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Abstract: Bio-based packaging materials are promising alternatives to petroleum-based plastics.
Paper-based packaging materials are candidates for improving food sustainability; however, paper
has poor gas and water vapor barrier properties. In this study, entirely bio-based sodium caseinate
(CasNa)-coated papers with two plasticizers, glycerol (GY) and sorbitol (SO), were prepared. The
morphological and chemical structure, burst strength, tensile strength, elongation at break, air
permeability, surface properties, and thermal stability of the pristine CasNa-, CasNa/GY-, and
CasNa/SO-coated papers were evaluated. The use of GY and SO strongly affected the tensile
strength, elongation at break, and air barrier of the CasNa/GY- and CasNa/SO-coated paper. The
air barrier and flexibility of the CasNa/GY-coated papers were higher than those of the CasNa/SO-
coated papers. Compared to SO, GY better coated and penetrated the CasNa matrix, which positively
affected the chemical and morphological structure of the coating layer and the interaction between
the coating layer and paper. Overall, CasNa/GY was superior to the CasNa/SO coating. CasNa/GY-
coated papers may be a good alternative for packaging materials in the food, medical, and electronic
sectors, which would promote sustainability.
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1. Introduction

Petroleum-based plastics such as polyethylene (PE), polypropylene (PP), and polyethy-
lene terephthalate (PET) are made by linking hundreds of fossil oil-based monomers by
chemical reactions [1]. They have excellent chemical stability, mechanical strength, trans-
parency, and gas barrier properties, making petroleum-based plastics suitable for various
packaging applications, such as food, medical devices, and electronic devices [1,2]. How-
ever, the global increase in the use of non-renewable petroleum plastics has negatively
affected the environment. In response to environment issues, the European Union has
published guidelines to ban single-use plastic products such as straws, food, and bever-
age containers [3].

Bio-based materials are promising alternatives to reduce the use of petroleum-based
plastics for packaging [2,4–7]. Paper-based packaging materials are widely used in various
foods, such as snacks, powdered foods, beverages, and frozen foods. Paper-based pack-
aging materials have various advantages, such as ease of recyclability, degradability after
use, and good mechanical properties [5,7]. However, paper has poor gas and water vapor
barriers because of its porous and hydrophilic structure and lack of heat sealability [5].
Therefore, paper is usually coated and laminated with various plastics, such as PE and
PP, to improve its properties. Unfortunately, plastic-coated and laminated paper lose their
advantages as a sustainable material because of the difficulties in separating plastic from
paper and their non-biodegradability [5,8].
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Extensive research has been conducted on coated paper prepared using bio-based and
renewable materials, such as zein, proteins, starch, nanocellulose, and polyvinyl alcohol,
instead of plastics [5–9]. Coating is a process in which non-porous paper can be obtained
by covering the porous structure and surface of cellulose fiber, improving its gas and water
vapor barrier properties [8,9]. Sodium caseinate (CasNa) is a natural water-soluble polymer
originating from the acid precipitation and neutralization of casein from milk and cheese
production [2,4]. CasNa has relatively good film forming and coating abilities, making
it an attractive candidate for preparing edible and biodegradable films. Furthermore,
CasNa-based films exhibit good oxygen and aroma barrier properties due to intermolecular
interactions, such as hydrogen bonding, which increase the intermolecular cohesion to
form films [2,4–6]. However, these chemical and physical interactions cause CasNa films
to shrink during the drying process at high temperatures and become brittle [6,10]. This
hydrophilic structure negatively affects the physical properties of this film, making it a
poor water barrier that restricts its various applications in food packaging [2,4–6].

To solve this problem, several researchers have reported the plasticizer effect using
polyols such as GY, SO, polyethylene glycol (PEG), and stearic acid (SA). Plasticizers
interrupt the intermolecular interactions of protein chains and induce the hydrogen bonds
between protein chains and plasticizer, which improve the workability, flexibility, and
brittleness of CasNa [5,11–13]. Colak et al., reported that GY-plasticized CasNa with
non-brittleness was successfully prepared via solution casting and a brown extrusion
process [11]. Rezvani et al., showed that hydrophobic SA strongly affects the drying
process, mechanical strength, and water vapor permeability of CasNa films [12]. Siew et al.,
prepared CasNa/GY and CasNa/PEG edible films and concluded that the interaction and
compatibility between the plasticizer and CasNa strongly influenced the viscosity of the
coating solution and the physical properties of the film [13]. Khwaldia reported that the
water vapor permeability of CasNa/paraffin wax-coated papers was less permeable to
water vapor and weaker than that of only CasNa-coated paper [5]. Despite considerable
research on the processing and physical properties of edible CasNa films depending on a
plasticizer, only a few studies have reported the properties of CasNa-coated paper.

Therefore, the present study aimed to prepare CasNa/GY-coated and CasNa/SO-
coated papers using the solution blending method. In addition, their chemical and mor-
phological structures were evaluated and compared depending on the plasticizer content
to determine their suitability for various packaging applications.

