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Zusammenfassung

Flexible Polymerfolien sind aufgrund ihres geringen Gewichts, ihrer Vielseitigkeit
und ihres wirksamen Schutzes die weltweit am haufigsten verwendeten Verpa-
ckungsmaterialien. Im Vergleich zu anderen Materialien wie Glas, Metall oder Pa-
pier haben sie in vielen Anwendungen Vorteile in einem oder mehreren Punkten.
Jedoch hat ihr offentliches Image aufgrund von gesteigertem Umweltbewusstsein,
insbesondere durch die Medienberichterstattung tiber Plastikverschmutzung, ge-
litten. Als Reaktion auf diese Bedenken und um die Nachhaltigkeit von Verpa-
ckungen zu verbessern, hat das Européische Parlament im Dezember 2024 die
Packaging and Packaging Waste Regulation verabschiedet. Eine zentrale Bestim-
mung hierin sieht vor, dass nicht recycelbare flexible Verpackungen aus Mulima-
teriallaminaten bis 2030 durch recycelbare Monomateriallaminate ersetzt werden
miussen.

Um gemafB der Verordnung als Monomaterial eingestuft zu werden, miissen min-
destens 90 Gew% des Laminats aus einem einzigen Polymertyp bestehen, wéh-
rend sich die restlichen 10 Gew% auf Komponenten wie Druckfarben, Klebstoffe
und Barrierebeschichtungen belaufen. Die Herausforderung besteht darin, die
erforderliche Funktionalitidt — insbesondere in Bezug auf die Gasbarriereeigen-
schaften — unter Einhaltung dieser strengen Anforderungen an die Zusammen-
setzung zu erreichen. Wahrend héaufig verwendete Folienmaterialien, beispiels-
weise Polyolefine, eine hohe Barriere gegen polaren Wasserdampf bieten, ist ihre
Barriere gegen unpolare Gase wie Sauerstoff gering. Um die Produktqualitdat und
-haltbarkeit zu erhalten, miissen daher diinne, effiziente Gasbarriereschichten in-
tegriert werden, ohne die Recyclingfahigkeit zu beeintriachtigen.

Barrierelacke stellen hierfiir eine vielversprechende Losung dar. Im Gegensatz
zu Aufdampfverfahren, die spezielle Anlagen erfordern, konnen Lacke mit weit
verbreiteten Rolle-zu-Rolle-Beschichtungsverfahren (R2R) aufgetragen werden,
was sie fiir die Industrie interessant macht. Die Gasbarriere dieser Lacke kann
erhoht werden, indem gasundurchlassige Silikatpartikel integriert werden, um
einen gewundenen Pfad (Tortuous Path Effect) fiir die Gasdiffusion zu schaffen.
Dies verbessert die Barrierewirkung und ermoglicht gleichzeitig das Auftragen
dinnerer Schichten, was hinsichtlich der 10 Gew%-Grenze fir Fremdmaterialien
sehr vorteilhaft ist.

In dieser Arbeit wird die Entwicklung von Komposit-Barrierelacken auf Silikatba-
sis beschrieben, die fiir die Kompatibilitdt mit standardméafiigen R2R-Beschich-
tungsverfahren ausgelegt sind. Die Arbeit umfasst die Entwicklung der Lackfor-

mulierungen, deren Verarbeitung und deren Charakterisierung. Der Schwerpunkt
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liegt hierbei auf dem Verstédndnis der Gaspermeationsmechanismen und ihrer Be-
ziehung zur Fiillstoffmorphologie, den Polymer-Fiillstoff-Interaktionen und dem
Beschichtungsverfahren.

Die Entwicklung der Formulierung konzentrierte sich auf die Auswahl geeigneter
Silikatfillstoffe und die Optimierung von Parametern wie dem Mischungsver-
héltnis zwischen Polymer und Silikat und dem absoluten Feststoffgehalt. Als
Fillstoffe wurden das plattchenformige Montmorillonit (MMT) und das stab-
chenformige Halloysit gewéhlt. Eine zentrale Herausforderung bestand darin, ei-
ne gleichméfige Dispersion und Exfolierung der Silikatpartikel zu erreichen. Die
Exfolierung — d. h. die Trennung einzelner Silikatpléttchen von Silikatstapeln
— ist entscheidend fiir die Maximierung der Barrierewirkung.

Das Mahlen mit einer Kugelmiihle fiithrte zu homogen dispergiertem MMT mit
einer lateralen Ausdehnung (Plattchendurchmesser) von etwa 500 nm und mi-
nimalen Agglomerationen. Im Gegensatz dazu fiihrte die Dispersion mit einem
Labordispergiergerat zu einer bimodalen Groflenverteilung: exfolierte Plattchen
(~350nm) und grofle Agglomerate (~3000nm). Die Analyse von Querschnitts-
bildern im Rasterelektronenmikroskop ergab fiir beide Dispergiermethoden, dass
die Dicke der exfolierten MMT-Plattchen bei etwa 25nm lag.

Aus dem exfolierten MMT wurden Kompositbarrierelacke hergestellt und deren
Barriere gegen Sauerstoff und Helium gemessen. Polyvinyl Alkohol (PVA)/MMT-
Schichten mit einem Mischungsverhaltnis von 1:1 und kugelgemahlenem MMT
erzielten die hochste Barriere: 0,12 % fiir Sauerstoff und 51 mfﬁ%ﬂpm
fir Helium - 12 bzw. 17 Mal besser als reines PVA. Schichten, basierend auf
der MMT-Dispersion des Labordispergiergerits, wiesen aufgrund der Agglome-
rationen eine hohere Permeation auf. Agglomerierte Plattchen tragen nicht zur
Verlangerung des Permeationspfads bei.

Die Berechnung mit Hilfe des Nielsen-Modells half bei der Beurteilung, ob die
experimentellen Werte dem maximalen Barrierepotential der Silikate nahekom-
men. Das Modell, das ausschliefSlich auf dem Volumenanteil des Fiillstoffs und
dem Aspektverhéiltnis basiert, lieferte eine Moglichkeit fiir die Bewertung der
Dispersionsqualitat. MMT-Plattchen mit einem Aspektverhéltnis von etwa 20
iibertrafen die Halloysit-Stabchen (Aspektverhéltnis von 1), was die Bedeutung
der Fiillstoffgeometrie fiir die Schaffung wirksamer Permeationsbarrieren zeigt.
Untersuchungen zur Kristallinitdt zeigten, dass beide Fillstoffe einen &hnlichen
Anstieg der Kristallinitdt von PVA verursachten. Dies implizierte, dass die Tor-
tuositiat und nicht die Anderung der Kristallinitéit der Polymermatrix die Haupt-
ursache bei der Verbesserung der Barriere spielte.

Um das Verstandnis der Permeationsmechanismen zu vertiefen, wurden zusétzli-
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che Gase - Wasserstoff und Wasserdampf - verwendet, die so ausgewéhlt wurden,
dass sie eine Reihe von Groflen und Polaritdaten abdecken. Die Ergebnisse zeig-
ten, dass in PVA/MMT-Kompositlackschichten kleinere, unpolare Gase effektiver
blockiert wurden. Bei einer 1:1 PVA/MMT-Beschichtung betrugen die Permea-
tionskoeffizienten 5,1 fiir Helium, 1,2 fiir Wasserstoff und 4,2 x 1073 Cm;(f%)rpm
flir Sauerstoff, was einer Verbesserung der Barriere von 49, 41 und 26 ent-
spricht. Diese Tendenzen galten sowohl fiir Acrylat- als auch fiir Polypropylen
(PP)-Matrizen, obwohl die absolute Verbesserung aufgrund der unterschiedlichen
Polymer-Fillstoff-Affinitaten variierte.

Bei PP/MMT-Kompositlackschichten fiihrten schwéchere Wechselwirkungen zu
niedrigeren Verbesserungsfaktoren (z. B. nur 5,8 fiir Helium). Die Wechselwir-
kungen wurden z. B. mittels FTIR-Daten bestimmt, welche keine Verschiebun-
gen des Si-O-Doppelpeaks von MMT im Kompositspektrum mit PP zeigten.
Im Gegensatz dazu zeigten die Kompositspektren von PVA/MMT eine Blau-
verschiebung des Peaks bei 1031 und 1009 % Die Wechselwirkungen sind auch
der Grund fiir die héhere Scherverdiinnung dieser Lackformulierungen und fiir
deren geringere Aktivierungsenergie fiir die Gaspermeation. Die Tatsache, dass
die Gasbarriere der Komposite hoher war als die der reinen Polymere, die Akti-
vierungsenergie aber geringer, zeigt folgendes: Die Permeation findet entlang der
Bereiche schwacher Wechselwirkung zwischen Silikat und Fiillstoff statt, welche
einen geringeren Widerstand fiir die Permeation als das reine Polymer aufwei-
sen. Die Verldngerung des Permeationspfades hat aber einen grofleren Einfluss
auf den Permeationskoeffizienten als die verringerte Aktivierungsenergie.

Der Permeationsmechanismus fiir Wasserdampf erwies sich als génzlich anders.
Wahrend unpolare Gase durch gewundene Pfade effektiv blockiert werden, nutzt
der polare Wasserdampf die Hydrophilie von MMT und permeiert entlang sich
beriihrender MMT-Partikel in der Kompositschicht - ein Phdnomen, das als Po-
lar Path Effect bezeichnet wird. Infolgedessen wurde trotz der Integration von
Fillstoffen keine signifikante Verbesserung der Barriere fiir Wasserdampf beob-
achtet.

Die Lacke wurden fiir R2R-kompatible Beschichtungsverfahren entwickelt, ins-
besondere fiir das Schlitzdiisen- und Reverse-Gravure-Verfahren. Rheologische
Untersuchungen ergaben, dass eine Lackformulierung mit 9 Gew% beim Rever-
se-Gravure-Verfahren eine hohere Scherung erfuhr (~4000 1) als beim Schlitzdii-
senverfahren (~1200 %) Trotz der Unterschiede in der Prozessdynamik ergaben
beide Verfahren Sauerstoffbarrierewerte, die mit denen von Rakel-Beschichtun-
gen im Labormafistab vergleichbar waren (0,12 bis 0,14 Cm;(f%)

Jede Beschichtungstechnik stellte unterschiedliche Anforderungen an die Lackfor-
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mulierung. Beim Schlitzdiisenverfahren ist ein geringer Feststoffgehalt (<5 Gew%)
aufgrund des hoheren Wassergehalts, der zur Stabilisierung der Silikatdispersion
durch Hydrathiillen beitragt, vorteilhaft. Beim Reverse-Gravure-Verfahren ist
ein hoherer Feststoffgehalt (>5Gew%) vorteilhaft, um ausreichende Schichtdi-
cken (>1pm) zu erreichen, da die Dicke nicht iber den Volumenstrom eingestellt
werden kann. Obwohl das Agglomerationsrisiko mit steigendem Feststoffgehalt
zunimmt, gleicht das Reverse-Gravure-Verfahren dies teilweise durch mechani-
sche Filterung aus, wobei einige Agglomerate im Reservoir zuriickgehalten oder
vom Rakel entfernt werden.

Es zeigte sich, dass die Beschichtungstechnik keinen Einfluss auf die endgiiltige
Ausrichtung der Silikatpartikel in der getrockneten Lackschicht hat. Stattdessen
hatte die Art des Lacks — Dispersion oder Losung — einen grofieren Einfluss.
Bei Lacken auf Dispersionsbasis behinderte das Vorhandensein von Polymerkii-
gelchen die Ausrichtung der Plattchen, was zu einer breiteren Orientierungsver-
teilung (18 bis 23°) fihrte. Lacke auf Losungsbasis, wie PVA oder Polycarboxyl-
sdure, ermoglichten eine bessere Ausrichtung in der Ebene (11 bis 14°), was fiir
die Barriereleistung von Vorteil ist.

Zusammenfassend zeigt diese Arbeit, dass Kompositlacke auf Silikatbasis einen
skalierbaren und effektiven Ansatz fiir die Integration von Gasbarrieren in re-
cycelbare Monomateriallaminate bieten. Das Erreichen einer hohen Barriereleis-
tung hangt entscheidend von der Exfolierung des Fillstoffs, der Polymer-Fiill-
stoff-Kompatibilitdt und der Optimierung des Beschichtungsprozesses ab. Die
Ergebnisse bieten einen soliden Rahmen fiir die weitere Entwicklung nachhaltiger
Verpackungslosungen. Kiinftige Forschungsarbeiten sollten sich auf Langzeitsta-
bilitdt, Recyclingfahigkeit und die Entwicklung neuer Polymer-Silikat-Systeme
mit verbesserten Wechselwirkungen konzentrieren, um die sich entwickelnden

Anforderungen an kreisformige Verpackungstechnologien zu erfiillen.
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Summary

Flexible polymer films are the most widely used packaging materials worldwide
due to their light weight, versatility, and efficient protection. Compared to tradi-
tional materials such as glass, metal, or paper, they offer superior functionality in
many applications. However, their public image has suffered due to environmen-
tal concerns, particularly from media coverage of plastic pollution. In response
to these concerns and to improve the sustainability of packaging, the European
Parliament adopted the Packaging and Packaging Waste Regulation in Decem-
ber 2024. A central provision requires that non-recyclable multi-material flexible
packaging be replaced by recyclable mono-material laminates by 2030.

To be classified as mono-material under the regulation, at least 90 wt% of the
laminate must consist of a single polymer type, while the remaining 10 wt% can
include components such as inks, adhesives, and barrier coatings. This presents
a challenge: achieving necessary functionality — particularly in terms of gas
barrier performance — within strict compositional constraints. While base poly-
mers like polyolefins offer high resistance to polar water vapor, they are ineffective
against non-polar gases like oxygen. Thus, to maintain product quality and shelf
life, thin, efficient gas barrier layers must be integrated without compromising
recyclability.

Barrier lacquers represent a promising solution. Unlike vapor deposition tech-
niques, which require specialized equipment, lacquers can be applied using widely
available roll-to-roll (R2R) coating systems, making them more accessible to in-
dustry. To increase the effectiveness of these lacquers, gas-impermeable silicate
particles can be introduced to create a tortuous path for gas diffusion. This
strategy improves barrier performance while allowing for thinner layers, which is
critical under the 10 wt% limit for non-base-polymer materials.

This thesis investigates the development of silicate-based composite barrier lac-
quers designed for compatibility with standard R2R coating processes. The work
encompasses formulation, processing, and functional characterization, with a fo-
cus on understanding gas permeation mechanisms and their relation to filler
morphology, polymer-filler interactions, and coating method.

Formulation development focused on selecting appropriate silicate fillers and op-
timizing parameters such as the polymer-to-silicate mixing ratio and maximum
solid content. Montmorillonite (MMT) and halloysite were chosen as fillers, rep-
resenting platelet and rod geometries, respectively. A key challenge was achieving
uniform dispersion and exfoliation of the silicate particles. Platelet exfoliation —

i.e., the separation of individual silicate sheets from stacked layers — is critical
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for maximizing surface area and barrier effectiveness.
Ball milling produced well-dispersed MMT with lateral sizes around 500 nm and
minimal agglomeration. In contrast, high-shear dispersion resulted in a bimodal
distribution: exfoliated platelets (~350nm) and large aggregates (~3000nm).
SEM analysis confirmed that exfoliated MMT maintained a thickness of approx-
imately 25 nm.

Barrier performance was evaluated by measuring oxygen and helium permeation
through composite coatings. Polyvinyl alcohol (PVA)/MMT films with a 1:1 mix-
ing ratio and ball-milled MMT achieved the best performance: 0.12 m;@%
for oxygen and 51 miﬁ%)l}m for helium — 12 and 17 times better than pure
PVA| respectively. Films made with high-shear-dispersed MMT showed higher
permeation due to the presence of agglomerates, which contribute little to the
tortuous path.

Theoretical modeling using the Nielsen model helped assess whether experimen-
tal values approached the geometric maximum potential of the fillers. The model,
based solely on filler volume fraction and aspect ratio, provided a benchmark
for evaluating dispersion quality. MMT platelets with aspect ratios around 20
outperformed halloysite rods (aspect ratio of 1), demonstrating the importance
of filler geometry in creating effective diffusion barriers. Crystallinity studies
showed that both fillers caused a similar increase in polymer crystallinity, sug-
gesting that tortuosity, rather than matrix ordering, played the dominant role in
barrier improvement.

To deepen the understanding of permeation behavior, additional gases — hydro-
gen, oxygen, helium, and water vapor — were used, chosen to span a range of
sizes and polarities. Results showed that in PVA/MMT composites, smaller, non-
polar gases were more effectively blocked. For a 1:1 PVA/MMT layer, permeation
coefficients were 5.1 for helium, 1.2 for hydrogen, and 4.2 x 103 miff%lm

oxygen, corresponding to barrier improvements of 49, 41, and 26. These trends

for

held across acrylate and polypropylene matrices, though the absolute improve-
ment varied due to differing polymer-filler affinities.

In PP/MMT composites, weaker interactions led to lower improvement factors
(e.g., 5.8 for helium), consistent with FTIR data showing the absence of shifts in
the MMT -Si-O double peaks. In contrast, PVA/MMT spectra revealed a blue
shift at 1031 and 1009 Cim, indicating strong interactions. These interactions also
affected rheology, as evidenced by increased shear-thinning behavior and reduced
activation energy for gas permeation. Although diffusion paths were longer in
MMT-filled layers, the energy required for diffusion was lower, pointing to weak

boundary areas between polymer and filler as the primary hindrance to gas flow.
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Water vapor permeation behaved differently. While non-polar gases were effec-
tively blocked by tortuous paths, polar water vapor exploited hydrophilic MMT
interfaces, forming continuous diffusion pathways — a phenomenon referred to
as the polar path effect. As a result, no significant barrier improvement was ob-
served for water vapor, despite favorable filler dispersion.

The developed lacquers were scaled to R2R-compatible coating techniques, specif-
ically slot-die and reverse gravure. Rheological studies revealed that a 9 wt% for-
mulation experienced greater shear during gravure coating (~4000 i) compared
to slot-die (~1200 %) Despite differences in viscosity and process dynamics, both
methods yielded oxygen barrier values comparable to those of laboratory-scale
k-bar coatings (0.12 to 0.14 Cmiff%@).

Each coating method imposed distinct formulation requirements. Slot-die fa-
vored low solid contents (<5wt%) due to higher water content, which helped
stabilize the silicate dispersion via hydrate shells. Gravure required higher solid
contents (>5wt%) to ensure sufficient layer thickness (>1pm), as thickness can-
not be adjusted via flow rate. Though agglomeration risk increases with solid
content, the gravure process partially compensates through mechanical filtering,
with some agglomerates retained in the reservoir or removed by the doctor blade.
Interestingly, the coating technique did not influence the final orientation of the
silicate particles. Instead, the formulation type — dispersion or solution — had
a more pronounced effect. In dispersion-based lacquers, the presence of polymer
spheres hindered platelet alignment, leading to broader orientation distributions
(18 to 23°). Solution-based systems, such as PVA or polycarboxylic acid, pro-
moted better in-plane alignment (11 to 14°), which is advantageous for barrier
performance.

In conclusion, this work demonstrates that silicate-based composite lacquers offer
a scalable and effective approach for gas barrier integration in recyclable mono-
material laminates. Achieving high barrier performance depends critically on
filler exfoliation, polymer-filler compatibility, and coating process optimization.
The findings provide a robust framework for further development of sustainable
barrier packaging solutions. Future research should focus on long-term stability,
recyclability, and the development of new polymer-silicate systems with enhanced

interactions to meet the evolving requirements of circular packaging technologies.
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1. Introduction

The permeation of gases is a fundamental phenomenon with critical implications
in scientific fields such as materials science, chemistry, and engineering, as well as
industrial applications like gas separation, energy storage, and packaging. The
permeation process is defined as the movement of gas molecules through a mate-
rial, driven by a concentration gradient [1]. An understanding of gas permeation
is essential for the design of materials with controlled gas transfer rates and the
enabling of applications ranging from food preservation to advanced fuel cells [2].
Figure 1.1 illustrates the comparative barrier properties of common polymeric
packaging materials against oxygen and water vapor, as well as the barrier re-
quirements for various applications. The diagram spans eight orders of magni-
tude, emphasizing the broad range of requirements and applications for these
materials. In industries like food, cosmetics, pharmaceuticals, and healthcare,
gas permeation properties are pivotal in determining the shelf life and stability
of products. By regulating the ingress of oxygen, moisture, and other gases, ma-
terials with suitable barrier properties can prevent oxidation, microbial growth,
and water uptake, thereby preserving product quality [3]. In electronic appli-
cations, such as organic solar cells and flexible organic field-effect transistors,
robust barriers against oxygen and moisture are essential in order to protect
sensitive organic materials from degradation. The performance and longevity of
these devices substantially depend on the optimization of the gas barrier prop-
erties of their encapsulation material [4, 5]. In the energy sector, hydrogen stor-
age and transportation present unique challenges closely tied to gas permeation.
Materials in these applications must effectively prevent hydrogen leakage while
maintaining structural integrity and performance under varying conditions [6].

To establish a basis for discussing gas permeation in packaging materials, the
following sections summarize its fundamental principles, define key terms, and
present an overview of typical gas barrier materials. The rationale for the estab-
lished use of multi-material laminates in various applications is explored, and an
explanation is provided for the shift toward mono-material laminates in current
developments. The introduction then transitions to a discussion of composite

barrier layers, emphasizing their advantages, including the enhanced gas barrier
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Figure 1.1.: Barrier requirements for oxygen and water vapor in various techni-
cal applications and food packaging, in relation to the permeability
coefficients normalized to a 100-pm layer thickness for various poly-
meric materials, e.g. PP, PET, and PVDC (adapted from Langowski

[7])-

properties achieved through the tortuous path effect. This section further dis-
cusses the polymer matrix, which is composed of gas barrier lacquers, and it
describes the inorganic fillers, primarily silicate platelets. It then details the fab-
rication processes of silicate-based composite layers, and provides an overview
of the state-of-the-art advancements in composites based on polyvinyl alcohol
(PVA) and other polymer matrices. Finally, the available coating techniques for
these lacquers on flat substrates are reviewed, and the latest developments in the
coating of composite barrier lacquers are summarized.

