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Abstract

Research into alternative packaging materials is becoming more and more popular as a result of growing eco-friendly
concerns regarding the usage of some petroleum-based polymeric packaging materials and coatings, as well as growing
buyer demands for products with nutritious quality and extended shelf lives. Barrier coatings made of naturally renewable
biopolymers can be applied to paper packing materials. These biopolymer coatings have the potential to replace the cur-
rent synthetic paper and paperboard coatings, are strong oxygen and oil barriers, and may prevent the unintended moisture
transfer in food goods. An appealing method of controlling the growth and spread of microorganisms in food packaging is
the integration of antimicrobial compounds into coatings to create active/functional paper-based packaging materials. Here,
in this review of the oxygen/moisture barrier, mechanical, and other characteristics of paper coated with bio-based materi-
als. Examples are used to discuss the current and future uses of bio-based material coatings on paper packaging materials

to improve barrier performance.
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1 Introduction

Nowadays, it is evident that consumer acceptance has been
increasing in terms of the usage of sustainable packaging
materials in the food packaging sector, and they are will-
ing to spend a bit higher amount for sustainable packaging
materials over traditional packaging materials [1-3]. The
usage of petroleum-based products over the last five dec-
ades created an impact on the planet that is irreplaceable
and unrecoverable. Scientists and researchers are thriving
for alternative bio-based sustainable resources to replace
petroleum-based packaging materials. One such alternative
packaging material is paper. Paper is a bio-based, recycla-
ble, and biodegradable material generally available as a thin
sheet made of cellulosic fibers [4]. It is a highly suitable
material for addressing sustainable and eco-friendly packag-
ing issues [5]. Researchers from the Institute of Energy and
Environment, Germany, revealed that paper-based packaging
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has a lower impact on the environment than other traditional
materials. Non-biodegradable packaging has a considera-
ble impact on the environment in the form of landfills and
marine debris, and such issues can be tackled by paper-based
packaging. Recently, paper-based packaging gained popular-
ity over other materials because of its eco-friendly nature
[6]. According to a survey conducted by Cone Communica-
tions, over 70% of consumers are looking for sustainable
packaging options while shopping. Moreover, consumers are
ready to pay 10% extra cost for the brands providing sustain-
able packaging materials [7, 8].

Packaging is a highly diversified global industry, espe-
cially claiming the highest stake in the food packaging sector
[9, 10]. During the COVID-19 pandemic, packaging paper
consumption increased by 2.1%, and sanitary and house-
hold paper increased by 3.1% in Europe [11, 12]. To replace
petroleum-based packaging materials, regulating bodies are
imposing restrictions on the usage of such packaging mate-
rials. On the other hand, rising customer awareness creates
demand for sustainable packaging. Paper-based packaging
industry growth is on par with manufacturing because most
products require secondary, tertiary, and quaternary packag-
ing for transporting [13, 14].

Even though paper-based packaging provides strength to
the core packaging, due to its porous structure, it possesses
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inferior barrier properties, which are essential for real-time
packaging applications. Due to its poor barrier properties,
base paper (uncoated paper) cannot be used as packaging
material. Water vapor permeability, oxygen permeability,
mineral oils diffusion, and transfer of greases are factors
affecting the quality of foods packed inside paper-based
packaging materials. Papers are generally coated with suita-
ble barrier coatings for enhancing the barrier to water vapor,
oxygen, mineral oils, and grease [14]. Petroleum-based poly-
mers such as polyethylene, ethylene vinyl alcohol (EVOH),
and polypropylene are generally coated onto paper to
enhance the barrier to water vapor and oxygen permeation.

However, the coating of these synthetic polymers
reduces the paper’s biodegradability and recyclability,
which in turn affects the environment [15]. Synthetic poly-
mers are posing a threat to human and aquatic life in the
form of microplastics. A recent incident, i.e., microplastics
found in human blood samples, explains the alarming situ-
ation in the human community [16]. Such issues can be
addressed with the help of biodegradable and sustainable
coating materials instead of synthetic and non-biodegrad-
able polymers. On the other hand, biodegradable poly-
mers are also non-toxic, available, and affordable, mainly

Fig. 1 Biodegradable paper-
based alternatives to the com-
mercially available non-biode-
gradable plastic materials
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in packaging [17]. Different biodegradable polymers such
as polylactic acid (PLA), polyhydroxy alkanoates (PHA),
starch, chitosan, and polysaccharides, can be used as bar-
rier coatings on paper packaging applications as shown
in Fig. 1 [18].

For modern material applications, particularly in the
field of packaging materials, there is growing interest
in using more sustainable and naturally biodegradable
material alternatives that are preferably produced from
renewable resources. In recent days, many works done
on sustainable coating materials for barrier coatings like
alpha-1,3 glucan and natural rubber latex coatings [19].
The number of publications on sustainable packaging in
recent years tells us that its demand is increasing continu-
ously as shown in Fig. 2.

