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ARTICLE INFO ABSTRACT

Keywords: Biaxially oriented polypropylene (BOPP) films are widely used in packaging for their transparency, low cost, and

Bamer_ properties strong mechanical properties, but they suffer from a notable drawback: poor gas barrier performance, especially

?Etilhzanon to oxygen. To address this limitation, a range of coating strategies has been pursued, from traditional inorganic
oatings

layers to more sustainable solutions such as renewable-source coatings, barrier varnishes, functional adhesives,
and nanocoatings, aimed at improving protection against oxidation and moisture loss in food applications.
Surface treatments (plasma, flame, corona) and adhesion promoters are commonly employed to enhance coating
bonding and thereby lower oxygen transmission rate (OTR) and water vapor transmission rate (WVTR). Coating
effectiveness is governed by key factors including thickness and uniformity, adhesion strength, relative humidity
sensitivity, and processing conditions, underscoring the ongoing need for optimized high-barrier multilayer
films. This review critically examines these coating technologies and surface treatments, evaluates the principal
performance determinants and characterization methods, and outlines challenges and future research directions,
with emphasis on food-safety compliance, regulatory considerations, and sustainable, circular economy aligned

Sustainable materials
Surface treatment

solutions, to guide development of optimized high-barrier BOPP multilayer systems.

1. Introduction

Flexible plastic packaging represents one of the most widely used
solutions in the global market due to its versatility, lightness, and effi-
ciency in terms of cost and logistics [1]. With applications ranging from
the food sector to hygiene, cleaning, pharmaceutical, and cosmetic
products, this type of packaging stands out for its ability to protect the
product, extend its shelf life, and reduce losses throughout the supply
chain, in addition to meeting consumers' needs for convenience and
practicality.

Among the materials most used in the food packaging segment, BOPP
(biaxially oriented polypropylene) stands out, combining properties
such as excellent transparency, gloss, rigidity, mechanical strength, and
machinability, as well as providing a good moisture barrier. These
characteristics ensure adequate protection and visual appeal, being
fundamental for the preservation and enhancement of products at the
point of sale. Although they exhibit excellent properties, BOPP films
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have a low oxygen barrier, an important requirement for the preserva-
tion, especially of foods that are sensitive to oxidation, and to prevent
the growth of aerobic microorganisms [2,3]. This limitation is generally
overcome by incorporating inorganic materials, such as aluminum,
through a vacuum deposition process of a thin layer of evaporated
aluminum onto a polymeric substrate, known as metallization [4].
Metallization is a robust strategy to enhance barrier properties,
providing a significant increase in protection against the permeation of
gases (such as oxygen), water vapor, and UV light.

The flexible plastic packaging market is highly impacted by the
growing movement towards more sustainable solutions, driven by both
regulations and pressure from consumers and major brands to reduce
environmental impacts. Although metallization is a widely used tech-
nology, it has increasingly been the focus of studies aimed at its
replacement, since the recycling of multilayer films composed of dis-
similar materials, such as polymers and aluminum, is technically and
economically challenging. This is mainly due to the differences in
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physicochemical properties and the thermal immiscibility of these ma-
terials, which hinder conventional recycling processes [2,3]. Recycled
materials obtained from metallized films have a darker color, and the
presence of aluminum generates critical points in the process, due to the
greater need for cleaning the filters to remove residues, which com-
promises productivity and increases maintenance costs.

In this context, research and development of new materials and
processes are gaining prominence, aiming to align industrial competi-
tiveness, resource efficiency, and greater circularity in the life cycle of
flexible packaging in the world. Emerging coating systems, ranging from
water-based polymers and bio-derived formulations to organic-
inorganic hybrid networks and nanostructured layers, offer promising
avenues. These advancements aim not only to expand the functional
capabilities of BOPP films but also align with global sustainability goals,
enabling monomaterial structures, improving recyclability, and
reducing dependence on energy-intensive or solvent-intensive
processes.

Varnishes with barrier properties have been the subject of increasing
development, to enhance the use of monomaterial films or films
compatible with the recycling chain, incorporating barrier functionality
through the application of these coatings. Carboxymethylcellulose
(CMC) and cellulose are being studied as alternative coatings seeking
mechanical properties, oxygen and oil barrier properties, and antimi-
crobial properties [5]. Polysaccharides, such as pectin, lipids, and pro-
teins are also renewable sources whose potential for coatings is currently
being studied [6,7]. The incorporation of inorganic nanoparticles, such
as zing, silver, and silicon oxides, and nanocomposites, such as PLA +
CNC, chitosan + nanoclay, and chitosan + CNF [8,9] also comprise the
alternative coatings for polymeric materials.

Among the synthetic materials with potential for application as
coatings, poly(vinyl alcohol) (PVOH) stands out. PVOH is widely
recognized for its low oxygen permeability, good thermal resistance,
excellent adhesive properties, and resistance to organic solvents, char-
acteristics that make it particularly attractive for use in barrier coatings.
In addition, PVOH is recyclable and compatible for food contact,
expanding its application potential. However, its high sensitivity to
water represents a significant limitation when used alone as a packaging
material, restricting its use under certain conditions [10,11].

The literature predominantly reports empirical findings on success-
ful approaches, ranging from plasma treatments to multilayer nano-
coatings, thereby enabling the identification of key research gaps and
persistent unmet needs in the field, such as hydrophobic recovery, aging
effects, and the potential for surface damage or haze formation.
Furthermore, although plasma-based methods consistently improve
adhesion and mechanical properties, recent reviews indicate that their
capacity to enhance gas and moisture barrier performance remains
limited [12,13]. Considering these aspects, this review aims to provide a
comprehensive overview of barrier coating technologies for BOPP films,
covering coating types, application methods, surface-preparation re-
quirements, and recent advances and studies toward more sustainable
and recyclable solutions. Regulatory considerations and future chal-
lenges associated with the development and implementation of these
coatings are also examined.

2. Polypropylene films

Polypropylene (PP) is one of the most widely used materials globally
for packaging, especially in the food sector [14-16], owing to its low
cost and excellent processability across various molding techniques
[17]. In comparison to other petroleum-based plastics, PP offers superior
mechanical strength, thermal stability, and enhanced processability [18,
19]. PP is a low-density polymer (0.90 g/cm®) with a high melting point
and rigidity. It exhibits excellent chemical resistance to acids, alcohols,
and bases, along with flame retardancy, optical transparency, dimen-
sional stability, and high recyclability potential [17,19,20]. Chemically,
PP is a polyolefin composed of repeated propylene units (C,Hap), with a
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semicrystalline, linear structure and minimal unsaturation [4].

Discovered in 1954 by Giulio Natta, PP is produced via addition
polymerization of propylene monomers. Its properties can vary
depending on processing conditions, molecular weight, and molecular
weight distribution [16,17]. Commercially viable PP for packaging is
produced using a specific catalyst, most notably the Ziegler-Natta
catalyst, which controls the stereoregularity of the polymer chains by
aligning the monomers to form isotactic structures (regular arrangement
of methyl groups either above or below the chain plane) [4].

Depending on its composition, PP can be classified as a homopoly-
mer, comprising only propylene monomers, or as a copolymer, formed
from polymerizing propylene and ethylene simultaneously. Copoly-
merization disrupts the regularity of the polypropylene chain, reducing
crystallinity uniformity. Compared to homopolymers, copolymers
generally exhibit improved impact resistance, lower melting points, and
increased flexibility. Conversely, homopolymers are used in industry
due to their high stiffness at room temperature, higher melting points,
lower transparency, and reduced impact resistance [17].

A key application of commercial PP, with a global market exceeding
80 million tons, is the production of rigid packaging such as bottles, lids,
trays, and flexible films, including mono- or biaxially oriented films,
woven fabrics, and filaments [4]. These are manufactured through
processes such as injection molding, extrusion, blow molding, and
thermoforming. Of the total production, over 30% is allocated to film
manufacturing, driven primarily by the packaging industry [21].

The production of PP films, like most polymers, involves multiple
stages starting with polymerization. After obtaining the polymer, it
undergoes extrusion, where the material is melted and forced through a
flat die to form a continuous sheet, which is rapidly cooled. This process,
known as casting, yields films with superior thickness uniformity and
transparency [22,23]. Alternatively, in the blown film process, the
polymer is extruded through a circular die and expanded with air,
forming a bubble that is cooled and collapsed into tubular film. This
method provides enhanced mechanical strength, but less uniform
thickness compared to casting [24,25].

During film fabrication, polymer chains are initially arranged in a
relatively random orientation. When stretched through a process known
as orientation, the chains align along the stretching direction, signifi-
cantly modifying the film's physical properties. Such properties include
increased tensile strength, reduced tear (at machine direction — MD),
improved puncture resistance, enhanced gloss, transparency, water and
oxygen barrier performance, and increased stiffness [24-26].