Although there is a considerable body of research in the field of composite lac-
quers as gas barrier layers, critical gaps remain in the understanding and opti-
mization of key aspects of production processes and material combination pos-
sibilities in this field. These include the effective dispersion of silicate platelets
and their integration with polymer matrices, the permeation mechanisms within
composite lacquer layers, and the scaling of coating processes from the laboratory
to industrial production. Addressing these challenges is essential and forms the
basis for the scientific questions outlined in Section 1.4, as well as the overarching

objectives of this thesis.
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1.1. Theoretical background on gas permeation

The mass transport of a gas through a homogeneous and dense polymer is de-
scribed by the solution-diffusion mechanism [8]. This process is driven by a pres-
sure gradient of the permeating gas across the polymeric film, which induces a
chemical potential. The gas undergoing transport is referred to as the permeant.
Over time, the transport process gradually equalizes the concentration difference
across the film [9]. The resulting permeation process at a given temperature is

decomposed into three steps [10]:

1. Adsorption of the permeant at the upstream face of the polymer, via chem-

ical affinity
2. Solution and diffusion of the permeant through the polymer’s cross-section
3. Desorption of the permeant at the downstream face of the polymer

In a Fickian mechanism, the permeability coefficient P is expressed as the prod-

uct of the solubility coefficient S and the diffusion coefficient D.
P=S-D (1.1)

The solubility coefficient of a polymer describes the ability to dissolve a certain
amount of gas at a defined pressure according to Henry’s law. In the context of
a polymeric film, the unit for S is for example expressed as % [11]. Tt de-
scribes the amount of permeant in volume at standard temperature and pressure
(cm?®(STP)), that is dissolved in a defined volume of polymer (cm?(pol)). The
solubility of a gas in a polymer is influenced by the interaction between the per-
meant and the polymer, the free volume of the polymer, and the condensability
of the gas [12].

Diffusion is the process by which the permeant moves through the polymer due
to random molecular motions. It is a kinetic term that represents the mobility

of the permeant within the polymer phase. The unit for D is typically expressed

Cl’I‘l2

d
given in cm? and the duration is given in days (d). The diffusive flux J of the

as , where the average square of the distance traveled by the permeant is

permeant through a polymer layer with an area A during the time ¢ is given by

N

T=a0

(1.2)

where N is the total amount of permeant which has passed through the polymer.

Fick’s first law of diffusion establishes a linear relation between this flux and the
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Figure 1.2.: Molecular diffusion perpendicular through a polymer film (adapted
from Mahdi et al. [13]).

concentration gradient Ve between both sides of the film.
J=—-DVc (1.3)

The first Fickian law is applicable when the time-dependent change of the con-
centration ¢ on both sides of the film is neglected and the flux is constant, that is,
the diffusion is in steady state. When the diffusion occurs only in one direction

x, the relationship is described as follows
dc
J==-D|—] . 1.4
(5) (14

Fick’s second law describes the unsteady form of this relationship, with an equa-

tion illustrating the rate of change in concentration to the diffusive flux

oc D 0%c

With a given thickness d of the polymeric film, and under the assumption of
steady state and constant diffusion coefficient, the permeant flux is equal to

C1 — 02)

_
J=-D" (1.6)

where ¢; and ¢y are the surface concentrations of the gas at the downstream and

upstream faces of the polymeric film, respectively. In permeation experiments, it
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is not the surface concentration that is usually measured, but the gas pressure on
both sides of the film (p; and py). Henry’s law describes the relationship between
the equilibrium concentration of the gas ¢ and its partial pressure p, including

the solubility coefficient as a function of p.
c=S5p (1.7)

Following Henry’s law in Equation 1.6 leads to

(Pl - p2)

J=-DS
d

(1.8)
where p; and py are the ambient pressures on both sides of the film. Combining
the Equations 1.1, 1.2, and 1.8 finally yields

~d-J_ d-N

P = .
Ap A-t-Ap

(1.9)

The permeability coefficient P is the most frequently reported quantity charac-
terizing the barrier properties of a polymer film, since it is a material constant
[14]. A commonly used unit for P is m;(f%)rpm

ficient itself is not a direct measurand. In the case of water vapor, it is calculated

. However, the permeability coef-

from the diffusive flux (also called transmission rate) and the layer thickness of
the polymer. In the case of other gases such as hydrogen, helium, or oxygen, it

is calculated from the permeance () and the layer thickness of the polymer [15].

N

Q:A-t-Ap

(1.10)

1.2. Multi-material packaging and the shift toward

mono-materials

A wide variety of materials and methods are employed to prevent gas permeation
in packaging, depending on the specific application [16]. Among these, polymers
— particularly flexible polymer films — are the most commonly used due to
their unique combination of properties [17]. Polymers are versatile, lightweight,
and cost-effective, and they feature essential characteristics such as gas barrier
performance, durability, sealability, and transparency [18].

As shown in Figure 1.1, single-layer mono-material polymer films with a thick-
ness of 100 pm are unable to achieve low permeation coefficients. For example, a

biaxially oriented polypropylene (PP) film with a thickness of 17.8 pm exhibits an
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Figure 1.3.: Oxygen permeance and water vapor transmission rates for different
gas barrier film laminates (adapted from Langowski [7]).

oxygen permeance of 2511 < GTP) (measured at 23 °C and 50 %RH) and a water

m? d bar

vapor transmission rate of 2.5 5 (measured at 23°C and 100 %RH) [19]. Ac-

m2d

cording to the diagram, while the water vapor barrier of the PP film is sufficient

for packaging most food products, the oxygen barrier is inadequate for all of the
applications listed. To address these limitations, modern packaging technologies
incorporate advanced solutions with more than one polymer layer, to improve
the gas barrier. These polymer films that consist of several layers of partly
different materials are generally referred to as laminates, including co-extruded
films, laminates with physical vapor deposition (PVD) layers, laminates made
of different polymer films, and laminates with metal films (Figure 1.3) [20, 21].
For medium barrier applications, polymer laminates such as PA|PE, PET|PE,
PET|PVDC, or laminates with EVOH can be employed. These laminates are
typically effective for oxygen permeance values down to 0.3 % and water
—£+. To achieve lower permeability values,
additional barrier layers can be deposited using PVD techniques, such as silicon

vapor transmission rates down to 0.5

oxide (Si0,), aluminum oxide (AlO,), or aluminum metalization. These methods

3(sTP
can reduce the oxygen permeance to as low as 0.1 22, 8TF)
m?dbar ’

transmission rate to 0.1 —5=. The highest barrier performance is obtained by us-

and the water vapor

ing metallic foils, such as aluminum foils, with thicknesses exceeding 6 pm. While

these barrier properties are outstanding, films incorporating aluminum foils lose
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their transparency. To achieve both high barrier performance and transparency,
highly complex laminate structures are required, often consisting of eight layers
or more [22, 23].

Regardless of whether the films are transparent, multi-material laminates present
a significant disadvantage: they are not recyclable. This issue has become in-
creasingly relevant, particularly with the introduction of the European Union’s
(EU) new Packaging and Packaging Waste Regulation (PPWR), published on
December 4, 2024 [24]. The regulation mandates that all packaging in the EU
must be reusable or recyclable by 2030. In 2016, approximately 20 wt% of all
flexible packaging consisted of multi-material laminates [25]. As the volume of
packaging material continues to grow, the use of multi-materials in sectors such
as food packaging, pharmaceuticals, cosmetics, and electronics is also increasing
26].

Several approaches can be pursued to enable the recyclability of such laminates
[27]. One route is to develop advanced recycling processes capable of recovering
and reusing different materials within a single recycling step. Examples include
chemical recycling, where polymers are broken down into their monomers for
reuse, and solvent-based physical recycling, which separates and recovers mate-
rials without altering their chemical structure [28, 29]. Another approach is to
design laminates with on-demand debonding capabilities, allowing for the sep-
arate recycling of individual film layers [30]. A more unconventional method is
compatibilization, which involves the use of chemical substances to enhance the
mechanical compatibility of various materials within the multi-layer structures
during the mechanical recycling process. This approach enables the recycling
of all layers within a single stream without the need for separation [31]. The
most common route is to replace the multi-material films with mechanically re-
cyclable mono-material films. By definition, a mono-material film contains less
than 10 wt% foreign materials [32]. Foreign materials include barrier layers, ad-
hesive layers, and printing layers. Therefore, minimizing the thickness of each of
these layers is crucial for improving recyclability. Mono-material films achieve
gas barrier properties through the application of thin barrier layers, typically
applied via physical vapor deposition or wet chemical coating.

The composite barrier lacquers described in this thesis offer a promising solution
for reducing the thickness of the barrier layer. The incorporation of imperme-
able fillers into barrier layers significantly enhances their gas barrier properties.
In the realm of food packaging, reducing the permeation coefficient for oxygen
or water vapor yields two distinct benefits. First, achieving a more effective

barrier with the same layer thickness can extend the shelf life of packaged food.
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Figure 1.4.: Schematic drawing of the permeation path through a pure poly-
mer film and composite polymer films with halloysites or montmo-
rillonites (adapted from Nielsen [33]).

Second, improved barrier properties enable the thinning of the barrier layer with-
out compromising performance. This reduction in layer thickness decreases the
proportion of foreign material in the mono-material film, thereby enhancing its

recyclability.

1.3. Composite barrier lacquers for mono-material

applications

Polymers are rarely used in their pure form for technical applications; instead,
they are typically modified with fillers or additives, such as calcium carbonate,
glass beads, talc, antioxidants, and lubricants [34]. These modifications may
enhance processability, adjust mechanical properties, alter appearance, improve
conductivity, reduce flammability, or lower production costs [35].

When two or more distinct materials are combined to form a composite, the
individual components remain separate and retain their unique properties in the
final structure [36]. This characteristic distinguishes composites from homoge-
neous mixtures or solutions. Ideally, composites synergistically integrate the
advantageous properties of the polymer matrix with those of the fillers, leading
to significant improvements in mechanical strength [37], heat resistance [38], fire
redundancy [39], or barrier properties. The smaller the filler particles are, the
larger their interface with the polymer is at a constant mixing ratio. The mixing
ratio by weight is defined as the ratio of filler weight to polymer weight.

The filler size, the homogeneous distribution of the filler, and the interaction be-
tween the polymer matrix and the filler all play a critical role in determining the
properties of composite materials [40]. A notable type of composite used in gas

barrier applications consists of a polymer matrix integrated with impermeable
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fillers. When platelet-shaped fillers are uniformly distributed and aligned parallel
to the direction of permeation, they effectively extend the diffusion path of the
permeant, thereby reducing the permeation coefficient (Figure 1.4). This phe-
nomenon is called the tortuous path effect. In the following sections, composite

barrier layers are explained step by step.

1.3.1. Gas permeation through composites

In 1967, Nielsen [33] initiated research on the simulation of diffusion through
composites, with a fundamental analytical approach for the determination of
the gas barrier properties of composite layers. Over the years, this approach
has been refined and adapted to accommodate advances in the field. Zid et
al. [41], in their review, provide a comprehensive overview of the chronological
development of transport mechanism modeling in composite layers, tracing the
progression from Nielsen’s initial two-dimensional (2D) analytical calculations to
three-dimensional (3D) numerical simulation techniques, such as the finite ele-
ment method.

In the present thesis, geometric models based on Nielsen’s approach have been
employed to calculate the improvement of barrier properties of polymers through
the incorporation of silicate particles. These geometric models rely exclusively
on parameters — such as particle size, concentration, and orientation — for cal-
culations, while disregarding factors like chemical modifications in the polymer
matrix, or polymer/filler interactions. Several assumptions underpin these cal-
culations. First, the particles are assumed to be entirely impermeable to the
permeating gas, thereby extending the diffusion path that can be quantified.
Additionally, the particles are presumed to be free of agglomeration and homo-
geneously distributed within the polymer matrix. In the initial analysis, it is
further assumed that the particles are oriented parallel to the surface and per-
pendicular to the direction of gas permeation.

The tortuous path is mathematically described by the tortuosity factor 7
T== (1.11)

defined by the quotient of the thickness of the polymer layer d and the distance
a permeant migrates through the film 6. The permeability is reduced, not only
because of an increase in the tortuosity factor but also because a portion of the

cross-sectional area is occupied by fillers rather than polymer, as indicated by
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the filler volume fraction ¢r. Thus, a first approximation in the form of

PF:1—<Z5F

P, T

(1.12)

is used, where Pr and P, are the permeability coefficients of the filled and unfilled
polymer. Since this analysis is two-dimensional, it is further assumed that the
area fraction of the polymer in each cross section equals the volume fraction of
the polymer in the composite. Figure 1.4 illustrates the path a molecule must

take to get through the film, and an averaging process yields

=14 (;ﬂ - ép (1.13)

for the tortuosity factor. Within this expression the quotient of longest extension
of the filler L (either length or width) and the shortest extension of the filler W
(thickness) is included, which is called the aspect ratio « [42].

L
= 1.14
o ( )

Integrating Eq.1.13 in Eq.1.12 leads to

Pr 1 — or

A 1.15
BT () or )

the Nielsen equation for effective permeability. Troeh et al. [43] showed that
squaring the tortuosity factor in the Nielsen equation leads to better agreement
between experimental and theoretical values, a finding later confirmed by Lape
et al. [44] and by Shen and Chen [45]. Therefore, the equation used in this
investigation for modeling the permeability of composites in [46] was

B _ 1= ¢r . (1.16)

B (14 () oe)

Since one assumption of the Nielsen approach is the parallel orientation of the

fillers in the composite layer, Bharadwaj [47] proposed incorporating an orienta-

tion parameter 7" to enable more accurate modeling.
T:1~ (3'COSQC—1) (1.17)
2

Here ( is the average angle between the particle plane and the substrate surface,

and it accounts for deviations from the idealized parallel alignment of fillers

10
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assumed in Nielsen’s original model. The tortuosity factor adjusted for particle

orientation Tyyent is then

L 2 1
Torientzl“‘ﬁ‘ﬁb}?‘g' (T+2> (118)

and the finally modified Nielsen equation used for modeling in [48] is

& _ L= ¢ . (1.19)

Py (1+ﬁ-¢p-§-(T+5))2

The barrier improvement factor (BIF') quantifies the degree of improvement
and is defined as the ratio of the permeability of the unfilled polymer to the

permeability of the composite.

P
BIF = — 1.20
B (1.20)
The unfilled polymer, referred to as the polymer matrix, is the medium into

which the fillers are integrated; it is described in the next section.

1.3.2. Polymer matrix
Gas barrier lacquers

A lacquer is a liquid coating material applied in thin layers to substrates, form-
ing continuous, solid coatings via chemical or physical processes [49, 50]. In
principle, any polymer that can be converted into a liquid state or applied as
a dispersion may serve as a lacquer. Some monomers and polymers (e.g., UV-
curable two-component polyacrylates [51]) intrinsically exist in a liquid state
(solvent-free) at room temperature, while others require transformation into a
liquid form via dissolution (solutions) or via dispersion of small polymer parti-
cles (dispersions) [52]. Gas barrier lacquers represent a specific class of lacquers
characterized by their high resistance to gas permeation, including oxygen, wa-
ter vapor, or other gases. Representative polymers for such applications include
polyamides, polyacrylates, polyurethanes, polyvinylidene chloride, ethylene vinyl
alcohol, polycarboxylic acids, polypropylene, and polyvinyl alcohol [53-56]. In
the present thesis, the term "lacquer’ refers to the liquid material, while "coating"
designates the resulting dried layer.

While each type of lacquer offers distinct advantages and disadvantages in spe-
cific applications, generally one type of lacquer will be preferable to another.

Solvent-free lacquers represent an exception, as they are rarely used compared

11
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to water-based or solvent-based lacquers [57]. The primary advantage of solvent-
free lacquers is that drying occurs through a chemical reaction, resulting in a
cross-linked structure that imparts a high level of temperature and chemical
stability to the cured coating layer [58]. However, their limited availability for
specialized applications, along with their typically high viscosity (>500mPas),
necessitates the use of specialized coating equipment [59].

Lacquers based on organic solvents offer several benefits, including a low evapo-
ration temperature, rapid evaporation rates compared to water, straightforward
manufacturing processes, and ease of application and control of the coating layer
[60]. Common solvents used in these lacquers include ethyl acetate, ethanol,
methyl ethyl ketone, and acetone. Additionally, solvent-based lacquers generally
exhibit greater resistance to high temperature, chemicals, and water compared to
their water-based counterparts. The primary drawback of solvent-based lacquers
lies in the environmental and safety risks associated with solvent evaporation.
First, the release of volatile organic compounds (VOCs) into the atmosphere
poses a significant explosion hazard, necessitating extensive protective measures
to safeguard personnel and equipment. Second, solvents can enter wastewa-
ter systems via cleaning processes and industrial effluents. Due to their low
biodegradability, they accumulate in water bodies, leading to contamination,
and requiring complex and costly treatment methods. Consequently, solvent
recovery is often economically unviable, making solvent-based lacquers both en-
vironmentally and financially disadvantageous in industrial applications [61].
Water-based lacquers, on the other hand, are considered to have a lower environ-
mental impact and pose a lower toxicity risk to on-site workers [62]. However,
they also have disadvantages, among them, the limited range of polymers that
can be stably dissolved or dispersed in water. Additionally, water-based lac-
quers require higher drying temperatures (typically 60 to 120°C) compared to
solvent-based lacquers (20 to 80°C). In terms of drying time, solvent-based lac-
quers typically dry within 20 to 40 s for standard application thicknesses, whereas
water-based systems require longer drying times, ranging from 40 to 60s [50].
Advances in water-based lacquer technology have significantly mitigated many of
these limitations, leading to a substantial increase in demand for these lacquers
[63]. During the state-of-the-art research phase and the experimental investiga-

tions for this thesis, the focus was placed on water-based lacquers.

12
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Difference between lacquer solutions and dispersions

Lacquer solutions are homogeneous mixtures of two or more components, in
which one component, the polymer (solute), is fully dissolved in another (sol-
vent). In this system, the interactions between the solvent and the solute break
the polymer down to its molecular level, dispersing the polymer molecules uni-
formly throughout the solvent. As a result, the size of the solute can be measured
on a molecular scale (<1nm), and the system consists of a single phase [64]. The
dissolved polymer molecules are not visible and do not scatter light, as they fall
below the threshold for the Tyndall effect [65]. Furthermore, the dissolved poly-
mer cannot be separated from the solvent by filtration or size-exclusion methods
[56]. The solubility of the polymer in the solvent is limited by the saturation
point, beyond which the polymer will precipitate. With an increase in solid
content, the solution is initially diluted, then becomes more concentrated, and
finally reaches a saturated state. If the polymer content exceeds the saturation
point, precipitation occurs [66].

In contrast, dispersions consist of polymer particles suspended in a continuous
solvent phase. Unlike solutions, the two phases in a dispersion are immiscible,
resulting in a biphasic system [64]. When light passes through a dispersion, the
suspended particles scatter the light, making the beam visible (Tyndall effect)
[65]. In addition, the polymer particles in a dispersion can be separated from
the solvent by filtration or other size-based separation methods [67].

In both lacquer solutions and dispersions, a hydration shell forms around the
polymer molecules or particles when dispersed in water. However, when the
solid content exceeds the saturation point, the polymer particles cannot form in-
dividual hydration shells, and the lacquer transitions from a liquid to a paste-like
consistency [68]. Because the surface-to-volume ratio is higher in a solution, the
saturation point is reached more quickly than in a dispersion. Consequently, lac-
quer solutions typically contain lower percentages of solid content (up to 25 wt%)

compared to dispersions, which may contain up to 80 wt% solid content [69].

1.3.3. Inorganic filler

Incorporating impermeable fillers can significantly improve the gas barrier prop-
erties of lacquers. A key characteristic of these fillers is their shape, which may
be spherical, fibrous (stick-like), or platelet-like. In general, fillers are classified
into two main categories: organic and inorganic. Among inorganic fillers, a fur-

ther distinction is made between phyllosilicates and other types.
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Fibrillated nanocellulose and cellulose nanocrystals are examples of organic fillers.
These materials are increasingly being used due to their natural origin, which
aligns with the growing demand for sustainable, biodegradable, and compostable
materials [70]. The hydroxy groups on nanocellulose enable chemical interac-
tions through hydrogen bonding with the polar groups of polymer matrices.
However, since nanocellulose typically occurs as needles or fibrils, its effective
cross-sectional shape is nearly spherical, resulting in an aspect ratio close to
1. Consequently, composites containing organic fillers generally exhibit only
modest improvements in gas barrier properties compared to those incorporating
platelet-shaped fillers [71, 72]. Nevertheless, the incorporation of nanocellulose
into polymers can significantly enhance mechanical properties, such as tensile
strength [73].

Phyllosilicates are the inorganic fillers most commonly used for enhancing the
gas barrier properties of polymers due to their platelet-like structure [74, 75].
Examples include montmorillonite (MMT), vermiculite, kaolinite, and hectorite
— all of which belong to the phyllosilicate class. Although these materials differ
in chemical composition and crystal structure, they share a common feature: hy-
dration, with water or hydroxy groups attached to their surfaces. These groups
facilitate hydrogen bonding, with polar functional groups in the polymer ma-
trix. An exception is halloysite, which, unlike the typical platelets, occurs as
nanotubes [76].

Other inorganic fillers that have facilitated gas barrier improvements when incor-
porated into polymer matrices include silicon dioxide nanoparticles [77], titanium
dioxide nanoparticles [78], aluminum oxide [79], and carbon nanotubes [80]. How-
ever, their use is relatively rare compared to phyllosilicates due to several disad-
vantages, such as higher cost, limited natural abundance, non-biodegradability,
lower aspect ratios, and reduced compatibility with most polymers.

In recent years, graphene and graphene oxide composites have attracted increas-
ing attention because of their unique electrical, mechanical, and thermal prop-
erties [81, 82]. Graphene, in particular, offers a similar or even higher aspect
ratio (500 to 1000 [83]) compared to phyllosilicates, and its hydrophobic nature
makes it particularly effective for enhancing the water vapor barrier of polymer
composites [84]. Despite these advantages, the widespread use of graphene as a
filler is hindered by challenges in large-scale production, the difficulty of achiev-
ing stable dispersions in water or solvents, and the limits on graphene’s ability
to interact with most polymers.

Among the phyllosilicate fillers, MMT is the most commonly used due to its

natural abundance, low cost, environmental compatibility, high surface area,
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good water absorption, and significant swelling ability in water [85]. Like all
phyllosilicates, MMT is hydrophilic, which facilitates its dispersion in water and
interaction with polar functional groups. To ensure compatibility with non-polar
polymers, MMT is typically organically modified, for instance, through the ad-
dition of ammonium cations or salts [86, 87]. Organically modified MMT is
commonly referred to in the literature as O-MMT. The widespread use of MMT
as an impermeable filler is well-documented in reviews by Kalendova et al.[88],
Cui et al.[74], and Rovera et al.[75]. Since MMT is utilized in the present work,
its structure, swelling behavior, and exfoliation are discussed in more detail be-

low.