This review covers the importance of sustainable bar-
rier coatings in paper-based food packaging applications.
First, we explained bio-based coating materials followed by
barrier properties. Further, we have provided an overview
of different coating methods like bar coating, knife coat-
ing, spray coating, and dip coating, along with engineering
properties, followed by challenges associated with using
biopolymers in coating applications.
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2 Coating materials

Any material which can impart desired properties to the base
paper upon coating can be used as coating material. Coating
affects many properties of paper, such as weight, absorptiv-
ity, gloss, opacity, water/gas permeation, smoothness, ink
absorbency, brightness, and color. For packaging applica-
tions, barrier properties such as the permeation of water/
gas are of primary concern. Barrier coatings on paper-based
packaging materials help in resisting the passage of water
vapor/air into the packaging. To achieve this, we need to
increase the mean-free path of water vapor molecules or
gases by increasing the tortuosity (resistance for the flow in a
porous material) based on the packaging application. In gen-
eral, using conventional petroleum-based materials such as
PVC (polyvinyl chloride), low-density polyethylene (LDPE),
high-density polyethylene (HDPE), polystyrene, polypropyl-
ene, polyethylene terephthalate (PET), chitosan, polymethyl
pentane (PMP), polyesters, fluorine-based derivatives, and
waxes, we control the barrier properties of paper. Non-con-
ventional coating materials such as lignin-based coatings,
polyvinyl alcohol (PVA), alkene ketene dimer (AKD), and
combined usage of PVA and AKD are also used to control
the barrier properties. Even though these materials proved
to increase the hydrophobicity of the paper, these are not
our primary concern because they are derived from fossil
fuels which have many environmental restrictions. They are
less recyclable and might take even 500 years for very slow
biodegradation.

3 Biodegradable polymers for high barrier
paper coating

Polymers provide high barrier properties for packaging. But
many polymers are non-biodegradable and cause accumula-
tion while landfilling, which is harmful to the environment.
Biodegradable polymers include natural biodegradable
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polymers and synthetic petroleum-based biodegradable
polymers which are shown in Table 1 along with their prop-
erties. Compared to the natural bio-based biodegradable pol-
ymers, synthetic biodegradable polymers are easy to shape
or mold to different dimensions. Although both these natural
and synthetic biodegradable polymers are sustainable and
have a low environmental impact, the high thermo-proces-
sibility of the synthetic-based polymers makes the difference
[20]. The classification of biopolymers and their origins are
described in Fig. 3.

3.1 Polylactic acid

Polylactic acid (PLA) or polylactide is synthetic and ali-
phatic polyester derived from lactic acid, which is bio-
degradable by microbes after hydrolysis[21]. Among all
biopolymers, PLA has the best attributes regarding its eco-
friendly nature, such as low cost and high availability of the
raw materials, low energy consumption during production,
and biodegradability in both water and soil [22]. PLA can
be used to coat the paper and paper boards to impart barrier
properties [23]. Commercial PLA is amorphous in nature
and has good optical transparency, making it suitable for
packaging applications. But, the main drawback is its poor
resistance properties of oxygen permeability (OP) of ~ 540 cc
(gm) mil/m?-day atm and water vapor permeability(WVP) of
1.96 g mm m? day [24]. These poor barrier properties result
from amorphous nature and can be improved by changing
the nature to crystalline. PLA 4030D with 40% crystallinity
showed the WVP value of 51.8 cc mm/mz-day-kPa (37.8,
40-90% relative humidity (RH)) and 20 times decrement
in OP. Imparting crystalline nature is an energy-consuming
process, and crystallinity also reduces the optical proper-
ties, which limits its application[20]. It is revealed from the
different studies that a coating weight of 9 g/m? has shown
superior barrier properties over the uncoated paper and
lower coated weight paper[25].
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Table 1 Different types of bio-based coating materials along with their water vapor and oxygen transmission rate, contact angle, and COBB val-

ues for uncoated and coated paper substrates

Coating material ‘Water vapor transmission rate Oxygen transmission rate COBB Contact angle References
(g or cc/m?/day) (cc/m?/day) (g/m?) ©)
Uncoated Coated Uncoated Coated Uncoated Coated Uncoated Coated
Polylactic acid 339 57 302 25.6 3.17 - - [83,25]
Polyvinyl alcohol/zein 826.0+18.8 288.0+145 - 128.0+14.7 - - 105.0+£0.0 98.8+2.4 [45]
Cellulose nanofibers and 28.55+0.7 5402 - 6.7 +0.05 - - - - [84]
nano clay
Chitosan + micro crystalline 99.6 60.3 — - 95.43 76.13 - - [85]
cellulose + protein
Chitosan 298.17+3.34 280.69+2.92 - - 45214275  39.74+1.44 - - [86]
Chitosan 501.5+34 594 £57.9 >10,000 1.1+13 - - - - [37]
Cellulose ester 566+45 1805 + 151 >400,000 18,050 + 1510 - - 59.8+24  66.4+18 [87]
Bio-polyethylene 566 +45 4+1 >400,000  11090+986 - - 59.8+24  97.6+29 [87]
Polylactic acid 566 +45 52+6 >400,000  386+37 - - 59.8+24  77.2+1.1 [87]
Cellulose undecanoyl ester 6224+21.4 192.0+8.1 - - - - 0-10 100-110  [88]
Chitosan-graft ~1200 ~800 - - ~35 ~15 70 120 [38]
-Poly(dimethylsiloxane)
Zein ~1200 ~500 - - ~35 ~25 70 90 [38]
Poly(dimethylsiloxane)-Zein ~1200 ~400 - - ~35 ~5 70 100 [38]
Chitosan-Zein ~1200 ~1300 - - ~35 ~30 70 90 [38]
Poly(dimethylsiloxane)- ~1200 ~1000 - - ~35 ~20 70 120 [38]
Chitosan-Zein
Polylactic acid and Polycap- ~800 ~600 - - ~5 ~4 68 72 [71]
rolactone
Semi-crystalline Polylactic - - - - ~25 ~5 62 79 [25]
acid
Corn starch 297.36 234.12 - - - - 64.47 117.93 [89]
Natural rubber latex and - - - - ~160 ~30 53.8 94.2 [19]
alpha-1,3 glucan
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3.2 Polyglycolic acid