Biorientation further enhances film properties by stretching the
material in two perpendicular directions: the machine direction (MD)
and the transverse direction (TD) [27]. For PP, the resulting film is
termed BOPP (biaxially oriented polypropylene), widely used in flexible
food packaging, labels, and protective films. Biorientation is achieved
mainly via two methods: the tenter frame, where the film is stretched
longitudinally and transversely using pinched clamps during heating,
and the double bubble tubular film (DBTF) process, where extruded
tubular film is inflated, heated, and continuously stretched in both di-
rections. The choice depends on the desired properties, production ef-
ficiency, and application, with DBTF being more cost-effective [26].
Typical stretching ratios for BOPP production are approximately 5 in
MD and 9 in TD; ratios below these, result in non-uniform thickness,
while higher ratios increase the risk of film breakage and reduce pro-
ductivity [20,25]. Fig. 1 illustrates the process flow of BOPP film
manufacturing. Finally, after biorientation, the film undergoes thermal
stabilization in heating tunnels and is then cooled, and the surface is
treated to improve adhesion of inks, adhesives, or coatings. The film is
then wound into rolls, which vary in size depending on market
requirements.

Coextrusion is also an important application for BOPP films, being a
widely used technological solution in flexible packaging. Coextrusion is
the simultaneous processing of different polymers to produce a multi-
layer material that combines their distinct properties with adequate
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Fig. 1. Schematic diagram of BOPP film production (Font: author).

interlayer adhesion [28]. This process reduces the need for film lami-
nation, contributing to greater process efficiency and potential cost
reduction [29]; however, it can present environmental problems due to
the difficulty of dissociating the constituent polymers at the end of their
useful life for recycling [28]. From a processing point of view, the pro-
duction of coextruded BOPP films involves controlling the material
distribution at the die exit, thickness uniformity, and temperature of
each layer [28].

Regarding barrier properties, BOPP films exhibit high resistance to
water vapor transmission rate (WVTR) but limited barrier performance
against oxygen (OTR). This behavior is primarily due to the nonpolar
nature of the polymer chains, which directly influences their interaction
with permeant molecules [26,30]. Achieving the desired barrier per-
formance in BOPP films is possible through surface treatments such as
coating, metallization, incorporation of nanocomposites, or multilayer
lamination structures [31]. Overall, the barrier effectiveness depends
not only on the polymer's intrinsic structure but also on factors such as
film thickness, surface conditions, ambient humidity, and the method of
coating application [32].

BOPP films are widely used in the packaging industry, especially for
food applications. To meet specific barrier requirements, various con-
figurations are employed, including metallization, lamination, and
surface coatings to facilitate sealing. Common applications include
packaging of snacks, powders, confections, fruits, and vegetables,
helping to preserve freshness and extend shelf life. Transparent films are
often preferred for their clarity, moisture resistance, and printability,
adding value at points of sale. Metallized films provide superior barriers
against light, oxygen, and moisture, making them suitable for premium
packaging of snacks, confections, and powdered products. Film thick-
ness options range from 15 to 30 pm for labels and overwraps, to
30-40 pm for pouches and bulk food packaging, ensuring mechanical
strength and stability.

The oxygen barrier performance is one of the key parameters for
packaging applications based on BOPP films, being strongly influenced
by the presence and type of surface coating. Uncoated BOPP films
exhibit relatively high oxygen permeability (OTR), typically in the range
of 2000-2500 cm® m~2-24 h’l, which limits their use in oxidation-
sensitive products, such as lipid-rich foods. In this context, different
coating strategies have been explored to reduce gas permeation,
including the application of inorganic, hybrid, and multilayer structures.
Among the most widely used approaches are aluminum metallization,
metal oxide coatings such as AlOy, and material modification through
the incorporation of nanophases, such as nanocellulose. These solutions
enable significant reductions in the oxygen transmission rate, reaching

typical values of 20-50 c¢m® m™224 h™! for metallized films,
50-100 cm® m2-24 h™! for AlO,-coated films, and 10-30 cm® m™~2-24
h~! for systems containing nanocellulose [33], highlighting the funda-
mental role of surface engineering strategies in enhancing the barrier
performance of BOPP films.

3. Barrier coatings
3.1. Surface treatments of polypropylene films

Polypropylene (PP) has a chemically inert, non-porous surface with
low surface energy, which hinders adhesion of coatings. Various surface
treatments (Fig. 2) are employed to introduce polar groups and increase
the hydrophilicity of PP, thereby enhancing its adhesion to coatings or
improving its surface properties [34]. Table 1 shows the surface treat-
ments of polypropylene and BOPP films and their influence on physi-
cochemical and functional properties.

3.1.1. Plasma treatment

Surface treatment via plasma involves ionizing gas (such as air, ni-
trogen, argon, oxygen, nitrous oxide, helium, water vapor, carbon di-
oxide, methane, or ammonia), generating a mixture of ions, electrons,
and neutral particles. Exposure of the material to this ionized gas in-
duces physical and chemical surface reactions, altering surface proper-
ties. Plasma treatment renders BOPP surfaces polar by incorporating
ionized oxygen molecules that bond to surface molecules, enhancing
adhesion. Electron bombardment can occur at velocities up to 100 times
higher than corona treatment, leading to greater surface erosion and
forming stronger chemical bonds [34,52]. Several factors influence the
type and concentration of reactive species generated, including plasma
source, voltage, pressure, electrode configuration and distance, treat-
ment duration, and reactive gas type [53]. The nature of chemical re-
actions between plasma reactive species and BOPP depends on the gas
used, as each gas produces a distinct plasma with different surface ef-
fects [34].

Plasma can be generated under different temperature and pressure
conditions, classified as thermal or non-thermal (cold) plasma. Thermal
plasma requires higher pressure and power, maintaining a thermody-
namic equilibrium among species. Non-thermal plasma, however, does
not inherently reach equilibrium and can be generated using various
energy sources capable of ionizing gases and producing reactive species,
including electric and magnetic fields, thermal, electrical, optical,
radioactive, and X-ray sources [53].

Plasma technology is extensively applied to PP and serves as an
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Fig. 2. Properties of polypropylene modified by various surface treatments (Font: author).

effective pre-treatment for producing bi-layer films, facilitating the
adhesion of biodegradable natural coatings onto synthetic polymer
layers, often resulting in films with reduced thickness [37]. It also en-
hances hydrophilicity through exposed hydroxyl groups, improving
wettability and decreasing contact angles, thus promoting better adhe-
sion of coatings such as SiO3 and TiO2 nanocoatings (Sun et al., 2025) or
chitosan-resveratrol nanocoatings [36]. Additional effects include
increased surface roughness, improved bonding capacity, greater elon-
gation at break, higher tensile strength, reduced water vapor perme-
ability, increased moisture transmittance, and decreased stiffness and
glass transition temperature (Tg) [35-37,39].

Plasma treatment offers several advantages, such as ease of genera-
tion and control, operation at atmospheric pressure, low cost, suitability
for inline processing, and environmental friendliness [37]. However,
limitations exist, including the dependence on polymer type, which in-
fluences treatment efficacy, and the limited penetration depth of plasma
into the polymer matrix, requiring evaluation of whether the desired
modifications reach deeper layers and the reverse side of the film [39].
Techniques such as diffuse coplanar surface barrier discharge can
improve surface modification on both exposed and unexposed sides,
evidenced by the presence of hydroxyl (OH) groups and decreased
contact angles [38].

3.1.2. Corona treatment

Corona discharge is a specific form of plasma generation, charac-
terized by occurring under atmospheric pressure, usually in air. This
treatment involves applying continuous high-voltage, high-frequency

electric discharge to the surface of polymer materials such as PP, PET
(polyethylene terephthalate), and PA (polyamide) [54], thereby
increasing surface energy. The high-voltage process induces molecular
chain scission and generates free radicals on the film surface, which can
react with atmospheric oxygen to form polar oxygen- or
nitrogen-containing groups, enhancing surface wettability. Simulta-
neously, gas molecules dissociate into charged species under the high
voltage, bombard the surface, and increase surface roughness, preparing
the film for better adhesion of coatings or other materials [43].

Corona treatment offers advantages such as simple operation, easy
control, high speed, and short processing time [43]. In BOPP, this
treatment has demonstrated multiple benefits, including improved
adhesion, increased wettability, surface roughness, and hydrophilicity
through the introduction of polar groups such as carbonyls, carboxyls,
and nitrogenous groups [41-45]. Enhanced adhesion facilitates the
production of printed and coated films. For example, grafting poly-
acrylic acid (PAA) onto the BOPP surface with hydroxyl groups modified
by corona treatment improved the attachment of SiO3 and TiO5 nano-
coatings and enhanced water-based ink adhesion and printability pre-
cision [55]. Additionally, corona-treated PP increased interface
hydrophilicity with polyurethane (PU), promoting chemical in-
teractions, increasing urea bond formation, and improving PU adhesive
adhesion [41]. Corona treatment is a simpler and less controlled form of
atmospheric plasma, while plasma, in a broader sense, offers greater
precision, versatility, and control over surface modification.