Structure of montmorillonite

Montmorillonite (MMT) belongs to the smectite group, which comprises a vari-
ety of swelling phyllosilicates characterized by a three-layered structure [89]. As
illustrated in Figure 1.5, MMT’s structural unit consists of an alumina octahe-
dral sheet sandwiched between two layers of silica tetrahedra, forming what is
commonly referred to as a 2:1 structure [90]. The interlayer spacing, or layer
height, measures approximately 9.6 A, while the lateral dimensions of the layers
(length and width) range from 100 to 1000nm. The structural units are held
together by van der Waals forces and electrostatic interactions, forming stacks
of primary platelets. Macroscopically, MMT appears as a combination of in-
dividual platelet stacks and agglomerates of such stacks. For optimal barrier
properties — specifically, the greatest possible tortuosity of the diffusion path —
it is desirable to separate these agglomerates and stacks into individual MMT
platelets within the composite material. This separation process begins with the
swelling of MMT in water, followed by the displacement of the platelets from
one another in a process known as exfoliation [91]. Achieving efficient, rapid,
and homogeneous exfoliation of MMT in water remains a considerable challenge,
which this thesis seeks to address.

During the formation of MMT, isomorphous substitution occurs within its crys-
tal structure. Specifically, Si** ions in the tetrahedral sheet are partially replaced
by APt ions, while some Al** ions in the octahedral sheet are substituted by
Fe?t| Fe3t, or Mg?*" ions [93]. The degree and type of substitution determine
the negative charge on the surface of the silicate platelets. A higher propor-
tion of AI** ions replacing Si** ions in the tetrahedral sheet leads to a greater
negative charge on the platelet surface, and similarly, substitution of AI** with

lower-valency cations in the octahedral sheets increases the negative charge. The
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Figure 1.5.: Schematic representation of the layered MMT structure, comprising
one octrahedral and two tetrahedral sheets (adapted from Nasci-
mento [92])

charge at the edges of MMT platelets is pH dependent. Below a pH of 6.5, the
platelet edges are positively charged, whereas above this pH, they become neg-
atively charged [94]. The interlayer distance between two negatively charged
platelets ranges from 9 to 14 A. The negative charge is balanced by interlayer
cations, which are naturally present as Ca?t, Mg*", KT, AlI*" and Na't [95].
These cations exhibit high hydration energy, facilitating water absorption into

the interlayer spaces and leading to swelling of the phyllosilicate [96].

Swelling of montmorillonite

Upon contact with water, the interlayer cations in MMT form hydration shells,
which initiates the swelling process (Figure 1.6) [97]. At first, water molecules
entering the interlayer region create approximately four hydration layers around
each cation [98]. In these initial layers, water molecules are likely arranged in a
hexagonal network due to hydrogen bonding with the oxygen atoms of the MMT
structure [99]. This process, referred to as crystalline swelling, characterizes the
early stages of MMT swelling, during which the interlayer distance increases from
its initial value (9 to 14 A) to approximately 20 A, corresponding to an absorbed
water content of 0.5 gg((l\l/l{lfAOT)) at 99 %RH. When MMT is brought into direct con-

tact with liquid water, the water uptake increases significantly to approximately

10 gg&{f/[OT)), leading to a twentyfold increase in volume. This stage, which follows

crystalline swelling, is known as osmotic swelling or the second swelling region.
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Solid MMT Crystalline swelling 204 region of swelling Complete exfoliation

Figure 1.6.: Different stages of montmorillonite in water, from solid to exfoliated.

Further water uptake transforms the MMT into a thixotropic gel, then a sol, and
ultimately a pourable dispersion, representing the third stage of water absorp-
tion [100]. Not only the interlayer cations contribute hydrophilic properties, but
MMT itself also exhibits these properties, displaying a strong affinity for water
molecules. This affinity results in the formation of hydration shells around the

MMT particles [101] with a thickness typically on the nanometer scale [102].

Exfoliation of montmorillonite

The term exfoliation refers to the overcoming of the van der Waals and elec-
trostatic forces that hold the structural cells within an MMT stack together,
whereby these stacks are separated into individual platelets (Figure 1.6). The
degree of exfoliation — defined as the extent to which stacks are separated into
individual platelets — plays a critical role in the barrier performance of the
resulting composite. As exfoliation progresses, the aspect ratio of the MMT ag-
glomerates and stacks, which is initially close to 1, increases. Achieving complete
exfoliation of MMT stacks into individual platelets is widely regarded as the most
difficult challenge in producing polymer/MMT composites. The exfoliation be-
havior of MMT depends on several factors, including the source of the MMT,
the exfoliation medium, and the specific methods and conditions applied during
the process [91]. For large agglomerates (sizes exceeding 1 pm), the contribution
of hydration shells is negligible due to the low surface-to-volume ratio. How-
ever, as exfoliation proceeds, the surface area increases substantially, enabling
the adsorption of more water molecules. Consequently, the degree of exfoliation
directly influences the amount of MMT that can be dispersed in water. A higher
degree of exfoliation, corresponding to a larger surface-to-volume ratio, requires a
lower concentration of MMT to achieve a stable dispersion. Most scientific stud-
ies report that a homogeneous dispersion of MMT in water is achievable only
at concentrations below 10wt% [103-107]. Beyond this threshold, the limited
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availability of water molecules prevents the formation of hydration shells around

all particles, resulting in the formation of pasty dispersions.

1.3.4. Silicate-based composites

Mixing a polymer lacquer with a silicate dispersion results in a silicate-based
composite lacquer. The fabrication process is described in this section and com-
pared to alternative methods for producing silicate-based composites. For MMT
dispersions, several key parameters affect the final composite properties, includ-
ing the particle size, type of interlayer ions, chemical modifications, dispersion
pH, surface energy, dispersion method, and solid content. Similarly, critical fac-
tors for the liquid polymer component include the polymer type, medium (e.g.,
solvent-free systems, dispersions, or solutions), pH, molecular weight, surface
energy, solid content, and any chemical modifications. In addition to produc-
ing detailed analyses — such as those addressing specific mixing ratios based
on solid content — it is equally important to identify and evaluate overarching
trends within these systems. This holistic approach provides a comprehensive
understanding of the interrelationships between the material properties and the
fabrication process, and ultimately guides the development of silicate-based com-

posite lacquers.

Fabrication of silicate-based composites

Three primary methods are used to fabricate composites based on silicate platelets:
melt intercalation, in-situ polymerization, and solution intercalation (Figure 1.7).
In in-situ polymerization, phyllosilicates are first swollen in a liquid monomer or
monomer solution. The monomers penetrate the interlayer spaces of the silicate,
and polymerization is subsequently initiated using radiation, heat, or chemical
initiators. This process generates polymer chains within the silicate interlayers,
which can promote delamination [109].

Melt intercalation involves mixing the polymer and silicate platelets in the solid
state, followed by heating the mixture above the polymer’s softening point. If the
silicate surface is compatible with the polymer chains, the polymer penetrates the
interlayer spaces. Strong shear forces generated during extrusion further facili-
tate polymer intercalation and disaggregation of silicate particles. This method
is particularly attractive for industrial applications, as it can be implemented
using standard compounding equipment. However, hydrophilic silicate particles
require surface modification with surfactants to achieve compatibility with hy-
drophobic polymer matrices, such as PP or PE [110]. Additionally, the high
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Figure 1.7.: Illustration of (a) in-situ polymerization, (b) melt intercalation, (c)
solution intercalation (adapted from Uysal-Unalan et al. [108]).

viscosity of the polymer melt poses a significant challenge, as viscosity increases
exponentially with silicate content, limiting the amount of silicate that can be
incorporated while maintaining processability [18, 111, 112].

In solution intercalation, silicates are first dispersed in a solvent (e.g, water),
where they swell and form a dispersion. This dispersion is then mixed with a
polymer solution or dispersion that uses the same solvent. Once the solvent
evaporates, the composite material remains. However, this method is limited by
compatibility issues with the used solvents, which restricts the range of applica-
ble materials [113].

An alternative fabrication approach, not depicted in Figure 1.7, is layer-by-layer
(LbL) assembly. In this technique, alternating layers of polymer and silicate are
deposited to create high-barrier stacks. While LbL assembly offers exceptional
barrier properties, it faces considerable challenges related to material adhesion
and is economically unfeasible due to the complexity and labor-intensive nature
of the process [114-116].

Key parameters influencing composite properties

There are four major parameters that affect the macroscopic properties of the

composite [35]:
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o Aspect ratio of the filler particles
o Homogeneity of the filler dispersion

o Filler orientation within the coating layer and homogeneous distribution

within the coating layer

« Interactions inbetween polymer chains, filler particles, and between poly-

mer and filler

The aspect ratio of filler particles (Eq.1.14) significantly impacts two primary
properties of barrier composites: the barrier potential and composite lacquer
viscosity. A higher aspect ratio enhances the barrier potential, as fewer particles
are required to completely cover the permeation surface, thereby maximizing
the diffusion path [117-119]. However, high-aspect-ratio fillers tend to increase
viscosity substantially, even at low filler contents [120]. To ensure processability,
lacquers containing high-aspect-ratio fillers must have either a low total solid
content or a reduced filler concentration. Consequently, achieving an optimal
balance between high barrier performance and moderate viscosity is critical for
practical applications.

The quality of filler dispersion determines the ability of particles to be distributed
homogeneously, exfoliated (i.e., individually separated), and equidistantly ar-
ranged within the polymer matrix. Poor dispersion, characterized by agglom-
eration or accumulation in specific regions, reduces homogeneity and adversely
affects the barrier performance. Agglomerated particles do not effectively extend
the diffusion path, resulting in gas barrier properties that are lower than theo-
retically achievable.

Filler orientation within a composite is influenced by the fabrication process,
filler morphology, and characteristics of the polymer matrix. During film pro-
duction, shear forces — such as those generated during extrusion — tend to align
platelet-shaped particles along the direction of shear [18, 111, 112]. Similarly, in
liquid composite coating processes using laboratory-scale techniques (e.g., k-bar
coating, doctor blade application, spin coating), particles typically align parallel
to the shear direction. To optimize gas barrier properties, a parallel alignment of
particles in the composite layer is ideal, as illustrated schematically in Figure 1.4.
Conversely, for applications requiring increased ductility or fracture toughness,
a heterogeneous particle orientation may be preferred [121, 122].

In two-material systems, interactions between the polymer and filler help to sta-
bilize the mixture. If the interactions between polymer particles or between filler

particles are energetically favored over polymer/filler interactions, the mixture
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may become unstable and non-homogeneous, leading to de-mixing and the for-
mation of agglomerates [123]. Typically, polymer/filler interactions involve van
der Waals attractions [124]. However, if fillers possess hydroxyl groups, such
as in the case of MMT, hydrogen bonding can also occur, further influencing
the stability and dispersion of the mixture [35]. In both polymer dispersions
and polymer solutions, dissolved polymer strands or dispersed spherical polymer
beads are surrounded by hydration shells. When mixed with an MMT disper-
sion, the MMT particles compete with the polymer particles for water molecules
to maintain their hydration shells. As the total solid content increases, a critical
threshold is reached at which there are insufficient water molecules to maintain
hydration shells around all polymer particles and MMT platelets. At this point,
agglomeration occurs at the microscopic level, and the mixture transitions from
a flowable state to a paste-like consistency. This behavior underscores the im-
portance of balancing hydration dynamics and solid content during composite

formulation.

Silicate composites based on polyvinyl alcohol

Polyvinyl alcohol (PVA) is the most commonly used polymer matrix for silicate-
based composites. This is due to its intrinsic properties, including excellent oxy-
gen barrier performance, chemical resistance, processability, non-toxicity, non-
carcinogenicity, biodegradability, and affordability. Additionally, its hydrophilic
nature facilitates hydrogen bond formation with the silanol groups (-Si-OH) of
MMT. This interaction enables MMT and other phyllosilicates to act as crosslink-
ers for hydrophilic polymers, thereby enhancing the composite’s structural in-
tegrity and performance [125, 126]. Table 1.1 provides an overview of silicate-
based composite coatings with PVA as the polymer matrix, highlighting their
properties and applications.

A notable observation from the reviewed studies is that the total solid content
typically remains below 2 wt%, with the exception of the work by Nyflott et al.,
who employed a lacquer with 13 wt%. Low solid content has several implications
for the coating process. To achieve a desired dry-coating layer thickness, either
multiple coats must be applied [118, 129, 131, 133, 136, 137], or a thick liquid
film must undergo prolonged drying times, often exceeding 30 min [127, 130, 134,
135]. In some cases, low solid content results in very thin dry films, with measure-
ments as low as 150nm [135]. The drying duration should be evaluated under
realistic industrial conditions, such as those encountered in roll-to-roll (R2R)

coating processes. For instance, a combination of a web speed of 150 m/min and
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1. Introduction

a dryer-path of 50m corresponds to a drying time of 20s [138]. A key objective
in the development of silicate-based composite coatings with PVA is to increase
the solid content to a level that allows the desired film thickness to be achieved
in a single coating step, while maintaining a drying time of less than one minute.
It is noteworthy that the dispersion of MMT in water, which is expected to yield
optimal exfoliation, often requires prolonged durations exceeding 12h in many
published studies [118, 127, 130, 133, 136, 137]. In some cases, researchers have
attempted to accelerate exfoliation using ultrasonic treatment, both prior to and
following the mixture with PVA [129, 132-137]. However, several publications
place little or no emphasis on the preparation of silicate dispersions, despite ex-
foliation being a critical step that significantly impacts the overall performance
of the composite [128, 131]. Consequently, an important objective in the devel-
opment of new composite lacquers is to establish a short, reproducible method
for dispersing MMT particles in water and achieving a consistent degree of ex-
foliation.

PVA is known for its excellent oxygen barrier properties, with reported values
ranging from 1 to 6 < STPImm 197 198 139, 140]. The incorporation of silicate
particles can significantly enhance this barrier performance, a finding consis-
tently demonstrated in the studies on free-standing PVA films and composite
coatings [35, 141-146]. In many cases, the improvement in barrier properties is
primarily attributed to the tortuous path effect [118, 128-130, 136]. Other inves-
tigations emphasize factors such as the orientation of the barrier particles [134,
135] or the increased density of the coating [133-135, 137]. However, the role of
interactions between PVA and MMT, particularly the contribution of hydrogen
bonding to enhanced barrier performance, is addressed only occasionally in the
literature. Addressing this challenge raises the first scientific question: How do
the exfoliation process and the mixing ratio affect the gas barrier performance
of a PVA/MMT composite layer?

Silicate composites based on alternative polymer matrices

In addition to PVA, which is the most commonly used polymer matrix for silicate-
based composites, other polymers are also employed as matrix materials. The
selection of alternative polymer matrices is driven by several factors. From a
basic research perspective, it is important to identify alternatives to PVA [158],
to develop fully bio-based composites as replacements for fossil-based materials
[159], and to explore the impact of differences in the properties of commonly

used polymers when identical fillers are considered [160]. From an application
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1. Introduction

perspective, alternatives should be sought, to enhance specific properties that
PVA may not offer. These include improved sealability at moderate tempera-
tures (<150°C), compatibility with extrusion processes, stable gas barrier per-
formance at high humidity levels (>60 %RH), and increased buckling resistance
of the barrier layer [161-163].

Table 1.2 presents a selection of silicate-based composites with enhanced gas
barrier properties that use polymer matrices other than PVA. Despite employing
less common polymer matrices, hydrophilic polymers such as acrylates, nylon-6,
polyurethanes, polyethylene glycol, and various biopolymers are predominantly
combined with MMT. The hydrophilicity of these polymers provides two main
advantages: first, hydrophilic polymers form hydration shells, which improve the
dispersion of MMT in water without compromising the dispersion quality; and
second, their hydrophilicity facilitates the formation of hydrogen bonds between
the filler and the matrix, potentially enhancing the composite’s structural in-
tegrity and barrier performance.

An analysis of the BIF reveals that PVA-based composites generally exhibit
higher BIF's. To better understand the influence of polymer-matrix interactions
on gas barrier performance, a key research objective is to mix different polymers
with the same MMT particles and investigate the resulting composite’s gas bar-
rier properties.

Compared to PVA composites, those with alternative polymer matrices typically
have a lower MMT-to-polymer mixing ratio. Additionally, the total solid con-
tent of the lacquers tends to be higher in these composites. The mixing ratio and
total solid content are opposing factors in the development of barrier lacquers
[164]. A higher concentration of silicates in the composite generally improves the
gas barrier potential; however, it also increases the viscosity. When the lacquer’s
viscosity exceeds 100 mPas at the shear rate applied during the coating process,
it becomes difficult to apply. Therefore, the challenge lies in balancing these
two parameters, by using either lacquers with low total solid content and high
MMT concentration, or those with a high total solid content and a low MMT
concentration. To facilitate a meaningful comparison of composites with differ-
ent polymer matrices, the goal should be to maintain a constant mixing ratio
between the polymer and MMT.

The form of the lacquer — whether a dispersion or a solution — also influences
both the mixing ratio and the total solid content [165]. Dispersions can typically
be processed with higher solid contents due to their lower viscosity and the re-
duced impact of MMT on viscosity. This is attributed to the generally weaker

interaction between MMT and the polymer in dispersions compared to solutions.
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To further investigate the role of MMT /polymer interactions in the liquid phase,
both dispersions and solutions with identical MMT contents could be mixed and
analyzed for their interaction effects.

Many studies on gas barrier coatings primarily focus on oxygen and water va-
por permeation, as these are the most critical properties for applications such
as food packaging [74]. Some studies have also investigated the barrier prop-
erties for other gases, such as COy [87, 145], helium [150, 166-169], hydrogen
(168, 169], and nitrogen [167, 170]. Because these permeants differ in size and
polarity, different factors are likely to influence their permeation through silicate-
based composites. To better understand the mechanisms of gas permeation and
optimize composite formulations, a key objective is to test the gas barrier per-
formance of the same composite against different gases. This approach can help
identify which composite properties most significantly affect the permeation of
specific gases and to what extent.

In addition to composites with hydrophilic polymers, studies have also exam-
ined the gas barrier properties of composites with hydrophobic polymers, such
as PP [111, 112, 166, 167, 171]. For these composites, melt intercalation is the
preferred fabrication method. In this process, MMT is dispersed in molten PP,
and the composite is extruded rather than coated [74]. Compared to coating
a flexible film with a composite barrier lacquer, extrusion offers the advantage
of requiring only a single manufacturing step to produce the gas barrier film.
However, one limitation of this method is that only small amounts (<10 wt%) of
MMT can be incorporated into the PP, as higher MMT concentrations rapidly
increase the melt viscosity, rendering the material difficult to process. As with
the composites shown in Table 1.2, the low MMT content in extruded compos-
ites is the primary reason for their relatively low BIF's. The main advantage of
extruded composite films lies in the enhancement of their mechanical properties,
with gas barrier improvement being a secondary benefit. Although it may seem
counterintuitive to combine hydrophobic, relatively inert PP with MMT particles
— given that polymer/MMT interactions can significantly improve gas barrier
properties — this approach provides an opportunity to adjust the mixing ratio
and increase the MMT content, thereby enabling a comparison of mixing ratios
similar to those used with hydrophilic polymers. Given these considerations, the
following scientific question arises when comparing PVA-based composites with
those based on other polymers: To what extent do polymer/MMT interactions

influence the gas barrier performance for gases of different polarity and size?
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1.3.5. Coating processes for barrier lacquers

Various methods are employed to apply lacquers onto flexible films, resulting in
thin-film coatings. In contrast to evaporation techniques such as physical va-
por deposition (PVD), lacquer coating is a solution-based process [172]. In this
process, a lacquer is uniformly applied to a substrate, and then dried. A key dis-
tinction exists between sheet coating — used for small film sections in laboratory
settings — and R2R coating, which is more suitable for industrial-scale produc-
tion [138, 173]. Sheet coating enables rapid application of different lacquers onto
prepared sheets during the development phase, whereas R2R coating facilitates
the automatic coating of large volumes of film material in a relatively short time.
The main coating techniques include spin coating, dip coating, slot-die coating,
k-bar coating, spray coating, and gravure coating [174]. These techniques are
generally categorized based on their suitability for laboratory-scale or R2R ap-
plications, with some techniques adaptable to both scales.

During the coating process, precise control over the quantity of lacquer applied
to the substrate is critical. This control, referred to as metering, directly deter-
mines the coating weight [175]. Coating techniques can be classified as either
self-metered or pre-metered, depending on how the coating weight is regulated.
In a self-metered coating process, the coating weight is determined by the in-
trinsic properties of the lacquer, the substrate, and the applicator. Key factors
influencing this process include lacquer viscosity, flow behavior, application tech-
nique, coating speed, and the interactions between the surface energies of the
lacquer and substrate, and other variables. Due to the interplay of these factors,
the exact coating weight must be evaluated for each specific set of parameters.
In contrast, a pre-metered coating process precisely defines the coating weight
by controlling the lacquer flow rate. In this case, the device supplying the lac-
quer, such as a pump, directly regulates the coating weight, independent of the

application technique itself [176].

Coating techniques for composite barrier lacquers

Spin coating. In spin coating, the lacquer is deposited at the center of a sub-
strate that is then rapidly rotated on a flat surface. The centrifugal force spreads
the lacquer evenly, and the resulting film thickness is influenced by factors such
as lacquer viscosity, surface tension, and rotational speed. This self-metered
process can produce uniform films ranging from nanometers to microns, using a
wide variety of solutions. Due to the air flow generated during spinning, exter-

nal heat may not be necessary for drying. Spin coating is cost-effective and well
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Spin coating Dip coating Spray coating Blade coating

Figure 1.8.: Schematic drawing of four coating techniques: spin coating, dip coat-
ing, spray coating, and blade coating. The lacquer is shown in blue
and the coating direction is indicated by the orange arrows (adapted
from Kwon et al. [174]).

suited for small batches and individual films in thin-film research. However, its
batch-based nature makes it unsuitable for large-scale production, and it tends
to generate significant waste, as excess solution is spun off [177].