2. Materials and Methods
2.1. Materials

The base paper (bleached kraft pulp, grammage: 80 g/m2, brightness 84%, and
thickness: 95 µm) was purchased from OPI Co., Ltd. (Anseong, Republic of Korea). The
casein sodium salt from bovine milk was purchased from Merck (Seoul, Republic of Korea).
GY and SO were purchased from Duksan Pure Chemical Co., Ltd. (Ansan, Republic of
Korea). Deionized water was used in all experiments.

2.2. Preparation of Pristine CasNa, CasNa/GY, and CasNa/SO Coating Solution and Their
Coated Papers

Pristine CasNa-, CasNa/GY-, and CasNa/SO-coated papers were prepared according
to the compositions listed in Table 1. First, 10 g of CasNa was dissolved in 90 mL of
deionized water by stirring at 600 rpm at 60 ◦C for 1 h. GY and SO were added to CasNa
with stirring for 30 min. The prepared CasNa-based coating solutions were stored in a
refrigerator at 3 ◦C for 24 h. The bar coating and double-layer techniques were employed to
coat the CasNa-based solutions on the base paper. To create a smooth surface on the paper
with an irregular surface, each coating solution was first coated onto base paper using a
mayer bar (bar number: 30), and the coated papers were dried using a blow dryer at 110 ◦C
for 1 min. Finally, double-layered pristine CasNa-, CasNa/GY-, and CasNa/SO-coated
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papers were prepared by coating the single-layered paper, and all of the coated papers
were stored at 40 ◦C for 24 h.

Table 1. Compositions, pH, viscosity, and grammage of pristine paper, pristine CasNa–, CasNa/GY– and
CasNa/SO–coated papers. Lowercase (a–c) and uppercase letters (A–D) indicate statistically significant
differences of CasNa/GY–based coatings and CasNa/SO–based coatings, respectively (p < 0.05).

Sample Code
Compositions (g)

pH Viscosity
(mPa·s)

Grammage
(g/m2)CasNa D.I. Water GY SO

Base Paper - - - - - - 80.0
Pristine CasNa 10.0 90.0 0.0 - 6.6 58.1 a,A 90.1 a,A

CasNa/GY (1.0:0.3) 10.0 90.0 3.0 - 6.7 50.8 b 90.9 ab

CasNa/GY (1.0:0.5) 10.0 90.0 5.0 - 6.7 45.7 c 91.3 ab

CasNa/GY (1.0:0.8) 10.0 90.0 8.0 - 6.9 45.7 c 93.1 b

CasNa/SO (1.0:0.3) 10.0 90.0 - 3.0 6.8 57.5 B 91.1 AB

CasNa/SO (1.0:0.5) 10.0 90.0 - 5.0 6.9 56.1 C 92.2 B

CasNa/SO (1.0:0.8) 10.0 90.0 - 8.0 6.9 51.7 D 94.3 C

2.3. Chemical and Morphological Characterization
2.3.1. pH, Viscosity, and Grammage

The pH values of the pristine CasNa, CasNa/GY, and CasNa/SO coating solutions
were determined using a pH meter (F-17 LAQUA, Horiba Scientific Ltd., Kyoto, Japan). The
viscosities of the solutions were determined using a Brookfield DVE viscometer (LV, AMETEK
Inc., Berwyn, IL, USA) and a spindle number of 61. The spindle was rotated at 100 rpm. The
grammage of the pristine CasNa-, CasNa/GY-, and CasNa/SO-coated papers was determined
gravimetrically using a microbalance (Sartorius GmbH, Goettingen, Germany).

2.3.2. Morphological Structure

The top surfaces of the base paper, pristine CasNa-, CasNa/GY-, and CasNa/SO-
coated papers were observed using an Inspect F scanning electron microscope (SEM; FEI
Co., Ltd., Hillsboro, OR, USA).

2.3.3. Chemical Structure

The chemical structure of the GY, SO, pristine CasNa-, CasNa/GY-, and CasNa/SO-
coated papers were recorded on a Spectrum 65 FTIR spectrometer (Perkin Elmer Co., Ltd.,
Waltham, MA, USA), with a spectral frequency range of 4000–500 cm−1 and 16 scans using
the attenuated total reflection (ATR) mode.

2.4. Mechanical Properties

The burst strengths of the base paper, pristine CasNa-, CasNa/GY-, and CasNa/SO-
coated papers were evaluated using the L&W SE 180 burst test machine (Lorentzen and
Wettre Ltd., Kista, Sweden), according to KS M ISO 2785 [14]. The tensile strength and elon-
gation at the breaks of the base paper, pristine CasNa-, CasNa/GY-, and CasNa/SO-coated
papers were measured using an Instron 3367 universal test machine (UTM, Norwood, MA,
USA), based on the KS M ISO 1924-2 standard protocols [15]. The load cell was 250 N,
and the tensile velocity was set at 20 mm/min. All of the specimens were prepared in a
rectangular shape, with 0.015 m width and 0.18 m length.