Polyglycolic acid (PGA) got special attention nowadays
because it gives excellent barrier properties, and the produc-
tion of glycolic is through the natural route [26]. The struc-
ture of PGA is similar to the PLA, but PGA exhibits higher
gas barrier properties with excellent mechanical strength,
making it more attractive for packaging applications. The
moisture and oxygen permeability of the PGA is 0.2 g mm/
m? day and 0.014 cc mm/ m? day atm, respectively [24].

@ Springer

3.3 Poly hydroxy alkanoates

Biodegradability, inherent hydrophobicity, non-permeability,
insolubility, and flexibility made poly hydroxy alkanoates
(PHA) as a potential competitor for the petroleum-based pol-
ymers in the packaging [27]. PHA family consists of poly-
hydroxy butyrates (PHB), polyhydroxy butyl vinyl (PHBV),
and polyhydroxy butyl hydroxyl (PHBH), etc., [28]. PHA is
mainly used in the packaging sector as paper coatings, car-
pets, shopping bags, paper cups and dipers, etc. Nowadays,
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many PHA-coated products are available in the market in
the form of boxes, boards, papers, etc., [29]. PHB, PHBYV,
and PHBH provide good oxygen and water vapor permea-
tion barrier of <50 cc (gm) mil/m2-day-atm. The crystal-
line nature of nearly 60% of the PHBV with low hydroxy
valerate content contributes to the high barrier properties of
the PHBV. But drawbacks such as physical aging at room
temperature, inherent brittleness, and narrow processing
window limit their full-scale application [20]. Maintaining
an ideal bacterial growth environment is also one of the key
obstacles to the industrial production of PHA.

3.4 Polybutylene succinate

Polybutylene succinate (PBS) is a bio-based and degrada-
ble aliphatic polyester that can be used in food packaging
applications at elevated temperatures. PBS degrades at high
rates of 13 mg/cm? weight loss per month, making it an
attractive material for food packaging applications [30]. The
production cost of PBS is high compared to petroleum-based
polymers such as polyethylene (PE), polystyrene (PS), poly-
ethylene terephthalate (PET), and polyamides (PAs) [31].
PBS has oxygen/water vapor permeability values in the
range similar to polylactic acid (PLA), and oxygen barrier
properties are in the range of ~ 200 ~ 300 cc mil/m>-day-atm
for semi-crystallized PBS with ~35% of crystallinity [20].

3.5 Polycaprolactone

Polycaprolactone (PCL) is biodegradable synthetic polyester
that is produced by ring-opening polymerization of capro-
lactone. PCL exhibits poor oxygen permeability (OP) and
water vapor permeability (WVP) properties which limit its
application as a coating material, although it has excellent
flexibility and toughness [20]. PCL shows WVP and OP
values of ~ 120 g-mil/m? day kPa and ~ 1600 cc-mil/m? day
atm, respectively [32]. In general, PCL blended with the
high barrier biopolymers and nanocomposites are used to
increase their barrier properties without disturbing their
strength properties [20]. It is reported that PCL combined
with polyethylene glycol (PEG) increased the hydrophobic-
ity of the paper substrate. Water vapor transmission rate
(WVTR) values of coated paper are decreased from~ 1500 g
to~1000 g 24 h™' m~2,

3.6 Starch

Starch is a naturally available, low-cost, biodegradable poly-
mer that can be coated on cellulosic paper to enhance its prop-
erties. Due to their semi-crystalline nature, films are brittle
and do not have sufficient mechanical properties and flexibility
to be used for packaging. But after some physical, chemical,
and enzymatic modifications, such as plasticizing with other

materials, starch can have an excellent film-forming ability
so that it can be used as coating material [18]. When starch is
blended with polyvinyl alcohol (PVOH), upon the coating on
paper, it can give an excellent barrier to moisture. Blends of
chitosan and starch can give good oil resistance to the paper
[33].

3.7 Cellulose

Cellulose is a linear polysaccharide that is the most abundant
and naturally available biodegradable polymer on earth [34].
In the paper industry, cellulosic fibers are the primary raw
materials for paper production, and their derivatives can be
used as coating materials for packaging applications. But cel-
lulose has some undesirable properties to be used as a coating
material, such as hydrophilic nature, water insolubility, high
crystallinity, and poor ability to form films. Cellulose deriva-
tives are produced commercially, such as carboxymethyl cel-
lulose (CMC), ethyl cellulose (EC), hydroxypropyl methyl
cellulose (HPMC), methylcellulose (MC), hydroxypropyl, and
hydroxy methyl cellulose (HPC and HEC) [18] to overcome
the drawbacks with cellulose as a barrier material. Cellulose
nanofibrils (CNF) are also biodegradable polymers that can
be used for coating on papers. A coating weight of 10 g/m?
CNF on paper can impart adequate water and oxygen barrier
to paper [16].