Dip coating. In dip coating, the substrate is immersed in a lacquer solution and
then withdrawn at a controlled rate. The thickness of the wet film depends on
the withdrawal speed, ambient air flow, and lacquer viscosity; thus, dip coating
is classified as a self-metered technique. After withdrawal, the substrate is dried
either at ambient temperature or in an oven to accelerate drying. This method
is simple and versatile, allowing for the adjustment of film thickness by varying
key parameters, and ensuring the uniform coating of both sides of the substrate.
However, dip coating typically requires a large amount of lacquer, leading to
substantial waste, and the wet film is sensitive during drying, often necessitating
cleanroom conditions or fume hoods to prevent contamination [174].

Spray coating. Spray coating atomizes the lacquer using a stream of pressur-
ized gas, breaking it into fine droplets that are uniformly deposited onto the
substrate to form a wet film. The final film thickness is determined by surface
tension, lacquer viscosity, gas flow properties, nozzle characteristics, wetting be-
havior, solid content, coating distance, and application speed. As a pre-metered
coating technique, spray coating is well-suited for producing thin films, although
thicker films can be achieved by creating multiple layers. The method is scal-
able for both laboratory and industrial applications and generates relatively low
levels of waste. However, optimizing the lacquer formulation and nozzle settings
to achieve a uniform spray pattern that yields a homogeneous dry film remains
a key challenge [178].

Blade coating. In blade coating, the lacquer is applied in front of a blade that

is positioned at a small distance from the substrate. As the substrate or the
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|

/

e —
K-bar coating (Reverse) Gravure coating Slot-die coating

Figure 1.9.: Schematic drawing of three coating techniques: k-bar coating, re-
verse gravure coating, and slot-die coating. The lacquer is shown
in blue and the coating direction is indicated by the orange arrows
(adapted from Kwon et al. [174])

blade moves, the lacquer is evenly spread over the surface. The film thickness
is controlled by the distance between the blade and the substrate, the lacquer
viscosity, and the coating speed, making this a self-metered process. Blade coat-
ing is versatile, applicable for a wide range of viscosities and substrates (both
rigid and flexible), and it is efficient for large-scale production, with lower levels
of waste compared to dip and spin coating. However, achieving very thin films
(less than 10 pm) can be challenging, and contamination of the lacquer or the
surrounding environment may lead to streaks in the wet film [179].

K-bar coating. The K-bar coating technique is similar to blade coating and
is also a self-metered process. In this method, a lacquer is applied in front of a
bar wrapped with a precision wire of a specific diameter. As the bar is drawn
across the substrate, the lacquer is metered through the gaps between the wire
windings, resulting in a consistent coating. Key process parameters include the
type of bar, the wire diameter, the applied pressure, the coating speed, and the
properties of the lacquer, such as viscosity and solid content. Although K-bar
coating allows quick changes in the bars and can accommodate a range of coating
thicknesses, a drawback is that the wire pattern can sometimes be transferred
onto the lacquer layer, particularly if the lacquer has a high viscosity. Addition-
ally, the scaling up of the process is limited by the rate at which the lacquer fills
the gaps via capillary action [180].

Gravure coating. Gravure coating employs an engraved gravure roll that ro-
tates in a reservoir of lacquer. The lacquer fills the engraved cells on the roll,

and when the roll contacts the substrate, the lacquer is transferred to form a lig-
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uid film. As a self-metered process, gravure coating is widely used in large-scale
production due to its ability to produce precise and uniform films at high speeds
[138]. It can handle a broad range of lacquers, from low to high viscosity. How-
ever, similar to K-bar coating, there is a risk of transferring the cell pattern onto
the film when using highly viscous lacquers. Additionally, adjusting the coating
thickness can be time-consuming, often requiring modification of the lacquer’s
solid content or a change in the gravure roll. Exposure of the lacquer reservoir
to ambient air may lead to solvent evaporation, altering the solid content and
consistency of the coating [181].

Slot-die coating. In slot-die coating, the lacquer is pumped through a die at
a defined flow rate while the substrate moves relative to the die head, making
this a pre-metered process. Critical parameters, such as flow rate, die opening
length, substrate (web) speed, lacquer viscosity, and solid content must be finely
adjusted to optimize film uniformity and stability. Slot-die coating is versatile
and efficient, capable of processing both high- and low-viscosity lacquers and
accommodating a wide range of film thicknesses. It minimizes waste since nearly
all the pumped lacquer is used. The technique is applicable in both laboratory-
scale sheet coating and industrial-scale R2R processes. However, its complexity,
due to the numerous parameters that must be controlled, requires substantial
expertise to achieve defect-free coatings, and the intricate flow physics can make
troubleshooting challenging. Additionally, the need to clean the die means this
coating technique can be more labor-intensive than others compared to other

coating techniques [182].

Coating with composite lacquers

The coating process is a critical factor in the performance of a gas barrier lacquer,
as the lacquer properties must be aligned with the specific coating technique used
[183]. For example, the flow characteristics, viscosity, and solid content of the
lacquer influence the final appearance of the dry coating layer, which is deter-
mined by the chosen coating technique. For composite lacquers optimized for
gas barriers, an additional factor comes into play: the tortuous path effect. This
effect is most pronounced when platelet-shaped particles are aligned parallel to
the substrate surface and perpendicular to the direction of gas permeation. The
degree of alignment and particle distribution in the barrier layer is influenced by
various factors, including the coating method used.

Tables 1.1 and 1.2, which list MMT-based gas barrier coatings, indicate that all

coatings were applied on a laboratory scale. The techniques employed include
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spin coating, dip coating, k-bar coating, injection printing, spray coating, blade
coating, and solution casting. In other reviews of studies involving composite
barrier coatings, such as those by Uysal-Unalan et al. [108], Joshi et al. [184],
and Rovera et al. [75] there is likewise no mention of R2R coatings. Transi-
tioning from laboratory-scale to industrial-scale R2R coating involves adapting
the lacquer formulation to the specific requirements of the R2R process — a
challenge that can be as difficult as the initial lacquer development itself. To the
author’s knowledge, there have been no studies on R2R coating of silicate-based
composite barrier lacquers. This gap in the literature leads to the following sci-
entific question: What modifications to a composite barrier lacquer are necessary

in order to scale up from laboratory-scale coating to roll-to-roll coating?

1.4. Scientific questions and aim of the thesis

Numerous studies have focused on enhancing the gas barrier properties of poly-
mers by incorporating platelet-shaped silicate particles. However, drawing gen-
eralizable conclusions remains challenging, as each polymer/silicate combination
behaves differently. It is essential to elucidate the gas permeation mechanisms
through these composites and to understand how various parameters influence
their performance. Therefore, this thesis aims to address the following scientific

questions:

1. How do the exfoliation process and the mixing ratio affect the
gas barrier performance of a PVA/MMT composite layer?
The exfoliation of MMT in water is typically achieved via mixing and ultra-
sonication. Theoretically, the highest gas barrier values are reached when
the composite contains a maximum amount of silicate particles. In Sec-
tion 3.1, the preparation of a PVA/MMT gas barrier lacquer formulation
is described. This includes both a comparison of two mechanical mixing
methods, using a high-shear mixer and a planetary ball mill to disperse
MMT in water, and the identification of the optimum mixing ratio of PVA
and MMT.
The incorporation of impermeable MMT particles into the PVA polymer
matrix extends the diffusion path for gas molecules, resulting in a lower
permeation coefficient. Measurements of the oxygen barrier at various tem-
peratures not only yield the permeation coefficient for the composites but

also enable the determination of the activation energy for permeation. The
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combined analysis of these parameters facilitates a deeper understanding
of how silicate incorporation modifies the polymer matrix structure and

affects gas barrier performance.

2. To what extent do polymer/MMT interactions influence the gas
barrier performance for gases of different polarity and size?
The permeation mechanism is affected by both the size and the polarity of
the gas molecules. Helium, hydrogen, and oxygen differ in their kinetic di-
ameters, while water vapor, being polar, introduces additional complexities,
such as condensation behavior and solubility mechanisms. In Section 3.2,
the gas barrier properties against these four permeants are evaluated for
silicate-based composites formulated with different polymer matrices (e.g.,
PVA, acrylate and PP). This investigation focuses on how the interactions
between the polymer and MMT — mediated by factors such as hydrogen
bonding — affect the overall barrier performance for gases with varying

physicochemical characteristics.

3. What modifications to a composite barrier lacquer are necessary
in order to scale up from laboratory-scale coating to roll-to-roll
coating?

For industrial applications, it is crucial that the lacquer formulation is com-
patible with standard R2R coating technologies. Key parameters, such as
lacquer viscosity, shear thinning behavior, solid content (which directly
influences drying time), and the tendency for re-agglomeration of silicate
particles become particularly important during the R2R process. In Sec-
tion 3.3, the modifications required to adapt PVA/MMT composite lac-
quers for R2R coating via slot die or gravure techniques are discussed,
ensuring that the high gas barrier performance is maintained at an indus-

trial scale.

The overarching aim of this thesis is to address the key challenges in the devel-
opment and application of composite lacquers, and to attain a comprehensive
understanding of the interplay between material properties, processing condi-

tions, and gas permeation in silicate-based composite barrier lacquers.
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Materials

All materials utilized in this investigation are commercially available and are de-
scribed in detail in the respective references [46, 48, 185]. The polymer lacquers
employed as components of the composite barrier lacquers are all water-based
formulations. These lacquers are provided either as dispersions (polyacrylic dis-
persion and polypropylene dispersion) or solutions (polycarboxylic solution and
polyvinyl alcohol solution). The silicate particles used as fillers include rod-
shaped halloysite and platelet-shaped montmorillonite, both utilized in their un-
modified, as-purchased form. PET and BoPP polymer films were selected as
substrate materials for the composite barrier lacquers. PET was chosen due to
its high surface energy (44 2X[186]) compared to BoPP (24 2X) and its lower sur-
face roughness, which make it an optimal reference surface material [187, 188|.
The PET film, with a thickness of 23 pm, also exhibits lower water vapor perme-
ability (8.4 —5) than the 30 ym BoPP film (4.9 —£~), allowing for a more precise
identification of water vapor barrier improvements at identical coating thick-

nesses. BoPP was included as a substrate material because the current trend in
food packaging favors mono-polypropylene (mono-PP) flexible packaging [189].
Additionally, PP exhibits low barrier properties against oxygen and other non-
polar gases, which facilitates the assessment of permeability enhancements for

such gases.

Methods

Size determination of silicate particles

Determining the size of the silicate particles is an essential step in the subse-
quent analysis of the composite barrier layers. First, it is necessary to confirm
the particles’ shape, that is, halloysites are rods and MMT are platelets. In the
case of halloysites, the rod shape is confirmed by analyzing scanning electron

microscope (SEM) images of the coating surface as described in [46]. In the case
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of MMT, the platelet shape is determined by combining two measurement meth-
ods. Theoretically, a single particle must be isolated and its lateral expansion in
all three dimensions should be determined by one measuring principle, but this
is not possible in practice. Therefore, the particle size is determined in two steps.
First, the radius of gyration is determined by a combination of asymmetrical low
field-flow fractionation (AF4) and multi-angle laser light-scattering spectrome-
try (MALLS), as described in [46]. Since the particles are randomly oriented
during laser light-scattering measurement, the results of AF4/MALLS describe
the expansion in two dimensions as a random coil, that is, the length and width
of the particle. To determine the thickness of the platelets, cross sections of the

coated films are prepared by Ar™ beam milling, and the thickness is measured
by SEM as described in [46] and [185].

Viscosity measurement of lacquers

The viscosity of the lacquer is a parameter of particular importance in the pro-
cessing of the lacquer. MMT dispersions exhibit a shear-thinning behavior, which
is transferred to the composite barrier lacquers upon mixing with the polymer
lacquers [190]. Consequently, it is essential to determine the viscosity at the
particular shear rate encountered during the coating process. The procedures
for viscosity determination and the calculation of the shear rate during coating
are described in detail in [185] and [48].

Measurement of permeability coefficients

For this thesis, the gas permeation of hydrogen [48], helium [46, 48], oxygen [46,
48, 185] and water vapor [48] was measured following the methods described
in the respective references. In all cases, the permeance through a coated film
Qiota1 Was measured with the coated side facing the measurement chamber that
contained the permeant. To allow for comparison of coating layers irrespective
of the substrate or any additional layers (i.e., polycarbonate stabilization plate
during hydrogen permeation measurements), the permeance of the coating layer
Qcoating Was separated from that of the substrate Qsupstrate (and the plate Qplate)
by solving Eq.2.1.

1 1+1<1> 21)

= +
Qtot al Qcoating qubstrate Qplate

To obtain the permeability coefficient of the coating layer Poating, the permeance

of the coating layer was normalized to a layer thickness d of 1pm according to
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Eq.2.2.
Pcoating = Qcoating -d (22)

f cm? (STP) pm
m? d bar

for water vapor. To quantify the improvement in

Here, the permeability coefficient is expressed in units o for hydrogen,

gpm
m2d

barrier performance due to the integration of silicate particles compared to plain

helium, and oxygen and in

polymer coatings, the barrier improvement factor BIF' is calculated via Eq.1.20.
Furthermore, measuring the permeance at different temperatures enables the de-
termination of the activation energy for permeation using an Arrhenius approach.

The temperature dependence of the permeability coefficient is given by

Ea

Pcoating(T) = PO -e RT (23)

where Proating(1') is the permeability coefficient at the temperature T, P is the
pre-exponential factor, and R is the universal gas constant. The activation energy

for permeation has been measured for oxygen[46, 48] and hydrogen[48].

Surface energy measurement

In this investigation, the surface energy of the (pre-treated) substrates and the
dried coating layers was determined using the sessile drop method. For the
polymer lacquers in their liquid state, for the MMT dispersion, and for their
mixtures, the pendant drop method was employed. The underlying principles of
these techniques are described in [185] and [48]. The measured surface energies
of the substrates and liquid lacquers were used to predict the wetting behavior on
the substrate surfaces. Moreover, evaluating the surface energy of both the liquid
lacquer components and their mixtures, as well as that of the dried coating layers,

provides insight into possible interactions between the polymer and silicate.

Measurement of coating layer thickness

The permeance is inversely proportional to the coating thickness, meaning that
thinner layers exhibit higher permeance. Therefore, accurately determining the
thickness of the barrier layer is essential for normalizing the permeance values
needed to calculate the permeability coefficient. The coating layer thickness was
determined either via SEM cross-sectional images with the SEM software [46] or

with a precision thickness gauge [48, 185].
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Roughness measurement

The surface roughness of the coating layer was measured as described in [185].
This parameter provides a qualitative indication of the degree of particle agglom-
eration within the coating, as higher roughness values typically correspond to a

greater presence of agglomerates.

X-ray diffraction measurement and pole figures

X-ray diffraction (XRD) was employed to characterize the amorphous and crys-
talline domains within the composite coating layer. During all measurements,
the XRD analysis was performed on the coated side of the film using a Cu-K,
radiation (A = 1.54184 A) source as described in [46] and [48].

The pole figure measurements were conducted at a fixed 20 angle of 6°, corre-
sponding to the (001) lattice plane of MMT, following the procedures detailed
in [185] and [48]. These pole figures enable the determination of the orientation
distribution of MMT platelets in the dried coating layer, which is critical for cal-
culating the barrier improvement achieved through particle alignment, as shown
in Eq. 1.19.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a physical analysis technique
in which molecules are stimulated by infrared radiation to probe their vibrational
modes [191]. In this investigation, FTIR spectroscopy was utilized to identify
interactions between the polymer matrix and the silicate particles. All measure-
ments were performed using the attenuated total reflectance (ATR) method. In
this approach, the coated side of the film is brought into contact with a diamond
crystal. Given that the penetration depth in polymer coating layers ranges from
several hundred nanometers to a few microns, the majority of the spectral infor-
mation is derived from the coating layer itself, without significant interference
from the substrate [192, 193]. Detailed measurement procedures are described
in [46] and [48].

Calculation of barrier improvement attributable to filler

integration

The permeability coefficient was calculated according to Eq.1.16 in Section 3.1,

which does not consider particle orientation, and according to Eq.1.19, which
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incorporates a parameter for particle orientation. These calculated values rep-
resent the theoretical potential for barrier improvement achievable with various
particle shapes and sizes. If the experimental results fall below this theoret-
ical potential, it may indicate that the coating process or sample preparation
requires optimization. Conversely, if the experimental values exceed the theoret-
ical predictions, this suggests that, in addition to the geometric factors, beneficial
chemical or structural modifications have been induced in the polymer matrix,
thereby enhancing the gas barrier properties. However, evaluating these out-
comes is challenging because the opposing effects of these factors may cancel
each other out. Consequently, it is essential to employ multiple analytical meth-

ods to draw robust and reliable conclusions.
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3.1. Nanocomposite Coatings Based on Polyvinyl
Alcohol and Montmorillonite for High-Barrier

Food Packaging

by Stefan Schiessl, Esra Kucukpinar, Stéphane Cros, Oliver Miesbauer, Horst-
Christian Langowski, and Peter Eisner [46]

In the food packaging sector, there is a steady demand for flexible packaging
with high barrier properties. Polyvinyl alcohol (PVA) layers, known for their
excellent oxygen barrier performance, can be further improved by integrating
impermeable platelet-shaped silicates. The integration of such particles extends
the diffusion path for permeant molecules — a phenomenon known as the tor-
tuous path effect — which in turn reduces the permeation coefficient of the
composite layer compared to that of the pure polymer. Mathematical models,
such as Nielsen’s model, can be used to predict the potential improvement in
barrier performance.

To investigate the correlation between calculated and measured permeation co-
efficients, PP films were coated with both pure PVA and PVA-based composite
coatings. These coatings were subjected to permeation measurements conducted
at different temperatures to determine the activation energy for the permeation.
Two types of silicate particles were selected: stick-shaped halloysite and platelet-
shaped montmorillonite (MMT). These particles were incorporated into the PVA
matrix at mixing ratios of 7, 30, and 47 vol%. For particle dispersion in water,
two methods were compared: a laboratory-scale disperser (Ultra-Turrax®) and
a planetary ball mill. The permeating gases used were oxygen and helium.

It was shown that the permeation coefficient of a composite layer can be approxi-
mated if the particle geometry, the mixing ratio, and the permeability coefficient
of the pure polymer are known, provided that the particles are well-dispersed
and free of agglomerates. In particular, the dispersion of the particles with a

ball mill resulted in composites free of agglomerates, without breaking the sili-
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cate platelets or changing their size. The calculation of the permeation coefficient
implies that barrier performance improves with increasing particle content; how-
ever, an optimum was experimentally identified at 30vol%. At higher particle
loadings, the polymer matrix can no longer be closed, leading to macroscopic
defects in the coating. Notably, the activation energy for permeation decreased
upon the incorporation of silicate particles, in comparison with pure PVA. De-
spite this decrease, the overall permeation coefficient was reduced by a factor of
17 for helium and 12 for oxygen at 30vol% particle content. The results imply
that the permeation process through the composite requires less energy than
through pure PVA, indicating that permeation may preferentially occur at the
polymer /silicate interfaces (i.e., in weak-boundary areas). Moreover, although
the activation energy is reduced, the dominant factor in lowering the permeation
coefficient is the extension of the diffusion path via the tortuous path effect,

which outweighs the influence of the decreased activation energy.

Author contribution: Stefan Schiessl developed the study’s concept and de-
sign and wrote the manuscript under the supervision of Esra Kucukpinar and Pe-
ter Eisner. Oliver Miesbauer and Horst-Christian Langowski contributed to the
permeation models. Stéphane Cros performed the helium permeation measure-
ment. Esra Kucukpinar, Peter Eisner, and Horst-Christian Langowski revised

the manuscript.

41



3. Results

3.2. Mechanisms of permeation of helium,
hydrogen, oxygen, and water vapor through

silicate-based composite barrier coating layers

by Stefan Schiessl, Esra Kucukpinar, René Schwiddessen, Horst-Christian Lan-
gowski, and Peter Eisner [48]

The incorporation of montmorillonite (MMT) into polymer layers can substan-
tially enhance the gas barrier properties of the polymer. Due to the compatibility
of the hydroxy groups and the interaction via hydrogen bonding, PVA is a ma-
trix material commonly used in combination with MMT. However, PVA is not
universally applicable, particularly in moisture-sensitive environments, which un-
derscores the need to evaluate the compatibility of MMT with alternative matrix
materials. This investigation focused on the properties that are decisive for the
barrier performance of a composite coating layer and the influences on the per-
meation mechanisms.

In this study, composite barrier lacquers were prepared using MMT and various
polymer matrix materials. Specifically, two water-based dispersions (polypropy-
lene and polyacrylate) and two water-based solutions (polycarboxylic acid and
polyvinyl alcohol) were utilized. The polymers were mixed with MMT at mixing
ratios of 3:1 and 1:1, and both the composites and the pure polymer were coated
onto PET films. The barrier properties of the resulting coatings were then mea-
sured against helium, hydrogen, oxygen, and water vapor.

The addition of MMT to the aqueous polymer lacquers increased their viscosity.
The resulting composite lacquers showed pronounced shear thinning behavior,
particularly for those based on polycarboxylic acid and PVA, which, according
to FTIR spectral peak shifts, also interact chemically with MMT. In contrast,
no significant interaction was observed for polypropylene and polyacrylate ma-
trices. The measured permeability coefficients correlated with the permeant size,
with helium (the smallest species) showing the highest permeability, followed by
hydrogen and oxygen. The barrier improvement factors, on the other hand, were
found to be highest for the smallest permeant and vice versa. For a composite
coating layer made of PVA and MMT, improvement factors of 49, 41, and 26
were found for helium, hydrogen, and oxygen, in comparison to pure PVA. Pole
figure analysis was employed to assess the alignment of MMT platelets within
the composite layers. The results indicated that composites formulated from

solution-based matrices achieved the most highly parallel alignment, likely due
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to reduced steric hindrance, which facilitates the orientation of MMT platelets.
This alignment parameter was incorporated into the calculation of the permeabil-
ity coefficients for the composite coatings. The deviation between the calculated
and experimental permeability values increased as the permeant size decreased.
The deviation further suggests that, in addition to elongating the diffusion path
(the tortuous path effect), the incorporation of MMT induces beneficial struc-
tural changes in the polymer matrix — such as modifications of its crystallinity
— that enhance barrier performance. For water vapor, the permeation mecha-
nism differed from that of non-polar gases. Given MMT’s hydrophilic character,
water molecules tend to accumulate within MMT particles and, when MMT
particles are in contact with each other, water molecules move from particle to
particle. This phenomenon, referred to as the polar path effect, underlines the

distinct behavior of water vapor permeation compared to other gases.