2.5. Air Permeability

The air permeability of the base paper, pristine CasNa-, CasNa/GY-, and CasNa/SO-
coated papers was measured using the Gurley air permeability tester (ABB Lorentzen
& Wettre, Kista, Stockholm, Sweden) in accordance with KS M ISO 5636-3:2013. The
permeation time was measured for 100 cc of air to permeate into the coated papers [16].
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2.6. Surface Properties

The surface properties of the base paper, pristine CasNa-, CasNa/GY-, and CasNa/SO-
coated papers were evaluated using Phoenix-MT contact angle measurements (SEO Co.,
Ltd., Suwon, Gyeonggi-do, Republic of Korea). The surface free energies (γs) of the
base paper and coated papers were calculated via the Owens–Wendt model, following
the adhesion theory between solid and liquid [17]. Water with polar (γs = 72.8 mJ/m2,
γP = 50.3 mJ/m2, γD = 22.5 mJ/m2) and diiodomethane with nonpolar (γs = 50.8 mJ/m2,
γP = 50.4 mJ/m2, γD = 0.4 mJ/m2) characteristics were used as liquids for the analysis.

2.7. Thermal Properties

To determine the thermal stability of the base paper, GY-, SO-, CasNa/GY-, and
CasNa/SO-coated papers, thermogravimetric analysis (TGA) was performed with a 4000
TGA analyzer (PerkinElmer Co., Ltd., Waltham, MA, USA) at a heating rate of 10 ◦C/min
and between 50 to 700 ◦C under N2 atmosphere, with a flow rate of 90 mL/min.

2.8. Statistical Analysis

Analysis of variance (ANOVA) was performed using IBM SPSS version 25 (SPSS Inc.,
Chicago, IL, USA). Duncan’s multiple range test was used to compare the differences
between means. The significance level was set at p < 0.05.

3. Results and Discussion
3.1. CasNa Coating Solutions pH and Viscosity, and Coated Papers Grammage

To investigate the effects of GY and SO on the pH and viscosity of the CasNa coating
solutions, pH and viscosity measurements were conducted, as described in Table 1. The
pH of the pristine CasNa solution was 6.6. The CasNa/GY and Cas/SO coating solutions
did not significantly change the pH depending on the GY and SO content, respectively.
It is reported that CasNa easily formed a gel near the isoelectric point [18]. To maintain
the flowability of the CasNa coating solutions in commercial coating processes, such as
gravure and comma, their pH should be maintained above the isoelectric point. The
viscosity of the pristine CasNa solution was 58.1 mPa·s. The viscosities of the CasNa/GY
and CasNa/SO solutions decreased as the GY and SO contents increased. Siew et al. and
Barreto et al., also reported a decrease in the viscosity of CasNa solution with increasing
amounts of GY and SO [13,19]. This is explained by the decrease in the hydrodynamic
volume of the components of CasNa solutions and the disruption of the protein-protein
(e.g., hydrogen bond, ionic bond, and disulfide bond) and protein-solvent interactions by
forming hydrogen bonds between CasNa and the plasticizer [13,19].

The control of the grammage in coated paper is crucial because it affects the physical
properties, such as the gas barrier, and the mechanical properties. Therefore, grammages
of pristine CasNa-, CasNa/GY-, and CasNa/SO-coated papers were prepared within the
range of 90.1 to 94.3 g/m2.

3.2. Coated Papers Morphologies

In the case of coated papers, a coating solution exists inside and on the top porous
surface of the paper, which forms chemical and physical interactions between the coating
solution and paper. The morphological structure of the coated papers affects their thermal
and mechanical properties and air permeability. In this study, the effects of GY and SO on
the morphological structure of CasNa/GY- and CasNa/SO-coated papers were observed
using SEM, as shown in Figure 1. The base paper not coated with CasNa showed a porous
structure composed of interwoven cellulose fiber (Figure 1a). The pores on the top surface of
the pristine CasNa-coated paper were well covered by the pristine CasNa coating solution,
although a portion of the fibers was still identified (Figure 1b). In addition, all CasNa/GY
and CasNa/SO coating solutions penetrated the fibers well and covered the top surface
of the paper without cracks (Figure 1c–h). This is related to the high compatibility and
wettability between each coating solutions, with or without GY and SO, and the cellulose
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fiber, which may result in the penetration and adherence of all coating solutions to the
base paper cellulose fibers [5,20]. GY and SO with low molecular weight diffuse into the
CasNa matrix and facilitate mobility, in turn reducing the internal resistance of protein
matrix. In addition, it is assumed that plasticized CasNa/GY and CasNa/SO coating layers
are formed in the protein-plasticizer interactions with secondary force by disrupting the
protein-protein interactions. These enhance the film forming process and flexibility by
increasing the free volume and motion of the protein chains [21,22].
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papers and (f–h) CasNa/SO–coated papers (×300 magnification).