P.F.J. Bocoli et al.

Table 1

Surface treatments of polypropylene and BOPP films and their influence on

physicochemical and functional properties.

Application Conditions Results Reference
Plasma
BOPP film Forward power: Introduction of hydroxyl — [35]
15W groups
Increased surface
roughness and polarity
Increase in moisture
transmittance of treated
BOPP film
PP foil Forward power: Improvement of the [36]
200W interaction between PP
Oxygen pressure: and chitosan
50 Pa Improved hydrophilicity
Exposed to late and homogeneity
oxygen afterglow: Introduction of hydroxyl
60 s. groups
Decreased oxygen
permeability
Improved antimicrobial
and antioxidant
properties
PP film Working gas: air Introduction of hydroxyl  [37]
Voltage: 14 kV groups
Frequency: 20 kHz ~ Improved wettability
Speed of 3.6 m/ Increased surface
min roughness and bonding
capacity
Increased in elongation
at break and tensile
strength
Decrease in water vapor
permeability
PP film Forward power: Contact angle reduction [38]
350W - 375 W
Plasma treatment
time: 2-10s
PP film Forward power: Decrease in the stiffness [39]1
350W Decrease in Glass
Plasma treatment Transition Temperature
time: 5s (Tg)
PP non-woven Plasma Increase in [40]
material fluorination: hydrophobicity
Plasma treatment Increase in the
time: 0 — 25 min roughness
Pressure 50 - Antimicrobial Properties
150 Pa (Staphylococcus aureus
Gas flow rate: 5 - and Escherichia coli)
15 cm® 57!
Discharge current:
20 mA
Thermo-oxidative acidic
PP film t: 2.5-25 min Improvement in [1]
T:90 +£1°C wettability and surface
Concentration energy
solution (mol/ Physical changes: micro
dm®): craters and surface
CrOs3: 0.36; HoSO4: roughness increasing
7.2; H3POy4: 6.6 surface tension and
adhesion
Corona
PP film Voltage:10 kV Increased interfacial [41]
Frequency: urea groups and
4.5 MHz hydrophilicity
Distance: 1.5 cm Improved adhesion
between PP/PU (25-
53% moisture content)
BOPP microporous Power: 300 W - Generation carbonyland ~ [42]
membrane 500 W carboxyl functional

Times:10 s — 300 s

groups
Conversion of the
Hydrophobic BOPP
Membrane to Super
Hydrophilic
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Table 1 (continued)

Application Conditions Results Reference
BOPP film Corona Treatment Formation of free [43]
Power: 2 -3 kW radicals on surfaces
Corona Cycles: 3-7  Addition of polar groups
Corona processing such as oxygen and
speed: 15 m/min nitrogen
Increased surface
roughness
Increased hydrophilicity
BOPP film Speed: 1.44 m/ Increased roughness and [44,45]
min hydrophilicity
Air-gap between Increased wettability
the electrode and even after aging (90
film: 3 mm days)
Corona energies: Improved adhesion
15.3, 38.2 and
76.4 kJ/m?
With and without
the vapor of AAc
monomer
Film aging: 1, 7
and 90 days
PP film Atmospheric Reduced the [46]
PET film pressure incorporation of
PP/PET Maximum output a-tocopherol
multilayer film power: 8 kW Impaired the control of
Operating power: a-tocopherol release
3kwW
Surface tension:
55 dyn/cm.
Oxidizing flame
PP capsules Compressed air Increase of the surface [47]
(oxidizer); Liquid energy of the solid phase
propane (fuel) Improved deposition of
Substrate-to-flame solutions (pullulan and a
distance: silicon-dioxide
14.0 mm (frontal); precursor) on the
15.0 mm (side) surface of the PP
Flame contact capsules
time: 0.05 s
Rotation speed of
capsule: 470 rpm
Flame power:
6938 kJ h™*
BOPP film Flame power: [48]
170 W/em?
Surface area:
320 W/ecm
Speed: 150 m/min
Supercritical CO2
PP monooriented 8,12 and 16 Mpa; Improved mechanical [49]
film 60°C; 6 h properties:
Increased elongation
(40%) and tensile
strength (30%)
Improved film
smoothness
High power ultrasound
BOPP coated with Time: 2, 4 and Increased thermal [50]
acrylic/ 6 min stability
polyvinylidene Amplitude: 50-
chloride 100%
Power: 600 W
Frequence:
20 kHz,
12-260 pm
Diameter probe:
12.7 mm
BOPP coated with Time: 2, 4 and Reduction in the contact [51]

acrylic/
polyvinylidene
chloride

6 min
Amplitude: 50-
100%
Temperature:
Power: 600 W
Frequence:

20 kHz,
12-260 pm

angle
Increased hydrophilicity
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PP: Polypropylene; BOPP: Biaxially oriented polypropylene; PU: Polyurethane;
PET: Polyethylene terephthalate; AAc: Acrylic acid.

3.1.3. Flame treatment

Flame treatment is an important technique to enhance the surface
energy of polymers such as BOPP. It involves combusting fuel, such as
methane, propane, or butane, with an oxidizer, typically air, resulting in
an exothermic reaction that dissociates free oxygen atoms which
bombard the material's surface [34,56]. The polymer surface is activated
through degradation of free radicals at the tertiary carbon of the PP
chain. This oxidative process occurs in several stages, starting with C-H
bond cleavage at high combustion temperatures (~1700-1900 °C) and
subsequent insertion of oxygen-containing groups, increasing hydro-
philic regions that facilitate coating adhesion [57,58]. The oxidation of
methyl groups (-CHs) into -CH,OH groups after flame treatment
significantly impacts properties such as wettability and adhesion,
making this process highly relevant [48,57].

Achieving optimal adhesion involves maximizing the generation of
specific chemical groups on the polymer surface. Flame treatment can
oxidize the surface in a controlled manner, forming an ultra-thin layer
roughly 5-10 nm thick [59] An important parameter is the treatment
zone depth, which correlates with the exposure duration [58];
increasing the number of passes with the flame elevates
oxygen-containing groups and penetrates deeper into the surface.

Advantages of flame treatment include its versatility across different
materials such as bottles and films, high treatment intensity, no effect on
the opposite side of the substrate, low long-term degradation, surface
decontamination, absence of microvoid formation, and cost-
effectiveness [34,58]. Treated BOPP becomes more oxidized after
water washing, more hydrophilic, and more stable compared to
corona-treated films, with no formation of low molecular weight
oxidized species [56].

However, high temperatures during flame treatment can damage the
surface due to heat accumulation, potentially reduce transparency,
impose productivity limitations, and require constant process moni-
toring [34]. The distance between the flame and BOPP surface in-
fluences the oxygen level: greater distances correlate with lower oxygen
content on the surface. Other factors affecting the process include flame
intensity (gentle or strong), air-to-gas ratio, total flow rate, and contact
time with the flame [60].

3.1.4. Other treatments

In addition to the treatments, other surface modification methods
already used in food processing can be applied to polymers such as PP
and BOPP include thermo-oxidative acid treatment, supercritical CO,,
and high-power ultrasound. Fig. 3 presents the surface of BOPP before
and after the application of various surface treatments.

Thermo-oxidative acid treatment involves converting hydrogen
atoms on the surface of the film into polar groups using a mixture of
chromic, sulfuric, and phosphoric acids at elevated temperatures for
short durations. This process grafts polar groups such as hydroxyl,

4 .
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carboxyl, and carbonyl onto the surface by cleaving covalent bonds in
the carbon chain [1,61]. It enhances wettability and adhesion, induces
physical changes like microcraters and increased surface roughness, and
increases surface area and surface tension [61]. The effectiveness de-
pends on factors such as acid type, oxidant concentration, treatment
time, temperature, and polymer nature [1,61].

Supercritical CO; is a fluid characterized by temperature and pres-
sure above its critical point (31.1 °C and 7.38 MPa), where phases
become indistinguishable. Widely studied as a solvent alternative and
for environmental remediation [49,62], supercritical COy has been
employed to expand PP and produce foams [63,64]. In mono-oriented
PP films, supercritical CO; treatment (e.g., 60 °C for 6 h at 8-16 MPa)
improved mechanical properties, with over 40% increase in elongation
at break and 30% in tensile strength, without altering appearance, op-
tical properties, or density. These effects are attributed to y-phase for-
mation, increased free volume, and chain relaxation within the polymer
[49].