3.8 Chitosan

Chitosan is a naturally available polysaccharide biocompat-
ible, and biologically degradable [35]. Paper coated with
chitosan with a 2% degree of acetylation (DA) showed a
decrease in water vapor transmission rate (WVTR) and high
Taber stiffness. With chitosan coating, the water absorp-
tion value of the kraft paper decreased by ~35%, and water
vapor permeability (WVP) was reduced by ~44% [36].
When a copy paper of 80 GSM is coated with 6.9 g/m? chi-
tosan, the OP value obtained was 1.1 cm*/m?day [37]. It is
reported that when uncoated paper having WVTR value of
1200 g m~2 day ! decreased to 1000 g m~~2 day~! upon coat-
ing with chitosan and further decreased to 500 g m~2 day ™!
when coated with polydimethylsiloxane (PDMS)-treated chi-
tosan [38]. Different types of biopolymers and their effect
on the improvement of barrier properties are described in
Fig. 4.

4 Different barrier properties
For packaging applications, the barrier properties of paper
play an essential role in preserving the freshness of the prod-

uct and extending shelf life. The main barrier properties
important for packaging are water vapor transmission rate
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Fig.4 Different sources for biopolymers and their effect on improvement of barrier properties upon coating on paper substrate

(WVTR) and oxygen transmission rate (OTR) [39]. Figure 5
illustrates the before and after coating barrier materials on
paper substrate.

4.1 Water vapor transmission rate

For packaging materials, water vapor transmission rate
(WVTR) is one of the most crucial barrier properties. When

Fig.5 The effect of coating
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water vapor passes through the package, it affects the fresh-
ness of food and also increases the growth of microbes that
spoil the food [40]. Moisture reduces the shelf life of the
food materials promoting undesirable reactions like oxida-
tion and vitamin degradation. As the papers are made of
fibers, they alone cannot provide sufficient barrier properties
for packaging applications. So, different coating materials
are tried to improve the water vapor barrier properties, which
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can fill pores and voids as much as possible and impart
resistance towards polar water moisture [14], 22]. Uncoated
paper having a WVTR of 690 g/m? x 24 h was decreased by
more than 60% when coated with chitosan and alginate [14].
WYVTR barrier property for paper could be estimated using
various methods. WVTR for paper samples was estimated by
testing gravimetrically by following the modified procedure
of the GB/T 1037-88 test method at a relative humidity of
30% and 30 °C. Paper samples with 6-mm diameter were
mounted on a sealed cup and weighed before and after the
test [41]. The desiccant method can also be used to measure
the WVTR of a coated paper by following American society
for testing and materials (ASTM) standards E-96 [42]. Water
vapor permeation coefficient values can be obtained by mul-
tiplying WVTR with the thickness of the substrate sample.

4.2 Oxygen transmission rate

Oxygen transmitted into the package will spoil most of the
food materials [43]. Oxygen present in the package will
cause the oxidization of food which depends on the oxy-
gen transmission rate (OTR) of the packaging material. It
is generally expressed as cm® m~2 24 h™! [44]. The desired
value of OTR for papers used in most food packaging appli-
cations is below 10 cm®/m?-day-bar at 23 °C and 50% rela-
tive humidity (RH). In general, OTR values of uncoated
papers are beyond the thresholds of the measuring instru-
ment, which is due to the porous structure of the paper. It is
reported that uncoated paper having an OTR value beyond
the threshold value of the instrument was reduced to 128.0 +
14.7 cc/m?-day after coating with polyvinyl alcohol (PVOH)
and zein as first and second coating layers, respectively. The
first layer of coating with PVOH decreased the OTR value
of paper up to 7 times compared to the bilayer, but to retain
the gas barrier at high relative humidity, zein layer is also
coated as the second layer [45]. Starch and PVOH coating
mixture was used to obtain low OTR values at medium and
high relative humidity, which can be used for packaging food
materials with an intermediate moisture content [36]. From
the results, it was observed that the high fraction of starch in
the coating mixture was very effective in keeping the oxygen
barrier at a level that is technically and commercially appli-
cable. PVOH when modified with ethylene, provided low
OTR values compared to the standard PVOH [46].

5 Solvents for coating solutions

Barrier coating solution contains different components,
including coating pigment, binder, thickener, lubricant, dis-
persant, brightening agent, crosslinker, and water [47]. All
coating materials are not compatible with a single solvent,
and the compatibility of solvent depends on the nature of the

coating material and solvent, whether they are polar or non-
polar. Polar materials will be soluble in polar solvents, and
non-polar materials are soluble in non-polar solvents. Some
of the coating materials and their solvents from the literature
are shown in Table 2. The poly(butylene adipate-co-tereph-
thalate) (PBAT) coating solution was prepared by adding 4 g
of PBAT into 100 mL of chloroform, and the solution was
stirred the whole day using the magnetic stirrer to obtain a
uniform solution[48]. Further, the esterified lignin, when
dispersed in PBAT solution, the mixture provided good bar-
rier properties to the paper [42]. The author reported the
preparation process of esterified lignin. Firstly, 10% kraft
lignin was dispersed in pyridine, and the dispersion was then
heated constantly at 95 °C with a stirring speed of 400 rpm.
To this dispersion, palmitoyl acid was added, which resulted
in the formation of palmitoyl chloride. The whole reaction
products were then centrifuged and washed with water to
remove unreacted palmitoyl chloride, which will give esteri-
fied lignin.