As a result, all of the coated papers tested here would help improve the mechanical
properties and air permeability owing to morphological changes. This result is in agreement
with those reported by other researchers [5,20].

3.3. Coated Papers Chemical Properties

The chemical interactions between the coating layer and cellulose are important to
understand the changes in the chemical properties of coated papers depending on the
plasticizer. The FTIR spectra of the CasNa/GY- and CasNa/SO-coated papers are shown in
Figure 2. The CasNa/GY paper exhibited several characteristic peaks: stretching of -OH
at 3293 cm−1, stretching of CH at 2931 and 2831 cm−1, bending of C-OH at 1415 cm−1,
stretching of CO at 1033 cm−1, and vibration of C-C and C-O between 800–1150 cm−1

(Figure 2a) [23,24]. According to the FTIR spectra obtained for the CasNa/GY-coated
papers, characteristic peaks between 1100–918 cm−1 appeared with the increasing GY
content. In addition, the wavelengths of amide I, amide II, and amide III shifted from
1644 to 1633 cm−1, 1515 to 1519 cm−1, and 1236 to 1238 cm−1, respectively. These results
are consistent with previous research showing that the characteristic peak of amide II in
the extruded casein sheet was shifted by the addition of GY [23,25]. The CasNa/SO paper
also exhibited several characteristic peaks: stretching of -OH at 3295 cm−1, stretching
of CH at 2929 cm−1, stretching of C-OH at 1047 and 1087 cm−1, and bending of -OH at
1415 and 885 cm−1 (Figure 2b) [26,27]. The characteristic peaks between 1130 and 960 cm−1

of the CasNa/SO-coated paper gradually increased with the increase in the SO content. In
addition, the wavelengths of amide I, amide II, and amide III shifted slightly from 1644 to
1633 cm−1, 1515 to 1517, and 1236 to 1238 cm−1, respectively. The pristine CasNa-coated
paper also exhibited several characteristic peaks: stretching of -OH at 3276 cm−1, stretching
of amide I (C=O) at 1644 cm−1, bending of amide II (NH) at 1515 cm−1, and deformation
and bending of amide III (NH and C=O) at 1236 cm−1 (Figure 2) [10,23,28]. These results
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demonstrated that molecular interactions, such as hydrogen bonding between CasNa and
plasticizers, and conformational rearrangement in CasNa occurred after GY or SO addition.
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3.4. Coated Papers Mechanical Properties

Packaging materials are exposed to various forces and pressures in the food and
packaging processes, distribution, and storage environments. Therefore, the mechanical
properties of CasNa/GY- and CasNa/SO-coated papers could correlate with the expected
packaging material integrity under divergent forces and pressures in the packaging en-
vironment [10]. The mechanical properties of CasNa/GY- and CasNa/SO-coated papers
were investigated as a function of the plasticizer content and compared to the base paper
and pristine CasNa-coated paper, as shown in Figures 3 and 4.
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Figure 3. Burst strength of (a) CasNa/GY–coated papers and (b) CasNa/SO–coated papers. Lower-
case letters (a,b) indicate statistically significant differences (p < 0.05).
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Figure 4. Tensile strength and elongation at break of (a) CasNa/GY–coated and (b) CasNa/SO–coated
papers. Lowercase (a–d) and uppercase letters (A–D) indicate statistically significant differences of
tensile strength and elongation at break, respectively (p < 0.05).

The base paper exhibited a burst strength of 4.4 kgf/cm2 (Figure 3). The pristine CasNa
coating considerably improved the burst strength of the paper (5.0 kgf/cm2; Figure 3). This
result is due to the penetration of CasNa into the pores and surface of the paper, which
formed a smooth and continuous coating layer. However, the burst strength did not change
significantly with the increase in the plasticizers GY and SO (Figure 3a,b).

The base paper showed a tensile strength of 67.2 ± 2.3 MPa and an elongation at
break of 2.4 ± 0.08% (Figure 4). The pristine CasNa-coated paper showed a tensile strength
of 66.8 ± 1.8 MPa and an elongation at break of 2.2 ± 0.02%. This was because the
presence of CasNa on the surface and pores between the cellulose fibers of the base paper
negatively affected the hydrogen bonding between the cellulose fibers. The increase in
the GY content in CasNa decreased the tensile strength, while it increased the elongation
at break (Figure 4a). This result is consistent with previous studies by Chevalier et al.
and Belyamani et al. [23,29]. CasNa/GY-coated paper can be interpreted as comprising
CasNa, GY, and cellulose. If the interfacial interaction between CasNa/GY and cellulose
is stronger than that between the cellulose fibers, then the tensile strength and elongation
at break should increase. However, the interfacial interaction between CasNa/GY and
cellulose appeared to be weaker than that between the cellulose fibers. In addition, GY was
previously shown to reduce the intermolecular interactions between the CasNa molecules
and increase the free volume, which facilitates the mobility of CasNa [29,30]. Similarly,
the elongation at break of the CasNa/SO-coated papers increased with the increasing SO
content (Figure 4b). However, the tensile strength was increased after 50% SO was added
to the CasNa. The slight difference between the CasNa/GY- and CasNa/SO-coated papers
might be due to differences in their properties, such as their molecular weight and the state
of the plasticizers. GY (92 g/mol) is a viscous liquid, and SO (182 g/mol) is a solid powder.
Thus, it is difficult for SO to penetrate the CasNa matrix compared to GY. Therefore, one
could assume that some SO penetrated CasNa, acting as a plasticizer, while the other
SO portion formed the crystalline region in the CasNa matrix. Consequently, CasNa/SO
(1.0:0.5)- and CasNa/SO (1.0:0.8)-coated papers exhibited more rigidity than the pristine
CasNa- and CasNa/SO (1.0:0.3)-coated papers [30].