High-power ultrasound can induce mechanical and chemical effects
such as cavitation, modifying density, mechanical properties, and
permeability [65-68]. Ultrasonication for 6 min at 100% amplitude
reduced oxygen permeability and contact angles in coextruded BOPP
(90.8° to 80.6°) and acrylic/polivinylidene chloride-coated BOPP (86.7°
to 74.9°) [69]. In recent studies, ultrasound treatments improved ther-
mal stability and surface crystallinity, with optimal results observed at
2-6 min and 50-100% amplitude, attributed to formation of crystalline
agglomerates on the surface [50].

Ultraviolet (UV) radiation treatments on polymer surfaces have been
increasingly studied in recent years. In PP, Du et al. (2025) investigated
the synergistic effects of oxygen radicals (O) and ozone species (Os3)
using vacuum ultraviolet photodissociation reactive species supply
(VUV PRS) on BOPP surfaces. This method enables the selective and
quantitative delivery of specific reactive species such as OH, H, H,05, O,
O3, and O, through UV photodissociation at 172 nm of H0, CO3, or Og
molecules in a gas mixture. The incorporation of these reactive species
reduced the contact angle on PP surfaces, thus increasing the film's
hydrophilicity [70].

Although no significant changes in surface roughness were observed
on injection-molded PP parts, Wanke et al. (2012) reported a substantial
decrease in contact angle over the treatment period, dropping from 98°
to 58° after 20 min. The enhanced wettability was attributed to possible
superficial chemical modifications induced by UV exposure. The aging
of PP samples treated with UV and plasma was monitored over 0, 3, 7,
14, 21, and 28 days. After seven days, the contact angle of UV-treated
samples increased by approximately 4°, whereas plasma-treated sam-
ples exhibited a larger increase of around 30° [71].

Exposing PP films to UV light combined with ozone increased surface
energy, improving wettability and adhesion performance. This
enhancement was linked to the formation of low molecular weight
oxidized materials leading to surface densification [72]. Another study
using ozone in conjunction with UV demonstrated improved coating
coverage and adhesion of cellulose nanocrystal (CNC) layers on PP films,

Treated BOPP

Fig. 3. BOPP surface before and after the application of different surface treatments (Font: author).
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resulting from surface oxidation of polymer chains and the introduction
of polar groups. Surface roughness of the PP film increased following
ozone-UV treatment, and the contact angle decreased significantly, from
95.8° to 78.5°, and further down to 13° with CNC addition, indicating
increased surface hydrophilicity [73].

Ozone treatment promotes surface oxidation of PP films and fibers,
generating hydroxyl, carbonyl, and carboxyl groups, which can form
covalent bonds with coatings such as hydroxylated ZnO nanoparticles.
This process increased the adhesion strength of ZnO nanoparticles by
approximately 1.9 times compared to untreated PP, demonstrating
enhanced nanoparticle fixation [74].

Modifying the surfaces of PP is fundamental to enabling efficient
functionalization, especially when subsequent layers are to be incor-
porated. These treatments favor the interaction between the polymeric
substrate and the applied materials by increasing surface energy,
incorporating polar groups, and improving wettability and roughness.
As a result, the success of applying functional coatings depends on these
prior surface modifications. In this scenario, it is essential to consider the
various techniques for depositing barrier coatings on PP films, as these
methods must be compatible with the modified surface to ensure uni-
form coverage, robust adhesion, and improved performance.

Table 2 shows that selecting a surface modification technique re-
quires evaluating efficiency, cost, and process control. Plasma and flame
oxidizing techniques offer functionalization and adjustability, while
corona and conventional flame techniques provide simplicity and scal-
ability. UV, ozone, and ultrasound methods allow controlled but less
intense modifications. Treatment stability is essential for long-term
performance. Ultimately, the most suitable technique is determined by
the required surface properties and compatibility with industrial poly-
mer film processing.

3.2. Techniques for applying barrier coatings to polypropylene films

Barrier coatings are functional thin film layers that can be applied to
polymeric substrates to improve their end-use properties. Coating
technology has been proposed as a promising strategy to broaden the
application range of mono-material films and, in turn, reduce the need
for multilayer packaging [81]. Coating applications can be done using
different techniques and under different conditions, always seeking
process optimization and improved properties, mainly barrier proper-
ties, in the polymer. According to the characteristics of the methods,
they can be classified/divided into physical vapor deposition (PVD)
methods, chemical vapor deposition (CVD) methods, plasma-enhanced
techniques, and multilayer coating methods (layer by layer — LBL)
[82]. Table 3 shows the different coating techniques applied to BOPP
films and their characteristics.

3.2.1. Physical Vapor Deposition methods (PVD)

In vacuum deposition processes, generally only one inorganic ma-
terial is deposited, as the coating material is heated and subsequently
condensed onto the substrate surface. An important characteristic of this
technique is related to obtaining thin layers on the material. The
reduced pressure lowers the energy required to melt the material and
significantly minimizes the incorporation of gaseous atoms into the
coating, are important advantages. Compared with other techniques,
vacuum deposition enables high deposition rates and the production of
extremely pure coatings [82,87,88].

Sputtering deposition is a PVD technique in which atoms are ejected
from a solid target material by momentum transfer from energetic ions
generated in plasma. This non-thermal vaporization process occurs
when accelerated gas ions, typically argon, collide with the target sur-
face, producing a cascade of atomic collisions that result in the ejection
of surface atoms. The sputtered atoms then condense onto a substrate,
forming a thin, uniform coating. Because the energy of the bombarding
particles is primarily converted into heat near the surface, temperature
control is critical to prevent target damage or substrate overheating.
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Sputtering offers several advantages over thermal evaporation,
including better film adhesion, precise thickness control, and the ability
to deposit alloys and compounds with uniform composition [82,87].
This technique, particularly aluminum metallization, is widely used in
the packaging industry to enhance the barrier properties of BOPP films.
However, its performance is strongly influenced by the presence of
microstructural defects such as pinholes and microcracks, which act as
preferential pathways for gas permeation [89]. As a result, alternative
techniques such as atomic layer deposition (ALD) and plasma-enhanced
chemical vapor deposition (PECVD) have gained increasing attention
due to their ability to produce highly uniform and pinhole-free coatings
with precise thickness control [90].

3.2.2. Chemical Vapor Deposition (CVD)

Chemical vapor deposition is a thin-film deposition technique in
which one or more volatile precursors are introduced into a reaction
chamber, where they chemically react or decompose on a heated sub-
strate surface to form a solid material. The process takes place in the gas
phase and results in the deposition of a dense, uniform, and adherent
coating composed of metals, oxides, nitrides, carbides, or other com-
pounds. CVD can be carried out under various conditions: atmospheric,
low, or plasma-enhanced pressures, allowing precise control over film
composition, morphology, and thickness. Unlike vacuum deposition,
CVD does not require high-vacuum systems, although it may generate
volatile and potentially toxic by-products that require appropriate
handling. The high kinetic energy of the reacting species can increase
substrate temperature, and interactions with precursor atoms may cause
scattering of evaporated species. Because of this, care must be taken to
control the interfacial reactions between coating and substrate and be-
tween substrate and gaseous reaction products. These effects can result
in surface roughening, atomic or molecular penetration into the sub-
strate, pinhole formation, and unwanted chemical reactions with re-
sidual gases. Nevertheless, CVD can achieve relatively thick coatings, up
to the centimeter scale, and because deposition is not limited to line-of-
sight regions, it allows for uniform coating of complex three-
dimensional structures, including voids and peaks [82,83,88].

3.2.2.1. Plasma-Enhanced Chemical Vapor Deposition (PECVD). Plasma-
enhanced chemical vapor deposition is a variation of the conventional
CVD process, in which plasma is used to activate the chemical deposition
reactions. In this method, gaseous precursors are introduced into a
chamber where plasma is generated, usually by radio frequency (RF)
discharge or microwaves, promoting the ionization and dissociation of
the reactant molecules. The main advantage of PECVD is that it allows
deposition to occur at significantly lower temperatures than in thermal
CVD, since the energy needed to break the chemical bonds is supplied by
the plasma and not just by heating the substrate. This makes the process
especially useful for coatings on polymers, heat-sensitive materials, and
flexible substrates. Films obtained by PECVD can be oxides, nitrides,
carbides, polymers, or hybrid structures, exhibiting good uniformity,
adhesion, and thickness control. However, the process requires strict
control of plasma parameters (power, pressure, gas flow, and tempera-
ture) to avoid damage to the substrate and ensure coating reproduc-
ibility [91].

3.2.3. Atomic Layer Deposition (ALD)

Atomic layer deposition (ALD) is a thin-film growth technique in
which the substrate is exposed to sequential pulses of gaseous precursors
that undergo self-limiting reactions directly at the material surface,
enabling precise control of film thickness and composition. The process
can be conducted at relatively low temperatures (e.g., around 80 °C),
making it particularly suitable for heat-sensitive substrates such as BOPP
films, without reaching their melting point. Moreover, ALD does not
compromise the intrinsic mechanical properties of the substrate, such as
tensile strength and elongation, and may even lead to slight



Table 2
Comparison of different surface modification methods applied to polymers.