6 Coating methods for paper substrate

Different coating methods are reported in the literature for
imparting barrier properties to the paper, i.e., bar coating,
spray coating, knife coating, and dip coating.

6.1 Bar coating

Bar coating/Rod coating/Mayer bar coating is widely used
for paper coatings because of its simple operation and low
cost compared with other coating methods. In bar coating,
the required coating thickness could be obtained quickly
without any complications and expenses. Rods wounded
with wire of different diameters will allow us to control the
thickness of the coating on the substrate. Rod speed and
rod wire diameter are the two main parameters that can be
varied to get proper and specific coating thickness [49, 69].
The thickness of the coating material can be controlled accu-
rately using bar coating. The normal coating thickness range
of the bar coating is 3 to 160 pm [50]. Figure 6 represents
the different types of coating techniques, such as bar coating,
spray coating, dip coating, and knife coatings.

6.2 Knife coating

The knife coating method was used for coating on a con-
tinuous flat sheet of material such as paper. The rheologi-
cal properties of the coating material are essential as the
thickness of the coating is very low in the knife coating
method. Polymer solutions will give have a good hold over
the rheological properties. In knife coating, an excess coat-
ing material is applied to the surface of the substrate, and

@ Springer
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Table 2 Different solvents for coating materials

Solute Quantity Solvent Quantity Method Reference
® (mL)
Poly(butylene adipate-co-tereph- 4g chloroform 100 mL  Magnetic stirring [48]
thalate
Esterified lignin 17¢ Acetone 100 mL - [90]
Chitosan 1 wt% Acetic acid 1 wt% - [86]
Esterified lignin 50 wt% Poly(butylene 50 wt%  Magnetic stirring [91]
adipate-co-tereph-
thalate
Zein 10¢g Ethanol 100 mL  Magnetic stirring [38]
Hydroxyl starch 25¢ Water 100 mL - [92]
Sodium alginate 25¢ Water 100 mL - [92]
Hydroxymethyl cellulose 25¢ Water 100 mL - [92]
Polylactic acid 5,10,15,20,25 ¢ Dichloromethane 100 mL  Magnetic stirring [71]
Polylactic acid and Polycaprolac- 5,10,15,20,25 ¢ Dichloromethane 100 mL  Magnetic stirring [71]
tone
Starch acetate 10¢g Chloroform 100 mL - [93]
Alginate 5¢g Distilled water 100 mL  Magnetic stirring with heating [94]
Soy protein isolate 15¢ Distilled water 100 mL  Magnetic stirring [94]
Polylactic acid 0.25,0.5,1,2,3,4,5 g Chloroform 100 mL  Magnetic stirring [95]
Poly(-3-hydroxybutyrate-co- 5¢g Chloroform 100 mL  Magnetic stirring with heating at [96]
3-hydroxyvalerate) and Polycap- 55°C
rolactone
Semi crystalline Polylactic acid 5,10,15,20,25¢g Methylene dichloride 100 mL  Magnetic stirring [25]
Cornstarch 20g Water 80 mL Stirring at 90°C for 30 min [89]

a. Before coating

b. After coating
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Fig. 6 Different methods for coating on the paper substrate: a bar coating. b Spray coating. ¢ Knife coating. d dip coating
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the thickness of the coating is controlled by using a knife or
blade [51]. Different configurations such as floating-knife
and knife-over-roll could be used for coating. In the floating-
knife technique, the doctor blade touches the surface of the
substrate, and it enforces the coating solution to penetrate
the substrate. Pressure applied by the blade and tension in
the substrate controls the coating amount and thickness. This
configuration is mainly used in the textile industries for coat-
ing fabrics. Another typical configuration is the knife-over-
roll coating, in which the doctor blade does not touch the
substrate surface directly. The gap between the doctor blade
and the roll on which the substrate is placed determines the
coating thickness. In this configuration, we can control the
thickness precisely, but non-uniform substrate thickness
may result in non-uniform coating thickness. Parameters
like blade shape, angle, and the rheological properties of
the coating solution will affect the coating thickness and
amount of coating material [52, 53]. In air knife coating,
an excess coating material is blown off from the substrate
surface by an air jet that comes from an air knife instead of
doctor blade [51].