3.5. Coated Papers Air Permeability

Gas barrier properties are important for extending the shelf life and preserving the
quality of various foods. In general, packaging materials must minimize the gases, in-
cluding oxygen and water vapor, permeating the packaging [8,31]. Unfortunately, the
paper’s porous structure renders it a poor gas barrier, which is a drawback that limits its
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application. In this study, air barriers were evaluated to investigate the effect of pristine
CasNa, CasNa/GY, and CasNa/SO coatings on paper (Figure 5). The air permeability
of the base paper was 17.0 s/100 cc due to its porous structure. After coating the paper
with pristine CasNa, it reached 869.7 s/100 cc because the porous structure of the pa-
per was filled and covered with a pristine coating solution (Figure 5). Furthermore, by
raising the plasticizer concentration in the CasNa solution, the air permeability of the
CasNa/GY- and CasNa/SO-coated papers also increased from 869 to 40,666 s/100 cc and
869 to 33,103 s/100 cc, respectively (Figure 5a,b). GY is a relatively hydrophilic structure
compared to SO. Therefore, it seemed that hydrogen bonds were strongly formed between
CasNa and GY compared to between CasNa and SO, which made air permeation difficult
in the CasNa/GY-coated papers. As shown in the FTIR analysis (Section 3.3), GY and
SO may reduce the strong interfacial interaction between CasNa molecules, positively
affecting the formation of smooth films. In addition, as seen in the SEM analysis (Sec-
tion 3.2), the paper pores were filled with CasNa/GY and CasNa/SO coating solutions
without brittleness, which improved the air barrier of the paper. Faust et al., reported that
the oxygen barrier of glycerol-containing pea-protein isolated film was improved with an
increase in the glycerol concentration [22]. They reported that adding glycerol improves the
flexibility and workability of pea-protein isolated film, which positively affects the oxygen
barrier property.
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3.6. Coated Papers Surface Properties

To investigate the surface properties of the base paper and the pristine CasNa-,
CasNa/GY-, and CasNa/SO-coated papers, their static contact angles were measured
using water and diiodomethane. The static contact angles of the liquids strongly depend
on the changes in the chemical and morphological structures of the CasNa-based coating
layer, which depends on the plasticizer. The water and diiodomethane static contact angles
for the base paper were 73.9◦ ± 0.62◦ and 31.0◦ ± 0.35◦, respectively (Table 2). Notably, the
pristine CasNa-coated paper showed decreases in the water and diiodomethane contact
angles (61.2 ± 0.37◦ and 30.0 ± 0.87◦; Table 2), suggesting that the hydrophilicity of the
pristine CasNa-coated paper was enhanced. With the increasing GY or SO content in the
CasNa, the polar surface energy changed from 11.2 to 12.5 mN and from 11.2 to 9.9 mN.
The dispersive surface energy is associated with non-polarity and surface roughness. The
dispersive surface energy increased slightly from 40.5 to 42.8 and from 40.5 to 43.8 mN with
GY and SO, respectively (Table 2). Finally, the total surface free energies of the CasNa/GY-
and CasNa/SO-coated papers were slightly higher than that of the CasNa-coated paper.
Faust et al., reported that the addition of SO increased the surface energy of the polar
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parts in pea protein-isolated films [22]. However, in this study, the surface energy of the
dispersive parts of the CasNa/GY- and CasNa/SO-coated papers increased more than the
surface energy of the polar parts. This increase appears to be related to the morphology
of the coated layers, as shown in Figure 1. Although the coating solutions covered the
surface and pores of the fibers, the thickness of the coating layer remained uneven, owing
to the morphological structure of the top surface of the base paper. To improve the physical
properties of the coated paper, the coating solution must sufficiently penetrate the pores
and completely spread on the paper surface [32]. In addition, the surface energy of the base
paper was lower than those of the pristine CasNa-, CasNa/GY-, and CasNa/SO-coated
papers (Table 2). This surface energy difference is related to the chemical structures of
pristine CasNa, CasNa/GY, and CasNa/SO coating solutions, which may also affect the
physical properties of the coated paper. Therefore, further studies are required on the
wettability of the coated papers.