Treatment Process principle Typical conditions Surface effects Advantages Limitations Inline Relative Process Industrial References

integration cost control scalability

Plasma (low and Electrical discharges Low or atmospheric Introduction of polar groups High control, versatile, High cost (low- Moderateto ~ Medium Excellent High (especially [53,61,71,

atmospheric generate reactive pressure; gases such as  (-OH, -COOH), increased uniform treatment pressure systems), high to high atmospheric 75-78]
pressure) species (ions, radicals, Oy, Ar; controlled surface energy and roughness surface aging plasma)
UV radiation) power

Corona Dielectric barrier Atmospheric pressure; Surface oxidation, increased Low cost, easy inline Limited treatment Excellent Low Moderate Very high [54,56,61,
discharge in ionized air ~ high voltage; air as wettability integration depth, lower (widely used 79]

medium uniformity industrially)

Flame Controlled combustion Combustible gases Strong oxidation, increased Fast, efficient, low cost Limited control, High Low Low to High [56,57,60,
generates reactive (propane, butane); polarity and slight roughness thermal damage moderate 80]
species and heat open atmosphere risk

Ozone Oxidation by O3 and Atmospheric or Introduction of oxygen- Clean, non-contact Low penetration Moderate Low to Moderate Moderate [61,70]
derived reactive controlled containing groups, increased process depth, possible medium
species environment; ozone surface energy material

presence degradation

uv UV radiation generates UV exposure in Surface chemical Dry and controllable Limited Moderate Low High Moderate [61,71,72]
free radicals and presence of O, modification, slight process modification depth
promotes photo- morphological changes
oxidation

UV/Ozone Combined UV Simultaneous UV and Significant increase in More effective than Possible over- Moderate Low to High Moderate [70,72]
radiation and ozone O3 exposure functionalization and individual methods degradation medium
produce synergistic adhesion
oxidation

Supercritical CO, ~ Supercritical CO, acts High pressure and Physical and structural Deep penetration, Expensive Low High High Low to moderate  [49]

(scCO,-based as a diffusion medium temperature changes, enhanced diffusion environmentally friendly equipment, severe
process) enabling modification (supercritical state) and polymer chain conditions
rearrangement

High power Ultrasonic waves Liquid medium; Cleaning, increased Simple, can be combined  Limited direct Moderate Low Low Moderate [50,61,69]

ultrasound induce cavitation and ultrasonic frequency roughness, indirect activation ~ with other methods chemical
mechanical effects modification

Oxidizing flame Controlled combustion Fuel/air mixtures with ~ Enhanced oxidation, Better control than still involves High Low to Moderate High [47,48]
with excess oxygen oxygen-rich increased polarity and conventional flame, thermal exposure, medium

promoting oxidative
reactions

conditions;
atmospheric

wettability, controlled
surface functionalization

improved wettability
tuning

process sensitivity
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Table 3

Coating techniques applied to BOPP films.

References

Barrier performance

(typical)

Limitations

Advantages

Main

Impact on BOPP

Thickness Uniformity

control

Coating type

Typical

Process type

Technique

applications

temperature

[83,84]

OTR: ~0.1-5 cc/m2~day

WVTR: ~0.1-3 g/
m?.day

Industrially Lower

Metallization,

barrier

Low to moderate

(thermal/

High (line-of-
sight)

High

Metallic/

Low to moderate
(<100-150 °C)

Physical vapor
deposition

PVD

conformality,

established, high
throughput

inorganic (Al,

AlOy)

defect sensitivity
Not suitable for
heat-sensitive

polymers

radiative load)
May cause
thermal

[85]

OTR: ~1-10 cc/m? day

WVTR: ~0.5-5 g/
m?.day

Dense coatings,
good barrier

Barrier (05, H,0)

Moderate High

Inorganic

High

Chemical
vapor

CVD

(Si02, Al,03)

(>150-300 °C)

degradation
Low impact

deposition
Plasma-

[86]

OTR: ~0.1-5 cc/m?-day

WVTR: ~0.1-3 g/
m?.day

Possible pinhole

formation

Compatible with

polymers,

Barrier, adhesion

improvement

High High (may
contain
defects)

Inorganic/

Low to moderate
(50-120 °C)

PECVD

hybrid (SiOx,
AlOy)

enhanced
vapor

industrial

scalability

deposition

[85]

OTR: ~1073-107" cc/
m?.day WVTR:

Low throughput,

high cost

Excellent thickness

Barrier, UV
protection

Very high Excellent Very low

(atomic-
scale)

Inorganic

Low (<100 °C)

Atomic layer
deposition

~102-10"! g/m>day

control, defect-free

films

(conformal
coatings)

(Al,03, TiO2)
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improvements due to the thermal exposure during processing. Owing to
its self-limiting nature, the technique enables the formation of highly
uniform and conformal ultrathin coatings, with the possibility of
designing multilayer structures to further enhance barrier performance
[92,93].

3.2.4. Multilayer coatings

Multilayer coatings constitute a promising approach for designing
high-performance gas and vapor barriers, as they can be engineered to
deliver specific and customizable functionalities. Multilayer films
consist of two or more layers of distinct materials that are laminated
together [94,95]. The primary technology to obtain multilayer coatings
is the layer by layer (LbL) assembly, a manufacturing process in which
oppositely charged molecules are deposited in different layers,
improving the adhesion and cohesion of the structure and building the
desired multi-layer barrier. As an alternative to vacuum-deposited
multilayer structures, the LbL assembly technique has emerged as a
leading non-vacuum approach for the fabrication of transparent,
high-performance gas barrier films. The LbL method is both
cost-effective and versatile, offering significant potential for producing
functional thin-film coatings through electrostatic or non-electrostatic
interactions. Beyond improving gas barrier properties, LbL assembly
can also tailor surface characteristics such as biocompatibility, polarity,
and antibacterial activity by selecting appropriate assembly materials.
Moreover, this technique can be applied to substrates with various ge-
ometries and allows them to control the thickness layers in nanometer
scale [30,81,95-97].

3.2.5. Other coating techniques

Other coating techniques simply consist of applying a coating solu-
tion to the surface of interest, followed by drying, known as wet
methods. Immersion, bar coating, and slit coating are attractive for
generating high-quality coating on polymeric substrates due to time
savings and homogeneous thickness control. The main challenge is
achieving a homogeneous and aligned dispersion of the coatings [97].
Spraying processes are also widely used wet methods for applying
coatings to polymer films. These processes can be classified into two
categories: macroscopic, in which the sprayed particles have a diameter
greater than 10 pm, and microscopic, characterized by the deposition of
simple molecules or atoms with diameters less than 10 pm [88].

The diversity of coating techniques highlights the wide range of
processing routes available for depositing thin functional layers onto PP,
offering distinct advantages in terms of morphological control, adhe-
sion, thickness, and scalability. However, the performance of the
resulting barrier system is determined not only by the deposition
method but also by the intrinsic properties of the materials used to form
the coating. Thus, a comprehensive understanding of the relationship
between processing techniques and material selection is essential for
optimizing barrier performance. In this context, some studies aim to
evaluate the primary functional materials used as barrier coatings for
BOPP films and assess how their physicochemical characteristics
enhance protection against gases and moisture.

3.3. Functional barrier coating materials applied to BOPP films

3.3.1. Metallization

Metallization is a process in which a layer of metal is deposited under
vacuum onto a substrate. In most packaging segments, the primary
metal used is aluminum, however, other metals, such as copper, nickel,
and silver, can also be used [4,98,99]. Metallization can be performed
through a continuous process, by transfer, or by batch, which is the most
applied method. The polymers used as substrates are pre-treated by
flame, corona, or plasma used to promote metallization and secure
aluminum bonding. The process takes place in a horizontal tubular
chamber inside a cooled cylinder, under a controlled atmosphere of 2-4
x 10~* mmHg maintained by a vacuum pump. This setup enables
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aluminum to vaporize at lower temperatures, allowing the vapor to
condense onto the film surface without interference or oxidation from
air exposure.

BOPP is among the most common substrates used in metallization
and the metallized films offer several advantages, providing enhanced
barrier properties and reduced light transmission while maintaining a
low overall thickness. The combination of film orientation and metal-
lization properties makes these materials highly suitable for packaging
applications [100]. Due to their thermal reflectivity, metallized plastics
can protect packaged products from extreme temperature conditions
(both heat and cold) [101], in addition to exhibiting excellent me-
chanical properties. The thickness of the metallized layer can influence
the opacity as well as the water vapor transmission rate (WVTR) and
oxygen transmission rate (OTR) of the substrate [102].

