper samples. However, it was confirmed
that neither covered papers nor uncoated samples have a gas barrier against both water
vapor and oxygen.

Table 7. WVTR and OTR results for papers covered with J12 and C03 coatings.

Coated Paper WVTR
(g/m2·day)

OTR
(cm3/m2·day)

Uncoated Kraft 40 g/m2 J12 >5000.0 >20,000.0

Uncoated Kraft 100 g/m2 >5000.0 >20,000.0

Kraft 40 g/m2 coated with J12 >1000.0 >10,000.0

Kraft 100 g/m2 coated with C03 >1000.0 >10,000.0

In Figure 2, the sealing results are presented for both paper coatings. One notable
observation is the shift of the sealing curve towards higher temperatures in the case of C03.
Apart from the distinct coating, which likely implies differences in glass transition and
melting temperatures, the choice of paper also plays a significant role. For C03, a paper
with a substantially higher basis weight of 100 g/m2 was utilized, whereas a paper with
a weight of 40 g/m2 was employed for J12. Due to the brief sealing time of 0.3 s and the
insulating properties of paper, it is rational that heavier papers necessitate more energy
to attain a sufficient temperature at the interface where sealing occurs. For both C03 and
J12, following the initiation of sealing, there exists a temperature window within which a
maximum plateau value appears to be attained. In the case of C03, this plateau appears to
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persist, although there is, of course, a subsequent decrease in strength after temperatures at
which the coating material would be pushed away or degrade. However, this decline is not
discernible in the graph due to the limitation of not further elevating the temperature, as
temperatures exceeding 250 ◦C are not employed in industrial packaging processes. In the
case of J12, a decline is already evident at 180 ◦C, indicating that this material is optimally
sealed at a lower temperature.
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Figure 2. The influence of jaw temperature on seal strength of coated papers.

Additionally, it is crucial to highlight the seal failure mechanisms as they are linked to
the numerical values for strengths. The C03-coated paper exhibited a peeling mechanism
at all temperatures, whereas the J12-coated paper demonstrated fiber tearing starting from
temperatures of 115 ◦C. In prior studies, fiber tearing has been acknowledged as a favorable
outcome after sealing [19,20]. While peeling primarily involves the failure of the coating, in the
case of fiber tearing, it is the paper itself that becomes the weak factor during the peel test.

4. Discussion

Water-soluble polymer and biobased filler coatings on paper packaging materials are
very promising solutions for the future improvement of food packaging. They have poten-
tial environmental advantages over conventional synthetic paper coatings. Additionally,
low cost, availability and renewability expand the use of nanocellulose as a coating carrier.
It is a nontoxic, biobased substance that can be chosen as a coating component among
other green alternatives [21–25]. Furthermore, CNCs have a high modulus of elasticity
and a high tensile strength, demonstrating excellent mechanical properties [18]. The C03
carrier used in this study is a commercial coating carrier that has good oxygen barrier
properties according to its producer. The results of the experiments that were performed
using the UNICOATER 409 demonstrated that the layers obtained by covering papers with
C03 layers decreased the water barrier properties of the paper and increased the grease and
oil barrier properties, but not significantly. In the analysis of the use of the flexographic
technique, it has to be highlighted that the C03 coating carrier was rejected and omitted
from the tests using the K-lox due to its high viscosity. It was observed in this study that the
C03 coatings that were applied on the surfaces of Kraft 40 g/m2, Gerstar 70 g/m2 and Kraft
100 g/m2 papers using the Sumet blade technique did not exceed 5% of the papers’ gram-
mages. The results also indicated that the water absorption of the Kraft 100 g/m2 paper
increased when it was coated with the C03 layer, but the coating influenced the grease and
oil barrier improvement. The results were confirmed by SEM analysis, which indicated the
presence of uncovered cellulose fibers. The SEM analysis performed by Mazega et al. [26]
confirmed that not all cellulose nanofibrils (CNFs) remained on the surface of the paper as a
coating. Many of them penetrated the sheet transversally, established hydrogen bonds with
inner fibers and increased the amount of bound water. The high viscosity of a CNC-based



Coatings 2023, 13, 1975 10 of 13

coating carrier could lead to difficulties during surface coating processes which could cause
an increase in the absorption of water by the paper. Additionally, the C03 coating was
confirmed to improve the barrier against gases (water vapor and oxygen). However, the
improvement was not significant enough. These results were in agreement with those
of Mazega et al. [26]. The results of this study indicated that the C03 coating applied on
the surface of the paper had no barrier against water vapor and oxygen. Nair et al. [27]
suggested that films made purely of mechanically fibrillated CNFs may have very high
air and oxygen barrier properties. However, Tayeb et al. [28] mentioned that they can lose
their barrier properties once placed in humid conditions. Herrera et al. [4] improved the
oxygen and water vapor barrier properties of coatings applied on the surface of paper with
the addition of sorbitol as a plasticizer and cross-linking. It is worth mentioning that due
to the properties of CNCs, it may be proposed to use them in multilayer systems or in
mixed systems, e.g., with shellac, which reduces water vapor permeability [22]. An increase
in water barrier properties can also be noticed when CNCs are used together with Ag
organic and beeswax particles. Coating paper with such a mixture leads to a modification
of the paper surface towards an increase in its hydrophobicity [23]. Therefore, it may be
concluded and even suggested that CNC coating is still a promising material with high
potential for modification of cellulosic packaging materials [24].