6.3 Dip coating

Dip coating is mainly used in lab research because it does
not need any sophisticated equipment and is a more facile
method than other coating methods. This method enables us
to adjust the thickness of the coating layer easily at a lower
cost. Dip coating is not suitable for industrial applications as
the coating produced is inconsistent. But for the low stand-
ard requirements of the product, it can be used on a large
scale at a relatively cheap price [54]. In this process, the
aqueous-based liquid phase is deposited on the surface of
the substrate by dipping the substrate in a coating solution.
Effective formation of the targeted material on the surface
of the substrate takes place by immersing in the coating
solution [55]. After material deposition on the surface, the
substrate is removed from the solution. Through the evapora-
tion, the excess liquid is removed, and a unique dry coating
layer is formed on the surface of the substrate. Parameters
such as time of immersion, withdrawing speed of substrate,
surface tension, density and viscosity of the coating solution,
and the surface of the substrate determines the thickness and
morphology of the coating layer [56]. The main advantage
with the dip coating is that it can deposit monolayer and the
main drawback is its time consumption [57].

6.4 Spray coating

Spray coating is used to apply a thin layer of coating film on
the substrate, which is widely used in industrial coatings,
paintings, and graphic art [54]. In this method, the coating
solution is directly sprayed on the surface of the substrate

[58]. There are different spray generation techniques such
as pressed air vaporization, airless pressure spray, electro-
static spray, dry powder resin spray, hot flame spray, and
hot vapor impelled spray. Pressured air vaporization is the
most commonly used method, where coating solution and
air are pressed out from the nozzle [53]. Spray coating is
advantageous in coating irregular shape materials, but it is
not easy to get the uniform thickness of the coating on the
substrate with wide width, and it is a relatively expensive
coating method [52]. In spray coating, we cannot control the
thickness of the coating layer precisely.

7 The effect of coating on engineering
properties of paper

In packaging applications, along with the barrier properties
of the coating, its mechanical properties are also important.
Mechanical properties will give an idea about the strength
of the paper so that it can be used for suitable packages.
Mechanical properties mainly depend on the base paper or
substrate compared to the coating layer [59].

7.1 Basis weight

Basis weight is the weight of paper per unit area having
units g/m2 or GSM, which was measured according to the
ASTM D646 standards. Paper was cut into square pieces of
size 12 x 12 cm?, and weight was measured from which the
GSM could be obtained [60].In general, the basic weight of
coated paper increases compared to the uncoated because of
the excess weight of coating material. It depends on coating
thickness and the amount of material coated on the substrate.
A study showed that the basis weight of uncoated paper is
126.5 GSM, which is increased to 154.6 GSM when coated
with polyvinyl alcohol (PVOH) (5 wt%) and zein (20 wt%)
as top and bottom layers [61]. It is reported that the basis
weight of uncoated paper increased from 144.16 + 0.20° to
157.9 +0.71 gm~2 upon coating with chitosan and increased
to 156.7 + 1.11 gm~2 upon coating with polydimethylsilox-
ane (PDMNS)-treated chitosan [38].

7.2 Tensile strength

Tensile strength (TS) indicates the strength of paper derived
from the fiber length, strength, and bonding. It is defined as
the maximum tensile force specimen can bear before ruptur-
ing when tested on a tensile tester carried under prescribed
conditions. It is indicated as force per unit length (kN/m) of
the test specimen. It can be measured by following TAPPI
T 456 standards [62]. The coating will significantly influ-
ence the tensile strength of the paper. From the studies, it is
shown that uncoated paper has a tensile strength of 32.1 +
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10.2 MPa, which was increased to 49.56 + 4.9 MPa when
coated with blended carbohydrates and grape seed extract.
This biopolymer-coated paper showed higher tensile strength
than that of polyethylene (PE) coated paper with TS of 36.9
+ 6.3 MPa [63]. Chitosan layer, when coated on paper, the
tensile strength of the paper was increased from 6.03 +0.18
to 6.42 + 0.38 kN/m. This indicates that the paper’s strength
and ductility can be improved by coating it with biopolymers
such as chitosan [16].

7.3 Burst strength

Burst strength is a measure of paper’s ability to resist rup-
ture and is very important for packaging applications as they
need to carry weights. It is defined as the maximum hydro-
static force a paper specimen can bear before rupturing when
pressure is applied constantly by using a rubber diaphragm
[64]. The burst strength of the paper was increased from
310 + 5 to 348 + 18 kPa when coated with chitosan. This is
because chitosan will enter into the fiber matrices and the
structures of cellulose and chitosan are compatible [16].

7.4 Bending stiffness

The determination of bending stiffness for paper is crucial
for end uses like packaging, wrapping and printing. It is
defined as the resistance of a paper to bending when an
intentional bending force is applied to paper. It can be cal-
culated by TAPPI T 566 standards and expressed as mN m
[65]. When cellulose nanofibrils are coated on paper board,
an increment of 15% in bending stiffness is observed [66].
Unmodified paper having a bending stiffness of 96.69 + 3.57
mN m was increased to 122.58 +2.91 mN m in the machine
direction, and bending stiffness was decreased from 85.51
+2.77 to 64.14 + 3.73 in the cross direction.