3.3.2. Metallization with oxides

The application of oxide coatings represents an effective approach to
enhancing the barrier properties of polymers such as PET, OPA, PLA,
and BOPP. Silicon dioxide (SiOx) and aluminum oxide (AlOx) are the
most used materials [103-106], however, other oxides, such as copper
oxide (CuO) and chromium oxide III (Cry03), have also been employed
[107]. These oxides can be deposited in different thicknesses using
vacuum-based techniques. Evaporated AlOx films are mechanically
fragile, which makes them prone to cracking, a drawback compared to
SiOx. In contrast, SiOx, being inorganic, is chemically inert to most
substances [4].

Unlike conventional metallized films, oxide-coated substrates
remain transparent while exhibiting excellent barrier performance
against water vapor, gases, and organic vapors [103,106]. The oxygen
transmission rate (OTR) of oxide-coated laminates is typically below
10 mL (STP) m ™2 day_l, and the water vapor transmission rate (WVTR)
is below 2 g m~2 day ™, values comparable to those of high-barrier or
metallized polymers [4]. In BOPP, the application of AlOx reduces both
OTR and WVTR by approximately 80-fold and 1.5-fold, respectively
[106].

The deposition of SiOx coatings is performed in a vacuum chamber,
where solid SiOx is sublimated by an electron beam. The generated
vapor condenses onto the polymer film, which is supported by a cooled
cylinder, forming a thin coating layer (40-980 nm) [4]. In the case of
AlOx, metallization also takes place under vacuum conditions, where
aluminum is melted and vaporized [4,104]. Reactive gases are subse-
quently introduced into the chamber, leading to the condensation of the
oxide layer onto the polymer surface. The coating may be applied as a
single or multilayer structure; in the former case, a protective varnish
layer is typically required.

The barrier properties of oxide-coated films provide resistance to
moisture and temperature and can be influenced by the thickness of the
oxide coating [103]. Therefore, oxide-coated polymers can be used in
sterilizable packaging and food packaging that requires heating.
Furthermore, due to their transparency, these packages can be used for
microwave-prepared foods. Polymers coated with SiOx and AlOx can
also be used for self-supporting packaging (stand-up pouches) due to
their rigidity, in sachets, packaging for vending machines (vertical and
horizontal), in cups, tray lids, laminated tubes, among other applications

[4].

3.3.3. Varnishes

Varnish coatings are widely used as an additional protective layer for
polymers, coatings, and printed surfaces, providing resistance against
salts and/or oxides that can attack hygroscopic products [4]. The most
common types of varnishes include solvent-based, UV-curable, and
water-based systems. Certain types, such as solvent-based and
UV-curable varnishes, contain organic solvents like cyclohexanone,
which release volatile organic compounds (VOCs) during the drying
process and thus contribute to environmental pollution. In contrast,
water-based varnishes use polymers as film-forming materials.
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Moreover, coatings produced with water-based varnishes exhibit high
transparency, good abrasion resistance, and environmental compati-
bility. Consequently, the use of VOC-emitting varnishes has been pro-
gressively reduced, while water-based systems have become
increasingly prevalent in printing applications [108].

In printed materials, the application of varnishes enhances abrasion
resistance, gloss, and resistance to heat and humidity, in addition to
creating special visual effects and imparting a refined finish to the
product. Recent studies have demonstrated advances in the formulation
of high-gloss, water-based varnishes with improved impermeability,
mechanical strength, and resistance to abrasion and moisture. However,
water-based varnishes may still present some drawbacks, such as slower
drying times and lower adhesion to printed surfaces [108].

The evaluation of varnish adhesion to the substrate can be affected
by the presence of waxes and silicones in the formulation, resulting in
reduced adhesion. Furthermore, the anchorage of varnishes, inks, and
adhesives may also be compromised by the presence of oils and fats,
particularly when the packaging material lacks an effective barrier to oil
and grease permeation [4].

3.3.4. Adhesives

Adhesion is the process by which two initially separate bodies
(substrates or adherends) are joined through adhesive forces. Solid
surfaces are typically bonded using an adhesive, often a liquid, that is
applied between the substrates. The adhesion process involves coating
or preparing a solid surface with a liquid, thereby forming a new com-
posite structure from the combination of two substrates, with or without
the use of an adhesive. The resulting structure can exhibit strength
comparable to that of its individual components, as interfacial bonding
develops when the materials solidify [109]. Adhesives are substances
capable of joining two substrates, either of similar or dissimilar chemical
nature, through adhesion and cohesion mechanisms. In plastics, inter-
molecular forces such as van der Waals interactions and hydrogen
bonding are the primary mechanisms responsible for adhesion. In
porous materials such as paper, mechanical interlocking can also play a
major role in the bonding process [4,109].

A wide range of adhesives can be employed in packaging systems,
including reactive adhesives (notably polyurethanes), hot-melt adhe-
sives, water-based adhesives, pressure-sensitive adhesives (PSAs), cold-
seal adhesives, and coextrusion adhesives [4]. Adhesion can also occur
through direct bonding of solids under heat and pressure, as in the heat
sealing of thermoplastic materials. Alternatively, adhesion may be
promoted by dissolving the interface with a solvent, enabling molecular
interdiffusion between the substrates [109]. Adhesives are essential
components in packaging, serving multiple functions, such as:

(i) forming multilayer structures by combining different substrates
(e.g., aluminum foil, metallized polypropylene or polyester films,
polyethylene, polypropylene, ionomers, poly(vinyl chloride),
polyesters, polyamides, paper, and paperboard);

(ii) shaping packaging geometries (e.g., forming and sealing cartons,
corrugated boxes, and paper bags, or sealing lids); and

(iii) applying plastic or paper labels, as well as in the manufacture of
adhesive tapes.

The selection of an appropriate adhesive for a given substrate de-
pends on several factors, including surface tension, solubility parame-
ters, and viscosity [109].

Barrier adhesives applied to BOPP films act as functional layers,
contributing to the reduction of gas and water vapor permeability.
Among the most studied materials, polyvinyl alcohol based systems and
ethylene vinyl alcohol based systems stand out, offering an oxygen
barrier [110]. Polyurethane (PU) adhesives, used in BOPP lamination,
can present a moderate barrier, which can be significantly improved by
incorporating nanometric lamellar fillers [111]. Acrylic adhesives offer
good transparency and ease of processing, with barrier properties
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superior to those of PP [112]. Additionally, organic-inorganic hybrid
systems, such as those obtained by sol-gel routes, have been investigated
as ultrathin barrier adhesives and coatings for BOPP, showing signifi-
cant barrier improvements and potential to replace metallized structures
in applications focused on recyclability [113]. In general, the perfor-
mance of barrier adhesives in BOPP depends on factors such as surface
treatment, chemical compatibility, mechanical stability, and moisture
resistance.

3.3.5. Synthetic polymer-based coatings

As seen previously, BOPP films are widely used in the packaging
industry due to their good mechanical properties, transparency, and low
cost. However, because they have limitations in gas- and water-vapor
barrier properties, this has led to the development and use of func-
tional polymer coatings to address these weaknesses [27,114]. Among
the various synthetic coatings applied to polymers, polyvinyl alcohol
(PVOH) and ethylene vinyl alcohol copolymer (EVOH) are the most
frequently used in BOPP films.

Polyvinyl alcohol (PVOH) is a synthetic polymer derived from vinyl
acetate, available in partially or fully hydrolyzed forms. It is colorless,
odorless, and water-soluble due to its hydroxyl groups, which enable
hydrogen bonding. These features provide biocompatibility and biode-
gradability, making PVOH attractive for sustainable food packaging
[115,116]. PVOH-based films exhibit low gas permeability and excellent
barrier properties, helping extend food shelf life [117]. However, their
oxygen-barrier performance is affected by humidity, which limits their
use [116]. Due to this sensitivity and processing challenges, PVOH is
mainly applied as a coating on films such as BOPP or PET, especially for
dry foods [4]. In addition to improving gas barrier properties, PVOH
enhances physicochemical and functional characteristics. It offers ad-
vantages such as cost-effectiveness, low weight, good mechanical
strength, sealing ability, and environmental sustainability. To further
improve performance, PVOH can be combined with natural polymers
like starch, cellulose, gelatin, and chitosan. Other key properties for
packaging applications include wettability, transparency, solubility,
mechanical strength, and thermal stability [118].

Ethylene vinyl alcohol copolymer (EVOH) is a semi-crystalline ma-
terial recognized for its superior gas barrier properties, particularly
against oxygen, which result from strong intermolecular interactions
facilitated by hydroxyl groups. It also provides effective barriers against
carbon dioxide, aromas, and volatile organic compounds, supporting its
widespread use in food packaging. The barrier and processing properties
of EVOH are determined by its composition, where a higher vinyl
alcohol content improves barrier performance, while a higher ethylene
content improves processability and decreases moisture sensitivity
[119]. However, EVOH is highly sensitive to water, reducing its barrier
efficiency in humid environments. Consequently, it is typically incor-
porated into multilayer structures and protected by hydrophobic poly-
mers [119,120]. For BOPP, EVOH may be applied as a coating layer or
coextruded to substantially enhance oxygen barrier properties, thereby
enabling its use in higher-value-added packaging applications [120,
121].