Table 2. Contact angles and surface energy of (a) CasNa/GY–coated papers and (b) CasNa/SO–
coated papers. Lowercase (a–c) and uppercase letters (A–D) indicate statistically significant differences
of CasNa/GY–coated papers and CasNa/SO–coated papers, respectively (p < 0.05).

Sample Code
Static Contact Angle (◦) Surface Energy (mN/m2)

Water Diiodomethane Polar Dispersive Total

Base Paper 73.9 ± 0.62 aA 31.0 ± 0.35 a 5.1 41.3 46.4
Pristine CasNa 61.2 ± 0.37 bB 30.0 ± 0.87 bBC 11.2 40.5 51.7

CasNa/GY (1.0:0.3) 61.2 ± 0.47 b 23.5 ± 0.59 b 10.4 42.9 53.3
CasNa/GY (1.0:0.5) 60.5 ± 0.30 b 23.5 ± 0.47 b 10.7 42.9 53.6
CasNa/GY (1.0:0.8) 57.3 ± 0.04 c 22.9 ± 0.36 b 12.5 42.8 55.3
CasNa/SO (1.0:0.3) 61.9 ± 0.22 BC 25.6 ± 0.35 C 10.3 42.3 52.5
CasNa/SO (1.0:0.5) 62.5 ± 0.09 C 22.9 ± 0.54 B 9.6 43.3 52.9
CasNa/SO (1.0:0.8) 61.5 ± 0.22 B 20.9 ± 0.16 D 9.9 43.8 53.7

3.7. Coated Papers Thermal Stability

The base paper, pristine CasNa, CasNa/GY, and CasNa/SO-coated papers exhibited a
two-step degradation process (Figure 6). The first degradation stage, at approximately 80 ◦C
and 130 ◦C, was due to water evaporation. The second degradation stage, at around 230 ◦C
and 260 ◦C, was due to the decomposition of the CasNa, plasticizer, and paper. The pristine
CasNa-coated paper showed a 1 wt% higher decomposition temperature (70.2 ◦C) than
that of the base paper (50.6 ◦C). After changing the GY content, the 1 wt% decomposition
temperature increased from 70.2 ◦C to 77.6 ◦C in the CasNa/GY (1.0:0.5)-coated paper and
then decreased with the rise in the GY concentration. Similarly, the pristine CasNa-coated
paper also showed a higher 5 wt% decomposition temperature (278.6 ◦C) than the base
paper (275.9 ◦C). With the increase in GY in CasNa, the 5 wt% decomposition temperature
increased from 278.6 ◦C to 280.8 ◦C in CasNa/GY (1.0:0.3) and decreased to 266.9 ◦C in
CasNa/GY (1.0:0.8). However, the 1 wt% and 5 wt% decomposition temperatures of the
CasNa/SO-coated papers decreased with the increasing SO content.

Such a change in the thermal stability of the CasNa-, CasNa/GY-, and CasNa/SO-
coated papers can be attributed to the changes originating from the interfacial interactions
between CasNa, plasticizers, and paper [28,33]. Overall, the CasNa/GY- and CasNa/SO-
coated papers showed lower decomposition temperatures than the pristine CasNa-coated
paper. The decrease in the thermal stability of the coated papers can be explained by
the effects of GY and SO on the protein-protein interaction in CasNa [28]. Tarique et al.,
reported that arrowroot starch films prepared using glycerol showed a three-step ther-
mal degradation pattern. The first step in the thermal decomposition of the films was
related to the loss of water from the films. The second step of thermal decomposition
happened to vary in the range of approximately 125–290 ◦C, which was related to the
loss of the glycerol compound [34]. Bareeto et al., reported that the initial decomposition
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temperature of milk proteins decreased, which was associated with sorbitol affecting the
protein-protein interactions [33].
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4. Conclusions

In this study, coating solutions of pristine CasNa, CasNa/GY, and CasNa/SO with
different plasticizer concentrations were prepared via solution blending and coated on
the surface of the base paper. SEM confirmed that the pristine CasNa-, CasNa/GY-,
and CasNa/SO-coated papers were well prepared, without any cracks on the surface.
Compared to the base paper and pristine CasNa-coated paper, the air barrier properties
of CasNa/GY and CasNa/SO were significantly improved as the GY and SO contents
increased. The CasNa/GY-coated papers exhibited higher flexibility and air barriers
than CasNa/SO, although the CasNa/SO-coated papers showed lower decomposition
temperatures than all the other tested papers. Furthermore, the increase in both the
plasticizer contents in the CasNa solution led to a rise in the polar surface more than the
dispersive surface energy. The slight difference between the CasNa/GY- and CasNa/SO-
coated papers might be related to changes in the chemical and morphological structures
originating from the different molecular weights and states of the plasticizers.