Author contribution: Stefan Schiessl developed the concept and design of the
study and prepared the manuscript under the supervision of Esra Kucukpinar
and Peter Eisner. René Schwiddessen supervised the pole figure measurements
and assisted with their interpretation. Esra Kucukpinar, Peter Eisner, and Horst-

Christian Langowski revised the manuscript.
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3.3. A Comparative Study on the Roll-to-Roll
Processing of a Silicate-Polyvinyl Alcohol
Composite Barrier Lacquer Using Slot-Die and

Reverse Gravure Coating Techniques

by Stefan Schiessl, Esra Kucukpinar, Horst-Christian Langowski, and Peter Eis-
ner [185]

Numerous studies have reported improvements in the gas barrier properties of
polyvinyl alcohol (PVA) by incorporating silicate platelets, either in free-standing
films, or as components in lacquers. However, most investigations have been
confined to laboratory-scale (sheet-based) coatings, and the roll-to-roll (R2R)
coating of such composite formulations has not been thoroughly examined. The
transition from laboratory-scale to R2R-scale coating presents challenges that
are as difficult as those encountered during lacquer development, as the process
is influenced by the coating technique, the coating speed, the drying conditions,
and the lacquer’s rheological properties.

In this study, R2R coating of PVA-based composite lacquers containing 50 wt%
montmorillonite (MMT) was performed using two techniques: reverse gravure
and slot-die coating. The reverse gravure process is inherently self-metered, with
the final dry layer thickness being determined by factors such as the gravure
roll design, the lacquer viscosity, the solid content, and the interplay between
the surface energies of the lacquer and the substrate. In contrast, the slot-die
process is pre-metered, allowing the final dry layer thickness to be adjusted by
controlling the volumetric flow rate through the die. Within each coating tech-
nique, experimental setups were varied to subject the lacquers to different shear
rates. For reverse gravure coating, different gravure rolls were used, thereby al-
tering the gap between the roll and the substrate. For slot-die coating, various
opening widths were employed. Lacquers with solid contents of 3, 6, and 9 wt%
were tested, corresponding to increasing viscosities.

For both coating technologies, an optimal parameter set was identified that
yielded low permeability coefficients of 0.14 and 0.12 miﬁ%@

reverse gravure coatings, respectively. These values are comparable to those pre-

for slot-die and
viously achieved at the laboratory scale. In the case of reverse gravure coating, a

highly viscous lacquer (70 mPas) with a high solid content (9 wt%) proved advan-

tageous, likely because the high shear rate inherent in the self-metered process

44



3. Results

helps to disperse and prevent the transfer of agglomerates to the liquid layer,
while the higher viscosity aids film formation. Conversely, for slot-die coating, a
lower viscosity lacquer (3.2 mPas) with a lower solid content (3 wt%) was prefer-
able; in this pre-metered process, any agglomerates formed are transferred to
the liquid layer, so a lower solid content minimizes the risk of re-agglomeration.
These observations were corroborated by surface morphology analyses. Reverse-
gravure-coated samples exhibited homogeneously smooth surfaces, whereas slot-
die-coated samples showed increased surface roughness with increasing solid con-
tent. Pole figure measurements revealed no significant differences in the orienta-
tion of the MMT platelets among the various coatings; in all cases, the platelets
were predominantly aligned parallel to the film surface. Achieving these results
required careful adjustment of the lacquer parameters, in accordance with the

specific coating technology.

Author contribution: Stefan Schiessl developed the concept and design of
the study and drafted the manuscript under the supervision of Esra Kucukpinar
and Peter Eisner. Noemie Rivollier performed the measurement of the pole
figures and assisted with their analyses. Esra Kucukpinar, Peter Eisner, and

Horst-Christian Langowski revised the manuscript.
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Recyclable mono-material laminates require a thin barrier layer, which cannot be
produced using conventional barrier lacquers. The lack of a simple and efficient
method for producing gas barrier composite lacquers with the necessary protec-
tive properties has resulted in limited industrial interest and a lack of expertise
in roll-to-roll coating of these materials.

This thesis proposes incorporating silicate particles into polymeric lacquers to
enhance gas barrier performance. By mechanically exfoliating MMT particles in
a ball mill, it is possible to produce lacquers with a higher total solid content
through a straightforward process. This allows for the application of coating
layers with sufficient dry film thickness in a single step, even at roll-to-roll scale.
It is well known that integrating silicate particles into polymeric lacquers can sub-
stantially improve their barrier properties. Modifying silicates for integration into
various polymer matrices further enhances performance, as these fillers create tor-
tuous pathways that increase the diffusion distance for gas molecules, reducing
permeability. While the application of multiple coatings has demonstrated ex-
ceptional barrier performance, knowledge of the underlying mechanisms, optimal
compositions and particle shapes, and of scalable industrial processing methods
is still insufficient. Furthermore, the most efficient dispersion techniques have
not been determined conclusively. Although laboratory-scale formulations have
shown promise, their adaptation for roll-to-roll industrial processes has not been
sufficiently explored before now.

The aim of this thesis was to deepen the understanding of gas permeation mech-
anisms in composites, specifically focusing on how molecular size affects perme-
ability. A straightforward method for calculating potential barrier improvements
was developed, enabling the prediction of barrier values, therefore reducing the
number of experiments and facilitating comparisons between experimental and
calculated values. In the thesis effective MMT dispersion techniques to achieve
optimal barrier performance were investigated, and the impact of polymer /filler
interactions was analyzed. Key factors influencing the transition from laboratory
to R2R scale were assessed. These findings revealed that using a ball mill is the

most effective method for mechanically exfoliating MMT particles in water, elim-
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inating the need for ultrasonic treatment or particle modification. Furthermore,
the investigation also demonstrated that MMT-based composite coatings could
be applied using slot-die and reverse gravure processes without performance loss.
Finally, the investigation highlighted that stronger interactions between polymer
and filler lead to higher improvement factors, with gas permeation occurring
along the particles in weak boundary areas between the MMT particles and the
polymer matrix.

The knowledge gained from this research has significant implications. It enables
the development of recyclable, high-barrier flexible packaging mono-materials,
reducing dependence on non-recyclable multi-layer plastic films. Additionally, it
provides enhanced methods for scaling up the production of composite coatings.
The results also contribute to improved food preservation by minimizing oxygen
permeation. Beyond food packaging, these findings support the development of
high-performance barrier coatings for applications in home- and personal-care
packaging, and for the encapsulation of flexible electronics; these coatings of-
fer improved protection against gas and moisture infiltration. Ultimately, by
optimizing coating processes, this investigation lays the groundwork for more

sustainable packaging solutions across various industries.

4.1. Development of a composite gas barrier

lacquer

This section addresses the first scientific question: How do the exfoliation pro-
cess and the mixing ratio affect the gas barrier performance of a PVA/MMT
composite layer? Since the aim was to systematically answer this question, it
was deconstructed into its key aspects: one subsection focuses on the exfolia-
tion method, another on the mixing ratio, and a third on barrier performance.
The final subsection, which compares calculated and experimental permeation
coefficients, serves as a transition to the next scientific question, which concerns
polymer/filler interactions.

In summary, the findings indicate that a higher degree of MMT exfoliation en-
hances the gas barrier properties of a composite coating. Regarding the mixing
ratio, an increased MMT content improves gas barrier performance; however,
there is a critical threshold beyond which no further enhancement occurs. Ex-
ceeding this limit prevents the formation of coherent polymer regions, thereby

compromising the barrier function. This threshold depends on the properties,
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such as appearance (dispersion or solution) and polarity, of the polymer matrix

used.

Dispersion and exfoliation via ball milling

The process scheme outlined in Table 1.1 describes the conventional approach
for mixing PVA and MMT to form a composite barrier lacquer. Typically, MMT
is first dispersed in water by manual stirring or mechanical mixing, followed by
ultrasonication of the dispersion. The dispersion is then mixed with the PVA
solution, and in some cases, an additional ultrasonication of the mixture finalizes
the lacquer. As ultrasonic treatment is an additional, time-consuming and costly
process step, an attempt has been made to eliminate this step in the production
of composite lacquers.

As demonstrated in Section 3.1, the dispersion and exfoliation of MMT particles
can be achieved in a single step using a planetary ball mill. Additionally, it was
shown that PVA granules can be directly dissolved in the MMT dispersion, as
MMT remains stable at the elevated temperatures (>80°C) required for PVA
dissolution. By dissolving PVA directly in the MMT dispersion, the conventional
five-step process (dispersion of MMT, ultrasonication of MMT dispersion, dis-
solution of PVA, mixing of PVA solution and MMT dispersion, ultrasonication
of the mixture) is reduced to two steps (dispersion of MMT via ball milling and
dissolution of PVA in the MMT dispersion). This reduction of process steps not
only decreases production time but also minimizes costs and lowers the risk of
processing errors, provided that the performance achieved in the end remains
uncompromised.

The oxygen permeation coefficient achieved with a lacquer produced using this
simplified two-step process within 2h was 0.12 mfﬁ%

single-pass PVA/MMT composite barrier coatings, this value ranks in the mid-

. Compared to other

range (Table 1.1). For instance, Grunlan et al. [127] achieved a lower per-

cm? (STP) pm
0.03 m2d bar11

tion, while Song et al. [130] reported an even lower permeability coefficient
(0.002 M) with a production time exceeding 17 h. In contrast, Nyflott et

m2 d bar

al. [128] (0.70 Cm3(Sﬂ) and LaChance et al. [135] (0.43 m) achieved

m? d bar m?2 d bar

higher permeability coefficients despite utilizing more extensive processing steps.

meability coefficient ( ) but required more than 52h for produc-

At first glance, the use of ball milling for MMT exfoliation may seem counterin-
tuitive, as the impact of the milling media could potentially fracture the MMT
platelets, thereby reducing their aspect ratio and diminishing their contribu-

tion to the barrier improvement. In their review on the fabrication of polymer
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nanocomposites via ball milling, Delogu et al. [194] highlighted that this method
is typically used to homogeneously reduce the size of inorganic particles such as
iron, titanium dioxide, or silicon dioxide before blending them with polymers
(e.g., PE, PP, polyester, polyamide), to enhance flame retardancy or mechanical
properties, or reduce polymer content. However, Valera-Zaragoza et al. [195]
demonstrated that with careful selection of process parameters (ball size, ball
material, rotational speed, and type of mill), there exists a processing window
in which the applied energy promotes MMT exfoliation without breaking the
platelets. They quantified this optimal energy range as 6.6 to 13.2 é. The plane-
tary ball mill setup used in Section 3.1 operates at 9.1 é, calculated according to
Garcia et al. [196] (Section A.4), which falls within this energy range identified
for effective exfoliation without fragmentation.

In comparison, the average energy input for the laboratory-scale disperser was de-
termined to be 4.0 i, as numerically evaluated for an identical mixer by Pacek et
al. [197]. However, while planetary ball milling provides homogeneous shear dis-
tribution, mixing with a laboratory-scale disperser is inherently heterogeneous.
The shear rate is highest in a small volume (5 % of the volume in the beaker used)
directly between the rotor and stator, where localized energy input can reach up
to 80 é; energy decreases exponentially with increasing distance from this high-
shear zone. Consequently, MMT dispersed using the laboratory-scale disperser
exhibits a bimodal size distribution: exfoliated and slightly fragmented platelets
(~340nm) that have passed through the high-shear zone, and non-exfoliated
MMT stacks (~2960nm) that have not been subjected to sufficient shear.

In contrast, the uniform shear environment of the planetary ball mill results in
a single particle size distribution (~494nm), which is slightly larger due to the
lower peak energy input but remains consistent across the dispersion. Bari et
al. [198] demonstrated that for a layer-by-layer coating of an MMT dispersion
with epoxy resin, dispersions prepared using ball milling led to superior water va-
por barrier performance (0.03 —£+), compared to those prepared by mixing with
laboratory-scale disperser (0.31 -§+). Section 3.1 outlines the specific milling
parameters necessary to achieve optimal dispersion and exfoliation of MMT in
water, enabling high oxygen barrier performance in PVA/MMT coatings without
the need for ultrasonication or extensive processing steps.

The primary determinant of barrier performance in composite coatings is the ab-
sence of particle agglomerates. In this context an agglomerate is a non-exfoliated
MMT stack with a thickness of more than 100nm or a width of more than
1000 nm; the negative influence of the barrier increases with increasing agglomer-

ate size, synonymous with an increasing number of agglomerated MMT platelets.
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The use of a planetary ball mill not only simplifies the process and reduces pro-

duction time but also ensures a composite layer free of agglomerates.

Mixing ratio, particle aspect ratio, and viscosity

When the MMT dispersion is being mixed with the polymer, the quality of the
mixture at a given mixing ratio depends on both the type of MMT particles
and the polymer used [199]. The modeling presented in Section 1.3.1 predicts
that increasing the particle content improves gas barrier performance; however,
as shown in Section 3.1, this improvement only holds to a certain point. For
the materials used in this investigation, a 50 wt% MMT content (equivalent to
30vol%) was found to be best. Beyond a critical threshold — typically between
50 and 66 wt% MMT content — the barrier performance declines because the
polymer content becomes too low to form coherent regions [128]. This results in
areas composed solely of MMT, leading to defects such as pores in the polymer
matrix and a deterioration in barrier properties, compared to the pure polymer
200].

Increasing the MMT content also raises the viscosity of the lacquer. Although
MMT dispersions cause shear thinning, a balance must be maintained, because
each coating technique has a maximum acceptable viscosity (generally between
1 to 200mPas) beyond which a homogeneous and defect-free coating cannot be
achieved. This creates a trade-off: a high proportion of MMT is desirable for
high gas barrier performance, yet low viscosity is required for proper coating
application.

The aspect ratio of the filler is another important parameter. A high aspect ra-
tio can significantly improve the barrier properties even at low filler contents but
also causes a rapid increase in viscosity. Naturally occurring MMT has an aspect
ratio ranging from 10 to 1000 [201-205], with the MMT used in this investigation
exhibiting an aspect ratio of approximately 25. In contrast, synthetic silicates
may reach aspect ratios of up to 20000 [206].

Two strategies can be employed to control viscosity: changing the MMT con-
tent in the formulation or modifying the total solid content of the lacquer. As
evidenced in Tables 1.1 and 1.2, the preferred strategy varies with the polymer
matrix. For PVA-based composites, a near-balanced or slightly PVA-favored
mixing ratio with MMT (approximately 1:1 in weight) is typical, with a rela-
tively low total solid content (around 2.0 wt%). In contrast, composites based
on alternative polymers often use a higher total solid content (>10wt%) with a

lower MMT content (e.g., a mixing ratio of 19:1 in weight is common) [117, 150,
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155, 156]. In Section 3.2, these discrepancies were addressed by producing com-
posite coatings with different polymers while maintaining a consistent mixing

ratio and similar solid content. This was achieved by:

o Selecting MMT with an aspect ratio of 25, which has a less pronounced
effect on viscosity than silicates with higher aspect ratios, thereby enabling
a 1:1 mixing ratio for polymer matrices such as PVA, polyacrylates, and
PP at a minimum solid content of 5.0 wt% suitable for single-pass coating;

and

» Using appropriate water-based polymer lacquers. Notably, while MMT is
typically added to PP in melt-based processes at contents below 10 wt%,
a water-based PP dispersion was selected and adjusted to achieve a 1:1
mixing ratio (50 wt% MMT). Such a mixing ratio has not been reported to
date.

Maintaining a constant mixing ratio and similar solid content across different
polymer matrices enables a detailed evaluation of the influence of polymer/MMT
interactions on gas barrier performance against various gases.

Achieving an optimal balance between performance and processability is crucial
when selecting the mixing ratio and the aspect ratio. While a high MMT content
and large aspect ratio enhance barrier performance, they might be limited if the
coating requires highly specialized application techniques or exhibits a low solid
content necessitating multiple coating layers. To ensure feasibility, lacquer devel-
opment should prioritize a viscosity suitable for standard R2R coating processes
while ensuring sufficient coating thickness — and thus gas barrier performance

— in a single application step.

Barrier performance of composite barrier layers

In most cases, the development of a gas barrier composite is motivated by its
application as a coating for polymer films in food packaging. Therefore, the bar-
rier properties against oxygen and water vapor are commonly measured, as these
are the most critical permeants in food packaging [207]. Water vapor (kinetic
diameter: 2.65 A) and oxygen (3.46 A) differ in both molecular size and polarity
— water vapor is polar, whereas oxygen is non-polar [208]. Consequently, the
influence of MMT platelets on permeability is analyzed separately for each per-
meant, given that their permeation mechanisms differ. A novel aspect presented
in Section 3.2 is the measurement of permeation for the same composite lay-

ers against helium (2.60 A), hydrogen (2.89 A), oxygen, and water vapor. This
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comprehensive approach enables a separate evaluation of how the size of the per-
meant affects both the permeability and the barrier enhancement factors.

For non-polar gases, the data indicate that the permeation coefficients decrease
with increasing permeant size. For example, for a PVA/MMT composite coat-
ing with a 1:1 mixing ratio, the permeation coeflicients were measured as 5.1,
1.2, and 4.2 x 1073 Cm;(f#);“n for helium, hydrogen, and oxygen, respectively.
Henry et al. [209] reported for evaporated metal oxide layers on films that he-
lium and hydrogen can more easily penetrate micro-defects than oxygen, thereby
accessing more permeation paths — a phenomenon that has now been confirmed
for composite layers. Consequently, the barrier improvement factors (BIF's) are
greatest for the smaller permeants; for instance, for the same PVA/MMT com-
posite coating, the BIFs with 50 wt% MMT compared to pure PVA coatings
were 49, 41, and 26 for helium, hydrogen, and oxygen, respectively. This is be-
cause the likelihood of closing a permeation path increases with the incorporation
of a sufficient quantity of particles. Since smaller permeants encounter a greater
number of permeation paths, the improvement in barrier performance is more
pronounced for them [210].

The barrier properties of a coating depend on multiple factors, including the coat-
ing technique, drying temperature, substrate type, solid content, and polymer
molecular weight. Thus, to evaluate the improvement provided by the incorpo-
ration of silicate particles, it is crucial to measure the barrier performance of
the pure polymer coating under identical processing conditions. The permeation
coefficient of the pure polymer coating serves as the reference (P, in Eq.1.12)
for calculating the theoretical barrier potential that is attributable to the sili-
cate particles. Notably, the improvement factors differed between Sections 3.1
and 3.2, even when the same coating formulation was used. For example, for a
PVA/MMT composite with a 1:1 mixing ratio, the BIF's on BoPP were 17 and
12 for helium and oxygen, respectively, whereas on PET the BIF's were 49 and
26 for helium and oxygen, respectively. This discrepancy indicates that both the
performance of the pure PVA coating and the composite barrier layer depend
on the substrate. Differences in surface energy between BoPP and PET affect
the interaction between the substrate and the coating [211], while variations in
the mechanical properties of PP and PET, along with differences in mechanical
stresses experienced after drying — due to transport, temperature fluctuations,
or measurement conditions — further influence the overall barrier performance
212].

For polymer/MMT composites, the activation energy is typically determined in

conjunction with kinetic analyses of polymer degradation [213-215]. However,
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Figure 4.1.: Schematic representation of the permeation path of a permeant
through a pure polymer (left) and a composite with elongated dif-
fusion path (right), also called a tortuous path. This is a modified
version of Figure 1.4, indicating the diffusion along weak boundary
areas between polymer matrix and fillers marked in yellow.

an activation energy for permeation can also be obtained from Arrhenius plots
by measuring the permeation rate at different temperatures. Historically, this
approach has been increasingly applied to PVD-coated polymer films, but not
to composite-coated films [209, 216]. In the studies summarized in Table 1.1
and Table 1.2, permeability was either measured at a single temperature, or the
activation energy was not determined when multiple temperatures were used.
In the present investigation, the activation energies for hydrogen and oxygen
permeation were determined, as these values provide insight into the permeation
mechanism. Henry et al. [209] suggested that an unchanged or decreased acti-
vation energy in going from a pure polymer to a composite indicates that the
filler acts as a simple barrier obstacle, without offering alternative low-energy
pathways. A decrease in activation energy implies that less energy is required
to initiate permeation — possibly due to an increase in free volume and a cor-
responding increase in the solubility coefficient [217]. The experimental data
for PVA/MMT and polycarboxylic acid/MMT composites (Sections 3.1 and 3.2)
show that the overall permeation coefficient decreases significantly with the ad-
dition of MMT. This observation implies that the reduction in the diffusion
coefficient, resulting from the tortuous path effect, has a greater effect than any
increase in the solubility coefficient. In other words, while diffusion may occur
preferentially in regions of larger free volume along the MMT particles (weak
boundary areas), the net effect of MMT incorporation is a substantial reduction
in gas permeation.

As a result of these findings, the schematic representation of the tortuous path

effect presented in Figure 1.4 has been refined and is now depicted in Figure 4.1.
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Comparison of experimentally determined and calculated

permeability coefficients

Numerous studies have modeled the gas barrier performance of composite coat-
ings, as summarized in reviews by Zid et al. [41] and Idris et al. [119]. These
models vary in complexity and approach — ranging from simple analytical mod-
els (used in this investigation) to more advanced numerical simulations. In sim-
ple models, a reliable estimate of the composite barrier value can be obtained
by specifying the particle length, thickness, and volume fraction. However, de-
spite the relative simplicity of these calculations, only a few studies have applied
them to PVA-based composite layers (e.g., Dabbaghianamiri et al. [132]) and
to composite layers based on other polymers (e.g., Kochumalayil et al. [154],
Herrera-Alonso et al. [150], and Nazarenko et al. [148]).