3.3.6. Nanomaterials applied in coating

The incorporation of nanomaterials into polymer films has emerged
as a promising strategy for the development of high-performance
packaging, driven by the growing demand for materials with superior
barrier properties, greater thermal stability, and advanced functionality.
Nanocomposites exhibit significant improvements in mechanical and
barrier properties, including barrier properties against gases (such as O,
CO,, volatiles, and aroma compounds) and UV radiation, when
compared to unmodified materials. Nanofillers commonly employed in
these systems include nanoclays, carbon nanotubes, cellulose nanofibers
or nanowhiskers, starch nanocrystals, and chitosan nanoparticles [122].

The use of nanomaterials in nanocoatings or nanocomposites has
shown promising results in expanding the applicability of the material in
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high-demand packaging, without compromising its processability and
maintaining potential compatibility with recycling routes. Recent
studies demonstrate significant reductions in permeability and advances
in environmental stability, highlighting the central role of these tech-
nologies in the new generation of functional and sustainable packaging
[122-124].

3.3.7. Sustainable alternative BOPP coating systems

Currently, the plastic packaging sector is one of the most important,
and global plastic production is around 400 million tons [125,126].
Plastic materials are extensively known for their highly mechanical
performance, gas and water barrier properties, transparency, and
cost-effectiveness [126-129]. Nevertheless, most plastic packaging
materials originate from fossil fuel derivatives and are designed for
single-use applications, exemplifying a linear economic model. This
approach results in substantial post-consumer waste generation,
contributing to environmental issues due to their recycling and degra-
dation characteristics [126,127,130-132]. Consequently, the growing
demand for sustainable solutions and a circular economy has driven
increased research into alternative materials [130,131].

The shelf life of several products is limited and influenced by their
intrinsic characteristics, properties, and storage conditions. Environ-
mental factors such as light exposure, oxygen levels, temperature, and
humidity can promote the degradation of the product, decreasing its
durability. However, selecting appropriate packaging materials can
significantly enhance preservation and extend product shelf life
[133-135]. Effective packaging materials are crucial for safeguarding
product quality, preventing deterioration, and maintaining visual ap-
peal throughout the entire supply chain, from distribution and retail
display to ultimate consumption [126,127,136-138]. It fulfills essential
functions, such as safeguarding against contamination, spoilage, and
external environmental factors [139-141]. Several packaging materials
are commercialized. However, recent trends reveal a pronounced shift
toward developing sustainable and multifunctional packaging alterna-
tives, driven by both industry innovation and consumer preference [127,
142-144].

BOPP is among the most extensively utilized flexible packaging
materials [141]. This polymer film exhibits exceptional mechanical
properties, including high tensile strength and dimensional stability due
to its highly oriented molecular structure achieved through biaxial
stretching, excellent charge-discharge efficiency, colorless, non-toxic,
chemical resistance, good barrier, low price, and transparency [141,
145-147]. However, due to its chemical inertness, wrinkling, edge de-
fects, static electricity buildup, difficulties with printing and lamination
processes, and hydrophobicity, achieving high-quality standards be-
comes difficult [141,148,149].

Advancing BOPP properties are vital to ensure sustainability and
meet stringent environmental requirements [150], provided that the
coatings are, in fact, recyclable and recycled. The development of
functional coating materials has become a surface modification strategy
for polymeric films [141,151,152]. This technique minimizes substrate
alteration while allowing the surface functionalization [153]. Organic
and inorganic materials applied in the development of coatings promote
the enhancement of flexibility, processability, thermal resilience,
corrosion resistance, electrical, and optical properties of several mate-
rials, such as polymers [141,154].

Fig. 4 displays BOPP film and packaging, highlighting various
alternative BOPP coating systems along with their major advantages and
disadvantages. Meanwhile, Table 4 presents key information regarding
these alternative BOPP coating systems, summarizing their character-
istics and performance metrics.

4. Regulatory aspects related to coated BOPP films

Plastics and their coatings intended for contact with food are regu-
lated by legal frameworks that adopt positive lists of substances,
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Fig. 4. BOPP film and packaging, alternative BOPP coating systems with major advantages and disadvantages (Font: author).

Table 4
Major information about alternative BOPP coating systems.
Alternative coatings Sources Application Advantages Limitations References
Cellulose and Water-soluble cellulose polysaccharide Oxygen and oil barrier Renewable sources, Low humidity resistance and [139,
Carboxymethyl (carboxyl groups -COOH) derivative properties; antimicrobial biodegradability, film-forming, water-binding characteristics 155-158]
cellulose (CMC)- and mechanical mechanical strength, and high
based properties; and thermal transparency
stability
Biopolymers (PLA, Polylactic acid (PLA): thermoplastic Compostability and Renewable source, Poor water and gas barrier, [159-163]
PHA) matrix material derived from natural increase humidity biocompatibility, low heat resistance,
sources (corn and sugarcane). resistance biodegradability, transparency, brittleness, high costs, and
Polyhydroxyalkanoates (PHAs): moderate hydrophobicity, and downstream processing
polyesters synthesized by a range of adhesion properties
bacteria (Azotobacter sp., Pseudomonas
sp., Bacillus sp., and Methylobacterium
sp.)
Polysaccharides and Animal: chitin/chitosan; Plant: starch,  Shelflife; gas, aromasand  Wide availability, low cost, non-  Hydrophilic nature, low [139,
carbohydrates sodium alginate, furcellaran, lipids barrier; toxic, biocompatibility, antioxidant, antimicrobial, 164-169]
carrageenan, cellulose, pectin and agar; ~ antimicrobial. stabilizing, = biodegradability, and good film-  and light-barrier properties
Microbiological: xanthan gum, pullan, and emulsifying forming properties
guar gum and acacia gum properties
Protein Animal: casein (sodium or calcium Edible films with high Solubility, film formability, Low acceptability, higher [164,165,
caseinate), and whey Plant: zein, soy oxygen and oil barrier, cohesive/adhesive properties, carbon footprints and costs, 168,
bean, starch, gluten, pea, rice, wheat, high mechanical, density, transparency, ability, hydrophilic nature, lack of 170-172]
lentils, quinoa, sunflower, nuts and resistance and softness, flavorlessness, functionalities such as
others transparency, and smooth smoothness, biodegradability, antimicrobial and antioxidant
and stretchable antimicrobial and antioxidant properties, and poor
properties properties mechanical properties
Lipids (fatty acids: FA: caprylic, lauric, palmitic and Barrier, mechanical, Sustainability, Hydrophobicity, low solubility [143,
FA), essential oils stearic; EO: plant-based (fruits, seeds, antibacterial, and Biodegradability, water and stability, poor adhesion on 172-180]
(EO), and wax and leaves) Wax: animal-based: antioxidant properties resistance, thermal stability, the surface substrate, and
emulsions beewax, wool, and shellac; plant-based: low surface energy, and bioavailability
candelilla, soy, rice bran, and carnauba mechanical qualities
Nanotechnology Nanoparticles: Inorganic Shelf life; oxygen barrier; Sustainability, eco-friendly, Nanotechnology in food [8,9,139,
(nanomaterials nanoparticles - ZnO, Ag, SiO,, and TiOo; mechanical and hydrophobicity, transportation, formulation is on a laboratory 157,181]
and Nanocomposites: PLA + cellulose antimicrobial properties; quality, less toxic, cost-efficient, scale, and bioaccumulation
anocomposites) nanocrystals (CNC); chitosan + nano- surface adhesion and and consumer convenience

clay; cellulose nanofiber (CNF) +
chitosan; CNF + PLA

printability

migration limits, and declaration of conformity requirements [182].
Increases in use of bioactive compounds, such as antioxidants and
antimicrobial agents, along with the incorporation of nanomaterials
with enhanced mechanical and barrier properties, offers not only sig-
nificant benefits to food safety but also opportunities for the develop-
ment of materials more aligned with sustainability demands. However,
despite their potential, the implementation of these approaches depends
on critical factors such as regulatory approval, consumer acceptance,
and large-scale industrial viability. Regulatory bodies, such as the Food
and Drug Administration (FDA) in the United States and the European
Food Safety Authority (EFSA) in Europe, play a central role in evaluating
the safety and efficacy of these materials intended for food contact.
Compliance with applicable standards, labeling requirements, and good
manufacturing practices (GMP) remains essential to ensure consumer
confidence and promote the market entry of these materials [183-185].