Author Contributions: Conceptualization, D.K.; Formal analysis, D.K. and J.H.; Funding acquisition,
D.K.; Investigation, J.H.; Methodology, D.K. and J.H.; Project administration, D.K.; Software, J.H.;
Supervision, D.K.; Validation, D.K.; Writing—original draft, D.K.; Writing—review and editing, D.K.
and J.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korea government (MSIT) (No. NRF-2020R1G1A1101282). This work was also
supported by Grant No.21162MFDS014 from the Ministry of Food and Drug Safety of Korea in 2021.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT). This work was also supported from the Ministry of
Food and Drug Safety of Korea in 2021.

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

References
1. Chamas, A.; Moon, H.; Zheng, J.; Qiu, Y.; Tabassum, T.; Jang, J.H.; Abu-Omar, M.; Scott, S.L.; Suh, S. Degradation rate of plastics

in the environment. ACS Sustain. Chem. Eng. 2020, 8, 3494–3511. [CrossRef]

http://doi.org/10.1021/acssuschemeng.9b06635


Foods 2023, 12, 940 11 of 12

2. Qiu, Y.-T.; Wang, B.-J.; Weng, Y.-M. Preparation and characterization of genipin crosslinked and lysozyme incorporated antimicro-
bial sodium caseinate edible films. Food Packag. Shelf Life 2020, 242, 100601. [CrossRef]

3. Publications Office of the European Union. Directive (EU) 2019/904 of the European Parliament and of the Council of 5 June 2019 on the
Reduction of the Impact of Certain Plastic Products on the Environment (Text with EEA Relevance); Publications Office of the European
Union: Luxembourg, 2019.

4. Valentino, M.; Volpe, S.; Giuseppe, F.A.D.; Cavella, S.; Torrieri, E. Active biopolymer coating based on sodium caseinate: Physical
characterization and antioxidant activity. Coatings 2020, 10, 706. [CrossRef]

5. Khaldia, K. Water vapor barrier and mechanical properties of paper-sodium caseinate and paper-sodium caseinate-paraffin wax
films. J. Food Biochem. 2010, 34, 998–1013. [CrossRef]

6. Belyamani, I.; Prochazka, F.; Assezat, G.; Debeaufort, F. Mechanical and barrier properties of extruded film made from sodium
and calcium caseinates. Food Packag. Shelf Life 2014, 2, 65–72. [CrossRef]

7. Christophliemk, H.; Johansson, C.; Ullsten, H.; Järnström, L. Oxygen and water vapor transmission rates of starch-poly(vinyl
alcohol) barrier coatings for flexible packaging paper. Prog. Org. Coat. 2017, 113, 218–224. [CrossRef]

8. Hamdani, S.S.; Li, Z.; Sirinakbumrung, N.; Rabnawaz, M. Zein and PVOH-based bilayer approach for plastic-free, repulpable
and biodegradable oil- and water-resistant paper as a replacement for single-use plastics. Ind. Eng. Chem. Res. 2020, 59, 17856.
[CrossRef]

9. Sharma, M.; Aguado, R.; Murtinho, D.; Valente, A.J.M.; Sousa, A.P.M.D.; Ferreira, J.T. A review on cationic starch and nanocellulose
as paper coating components. Int. J. Biol. Macromol. 2020, 162, 578–598. [CrossRef]

10. Picchio, M.L.; Linck, G.L.; Monti, G.A.; Gugliotta, L.M.; Minari, R.J.; Igarzabal, C.I.A. Casein films crosslinked by tannic acid for
food packaging applications. Food Hydrocoll. 2018, 84, 424–434. [CrossRef]

11. Colak, B.Y.; Gouance, F.; Degraeve, P.; Espuche, E.; Prochazka, F. Study of the influences of film processing conditions and glycerol
amount on the water sorption and gas barrier properties of novel sodium caseinate films. J. Membr. Sci. 2015, 478, 1–11. [CrossRef]

12. Rezvani, E.; Schleining, G.; Sümen, G.; Taherian, A.R. Assessment of physical and mechanical properties of sodium caseinate and
stearic acid based film-forming emulsions and edible films. J. Food Eng. 2013, 116, 598–605. [CrossRef]

13. Siew, D.C.W.; Heilmann, C.; Easteal, A.J.; Cooney, R.P. Solution and film properties of sodium caseinate/glycerol and sodium
caseinate/polyethylene glycol edible coating systems. J. Agr. Food Chem. 1999, 47, 3432–3440. [CrossRef]

14. KS M ISO 2758:2014; Paper-Determination of Bursting Strength. Korea Agency for Technology and Standards: Maengdong-myeon,
Republic of Korea, 2021.

15. KS M ISO 1924-2:2008; Paper and Board—Determination of Tensile Properties-Part 2: Constant Rate of Elongation Method (20
mm/min). Korea Agency for Technology and Standards: Maengdong-myeon, Republic of Korea, 2020.