This investigation demonstrates the advantages of directly comparing measured
permeation coefficients with calculated values. While the models (e.g., Eq.1.12)
predict that barrier performance improves continuously with increasing filler con-
tent, experimental results (Section 3.1) reveal a maximum filler content — for
example, a 50 wt% MMT load in a PVA/MMT composite — beyond which fur-
ther addition of MMT degrades the barrier. This maximum is not predicted
by purely geometric calculations but has been observed in several studies (e.g.,
Zhang et al. [145], Spoilaric et al. [142], and Yue et al. [136]). Notably, the cal-
culation indicates that the improvement approaches the maximum exponentially,
suggesting that even a small amount of MMT significantly enhances the barrier
until the maximum is reached. This finding is particularly relevant for appli-
cations with conflicting requirements — for instance, stretchable barrier layers,
where maximum barrier properties require a high filler content, while flexibility
demands a low amount of filler. In such cases, the calculations can expedite
finding a compromise between barrier performance and mechanical properties.
Once the optimum mixing ratio is determined experimentally, the model provides
an estimate of the maximum barrier improvement (i.e., the barrier potential)
achievable through the integration of impermeable fillers. In the present in-
vestigation, calculations were performed using Eq.1.16 (which does not consider
particle orientation) and Eq.1.19 (which incorporates particle orientation). If the
measured gas barrier performance falls short of the calculated value, this suggests
that the filler particles may not be dispersed homogeneously, that agglomerates
have formed, or that defects are present in the composite layer. Conversely,
if the experimental barrier performance exceeds the calculated predictions, this

implies that, beyond modifying geometric factors, filler integration has induced
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additional beneficial changes in the polymer matrix (e.g., a reduction in free vol-
ume or an increase in crystallinity), further enhancing the barrier.
An illustrative example is provided by the permeation mechanism of water va-

por. For a PVA/MMT composite with a 1:1 mixing ratio, the measured water

vapor permeability was 2.8 £57%, while the model predicted only 0.29 £5%. This
significant discrepancy is observed consistently for water vapor, whereas for non-
polar gases (helium, hydrogen, and oxygen), the integration of MMT leads to
improved barrier performance. The deviation for water vapor is thus not at-
tributable to agglomeration or defects, but rather indicates that the permeation
mechanism for water vapor — dominated by the polar path effect (Section 3.2)
— differs from that of non-polar gases (the tortuous path effect). The polar path
effect describes the interaction of water molecules with hydrophilic components,
that is, MMT, which leads to increased diffusion along polar domains within the
material [218].

In summary, the combined evaluation of experimental data and theoretical mod-
els not only validates the effectiveness of the composite design but also highlights
additional mechanisms at play in the polymer matrix that contribute to the over-

all gas barrier performance.

4.2. Effect of interactions between polymer and

MMT on gas permeation

This section addresses the second scientific question: To what extent do poly-
mer/MMT interactions influence the gas barrier performance for gases of different
polarity and size? To answer this question, the first step is to identify suitable
measurement techniques for assessing polymer/MMT interactions in both lig-
uid and solid states. Viscosity and surface energy analysis proved effective in
evaluating interaction potential in the liquid state and are discussed in the first
subsection. For the dried composite layer, FTIR spectroscopy was used to di-
rectly assess chemical interactions, while XRD was employed to examine the
influence of silicate on the polymer’s crystallinity, as presented in the subsequent
subsection.

The results indicate that stronger polymer/MMT interactions lead to lower ab-
solute permeation coefficients and more pronounced barrier improvements. For
non-polar gases, smaller gas kinetic diameters correlate with greater sensitivity
to these interactions. In contrast, polar water vapor follows a distinct perme-

ation mechanism and remains nearly unaffected by polymer/MMT interactions.
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As described in Section 1.3.4, several approaches were used to study the inter-
action between the silicate and the polymer. For example, Grunlan et al. [127]
inferred a high degree of MMT dispersion — and thus strong interaction — from
fine lines observed in TEM images, an assumption supported by an increase in
the glass transition temperature with increasing MMT concentration. Similarly,
Lim et al. [157] deduced from the disappearance of the MMT (001) peak in the
XRD pattern of the composite that MMT is completely exfoliated in the lac-
quer and that its dispersion is maintained in the dry state by interactions with
polyacrylic acid. There have been no reports of investigations of polymer/MMT
interaction in the liquid state.

In some studies, the interaction between silicate and PVA is invoked to explain
observed phenomena without direct measurement [118,; 129, 131, 132, 135, 137],
whereas other studies on composite barrier coatings do not address the interac-
tion between components at all [128, 133, 136, 156].

Determination of polymer/silicate interactions via liquid

lacquer analysis

It has been shown that measuring the surface energy of the liquid components
— the MMT dispersion and the polymeric lacquer — can provide an indication
of potential interactions in the dried composite layer. In state-of-the-art adhe-
sion studies, the surface energies of an adhesive and a substrate are compared;
high adhesion is more likely when their overall values or the ratios of their dis-
persive and polar components are similar [219-221]. This approach is also well
established for carbon or glass fiber reinforced composites, where determining the
surface energy of both the fiber and the matrix helps to identify high-performance
fiber pairings and effective pre-treatments [222, 223]. A similar method has now
been extended to the liquid components of a composite lacquer.

First, the surface energy of the MMT dispersion (68 mFN) is compared to that of
the polymer lacquer. For example, the PVA solution exhibits a surface energy of
64 %N, whereas the polyacrylic dispersion shows a value of 37 %N The standard
pendant drop method is used to measure the total surface energy of liquids, al-
though it does not separate the dispersive and polar fractions. To obtain this
division — less established for liquids than for solids — a modified sessile drop
method is employed, in which the liquid is placed on a known, purely disper-
sive substrate. This method requires that the lacquers have a sufficiently low

viscosity to form a drop. The polar fractions obtained are 27 %N for the MMT
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dispersion, 21 m;N for the PVA solution, and 6.4 %N for the polyacrylic dispersion.
In the cases examined, the similarity between the PVA solution and the MMT
dispersion with respect to both the total surface energy and the polar fraction
suggests a strong potential for interaction, whereas the polyacrylic dispersion is
distinctly different. Similar trends were observed for other polymer matrices,
indicating that greater similarity in these surface energy parameters correlates
with stronger polymer/silicate interactions. Thus, surface energy measurements
provide a rapid and effective means of estimating the potential interactions be-
tween the composite components.

Another useful parameter for assessing these interactions is the viscosity of the
liquid lacquer. The polymer lacquers — whether used as solutions or disper-
sions — exhibit Newtonian behavior, while the MMT dispersion displays shear-
thinning characteristics. The degree of shear thinning in the composite lacquer is
indicative of the extent of interaction between the components in the liquid state.
For instance, when subjected to shear rates ranging from 10 to 1000 %, the viscos-
ity of a 5wt% MMT dispersion decreases by 75 % (from 52.5 to 13.1 mPas). Un-
der the same shear conditions, composite lacquers with a 5 wt% solid content and
50 wt% MMT show a viscosity reduction of 90 % (from 261 to 26.5mPas) for a
PVA-based composite and 66 % (from 24.3 to 8.26 mPas) for a polyacrylic-based
composite. Thus, for equivalent MMT and total solid contents, the PVA-based
lacquer exhibits more pronounced shear thinning than the polyacrylic-based lac-
quer, which suggests stronger interactions. In practice, viscosity measurements
are routinely used to select appropriate coating techniques and parameters; here,
the extent of shear thinning serves as an additional indicator of potential poly-
mer /silicate interactions.

In summary, the combined analysis of surface energy and viscosity in the liquid
state offers a quick and practical method for estimating the potential interactions
between the polymer and MMT. This approach enables early-stage modifications
of the lacquer formulation — such as altering the polymer matrix or adjusting
the MMT characteristics — to optimize the final barrier performance of the

composite coating.

Determination of polymer/silicate interactions via solid

coating analysis

While the analysis of liquid components provides an indication of potential in-
teractions, the critical factor determining the coating’s performance is the in-

teraction between the polymer and MMT in the dried composite. Notably, the
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methods for assessing these interactions have not been standardized, as evidenced
by the varied approaches in Tables 1.1 and 1.2. Here, two methods are proposed
that could serve as standards in the future: FTIR spectroscopy to directly iden-
tify chemical interactions, and X-ray diffraction (XRD) to detect filler-induced
changes in polymer crystallinity.

FTIR spectroscopy can reveal the formation of hydrogen bonds between the poly-
mer and MMT. For example, the -OH stretching band of the AI-OH bond in
the MMT octahedral layer, observed at 3624 Cim, should remain unchanged when
no interaction occurs, since this layer is shielded by the tetrahedral layers. In
contrast, the Si—O stretching bands in the tetrahedral layer, typically observed
as a double peak at 1031 and 1008 Cim, shift to higher wavenumbers (blue shift)
when hydrogen bonds form between the Si-O groups and a polymer functional
group. In the case of PVA| the polymer’s ~OH stretching band at 1085 é shifts
to lower wavenumbers (red shift) upon interaction. Conversely, if a functional
group capable of hydrogen bonding — such as the C-O stretching band in a
polyacrylic dispersion at 1164 é — remains unchanged, this indicates no signif-
icant interaction.

The penetration depth of the IR radiation (up to 1pm) ensures that the mea-
surement predominantly reflects the coating layer without substrate interference
[193]. Additionally, according to Ito et al. [224], at least 1vol% of the material
should be in the boundary region to yield a reliable FTIR interaction analysis. A
composite with 50 wt% MMT, and even a minimal interaction distance of 1nm,
yields a boundary volume of 2.4vol%, as calculated in Section A.4. These weak
boundary areas are schematically illustrated in Figure 4.1. Because FTIR mea-
surements require only a small portion of the coated film to be placed on the ATR
crystal and take approximately 2min, this method is both rapid and effective
for identifying hydrogen-bonding interactions. In this investigation, composite
coatings of PVA/MMT and polycarboxylic acid/MMT that exhibited clear FTIR
shifts also consistently demonstrated the highest gas barrier improvement fac-
tors.

In addition to chemical interaction, the crystallinity of the polymer matrix sig-
nificantly influences the gas barrier [140]. An increase in crystallinity generally
extends the diffusion path, as diffusion through amorphous regions is energet-
ically less demanding. However, there are conflicting reports in the literature
on the effect of MMT on polymer crystallinity. Some studies show a decrease
in crystallinity due to interference with crystalline domain formation [128, 225],
while others report an increase, attributing it to MMT particles acting as nucle-
ation sites [226-228].
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In the present thesis, MMT integration increased the crystallinity of PVA, poly-
acrylate, and polycarboxylic acid matrices, whereas no significant change was ob-
served in PP-based coatings. Evaluating crystallinity in conjunction with other
analytical methods is essential. For example, if the gas barrier for a particular
gas improves beyond theoretical predictions, this may be due to increased crys-
tallinity reducing free volume and the sorption coefficient. Similarly, a decrease
in activation energy for permeation accompanied by improved barrier perfor-
mance may indicate that an increased number of grain boundaries, resulting
from higher crystallinity, is facilitating diffusion with lower activation energy,
even if the overall permeation coefficient reflects the extended diffusion path.

Thus, the measurement of crystallinity, alongside FTIR analyses, is a crucial
component in understanding the complex interplay of interactions that occur in

composite barrier coatings.

4.3. Processability of composite barrier lacquers at

roll-to-roll scale

This section addresses the third scientific question: What modifications to a
composite barrier lacquer are necessary in order to scale up from laboratory-scale
coating to roll-to-roll coating” To explore this question, the first step is to as-
sess the impact of coating viscosity on different application techniques. Previous
studies on dispersion technology have demonstrated that particle agglomeration
significantly affects barrier performance, and thus, further analysis of this phe-
nomenon is necessary. The first subsection examines viscosity and agglomeration
effects, while the second focuses on methods for measuring particle orientation
and its influence on barrier properties.

In summary, modifying the composite lacquer is essential for scaling up from lab-
oratory to industrial production. While low-viscosity formulations (<10 mPas)
are optimal for slot-die coating, high-viscosity formulations (>70 mPas) are more

suitable for reverse gravure printing.

Effect of viscosity and agglomerates

Most research on MMT-based composite coatings has been conducted at lab-
oratory scale using techniques such as k-bar coating, spin coating, dip coating,
inkjet printing, or blade coating (Tables 1.1 and 1.2). However, for industrial ap-

plications, it is essential to develop composite barrier lacquers that can be coated
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on a large scale using roll-to-roll (R2R) processes. Section 3.3 presents the first
detailed investigation to date of R2R coating for these composite lacquers.

The influence of viscosity on the gas barrier performance of the final compos-
ite coating layer is critical. In laboratory-scale batch processes, factors such as
shear thinning over time or solvent evaporation are less significant, and the coat-
ing process can be rapidly optimized. In contrast, R2R coating requires that
the lacquer properties be precisely matched to the continuous process, which
can run for several hours. With a constant MMT /polymer mixing ratio being
maintained, it became clear that the viscosity — adjusted by solid content — is
a key parameter for both reverse gravure and slot-die coating.

The detrimental effect of MMT agglomerates on barrier performance, already
noted in Section 4.1, was confirmed in the R2R experiments. Agglomerates
may arise from insufficient exfoliation during lacquer production or from re-
agglomeration during manufacturing, coating, or drying. For a PVA/MMT com-

posite coating with a 1:1 mixing ratio, the following tendencies were observed:

« Slot-Die Coating: A low viscosity, achieved with a low solid content (ap-
proximately 3wt%), is advantageous because it minimizes the formation
of agglomerates. In the pre-metered slot-die process, all of the delivered
lacquer — including any agglomerates — is transferred to the substrate.
However, the low solid content can be compensated for by adjusting the

flow rate to achieve the desired dry film thickness.

» Reverse Gravure Coating: This self-metered process requires a higher solid
content (approximately 9wt%) to produce a sufficiently thick film in a
single pass. Although a higher solid content increases viscosity and the
likelihood of agglomerate formation, two factors mitigate this effect: first,
not all the lacquer in the reservoir is transferred to the substrate, which
allows agglomerates to remain in the reservoir; and second, the higher shear

rates during reverse gravure coating can break up agglomerates.

For a PVA/MMT composite lacquer with 1:1 mixing ratio, low permeation coeffi-
cients of 0.14 and 0.12 % were achieved with slot-die and reverse gravure
coating, respectively. These values are in the same range as the 0.12 miﬁ%)rm
achieved for the same lacquer at the laboratory scale with k-bar coating. Hence,
the successful translation of composite barrier coatings from laboratory-scale

experiments to industrial-scale processes was demonstrated.
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Montmorillonite orientation in composite barrier layers

It is generally assumed that an orientation as parallel as possible to the coating
direction — that is, perpendicular to the permeation direction — is advantageous
for achieving an effective gas barrier [35, 47]. In this investigation, pole figure
measurements consistently yielded orientation angles of less than 20°, regardless
of the lacquer formulation or coating technique. This result can be attributed to
the low viscosity (below 100 mPas) of all lacquer formulations at the shear rates
employed during coating. Specifically, the shear rates ranged from 208 to 1190%
for slot-die coating, from 1000 to 4000% for reverse gravure coating, and from
222 to 667 % for k-bar coating. Low viscosity facilitates the free movement and
alignment of MMT particles during the coating process, whereas higher viscosity
impedes particle orientation [148].

This principle is further illustrated by the contrasting behavior observed in melt
intercalation processes. For instance, Zhu et al. [229] reported that a composite
of 100 parts PP and 5 parts MMT, with a melt viscosity exceeding 10 000 mPas
at a shear rate of 1000 %, resulted in a heterogeneous orientation of the MMT
particles, which, in turn, increased the Young’s modulus rather than enhanc-
ing the gas barrier. Consequently, silicate-based composite lacquer formulations
should aim for the lowest possible viscosity to promote parallel particle orienta-
tion during coating.

In addition to viscosity, the relative influence on the gas barrier of silicate orien-
tation versus silicate content was examined. For a fixed orientation angle (10°),
the calculated tortuosity factors according to Eq. 1.18 for composites with 25 and
50 wt% silicate were 2.17 and 3.81, respectively. Within composites containing
25 wt% silicate, the tortuosity factor varied from 2.20 to 1.50 over an orientation
range of 0 to 40°, but only from 2.20 to 2.06 within 0 to 20°. Given that the
MMT orientation in the coatings was consistently below 20°, it can be concluded
that, within this range, orientation exerts a relatively minor influence on the gas
barrier, compared to the silicate content.

In summary, while the orientation of MMT particles remains an important fac-
tor influencing gas barrier performance, maintaining a low viscosity in water-
based composite lacquers ensures sufficient orientation across various coating
techniques. Therefore, optimizing the gas barrier is more effectively achieved by
adjusting the silicate content or refining the lacquer manufacturing process than

by further modifying particle orientation via the coating process.
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4.4. Economic feasibility and industrial

implementation

This thesis demonstrated that incorporating platelet-shaped montmorillonite
(MMT) into polymer lacquers significantly enhances gas barrier properties via
the tortuous path effect. The developed composite lacquers achieved high bar-
rier performance in a single coating step, reducing process complexity in com-
parison to multi-layer coatings. Laboratory-scale development was successfully
translated to an industrially viable process through roll-to-roll (R2R) application
using reverse gravure and slot-die techniques.

From an economic perspective, the coating systems that were developed offer sig-
nificant advantages over conventional barrier solutions. Other composite lacquers
often require multiple applications to achieve high barrier properties, increasing
production complexity and costs. In contrast, the composite lacquers developed
in the frame of this thesis achieve the desired barrier performance with a single
coating step, reducing process steps, energy consumption, and material costs.
The required amount of PVA is also significantly lower than in standard barrier
layers, leading to reduced consumption of ethyl acetate, a costly fossil-based poly-
mer. Additionally, silicates are naturally abundant and cost-effective, and they
do not interfere with biodegradability, making them a more sustainable alterna-
tive to traditional high-barrier layers produced via PVD processes. The latter
are expensive due to their vacuum deposition requirements and the specialized
equipment needed for their production, whereas the coating systems developed
in this thesis provide a flexible, cost-efficient alternative with rapid substrate
adaptability. Because PVD machines are very expensive and the process is com-
plex, only a few manufacturers in Europe have chosen to engage in this type of
production. Users of packaging systems based on the PVD-processed films will
be dependent on those manufacturers. Composite coatings can be applied using
standard coating techniques, which are already available on many film convert-
ers or can be developed and brought into production with moderate investment
costs. This also enables smaller companies to use these coatings. The composite
lacquer has already been successfully tested on PP, PE, PET, and paper, con-
sistently demonstrating outstanding barrier properties.

A crucial aspect of industrial implementation is scalability. While the produc-
tion of the silicate dispersion was initially carried out using a laboratory ball mill,
preliminary tests confirmed that an equivalent exfoliation level can be achieved

with rotational ball mills, enabling a seamless transition to large-scale produc-
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tion. Furthermore, the process remains cost-effective, as no energy-intensive
treatments, such as ultrasonic dispersion or chemical modification of the parti-
cles, are required. Compared to complex multi-layer coatings or PVD processes,
the overall process remains economically viable and resource-efficient.

Despite these advantages, several challenges must be addressed for industrial
implementation. In practical applications, these coated films serve as one layer
within laminate structures rather than stand-alone packaging materials. A typ-
ical laminate consists of a substrate film, a barrier coating, an adhesive layer,
and a sealing film. Beyond gas barrier performance, other critical properties —
such as buckling resistance and interlayer adhesion — are essential for packag-
ing applications. Previous studies have shown that bucking resistance decreases
with increasing MMT concentration and coating thickness [230]. Furthermore,
composite coatings generally exhibit lower adhesion compared to pure polymer
coatings [231]. These findings highlight the need for a carefully balanced opti-
mization among coating thickness, viscosity, gas barrier performance, adhesion,
and mechanical properties in practical applications.

Another potential challenge is the accumulation of silicate particles during the re-
cycling process. If the barrier layer is not completely removed during mechanical
recycling — particularly if it is embedded within a laminate — silicate particles
may be compounded into the recycled polymer film. Over multiple recycling cy-
cles, this accumulation could negatively impact material properties, which would
necessitate further investigation into its long-term effects.

Additionally, the water vapor barrier properties of the coatings that were de-
veloped still require optimization. While the gas barrier performance against
non-polar gases already achieves excellent values, further improvements could be
realized by combining hydrophilic and hydrophobic platelet-shaped particles (e.g.
graphene) to minimize water vapor permeation while maintaining non-polar gas
impermeability.

For the packaging industry, these findings offer valuable insights into sustain-
able material development. Precise knowledge of barrier requirements is crucial,
especially in food packaging, where aluminum-based multi-layer materials have
traditionally been used. Since aluminum provides an almost perfect barrier,
gas barrier considerations were often overlooked. However, this investigation
indicates that carefully designed mono-material solutions can provide sufficient
barrier performance while maintaining recyclability — representing a significant
step toward sustainable packaging solutions.

Beyond packaging, the results highlight the broader potential of composite bar-

rier coatings. The key innovation lies not only in the development of a novel
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lacquer but in the conceptual approach to combining fillers with polymer matri-
ces. By adjusting parameters such as the polymer matrix, total solid content,
and mixing ratio, the composite lacquer can be tailored to specific industrial
requirements.

In addition, preliminary tests suggest that the principles established for MMT-
based composite coatings can be extended to synthetic hectorite-based systems
[206]. Due to their higher aspect ratio, synthetic hectorites could potentially
provide substantial barrier improvements. However, processing these materials
remains challenging. In high-performance applications, such as hydrogen barri-
ers under high pressure conditions — where MMT-based coatings have already
shown promise — the use of synthetic hectorites may offer new opportunities for
further optimization and enhanced performance.

One particularly promising development would be the creation of a sprayable
lacquer with excellent hydrogen barrier properties. Its sprayability would make
it suitable for 3D components such as tanks, pipes, or technical parts, where con-
ventional barrier coatings face limitations. Such applications could expand the
scope of barrier coatings beyond flexible packaging into fields such as hydrogen
distribution and storage and high-performance engineering materials.

In summary, this thesis demonstrates that silicate-based composite lacquers pro-
vide both economic and ecological advantages while enabling new industrial ap-
plications. The combination of scalability and high barrier performance makes
this technology a forward-thinking solution for sustainable materials within a

resource-efficient circular economy.
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Materials with high barrier properties against oxygen are required for the packaging
of many sensitive foods. Since commodity polymers lack these properties, additional
barrier materials are used in plastic-based barrier packaging. These are usually more
expensive than commaodity polymers and, in higher fractions, also make recycling more
difficult. Current developments, therefore, aim at barrier layers that are as thin as possible
but retain the barrier properties. One approach is to incorporate nanoparticles into
these layers. In this study, the barrier properties of nanocomposite coatings, consisting
of unmodified polyvinyl alcohol (PVA), and dispersed stick-shaped halloysite (Hal) or
platelet-shaped montmorillonite (MMT) silicate nanoparticles, were investigated. The PVA
was dissolved in aqueous nanoparticle dispersions, which were prepared by mechanical
shearing, to produce the so-called “nanolacquer.” Nanolacquers with nanoparticle
concentrations of 7, 30, and 47 vol% with respect to PVA were applied in a single
process step with k-bar on a polypropylene substrate film. The integration of 30vol%
platelet-shaped MMT enhances the barrier performance in comparison to pure PVA by
afactor of 12 and 17 for oxygen and helium, respectively. Scanning electron microscopy
(SEM) shows a homogeneous distribution and a parallel alignment of the nanoparticles
within the coated layer. An increase in the crystallinity of PVA was observed due to the
nanoparticle integration as demonstrated by x-ray diffraction (XRD) measurements. The
investigation by Fourier transform infrared (FTIR) spectroscopy and the activation energy
of the permeation coefficient indicate an interaction between the nanoparticles and the
PVA. The theoretically calculated values for barrier enhancement accord well with the
experimental values, which emphasizes that the gas barrier improvement for oxygen and
helium is mainly dominated by the tortuous path effect.