Nanofillers may migrate from food packaging into food products

12

because their decreased size and increased surface area per unit volume
result in shorter diffusion distances, and higher concentration gradients.
This raises concerns about consumer health and safety [122]. Numerous
studies have indicated the possibility of nanomaterial migration from
the polymer matrix; however, experimental evidence shows that the
amounts migrated are quite small when compared to other types of
migration [185].

Advances in safety assessment of nanocellulose used in food pack-
aging show that nanocelluloses, such as cellulose nanocrystalline (CNC)
and cellulose nanofibrils (CNF), offer excellent mechanical and barrier
properties, as well as being biodegradable, making them promising al-
ternatives to conventional polymers. Although derived from natural
sources, their nano form requires specific toxicological studies. Recent
research indicates low cytotoxicity, absence of genotoxicity, and mini-
mal levels of migration into food. However, factors such as size, shape,
and surface functionalization influence their safety. The article
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highlights the lack of specific regulatory guidelines and emphasizes the
need for standardized methods and further studies to ensure the safe use
of nanocellulose in contact with food [186].

According to Olawore et al. [187], the risk assessment of nano-
materials used as coatings in food packaging heavily depends on regu-
latory frameworks conducted by agencies such as the FDA, which
requires complete characterization of nanomaterials, including compo-
sition, size, state of aggregation, and migration behavior into food. Ac-
cording to the authors, the FDA adopts a case-by-case approach,
evaluating whether the use of nanomaterials significantly alters prop-
erties that could impact human health. This includes toxicological
studies, exposure data, and stability analyses of the coatings during
actual packaging use. The article also highlights that, despite techno-
logical advancements, methodological gaps remain in standardized
measurement of the migration and biological effects of nanomaterials,
making the regulatory process more rigorous and sometimes
time-consuming.

5. Recycling aspects related to coated BOPP films

Environmental considerations associated with the production of
packaging materials have historically received comparatively less
emphasis than the optimization of functional and performance attri-
butes. Nevertheless, increasing regulatory pressure and heightened so-
cietal awareness have drawn attention to the environmental liabilities of
certain conventional materials. Chlorine-based polymers, such as poly-
vinylidene chloride (PVdC) and polyvinyl chloride (PVC), as well as
aluminum-based multilayer structures, have been progressively char-
acterized as environmentally burdensome due to challenges related to
their end-of-life management, recyclability, and emission profiles [182].
This shift in perception has prompted several markets worldwide to
pursue the gradual replacement of these materials in packaging appli-
cations. As a result, significant research and industrial efforts have been
directed toward the development of alternative barrier solutions,
including tailored coating systems designed to meet the stringent re-
quirements of chilled-food applications, while offering improved envi-
ronmental compatibility [117,188,189].

The recycling of BOPP films, especially those incorporating coatings,
barrier layers, or metallization, represents a critical node for the circular
economy of flexible plastics. The main challenges lie in the structural
complexity of these materials: frequently used in multilayer and multi-
material structures, they require expensive and complex separation
processes [27,117]. The presence of barrier coatings, printing inks, and
adhesives acts as a contaminant in mechanical recycling, degrading the
quality of the recycled polymer (PCR), which often acquires a grayish
color, and impairing its mechanical and processing properties.
Furthermore, the lightness of BOPP and the high cost of recycling pro-
cesses compared to the value of the final material hinder the economic
viability of the cycle.

However, the industry is responding with promising solutions:
compatibilization, through the addition of additives during extrusion,
improves the mechanical properties and flowability of multilayer waste,
allowing for its valorization. Other approaches include the development
of deinking and chemical separation technologies to efficiently remove
paints and coatings, as well as the exploration of chemical recycling
(pyrolysis) to convert waste into valuable chemicals. In the future,
“design for recycling” will gain prominence, encouraging the creation of
films with molecular architecture that favors recycling, such as single-
layer BOPP/BOPP structures, significantly simplifying post-consumer
processing [189-191].

6. Challenges and prospects
The development of barrier coatings for BOPP films has progressed

significantly, however, several technical, economic, and regulatory
challenges continue to hinder their widespread industrial adoption. A
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primary limitation arises from the intrinsically low surface energy of
BOPP, which restricts the adhesion of hydrophilic and hybrid coatings.
This issue affects both solution-based approaches, such as sol-gel and
layer-by-layer assembly, and vapor-phase techniques, including CVD,
PECVD, and ALD. Consequently, surface activation treatments, such as
corona or plasma, are often required, increasing process complexity and
cost [81,175,176]. Moreover, maintaining coating adhesion under in-
dustrial conditions, including lamination, printing, and high draw ra-
tios, remains a critical challenge, particularly for ultrathin and
nanostructured coatings.

Barrier stability under real-use conditions also represents a major
concern. Exposure to high humidity, temperature fluctuations, me-
chanical abrasion, and cyclic deformation can significantly degrade
coating integrity and increase gas permeability. In vapor-deposited
coatings, particularly those produced by PVD and PECVD, the pres-
ence of microstructural defects such as pinholes and microcracks can act
as preferential pathways for gas diffusion. Similarly, nanostructured
systems based on layered fillers, such as nanoclays or graphene, may
experience reorientation or structural disruption under mechanical or
environmental stress. As a result, the barrier performance achieved
under laboratory conditions is not always maintained in practical ap-
plications. In addition, maintaining optical properties such as trans-
parency and gloss remains essential for packaging applications,
imposing further constraints on coating design [177,178].

From a sustainability perspective, increasing regulatory pressure
toward recyclable monomaterial packaging, particularly under frame-
works such as the Packaging and Packaging Waste Regulation (PPWR),
requires coating technologies that deliver high barrier performance
without compromising recyclability [81,179]. This necessitates the
development of coatings that are compatible with existing recycling
streams or can be removed during reprocessing. However, many
high-performance systems, including multilayer structures and organ-
ic-inorganic hybrids, still present significant challenges in terms of
recyclability and alignment with circular economy principles. Further-
more, compliance with food contact regulations, including migration
limits and safety assessments, must be considered in the design of
coating systems.

Looking forward, several technological approaches are emerging as
promising alternatives to conventional metallization processes.
Advanced vapor-phase techniques, such as low-temperature CVD,
PECVD, and especially ALD, enable the formation of highly uniform,
conformal, and dense coatings with reduced defect density, even on
flexible substrates [75]. In parallel, bioinspired coatings with lamellar
architectures have demonstrated the potential to create tortuous diffu-
sion pathways, significantly improving gas barrier performance.

Hybrid organic-inorganic coatings are expected to advance further
through improved interfacial engineering and nanoparticle dispersion
strategies. Additionally, the integration of computational modeling and
advanced characterization techniques, such as atom probe tomography
and interface-sensitive spectroscopies, is enabling a deeper under-
standing of structure-property relationships governing adhesion,
permeability, and failure mechanisms [177].

Ultimately, the future of barrier coatings for BOPP films will depend
on achieving an optimal balance between barrier performance, recy-
clability, regulatory compliance, and industrial scalability. The transi-
tion from conventional metallized systems toward advanced, defect-
controlled, and sustainable coating technologies is likely to define the
next generation of high-performance packaging materials.

7. Conclusion

Advances in the application of barrier coatings for BOPP films
demonstrate significant progress toward the development of high-
performance flexible packaging capable of meeting current demands
for safety, functionality, and sustainability. The literature shows that a
wide variety of technologies, including hydrophilic polymer coatings,
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organic-inorganic hybrid systems, nanocomposites, plasma deposition,
and metallization, have been employed to overcome the intrinsic limi-
tations of BOPP, especially its low gas barrier. These advances, however,
depend heavily on the surface preparation of the substrate, since the low
surface energy of BOPP requires treatments such as corona, plasma, or
primers to promote adequate adhesion and stability of the coating layer,
directly influencing the final performance and cost of the process.

In parallel with the technical challenges, regulatory and circularity
aspects exert increasing pressure on the selection of materials and pro-
cessing routes, focusing on compounds that are safe for food contact,
structures compatible with mechanical recycling, and alternatives that
reduce the use of metallized or halogenated layers. In this scenario, the
transition to more sustainable coatings, such as biopolymers, water-
soluble systems, or hybrids with less environmental impact, emerges
as a consolidated trend, but still dependent on advances in performance
under high humidity, mechanical stability, and economic viability.

Prospects indicate that the integration of nanomaterials, and
advanced characterization techniques will enable a deeper under-
standing of barrier and failure mechanisms, allowing for the rational
design of more efficient and recyclable structures. To enable large-scale
industrial adoption, the development of coating technologies compat-
ible with high-speed production lines will be essential, as well as regu-
latory harmonization and the strengthening of recycling chains. Thus,
joint efforts between academic research, industry, and regulatory
agencies will be fundamental to driving the development of innovative
solutions that reconcile performance, safety, and sustainability for
coated BOPP films.
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