Many scientific reports indicate that PVOH coatings have good properties against
oxygen, water vapor, grease and oil. The commercial J12 coating used in this study is a
mixture of polyvinyl alcohols. According to the producer protocol, the J12 coating carrier
should provide both a close surface and an oxygen barrier on packaging materials. It can
be applied by a variety of methods, including gravure roller (forward, reverse and offset,
flex), return roller, air knife or Mayer bar. Polyvinyl alcohol (PVA) is a suitable coating
carrier with good film-forming and biodegradable properties [29]. Additionally, one of
the most important factors affecting the barrier properties of coated paper is the coating
grammage. In this study, it was assumed that from the economical point of view, the
coating grammage should not exceed 5% of the paper grammage, which is also important
from an environmental point of view, meaning these materials may be recyclable.

The results of this study demonstrated that that the J12 coatings applied (using the
UNICOATER 409) on the surface of the Gerstar 70 g/m2 did not exceed 5% of the paper
grammage. Additionally, this coating improved the paper’s barrier properties against
water, grease and oil. The coating grammage of the Gerstar 70 g/m2 paper covered with the
J12 coating using the K-lox was noticed to be lower than 1 g/m2, which was important from
the economical point of view, and it meant that the grammages of the coatings obtained
using the flexographic technique were lower than the grammages of J12 layers obtained
using the UNICOATER 409. Additionally, J12 coatings applied on the surface of the Kraft
40 g/m2 paper and on the surface of the Gerstar 70 g/m2 paper improved the water,
grease and oil barrier properties of these papers. The Gerstar 70 g/m2 paper covered
with a J12 layer using a Sumet blade coater was also confirmed to exhibit decreased water
absorption and decreased grease and oil permeability. It was also determined that covering
the selected papers with the coatings based on PVOH influenced the WVTR and OTR of the
papers. However, the barrier of the coatings against water vapor and oxygen was not high
enough. Many authors confirmed that PVOH coatings may improve the barrier properties
of paper; however, modification of a PVOH carrier can provide additional advantages.
Christophliemk et al. [30] confirmed that an ethylene-modified PVOH grade was found
to provide lower oxygen transmission rates at high relative humidity, as compared to a
standard PVOH grade. Shuman et al. [31] have shown that calendering of a paper substrate
at high roll temperatures improved the homogeneity of a PVOH coating that was applied
on the paper surface. The authors suggested that the improved homogeneity was reflected
in better barrier properties of the coated paper, such as lower OTR and WVTR and better
grease and oil resistance.

In summary, the results of this study confirmed that the J12 coating carrier was a better
carrier than the C03 coating carrier due to its lower viscosity and the possibility of the
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development of effective coatings (against water, grease and oil) with a low grammage. This
is why it can be concluded that a PVOH coating carrier is a promising material with a high
potential for modification of cellulosic packaging materials for food product application.

5. Conclusions

The results of this study demonstrated that C03 and J12 coating carriers were charac-
terized by a high viscosity. The dilution of the carriers with distilled water at a ratio of 4:1
led to a decrease in the viscosity, but only for the J12 carrier. Kraft 40 g/m2, Kraft 100 g/m2

and Gerstar 70 g/m2 papers were found to have a low grease and oil barrier and a high
water absorption. The results of the experiments led to the observation that J12 coatings
applied on the surface of the Gerstar 70 g/m2 did not exceed 5% of the paper grammage.
Additionally, this paper covered with J12 layers exhibited a significant improvement in its
barrier properties against water, grease and oil. Moreover, the grammage of the coating
(in the range of 1.9–3.5 g/m2) had no influence on the barrier improvement. On the other
hand, coating the Kraft 100 g/m2 paper with J12 and C03 coatings decreased the water
barrier properties of the paper and increased the grease and oil barrier properties but not
significantly. Similar results were noticed for the C03 layer that was applied on the surface
of the Kraft 100 g/m2 paper using a 12 µm thickness bar. The paper samples covered with
a J12 layer but with a higher grammage exhibited improved barrier properties. However,
both of the J12 coatings exceeded 5% of the paper grammage.

The coating grammage of Gerstar 70 g/m2 paper covered with the J12 coating using
the K-lox with a theoretical applicator volume of 39.1 cm3/m2 was noticed to be lower than
1 g/m2. This means that the grammages of the coatings obtained using the flexographic
technique were lower than the grammages of J12 layers obtained using the UNICOATER
409. Additionally, J12 coatings applied on the surface of the Kraft 40 g/m2 paper and on the
surface of the Gerstar 70 g/m2 paper improved the water, grease and oil barrier properties
of these papers. It has to be mentioned that the highest barrier property improvements
were observed for the Gerstar 70 g/m2 paper coated with J12 and that they did not depend
on the grammage significantly. The Gerstar 70 g/m2 paper covered with a J12 layer using a
Sumet blade coater was also found to exhibit decreased water absorption and decreased
grease and oil permeability when compared to uncovered paper. SEM analysis of the
three paper samples demonstrated that only Gerstar 70 g/m2 paper was well coated with
J12 layers and that the coating carrier was well distributed on the whole surface of the
paper samples even if the grammage of the J12 coating was low (1.4 g/m2). It was also
demonstrated that covering the selected papers with the coatings based on CNCs and
PVOH influenced the WVTR and OTR of the Kraft 40 and Kraft 100 papers. However, it
was confirmed that neither covered papers nor uncoated samples have a barrier against
water vapor and oxygen. Sealing test results for papers coated with J12 and C03 layers
indicated that in the case of C03, the sealing curve shifted towards higher temperatures.
In the case of J12, a decline was already observed at 180 ◦C, indicating that this material
was optimally sealed at a lower temperature. Additionally, paper covered with the C03
layer exhibited a peeling mechanism at all temperatures, whereas the J12-coated paper
demonstrated fiber tearing starting from temperatures of 115 ◦C.
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