Keywords: barrier coating, montmorillonite, halloysite, tortuous path, polyvinyl alcohol, nanocomposite, helium
permeability, oxygen permeability
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1. INTRODUCTION

Some sensitive foods are described by consumers as sensory
impaired already at an oxygen intake of less than 1 T:—gg (1). For
such products, packaging materials with oxygen permeability
down to 0.1 % are needed to ensure a sufficiently long
shelf life (2). If one wants to achieve high barrier properties,
lightweight, and good recyclability for the corresponding
packaging at the same time, different solutions are available.
The most common are polymer barrier layers made of polyvinyl
alcohol (PVA).

These PVA barrier layers are targeted to be as thin as possible
without having to sacrifice the barrier properties, because of
two main reasons. First, the cost of PVA can be about three
to five times higher than for polyolefins that are typically used
in flexible packaging applications. Second, the PVA interferes
with the recycling of polyolefins. Since the incorporation of
platelet-shaped nanoparticles has already shown a significant
improvement in many polymers, especially in the oxygen barrier
properties (3), this approach was also pursued in this study.

Polyvinyl alcohol provides one of the lowest gas permeability
among polymers (4). Its excellent oxygen (O,) barrier property
is - in addition to its flexibility, transparency, toughness, non-
toxicity, water solubility, and chemical resistance—the reason
why it is a standard polymer for high-barrier food packaging
(5, 6). Due to the sensitivity of its oxygen barrier performance
toward the high humidity levels, PVA layers are commonly
used behind a polypropylene or a polyethylene layer in typical
multilayered flexible packaging applications.

The measured oxygen transmission rate is highly dependent
on the degree of hydrolysis, the molecular weight, the curing,
the measuring conditions, and above all the composition.
PVA compositions with an ethylene content of less than
10%, which are still water soluble, are called PVA in the
literature, instead of the more accurate abbreviation EVOH,
for ethylene vinyl alcohol co-polymer. The reason, therefore, is
that nearly all PVA coatings contain at least a small amount
of ethylene, to reduce the melting point of the PVA and
increase the temperature gap between the melting point and
the decomposition temperature for easier processing of the PVA
(7, 8).

Hence, the oxygen permeability coefficients for PVA reported
in the literature vary significantly. A summary of several

approaches and the corresponding values is given in Table 1.

3
While one of the lowest values, 0.3 %, was obtained by

Tsurko et al. (9) with 100 to 1,000 times spray coating of PVA on

PET, leading to a dry film thickness of 700 nm, values of higher

3
than 100 W are reported for free-standing films (10-

13). But apart from these, a typical value for one time coating on

3
flexible films, which was reported as 1 to 6 w, has been

set as a comparative value within this study (14-18).

By the integration of nanoparticles, the abovementioned
properties have been enhanced. Coatings with nanocomposite
materials provide, e.g., enhancements in antimicrobial, self-
healing, flame retardant and barrier properties (19, 20). The
oxygen barrier improvement for PVA as a polymer matrix, due to

TABLE 1 | Overview of oxygen permeability values Po, for PVA and PVA in
combination with silicate nanoparticles described in Section 1.

Po, Approach Source
cm® (STP) 1 pym
m? dbar
PVA 0.300 700 nm dry coating layer thickness on ©)
PET substrate film, coated with spray
coating (100 to 1000 times)
1.00 6 pum dry coating layer thickness on (14)
PET substrate film, coated with k-bar
1.20 4.4 pym dry coating layer thickness on (15)
PET substrate film, coated with k-bar
4.30 2 pm dry coating layer thickness on (18)
PET substrate film, coated with k-bar
135 free standing film with 30 pm dry (12)
thickness poured in Petri dish and
de-formed
238 free standing film with 140 pm dry (13)
thickness purred in Petri dish and
de-formed
358 free standing film with 60 pm dry (11)
thickness coated with k-bar on glass
and peeled off
PVA in 0.001 synthesized silicate particles with high ©9)
combination with aspect ratio mixed with PVA and spray
nanoparticles coated (100 to 1000 times) on PET
0.002 slurry of PVA and MMT poured onto (26)
PET sitting in a Petri dish
0.010 mixture of MMT, Laponite, and PVA (25)
coated 5 times via dip coating of PET
0.025 modification of PVA with vinyl acetate (14)
and iactonic acid and mixing with MMT,
coated with k-bar on PET
0.200 30 layers in summary, alternating PVA (23)
and MMT dispersion coated with k-bar
on PET
0.800 12 layers in summary, alternating PVA (24)

and MMT dispersion coated via
ink-jetting on PET

the addition of platelet-shaped silicates, has already been widely
studied (see Table 1).

One of the approaches is the development and synthesis of
silicate particles, which are nearly impermeable for molecular
species, with the highest possible aspect ratio. The aspect
ratio is the ratio of the longest and the shortest dimension
of a particle. The higher this ratio is, the better is the
barrier that can be achieved (21, 22) synthesized, e.g., silicate
nanoparticles with an aspect ratio of up to 20,000 (length
of 20pum and width of 1nm). Nanocomposites with these
particles provided one of the lowest published permeability
coeflicients with 0.001 W at 23°C and 50 % RH for
a 100 to 1,000 times spray coating on PET by Tsurko et al.
9).

Another approach is a layer-by-layer application of PVA and
montmorillonite (MMT) layers. Ben Dhieb et al. (23) reached an

3
cm” (STP) Lpm 25°C and

oxygen permeability coefficient of 0.2 == 5"
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0% RH by an alternating structure of 15 PVA and 15 MMT layers,
using a doctor blade coating process. Dabbaghianamiri et al. (24)
used an inkjet printing process to produce 6 bilayers. The final

e (IR Lm o1 23°C and 40 % RH.

One practical approach, for the preparation of PVA-based
nanocomposite coatings, focuses on using commercially available
clay particles and PVA lacquers, and only a single-layer coating
on the respective substrate. For mixtures of PVA with increasing
ratios of kaolin (phyllosilicate like MMT with a slightly different
structure), Nyflitt et al. (12) did not observe any improvement
on the barrier properties of the coatings on PET at a thickness
of 1.8 um. Meng et al. (25) did not find a barrier improvement
due to MMT integration for one-time dip-coated PET films. The
films have been dipped in PVA and a nanocomposite lacquer of
PVA and MMT at a mixing ratio of 1:2. The dry coating layer
thickness was 0.8 pm.

In these studies using commercially available clay particles
and PVA, some further investigations were still required; for
example, Meng et al. (25) mixed MMT with laponite and PVA
in equal parts and increased the number of layers to five,
leading to a total dry coating layer thickness of 4.0 um and an

oxygen permeability coefficient of 0.01 M at 23°C and
0% RH. Grunlan et al. (14) mixed PVA w1th v1nyl acetate and
iactonic acid to get a terpolymer with an intrinsically high oxygen

permeability coeflicient of 0.5 w at 23°Cand 55 % RH.
This value could be decreased by a factor of 20 by mixing with
20 wt% MMT particles. A high oxygen permeability coefficient of

0.002 Cmfﬂ at 23°C and 0 % RH was reached by Song et
al. (26) with a quite simple process: They poured a slurry of PVA
and 50 % MMT onto a 179 pm thick PET substrate and let it dry
at room temperature for 6 h.

Although the barrier improvement of PVA coatings with
silicate nanoparticles has been proven and very high oxygen
barrier performance has already been reported in the literature,
the usage of PVA silicate nanocomposites in the packaging
industry is still rare. The reasons for this are manifold:
either the synthesis of silicate particles is extensive, the
number of coating layers is high, the curing time is not
adjusted to industrial scale, the substrate material is not
the material of interest for the food packaging industry, the
barrier properties can only be achieved at low humidity,
or there are currently no available green and effective
exfoliation methods for the particles. Besides the economic
reasons, further scientific knowledge is needed. Factors such
as crystallinity, tortuosity, interactions between particles and
the polymer need to be further investigated and identified (20,
27).

The aim of this study is a deeper understanding of gas
permeation mechanisms in silicate nanocomposites. Therefore,
several factors have been taken into account. First of all,
two different permeants with different gas kinetic diameters,
helium (2.6 A) and oxygen (3.5 A), were used (28). The bigger
oxygen molecules permeate predominantly through macro-
defects (> 1nm), whereas the permeation of helium is mostly
determined by the permeation through nano-defects (< 1nm)
(29-31).

value was 0.8

To gain a better understanding of the tortuosity effect, two
differently shaped silicate nanoparticles were selected: a stick-
shaped Halloysite (Hal), and a platelet-shaped MMT. MMT is
a 2:1 type, meaning two SiO-tetrahedra layers flank a central
AlO-octahedra layer. Hal is a 1:1 type, like kaolin, but rolled
to a nanotube with the SiO-tetrahedra layer outside and the
AlO-octahedra layer inside (32).

Since the exfoliation of clay particles to nanoparticles is
the crucial step during the production of a nanolacquer,
because only well-exfoliated and well-dispersed nanoparticles
can improve the barrier properties (20), two different mechanical
dispersing techniques were used and the results were compared:
a mechanical stirrer and a planetary ball mill. Compared to
the typically used mechanical stirrers, the usage of ball mills in
the field of nanocomposites is only starting (33). The colliding
surfaces in a ball mill subject the particles to mechanical load.
This mechanical load, leading to the fracturing and exfoliation,
appears very homogeneously in the whole dispersion during the
milling process. A mechanical stirrer, in comparison, has one
rotating head that applies the shear force to the liquid, with
only random direct contact with the particles (34). The resulting
dispersions from the dispersing instrument and the planetary ball
mill were used as the basis for the nanolacquer and the effect of
the mechanical dispersing technique on agglomerations and gas
barrier properties is compared.

Finally, the barrier improvement for the respective
nanoparticle shape and concentration was calculated based
on geometrical factors only and compared with the measured
permeability values to identify whether the tortuosity or the
structural changes within the PVA resin is the dominating factor
for the barrier improvement.

2. MATERIALS AND METHODS

2.1. Materials

Two different types of naturally abundant clay-based silicate
types were used to exfoliate nanoparticles, MMT and Hal. The
MMT was purchased as CLOISITE Na™ from BYK Additives and
Instruments, Wesel, Germany. Dry ball-milling of this MMT was
performed without the addition of any solvent by a proprietary
process of MBN Nanomaterialia, Carbonera TV, Italy (35). The
powder obtained was then agglomerated, in form of granules, by
using a small amount of water, highly reducing the dustiness of
the product and, thus, providing operational safety. The Hal was
purchased as Hal Clay MF7 from DURTEC, Neubrandenburg,
Germany. These two powder types were then mixed with water
according to the procedures as described in Section 2.1.1 to
obtain the feed-stock dispersion for the coating processes.

PVA, with the trade name Exceval AQ 4104, from Kuraray
(Frankfurt, Germany), was the polymeric basis for the lacquers.
Since the ethylene content of this material is below 10 %, it is
called polyvinyl alcohol in the technical data sheet, although its
real chemical composition is an atatic copolymer of ethylene and
vinyl alcohol. The molecular weight of AQ 4104 is 27.000 miol and
the degree of hydrolysis is 98 to 99 mol% (36). The glass transition
temperature, Tg, is 74.8°C, the crystallization temperature is
193.3°C, and the melting temperature is 220°C (37).
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Biaxially oriented Polypropylene (BoPP) sheets (30 um in
thickness) were purchased as transparent, non-sealable (referred
to as TNS) film from Taghleef Industries (San Giorgio, Italy).

To assure a suitable and repeatable wetting, the substrate
was pretreated with a modified polyethylenimine (PEI) primer,
ORGATIX WS-680A from Matsumoto Fine Chemical Co.
(Chiba, Japan). The modification is a crosslinking with a water
soluble titanate compound. The primer provides a solid content
of 9 % in weight (38).

2.1.1. Preparation of Nanoparticle Dispersion

To exfoliate the clay particles to nanoparticle size, two devices,
both providing high mechanical shearing, were used; a high-
performance mechanical stirrer (T 25B ULTRA-TURRAX®,
IKA Labortechnik, Staufen, Germany) and a planetary ball
mill (PULVERISETTE 6, FRITSCH, Idar-Oberstein, Germany).
Four different types of aqueous nanoparticle dispersions, each
at a solid content of 5 wt%, were produced using either
the MMT or Hal powders, each by using one of the two
dispersing processes. These four dispersion types are defined
as MMT dispersion-UT, MMT dispersion-BM, Hal dispersion-
UT, and Hal dispersion-BM. UT and BM are the abbreviations
used for ULTRA-TURRAX® and planetary ball mill processes,
respectively. The preliminary trials of the authors have shown
that, as the nanoparticle concentration increases, the gas barrier
performance also increases. On the other hand, if the solid
content is increased above 5 wt%, the dispersion becomes pasty.
The solid content of 5 wt% was chosen in this study due to the
fact that it is the highest possible amount at which the viscosity
of the material still allows a homogeneous mixture in PVA as
discussed in Section 2.1.4. Based on this, 190 ml of water and
10g of nanoparticles were mixed for 1 min at 1.000rpm in a
laboratory glass bottle with the ULTRA-TURRAX® (UT). For
the exfoliation with the planetary ball mill (BM), 190 ml of water
and 10g of nanoparticles were put in a zirconium oxide cup
together with 500 g of zirconium oxide balls (each ball 3 mm in
diameter) and rotated at 400 rpm for 1 h. Several exfoliation times
for UT and BM have been tested for both processes and further
increase of this parameter did not lead to different results, as well
as a change of rotation time (UT and BM) and ball size (only BM),
therefore, this is not shown in this manuscript.

2.1.2. Fabrication of Nanolacquer

To produce the so-called “nanolacquer;” 4g of PVA granulate
were added to the nanoparticle dispersions and slightly diluted
with water to obtain the nanoparticle to PVA mixing ratios of
1:6, 1:1, and 2:1 in weight (refer to Table 2). This represents the
minimum, medium, and high volume fractions of 7, 30, and 47%
for the silicate particles calculated with the densities of 2.86 c%
and 1.22 % for MMT and for pure PVA, respectively (36, 39).
To start the dissolving process of PVA, the mixture was stirred
in a closed beaker with a magnetic stirrer for 30 min at 400 rpm.
Subsequently, the mixing rate was reduced to 150 rpm and heated
up to 90°C for 120 min until the PVA was dissolved completely.
This lacquer was then cooled down to room temperature under
constant shearing at 150 rpm and degassed in a pressure tank for
about 2 h.

TABLE 2 | Nanolacquer formulations using two types of exfoliated nanoparticles
(NP) of two different processes, in PVA polymer, each at three different NP:PVA
ratios in weight.

Sample code Mixing ratio NP weight PVA weight* Total solid content

(NP : PVA) (9) (9) (Wt%)
PVA-ref 0:1 - 8.0 8.0
MMT-UT-30 1 4.0 4.0 8.0
MMT-UT-7 1:6 0.7 4.0 4.7
MMT-UT-47 2:1 8.0 4.0 7.3
MMT-BM-30 11 4.0 4.0 8.0
MMT-BM-7 1:6 0.7 4.0 4.7
MMT-BM-47 2:1 8.0 4.0 7.3
Hal-UT-30 11 4.0 4.0 8.0
Hal-UT-7 1:6 0.7 4.0 4.7
Hal-UT-47 2:1 8.0 4.0 7.3
Hal-BM-30 11 4.0 4.0 8.0
Hal-BM-7 1:6 0.7 4.0 4.7
Hal-BM-47 2:1 8.0 4.0 7.3

*For these series of tests, the PVA weight in the final nanolacquer was kept constant.

2.1.3. Pretreatment of Substrate Film

As described in Section 2.1 the PEI primer, ORGATIX WS-
680A, was used to pretreat the substrate chemically. An amount
of 30 ml primer was mixed with 970 ml of ethanol (>99.7 %,
ethanol absolute, VWR CHEMICALS, Darmstadt, Germany),
leading to a solid content of 0.3 wt%. The mixture was applied
using a reverse gravure coating process (JWS Maschinenfabrik
GmbH, Sinsheim, Germany) at the Fraunhofer-IVV at a web-
speed of 4 m/min, and dried at 80°C for 50 s. The theoretical
dry layer thickness has been calculated based on the density
of 0.789 %, and with the given solid content of 0.3 wt% for
this formulation. It has given a dry layer thickness value of
16.6 nm. The surface energy after pretreatment was measured
to be more than 44 %N by means of test inks (Teststifte PINK,
arcotest, Monsheim, Germany, according to DIN ISO 8296)
(40). This is sufficiently high for the wettability of PVA-based
nanolacquers in comparison to untreated PP with 30 %N After
the roll-to-roll pretreatment with PEI primer, the BoPP film
was cut into A4 sized sheets for coatings as described in
Section 2.1.4.

2.1.4. Coating of Substrate With Nanolacquer

The pure PVA and the nanolacquer formulations shown
in Table2 were used to coat the chemically pretreated
BoPP substrate. The coatings were applied by a lab-coating
unit CUF 5 (Sumet Messtechnik, Denklingen, Germany)
with an actuation speed of 30 == and a contact pressure
of 30 N. The coating was performed using the k-bar
providing a wet layer thickness of 33um. The drying
process took place directly after the application of the
wet lacquer at 80°C in a built-in convective dryer for
2 min.
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2.1.5. Preparation of Nanocomposite Free-Standing
Films

For the X-ray diffraction (XRD) measurements, free-standing
films of pure PVA and nanocomposites were produced, since the
BoPP signal was overlapping with the signals of PVA and silicate
particles. Therefore, the aforementioned lacquers were coated on
a polytetrafluoroethylene (PTFE) film after corona pretreatment
according to the procedure in Section 2.1.4, but with several
repetitions until a dry layer thickness of 15 pm is reached for each
formulation. After 1 week, the coating layers were peeled from
the PTFE. A minimum thickness of 15 um was necessary since
the films cannot be handled below this thickness.

2.2. Methods

2.2.1. Asymmetrical Flow Field-Flow Fractionation
(AF4)

The particles were separated according to size by means of AF4
measurements with the AF2000 MT Series mid temperature
(Postnova Analytics, Landsberg am Lech, Germany). The system
is equipped with a 350 um channel and a cellulose membrane
(cut-off: 5kDa, Postnova Analytics). The channel was constantly
maintained at 40°C. Ultrapure water with a conductivity of
<0.055 % was prepared in-house using a TKA GenPure
ultrapure water system (TKA Wasseraufbereitungssysteme
GmbH, Niederelbert, Germany) and used as flowing liquid
for the AF4. The channel flows were controlled by AF2000
Control Program software (Postnova Analytics). Aqueous
MMT dispersions were injected into the channel at a flow of
0.2 ml/min with a focus flow of 1.3 ml/min. During the injection
time of 8 min, and an additional transition time of 1 min, the
cross-flow was kept constant at 1.0 ml/min. After transition, the
cross-flow was eliminated within 25 min using a parabolic flow
profile (power gradient of 0.2). The main channel flow was kept
constant at 0.5 ml/min during the entire run. Sample amounts of
50 pl were injected with a PN5300 series autosampler (Postnova
Analytics).

2.2.2. Multi-Angle Laser Light-Scattering
Spectrometry (MALLS)

A 21-angle MALLS detector PN3621 (Postnova Analytics) was
used for the determination of MMT particle size, controlled by
AF2000 Control Program software (Postnova Analytics) (41).
The size of the eluting particles was calculated as the radius
of gyration rg using a random coil fit. The calculated r; was
converted into a geometrical radius rgeo using the equation
developed by Andersson et al. (42).

2 2
rg = 0.6 Tgeq- (1)

The particle extension in length L and thickness T, assuming that
the MMT particles are symmetric, is calculated as

2rgo=L=T. )
The detector was directly coupled to the AF4 system as discussed

in Section 2.2.1 and was operated at A = 532 nm and 25 mW laser
power.

2.2.3. Measurement of Oxygen Permeability

The oxygen permeability, Qo for coated substrates was
measured according to the DIN 53380-3 standard with the
oxygen-specific carrier gas method (43). The measurements
were carried out with an OX-TRAN 2/21 OTR Analyzer
(AMETEK MOCON, Minneapolis, USA) at 23°C and 50 % RH,
and afterward also at 23, 25, 30, 35, and 40°C and 0% RH. If
the respective transmission rate was constant for at least 10 h,
the measurement was stopped assuming that the steady state was
established. A 2-fold determination for all coatings was carried
out. The activation energy of the permeation coefficient E5 was
determined via an Arrhenius plot

Ep
P=Py-e T (3)

by measuring the permeability coefficient P at the
aforementioned five temperatures at 0% RH (44). The oxygen
permeability of the deposited nanocomposite layer, Qnc, was
calculated using the following equation

1 1 1
= + _—
Qtotal QSubs QNC

In Equation (4), Qsyps is the oxygen permeability of the BoPP
substrate, and Q, is the total permeability of the coated
BoPP substrate. Since the permeability strongly depends on
the layer thickness d, the permeability values were converted
to the corresponding permeability coefficients P according to
Equation (5) (45).

(4)

P=Q-d. (5)

A common way to compare the different modifications for
gas barrier improvement is the calculation of the barrier
improvement factor, BIF. As shown in Equation (6), the BIF is
calculated from the ratio of the permeation coefficient of the pure
PVA Ppyy and that of the nanocomposite Pnc.

BIF = —— (6)

2.2.4. Measurement of Helium Permeability

The helium permeability was measured with a permeameter
QHV-4 (Vinci Technologies, Nanterre, France) using a patented
protocol (46, 47). In this measurement device, a mass
spectrometer detects an ion current proportional to the
permeating rate of the gas. The measurement is performed at
38°C and 0% RH. First, a helium calibrated leak is measured,
then the baseline, and finally, the helium transmission rate of the
sample. The measurement is automatically stopped in the steady
state considering a geometrical criterion. The use of helium gas
allows reducing the measurement time, which is in the range of
1 h considering the full procedure (47).