Fig.7 Various stages including 0 >150°
super hydrophobic, hydro-
phobic, intermediate wetting,
hydrophilic, super hydrophilic
of water contact angles with
respect to the paper substrate

and their relation to wetting
property

Paper substrate

a) Super hydrophobic

10°< 6<90°

d) Hydrophilic
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7.5 Contactangle

In general, surface wettability of material is evaluated by
measuring the contact angle with the solvent. For uncoated
papers, the contact angle is 75-80°, which is because of the
hydrophilic nature of cellulose [66]. The coating on paper was
carried out to decrease the water and moisture permeation
through the cellulosic paper. As the increment in contact angle
indicates the increase in hydrophobicity, the contact angle of
coated paper should be increased compared to the uncoated
paper [25]. The substrate is classified into different categories
superhydrophobic (8> 150°), hydrophobic (150° > 6> 90°),
intermediate wetting (8=90°), hydrophilic (10° <8< 90°), and
super hydrophilic (8 < 10°) based on the contact angle [67].
Using a contact angle analyzer, the water contact angle of the
paper will be determined. The paper substrate is cut into pieces
of 2.54 cm X 10 cm and fixed horizontally in the contact angle
analyzer. The water contact angle is measured as soon as a
drop of nearly 10pL is poured on the coated paper samples
using a micro syringe [63]. The water contact angle (WCA) of
uncoated paper is measured as 69.1 + 6.1, and it is increased
significantly to 92.0 + 4.1 after being coated with biopolymer
made up of a ternary blend of carbohydrates and grape seed
extract [63]. Various stages of contact angle measurements
with respect to coated/uncoated paper substrate and their rela-
tionship with wetting property are clearly depicted in Fig. 7.

7.6 COBB test

Water absorptivity of a coated paper can be measured by using
the Cobb test (ISO standard 535) [68]. Using TAPPI standard
method, the cobb value could be calculated by measuring the
amount of water absorbed by the cellulosic paper in a certain
amount of time (60 s or 120 s). Cobb value or water absorp-
tion value is represented by the amount of water absorbed by the
paper per unit area(g/m?). By using the following equation, we
can calculate the Cobb value for 60 s:

150°>6> 90°

Paper substrate Paper substrate

b) Hydrophobic c¢) Intermediate wetting
0<10°
B e —

Paper substrate

e) Super hydrophilic
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Table 3 List of commercially available coated paper products along with coating material, a manufacturing company, properties, and their appli-

cations
Coating Manufacturing Product image References
Product Name Material Company Properties Applications
o Barrier against Pouches, lived [103]
moisture, grease ~ cartons, soap
&oil wrappers, soap
Poly coated Modi Industrics o Used for heavy- stiffen'er, %
boards/low-density Polyethylene India * duty applications Wrapping labels,
polyethylene paper e All finishes can  1c€ cream
be treated for packaging, paper
gluability and cups, etc.
printability
*GSM: 190-450  Cosmetics and [103]
e Hygienic and pharmaceutical
pure and no packaging, Ice
smell and taste  cream packaging, |
o For packaging Bakery and other
SBS(Solid . . _ aomaand  foodpackaging, [ L [ _4&
Bleached Sulfate) Mlqera! or Modi Ind.ustrles, flavor-sensitive  Additional high-
Board synthetic pigment India products such as  end
chocolate,
cigarettes and
cosmetics
® Moisture barrier
in liquid food
packaging
e Barrier against Meat industry, [104]
moisture and air  Butcher
o Protects quality ~ departments,
The Griff and flavor Locker plants
Freezer paper Poly-coated Network. USA during freezing E
’ e Able to retain ﬁ
strength in wet ‘ =
and greasy
environments
e Resistance to Sifting, [104]
moisture, grease, Baking, ' g’
. and heat Transferring and L)
Parchment paper Silicon or Quilon Neg,l(e)rgnéfs A ® Smooth and packaging
’ rotective e
Eurface X
High-density . The? barrier for Foot_i e_md [104]
polyethylene. moisture and medlclpal 5
Low- density’ oxygen industries
Silicone release polyethylene The Griff
paper Polyethylene’ Network, USA
terephthalate, ;
Polypropylene
Cobbgy = (W, — W,) x 100 ) from5g m~2to4 g m™2 upon coating [71]. It is showed that

where Cobb value indicates the water absorbency value; W,
indicates the weight of paper after water absorption; W, indi-
cates the weight of paper before exposure to the water [69].
A low Cobb value indicates low water absorption, and a
high Cobb value indicates high water absorption [70]. Cobb
60 value of an uncoated paper is found to be 29.3 g/m?,
which is increased to 55 g/m? by coating with starch and zein
biopolymer mixture. It is reported that polylactic acid (PLA)
and polylactic acid (PCL) blends decreased the Cobb value

Cobb value decreased from 1200 to 600 gm~2 when coated
with polydimethyl siloxane (PDMS)-treated chitosan [38].