16. KS M ISO 5636-5:2013; Paper and Board-Determination of Air Permeance (Medium Range)—Part 5: Gurley Method. Korea
Agency for Technology and Standards: Maengdong-myeon, Republic of Korea, 2022.

17. Kim, D.; Lim, M.; Seo, J. Preparation of polypropylene/octadecane composite films and their use in the packaging of cherry
tomatoes. J. Appl. Polym. Sci. 2016, 133, 44087. [CrossRef]

18. Kobori, T.; Matsumoto, A.; Sugiyama, S. pH-Dependent interaction between sodium caseinate and xanthan gum. Carbohydr.
Polym. 2009, 75, 719–723. [CrossRef]

19. Barreto, P.L.M.; Roeder, J.; Crespo, J.S.; Maciel, G.R.; Terenzi, H.; Pires, A.T.N.; Soldi, V. Effect of concentration, temperature and
plasticizer content on rheological properties of sodium caseinate and sodium caseinate/sorbitol solutions and glass transition of
their films. Food Chem. 2003, 82, 425–431. [CrossRef]

20. Fabra, M.J.; Talens, P.; Chiralt, A. Microstructure and optical properties of sodium caseinate films containing oleic acid-beewax
mixtures. Food Hydrocoll. 2009, 23, 676–683. [CrossRef]

21. Bocqué, M.; Voirin, C.; Lapinte, V.; Caillol, S.; Robin, J.-J. Petro-based and bio-based plasticizers: Chemical structures to plasticizing
properties. J. Polym Sci. Part A Polym. Chem. 2016, 54, 11–33. [CrossRef]

22. Faust, S.; Foerster, J.; Lindner, M.; Schimid, M. Effect of glycerol and sorbitol on the mechanical and barrier properties of films
based on pea protein isolate produced by high-moisture extrusion processing. Polym. Eng. Sci. 2022, 62, 95–102. [CrossRef]

23. Chevalier, E.; Assezat, G.; Prochazka, F.; Oulahal, N. Development and characterization of a novel edible extruded sheet based on
different casein sources and influence of the glycerol concentration. Food Hydrocoll. 2018, 75, 182–191. [CrossRef]

24. Danish, M.; Mumtaz, M.W.; Fakhar, M.; Rashid, U. Response surface methodology based optimized purification of the residual
glycerol from biodiesel production process. Chiang Mai J. Sci. 2017, 44, 1570–1582.

25. Arrieta, M.P.; Peltzer, M.A.; Garrigós, M.D.C.; Jiménez, A. Structure and mechanical properties of sodium and calcium caseinate
edible active films with carvacrol. J. Food Eng. 2013, 114, 486–494. [CrossRef]

26. Castro, E.D.S.G.D.; Cassella, R.J. Direct determination of sorbitol and sodium glutamate by attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR) in the thermostabilizer employed in the production of yellow-fever vaccine. Talanta
2016, 152, 33–38. [CrossRef]

27. Pourfarzad, A.; Ahmadian, Z.; Habibi-Najafi, H. Interactions between polyols and wheat biopolymers in a bread model system
fortified with inulin: A Fourier transform infrared study. Heliyon 2018, 4, e01017. [CrossRef]

28. Lin, H.-C.; Wang, B.-J.; Weng, Y.-M. Development and characterization of sodium caseinate edible films cross-linked with genipin.
LWT—Food Sci. Technol. 2020, 118, 108813. [CrossRef]

http://doi.org/10.1016/j.fpsl.2020.100601
http://doi.org/10.3390/coatings10080706
http://doi.org/10.1111/j.1745-4514.2010.00345.x
http://doi.org/10.1016/j.fpsl.2014.07.003
http://doi.org/10.1016/j.porgcoat.2017.04.019
http://doi.org/10.1021/acs.iecr.0c02967
http://doi.org/10.1016/j.ijbiomac.2020.06.131
http://doi.org/10.1016/j.foodhyd.2018.06.028
http://doi.org/10.1016/j.memsci.2014.12.027
http://doi.org/10.1016/j.jfoodeng.2012.12.039
http://doi.org/10.1021/jf9806311
http://doi.org/10.1002/app.44087
http://doi.org/10.1016/j.carbpol.2008.10.008
http://doi.org/10.1016/S0308-8146(03)00006-2
http://doi.org/10.1016/j.foodhyd.2008.04.015
http://doi.org/10.1002/pola.27917
http://doi.org/10.1002/pen.25836
http://doi.org/10.1016/j.foodhyd.2017.08.028
http://doi.org/10.1016/j.jfoodeng.2012.09.002
http://doi.org/10.1016/j.talanta.2016.01.054
http://doi.org/10.1016/j.heliyon.2018.e01017
http://doi.org/10.1016/j.lwt.2019.108813


Foods 2023, 12, 940 12 of 12

29. Belyamani, I.; Prochazka, F.; Assezat, G. Production and characterization of sodium caseinate edible films made by brown-film
extrusion. J. Food Eng. 2014, 121, 39–47. [CrossRef]
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