8 Challenges with biodegradable polymer
as a coating material

Petroleum-based polymers show better mechanical and barrier
properties with lower costs compared to natural biodegradable
polymers [72]. Even though natural biopolymers have biocom-
patibility, they possess undesirable properties like antigenicity
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Table 3 (continued)

Polyethylene
terephthalate
barrier film

Pabaco paper
bottle

Pabaco, Denmark

o The high barrier
to moisture and
oxygen
transmission

o High strength,
durable and
splash resistant

For storing and
supplying water

; g
i >

[105]

Kagzi paper water
bottle

Water proofing
solution

Kagzi, India

¢ Made of waste
paper

o Compostable,
sustainable and
brandable

e Compostable
barrier coating

o High strength

o High barrier for
water vapour
and oxygen

For storing and
supplying water

[106]

Paper cup Polylactic acid

Sri vinayaka
scoring, India

e Bio
compostable
and eco
friendly

e High barrier for
water vapour
and moisture

e Hard and sturdy

For drinking cold
drinks and hot
beverages

[107]

PE coated paper

cup blank Polyethylene

Sri vinayaka
scoring, India

* 140-170 GSM

e Disposable

o Can sustain
strength
properties with
hot beverages

For hot beverages
like tea

[108]

o A high barrier
for moisture and

Protects from oil,
dust, moisture,

[109]

oil and grease ? i
Poly-coated craft Low-density Riverside Paper o (Can sustain damage ﬁ .‘
paper polyethylene Co., USA heavy duty 4
o Heat sealable Food packaging, [110]
e Used as barrier ~ Paint masking, —
and moisture Freeze paper, \\‘N\ N )
Polypropylene, . holdout Interleaving and o H
Poly-coated paper Polyethylene Papertec inc. « FDA approved electronic :
for medicinal applications

and direct food
contact

-

B

and inconsistency in the different batches of production [73].
There are more chances for microbial contamination in the case
of natural biopolymers during production and handling [74].
Polysaccharides such as starch, cellulose, hemicellulose, zein,
gum arabic, pectin, and chitosan are hydrophilic in nature and
cannot provide good barrier properties when they are coated
alone. To get good barrier properties, these biopolymers need to
blend with other materials like polyvinyl alcohol (PVOH) [33].
The problems with biopolymers are high molecular weights,

@ Springer

hydrophilicity, brittleness, high viscosity, and uncertainties in
melting [26]. The main challenge for paper packaging is the low
mechanical properties of paper which are increasing the usage
of synthetic polymers at the industrial level.

Moreover, the other major concern is deforestation causing
due to the raw material procurement for biopolymers prepara-
tion [75]. Many starch-based nanocomposites are developed
to increase the performance of coatings with more added func-
tionalities to the coatings based on starch. But the large-scale
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utilization of starch-based coatings has not yet been realized.
Further, it is essential to evaluate the toxicity of the nanocom-
posites based on starch as they might transfer into the food
material when used for food packaging [33].

9 Future scope

The global paper-based packaging market is expected to
grow with a cumulative annual growth rate (CAGR) of 3.5%
from 2022 to 2027, which will reach $496.5 Billion worth
of market value by 2027 [76]. Paper-based packaging is a
cost-efficient method for the protection, preservation, and
transportation of many kinds of products [77]. List of com-
mercially available coated paper products along with coat-
ing material, manufacturing company, properties, and their
applications are shown in Table 3. Bio-based packaging is
the future generation that ensures biodegradability and bio-
compatibility by replacing the conventional non-biodegrad-
able polymers as coating materials on paper [75]. Currently,
consumers are becoming more inclined towards eco-friendly
packaging. Governments are also imposing strict regulations
for environmentally friendly packaging materials, which
brought a paradigm shift towards sustainable and environ-
mentally friendly paper-based packaging. Since July 2016,
France government has banned plastic bags, but according
to the French government, more than 5 billion plastic bags
are produced each year, and nearly 12 billion bags are used
for packaging fruits and vegetables, which can be replaced
with paper bags [77]. Food, beverages, and grocery items
markets are also expected to grow, which might enhance the
need for paper-based packaging materials.

Objectionable properties of polyhydroxyalkanoates
(PHA) such as crystallinity and brittleness can be reduced
by blending with other low-cost biopolymers like starch,
cellulose, polylactic acid, etc. This can improve proper-
ties of PHA along with reducing cost of production [29].
Nanocomposites like polystyrene/silver, silver, and tita-
nium dioxide nanoparticles can be also used to impart good
properties along with the biopolymers [78, 79]. As poly-
mers do not have enough strength and stiffness, by making
a composite with metals and ceramics, we can get desired
properties [80]. In the area of polymers, nanocomposites
can provide best route to develop new materials for better
barrier and mechanical properties [81].

10 Conclusion

The packaging industry plays a significant role in every
country’s economy because products made in a country
need to be packed and transported, which is crucial for

the country’s overall economy [12]. Nowadays, all coun-
tries are taking steps towards banning non-biodegrada-
ble polymer materials. Recently, the Indian government
announced a ban on nearly 19 single-use plastics (SUP)
like plastic plates, cups, glasses, and straws, creating a
massive demand for paper-based alternatives [82]. Coat-
ing biopolymers such as cellulose, chitosan, starch, and
poly lactic acid, on-base paper can enhance the proper-
ties, making it suitable for packing applications without
causing any damage to the environment. Biopolymer
coating on paper for packaging applications is still at its
initial stage of development. Poor mechanical properties,
barrier properties, and high processing costs compared
to conventional petroleum-based polymers are retarding
the commercialization on an industrial scale. Blending
different biopolymers like polylactic acid and polycap-
rolactone can give desired barrier properties, and we can
overcome the drawbacks of individual biopolymers. The
industrialization of biopolymer coatings on paper-based
packaging requires further research, which can improve
the product’s packaging at a reduced production cost.
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