2.2.5. Comparison of Experimentally Measured
Permeability Values of Filled Polymer Systems With
Values Calculated Based on Theoretical Models

The Nielsen model was used in order to calculate the permeability
coeflicients and compare these with the experimentally measured
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values (48). It is a purely geometrical model assuming that
the nanoparticles are impermeable for the permeating gas and,
therefore, increase the diffusion path length, called tortuous
path, as shown in Figure 1. It is assumed in this model that
all particles are homogeneously dispersed and fully exfoliated
with no agglomeration in the polymer layer and all oriented
parallel to the surface, which means perpendicular to the effective
direction of permeation. Although the permeation process
through a filled polymer is an extremely complex phenomenon,
the model allows—with some assumptions—the appraisal of the
permeation blocking potential of nanoparticles based on the
geometrical factors. These factors are the particle length L, the
particle width W, and the volume ratio of the nanoparticle (filler)
¢r. The tortuosity 7 is defined as (49).

r=2 %

where § is the distance a molecule must travel to get through
the film, i.e., the diffusion path length, and d is the unit length
(thickness) of the film. According to this model, §ype, is calculated

via Equation (8), based on the particle size and volume ratio of
the filler (48).

L
(Stheo = <1 + m : ¢F> -d. (8)

The empirical relation to evaluating 8 is based on the measured
values for the permeability of the filled (Pnc) and the unfilled

(Ppya) polymer (49).

P
Semp = | =2 . (1 — ¢p) - 2. ©)
Pne

The two values 8eo and Semp, based on the particle geometry
and the measured values for permeability, respectively, were
compared. By knowing the values for L, W, and ¢, it is
also possible to calculate the potential improvement for a
known permeability value of PVA without filler according to
Equation (10).

1 —¢r
Pne=——F——5 Prwa (10)
(1+ 53 - or)
Hal = Cubes MMT = Plates
f=—————1
. . [ ]
HENE
. I
P ——

FIGURE 1 | 2D model for the path of a diffusing molecule through a polymer
filled with either impermeable sticks (Hal) or impermeable platelets (MMT),
redrawn from (48).

2.2.6. Scanning Electron Microscopy (SEM) Imaging
of Barrier Films

The SEM images were captured with a JSM-7200F (JEOL,
Akishima, Japan) at a high vacuum (2e—4 Pa). All samples were
sputtered with a gold layer using a Hummer JR (Technics,
Alexandria VA, USA), to reduce electrical charging of the
non-conductive polymer samples. A solid state detector (SSD),
detecting backscattered electrons, was used im combination with
the JEOL-SEM software. The coated films were placed between
Si wafers and cross-sections were prepared by Art beam milling
with a cross-section polisher (IB-19530CP, JEOL, Japan).

2.2.7. X-ray Diffraction
The X-ray powder diffraction (XRD) data were collected with
a Seifert 3003 TT diffractometer (XRD Eigenmann GmbH,
Schnaittach-Hormersdorf, Germany) using Cu-K, radiation (A
= 1.54184 A) equipped with a METEOR 1D linear detector in
Bragg-Brentano geometry.

2.2.8. Fourier Transform Infrared (FTIR) Spectroscopy
The FTIR spectra were measured with a Frontier™ FTIR
spectrometer 11280034 and analyzed with the PerkinElmer
Spectrum IR, Version 10.6.1 software, both supplied by
PerkinElmer (Shelton CT, USA). A golden gate setup was used to
fix the coated films with the coated side to the diamante crystal
for the ATR (attenuated total reflectance) measuring mode. A
total number of 16 scans with a resolution of 4 é were recorded
within a wavenumber range of 4.000 to 600 ch All spectra were
baseline corrected.

3. RESULTS AND DISCUSSION

3.1. Particle Size Distribution and Aspect

Ratio

Since the isolation and a simultaneous rotation of a single silicate
platelet or a tube, in order to be able to measure the extension
in three dimensions, is unfeasible, the size estimation of the
nanoparticles was executed in two steps. To determine L and
T (x- and y-direction), the exfoliated MMT in dispersion was
analyzed using AF4/MALLS. To measure the extension in the
z-direction (W), SEM images of cross-sections of the coatings
were analyzed. The assumption for this is that the degree of
exfoliation of the nanoparticles is not effected during the mixing
process of the dispersion with PVA (20).

Figure 2 shows the size distribution of silicate platelets
dispersed in water as a function of rge, calculated using
Equation (1). The particle radius is then transferred to particle
size L (=T) by Equation (2). For the dispersion with BM, 90 %
of the particles are smaller than 1,000 nm, which is represented
by the cumulative curve. The average value for particle size for
this dispersion technique was around 494 nm. The dispersion
with the UT, on the other hand, showed two peaks, 90 % of
the particles were smaller than 3.000nm with two appearing
sizes at 340 and 2,960 nm. The particles bigger than 2.000 nm,
originated from agglomerates of silicate platelets that were not
exfoliated sufficiently. Nevertheless, the average value for L (=T)
of the exfoliated particles was found to be 340 and 494 nm
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prepared by UT and BM, respectively. The particles were not
broken while dispersing with BM, despite the countless crushes
with the ZrO balls. Using the AF4 technique, it is possible to
determine the particle size, if the particles appear as spheres, but
since they are platelets, cross-section images were analyzed to
determine their width. Figure 3A shows a cross-section image
of MMT-BM coating. In this illustration the MMT platelets
appear to be white, since the electron density of silicates is higher
than it is for PVA due the heavier Al, Si, and Mg atoms. The
thickness of these white lines indicates the W of the platelets and
a value of 25 nm was measured for both MMT-BM and MMT-
UT (not shown here) samples. Hence, the aspect ratio (L/W) of
the MMT particles was calculated as 14 and 20 for dispersions
prepared by UT- and BM-processes, respectively. These values
are at the lower end of a range from 10 to 1,000, reported
for the aspect ratio of MMT containing clay particles (50-54).
The variations in L, T, and W, leading to this broad range, are
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FIGURE 2 | Representative measurement of particle size distribution,
assuming spherical shaped particles, for MMT in aqueous dispersion mixed
with ULTRA-TURRAX® and planetary ball mill.

due to the differences in natural abundance in clay minerals,
as well as the different preparation methods. Whereas high
barriers are normally reached with high aspect ratios (48, 49, 55),
nanolacquers with these particles are limited in viscosity, total
solid content, and mixing ratio (54). That means an increased
size in the aspect ratio always goes along with an increase in
viscosity of the nanolacquer. The viscosity, however, can only
be as high as the coating technique allows. Additionally, a
higher aspect ratio requires more water molecules to be part of
the hydration shell, which is necessary for a stable dispersion.
Therefore, less water molecules are available to dissolve the
polymer, which results either in a lower total solid content of
the lacquer or in a limitation in the mixing ratio (56). The
parameters of aspect ratio, mixing ratio, total solid content, and
viscosity, need to meet the requirement of the coating technique
and intended number of coatings and coating layer thickness.
The nanoparticles with aspect ratios of 14 and 20, used in this
study, allow exactly this sufficient solid content and mixing
ratio for the coating within one process step with the k-bar
coating technique.

It was not possible to perform the size measurement for Hal
with the AF4 technique, since the Hal particles were sedimenting
too fast in an aqueous dispersion. Therefore, only SEM images
were used to determine the L and W of the Hal sticks. As shown
in the top view image in Figure 4, a value of 150 nm for both
extensions of L and W, which represent the diameter in the stick-
shaped geometry of Hal, was used for aspect ratio calculation.
This accords with reported values for the outer diameter of Hal
nanotubes (50 to 200nm) (57, 58). The aspect ratio in 2D, as
defined by Nielsen (48) is, therefore, found to be 1 for Hal
particles.

3.2. Oxygen Permeability

Figure 5A shows the experimentally determined values for the
oxygen permeability coeflicients, Po,, only for the coating layers,
calculated according to Equations (4) and (5). The transmission
rate of the BoPP substrate film was found to be 1.250 %.
The dry coating layer thicknesses were (1.0 £ 0.2) um for the

adhesive

—

100nm FhG-IVV 10/1/2020

x50, 000 SEM

Nanocomposite
coating

BoPP substrate

WD 6.0mm 08:27:28

FIGURE 3 | Scanning electron microscopy (SEM) images of cross-sections prepared by Ar polishing of nanocomposite coatings with MMT-BM-30 (A) and Hal-BM-30
(B) with a magnification of 50.000; from bottom to top the layers are the BoPP substrate, the nanocomposite coating, the sputtered gold layer, and the top layer is the
adhesive used to bond it to the Si wafer; in the nanocomposite layers the white areas are the nanoparticles and the black areas are PVA; for the Hal-containing sample

-— 100nm FhG-IVV 3/26/2021

2.50kV LED SEM WD 6.0mm 09:02:59

(B) diffusion paths, meaning an end-to-end line with no particles, perpendicular to the coating, can be found (one example shown in green), whereas for the
MMT-containing sample the diffusion path in this 2D image is always blocked by MMT platelets.
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layers with 30 and 47vol% and (0.6 & 0.1) um for the layers
with 7 vol% of nanoparticles. The PVA-ref sample provided a dry
coating layer thickness of (1.0 £ 0.2) um.

The oxygen permeability coeflicient of PVA depends on

. 3(STP)1
various parameters. Values of 1 to 6 % are reported

in the literature for coatings comparable to those in this study

(14-18). The measured value of 1.4 % in this study is
within that range. Since PVA resin composition and type, the
coating method, and the conditions used during coating and
drying of pure PVA were kept similar to those used for the
coatings with nanolacquer, the measured oxygen permeability
coefficient for pure PVA, Po,pva, was used in Equation (6)

to calculate the BIFo,. The highest barrier improvement factor

%% A

lpm FhG-IVV 8/12/2020
2.00kV LED SEM WD 6.0mm 15:39:36

x20,000

FIGURE 4 | Top-down SEM image with a magnification of 20.000 of the
Hal-BM-47 coating; the sticks are Hal particles, whose size L (=WV) is
measured; the lumps next to the sticks are PVA; at a filler ratio of 47 vol% there
is no coherent structure anymore.

has been achieved with the medium volume concentration of
30vol% silicate, followed by the lowest volume concentration
of 7vol%. At the highest volume concentration of 47 vol%, no
barrier improvement was obtained. The addition of only 7 vol%
platelet-shaped MMT particles already led to an improvement of

Po,|nc t0 0.55 and 0.36 M for MMT dispersed via UT
and BM, respectively. The BIFQ2 “Values are, therefore, 3.9 and 4.4.
A further increase in the volume ratio of MMT to 30 vol% led to a
further decrease in the permeability to 0.21 and 0.12 %
for UT and BM dispersion, respectively. These are the lowest
Po,|nc values achieved in this study, which is also represented
by the relatively high BIFq, values of 6.8 for UT and 12 for BM
dispersed samples. However, further increasing the amount of
MMT did not constantly lead to an improvement: for instance,
at a concentration of 47 vol% MMT, a strong increase in Po,|nc
compared to pure PVA was reached. The Po, nc was measured as

76 W for MMT-UT-47 and 50 w for MMT-
BM-47. Apparently, there is no coherent structure anymore with
this high filler concentration. The values are not shown in the
diagram.

Looking at the BIFp, values more closely, it is noticeable
that they do not differ significantly between the UT and BM
dispersion techniques at a volume fraction of 7 %. However, at
a volume fraction of 30 %, the BIFo, is higher for BM than for
UT dispersed samples (refer to Table 3). The higher the solid
content of a dispersion, the more difficult it is to distribute
the agglomerates completely, during dispersal. The BM process
provides, in comparison to the UT process, a more homogeneous
shearing, since the whole dispersion is equally in contact with
the milling zirconium oxide balls (33), whereas the UT has a
rotational mixing head, which is located in the middle of the
dispersion during mixing (34). This study has found that at a
high concentration of 30 vol%, this uniformity of distribution can

A 1.5
& m  PVA-ref
= A MMT-UT
5 A © MMT-BM
k. o A Hal-UT
5 1.0 e 0 Hal-BM
£107 o
: c
E A
£ 05 Q o
€
S
o o A
o A
8
0.0 1 T T T
0.0 0.1 0.2 0.3

volume fraction filler
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FIGURE 5 | Calculated and measured oxygen (A) and helium (B) permeability values as a function of the nanoparticle concentration in volume. A 2-fold measurement
for PVA, MMT-UT, MMT-BM, Hal-UT, and Hal-BM was executed, where both values for each sample are shown. The areas marked in color represent the calculated
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TABLE 3 | The aspect ratio of nanoparticles, gas barrier improvement factors of nanocomposites for helium and oxygen, and comparison of molecule travel distance, § is

given.
Aspect ratio Helium Oxygen

Sample code L/wW BIFye Stheo Semp Difference BiFo, Stheo Semp Difference
wm wm % wm wm %

n 5 2 5 2 2 5 2

MMT-UT-30 14+27 14+ 3.0 2.7+08 29407 7.0 6.8+23 27408 20+ 0.6 26

MMT-BM-30 20+ 4.0 17 +£2.0 3.6+0.8 3.1+08 14 12+3.0 3.6+0.8 2.6+0.7 28

Hal-UT-30 1.0+ 01 1.6+03 1.0+ 01 09+0.2 n.a.* 1.6 +£0.3 1.0+£03 1.0+0.3 n.a.*

Hal-BM-30 1.0+ 01 29+0.8 1.0+ 01 1.3+04 n.a.* 22+0.8 1.0+ 01 1.1+£05 n.a.*

The values are given with SD for the number of measured specimens n per sample.
*No tortuous path effect for Hal.

be sustained better by BM dispersion technique (refer to Section
3.1). The present agglomerates after UT dispersion technique,
on the one hand, disturb the parallel alignment of the exfoliated
platelets sterically and, on the other hand, the agglomerated
platelets do not contribute to the elongation of diffusion path.
These reasons, together with the slightly smaller particle size after
UT dispersion, cause the lower BIFq, for UT dispersed samples
at 30 vol%.

As expected, the BIFo, values for platelet-shaped particles
were found to be remarkably higher than for stick-shaped ones.

The addition of 7 vol% Hal led to a slight improvement, resulting

cm? (STP) 1 pm
m? d bar
(STP) 1 pm

in an oxygen permeability coefficient of 1.1 and 1.2

for UT and BM, respectively, compared to 1.4 < o for
pure PVA. The lowest permeability values reached by the addition
of Hal were achieved for a filler ratio of 30vol% and were
0.87 and 0.63 w for UT and BM dispersion technique,
respectively. Similar to the platelet-shaped particles, a further
increase of the volume fraction above 30 vol% led to a reduction
in barrier properties.

In general, the effects of the mixing ratio and the dispersion
technique on the gas barrier enhancement for both particles
types, MMT and Hal, were found to be similar. The highest
barrier was achieved for a mixing ratio of 30 vol% and the BM
dispersion technique led to the higher barrier performance, due
to the reduced amount of agglomerations.

The reason for not having a high barrier improvement
with Hal, refer to Table3, was that there is not really a
tortuous path created by the integration of sticks. As shown
in the cross-section image of the coating, Figure 3B, the sticks
only acted as small obstacles but did not really build up
a closed layer with an elongation of the permeation path.
The alignment and homogeneous distribution of the platelet-
shaped particles, which is an assumption of the Nielsen
model, is demonstrated in the cross-section SEM image in
Figure 3A. The MMT particles, indicated by the white lines,
are oriented parallel to the surface and provide a tortuous
path. This SEM image indicates the tortuous path effect
for the 30vol% MMT nanocomposite prepared by the BM
dispersion technique, as it was also shown schematically
in Figure 1.

Based on this, further investigations were performed with the
samples containing 30vol% nanoparticles, due to their higher
BIF, values.

3.3. Helium Permeability

Roberts et al. (29) proposed a model for permeation through
oxide layers (e.g. AlOy) coated via physical vapor deposition.
Within this model, defects or pinholes in the oxide layer with
a size of >1nm are defined as macro-defects, and defects or
pinholes with a size of 0.35 to 1 nm are defined as nano-
defects. This model has been transferred to the permeation in
nanocomposites. In this study that is about the investigation
of nanocomposites the expression “defect” does not describe
a pinhole in a very thin oxide layer, but an inhomogeneity
in the coated layer, e.g. a not parallel aligned particle or an
agglomeration that disturbs the homogeneous distribution of
the particles. The defect does not necessarily be an air-filled hole,
as it can also be described as a free volume with no inorganic
particle, but with polymer.

It is known that small molecules, such as water, permeate
predominantly through nano-sized defects (30, 31). However,
water molecules form hydrogen bonds with the side groups of
PVA and disrupt the intermolecular hydrogen bonds among
the PVA chains (59, 60). Hence, helium, being an inert gas,
was chosen as the small permeating molecule. On the other
hand, it is known that for oxygen, the permeation mechanism
is dominated by macro-sized defects, i.e., regions where there
is no inorganic material (29, 31). Therefore, helium (2.6 A) and
oxygen (3.5A), with two different gas kinetic diameters, were
compared in terms of their permeability in the nanocomposites,
in order to distinguish the dominating structural effects on the
gas permeation (28).

The measured permeability coefficients for helium, Ppe,
are shown in Figure5B. The Pyepya for pure PVA was

3
892 M, which is close to the value of 765 w
m? d bar

measured by Carstens and Ehart (61). The integration of 30vol%

MMT particles reduces the Py down to 62 and 51 %
for UT and BM dispersion techniques, respectively. There is
no significant difference between the barrier performance of

the samples prepared by UT and BM dispersion techniques,
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where the BIFye was calculated as 14 and 17, respectively. An
integration of stick-shaped Hal particles, however, only led to
a slight helium barrier improvement. The BIFy, is found to be
1.6 and 2.9 with the corresponding Pyenc values of 565 and

3
341 m for UT and BM dispersion, respectively.

Unlike' the oxygen permeation, for the helium permeation,
there was no significant difference between the BIFy. values
of MMT-UT-30 and MMT-BM-30 formulations (refer to also
Table 3). This might be due to the fact that an agglomeration
essentially affects the macro-structure of a coating layer but
only slightly affects the nano-structure. Wang et al. (62) showed
that agglomerations of MMT particles lead to a reduced oxygen
barrier performance because of poor inter-facial compatibility.
That means an agglomeration disturbs the homogeneous
distribution and alignment of the platelets in the layer. This
disturbance might lead to additional free volumes or areas with
no inorganic particle and adversely oriented particles (63, 64).
The macro-sized defects enable the oxygen to permeate, why the
UT-dispersed sample only provided a BIFq, of 6.8 for oxygen.
The BM-dispersed sample, however, provided a BIFo, of 12, since
there were fewer disturbances of the particle alignment due to
fewer agglomerations as a result of the high shear ball milling
process as shown in Figure 6 and by the size measurement results
in Section 3.1.

Similar to the oxygen permeation, the Hal-containing
nanocomposites did not provide a barrier improvement for
helium.

3.4. Crystallinity and Intermolecular

Interactions

Unlike the permeation through an oxide layer or the coating with
simple barrier lacquer, a nanocomposite is a two-material system,
meaning the components can interact and affect each other. To
evaluate this interaction between PVA and nanoparticles, XRD
and FTIR measurements have been performed, and the activation
energy of the permeation coefficient was determined.

X-ray powder diffraction measurements were performed for
pure MMT, pure Hal, free-standing PVA film, and free-standing
nanocomposite films to evaluate the effect of clay particles on
the crystallinity of PVA. The diffraction pattern is shown in
Figure 7. The pure PVA appeared with the typical peak shape
of a semicrystalline material, which stresses a high amount of
amorphous ratio with only a small reflection at 19.4° and a broad
maximum called a hump. The nanocomposite also appeared with
the peak shape of a semicrystalline material, but with a larger
quantity of crystalline phase indicated by the larger reflection
at 19.4° (65). The reflection at 19.4°, which corresponds to the
101 reflection, is present for both, pure PVA and nanocomposite,
and is typical for crystalline atactic PVA (66, 67). The diffraction
pattern of pure MMT provides a reflection at 19.8°, which is quite
close to this atactic reflection. However, the other reflections of
MMT, which were in good accordance with previously reported
ones (68), at 22.1, 26.4, 28.2, 35.6, 54.3, and 62.0°, were not
observed in the nanocomposite curve, which indicates that PVA
is the dominating part in the nanocomposite’s diffraction pattern.
The same is valid for the Hal-containing sample (69). To estimate

the degree of crystallinity of one sample, the ratio between
the amorphous hump and crystalline peak within one curve
is examined. For the nanocomposites, the percentage of the
crystalline peak is higher than for the PVA film. Hence, the
addition of clay particles to the PVA solution seemed to increase
the crystallinity of the PVA matrix.

In the literature, there is no clear trend discernible when
it comes to the effect of nanoparticle integration on polymer
crystallinity. There are some publications claiming that the
crystallinity decreases (12, 70), whereas other authors report
that the crystalline fraction increases (71-73). The decrease
in crystallinity is explained by a disturbance of crystalline
regions in PVA by clay particles. On the contrary, the clay
particles may act as crystallization nuclei, which would lead
to an increase in the number of crystalline regions, and
therefore, the total crystallinity. Zhu et al. (74) showed that
the influence on the crystalline appearance of nanocomposites
is highly dependent on the curing conditions and, therefore,
the crystallization kinetics. Consequently, the measurements in
this study were performed with the pure PVA and nanolacquer
using the same coating and curing conditions for both, to see
the influence of clay particles on crystallinity and intermolecular
interactions. An increase in matrix crystallinity leads to an
improvement of the gas barrier of the polymer (4, 17).
Since the crystallinity of Hal-containing samples has increased
in the same order of magnitude, as the MMT-containing
samples (refer to Figure7), the higher BlFyo, is mainly
based on the geometrical factor, i.e., the tortuous path effect.
The very slight increase of the barrier properties of Hal-
containing samples, however, might be based on the increase in
crystallinity.

The activation energy for the permeation coeflicient measured
for pure PVA was found to be higher than the values measured
for all nanocomposites, and there was no significant difference
among themselves as shown in Figure 8.

The highest activation energy with 54% was measured
for pure PVA coatings, which fits quite well with the value
measured by Zhang et al. (75). With the integration of
30vol% silicate nanoparticles, the activation energy decreased
down to 47 % for the nanocomposites, being very similar to
each other regardless of the mixing method and the particle
shape. This reduction in the activation energy values of the
nanocomposite in comparison to pure PVA was expected to
be due to the weakening of the intermolecular hydrogen
bonds of the PVA chains. As proven by the following FTIR
investigation, the silicate particles interact with the PVA matrix,
probably via hydrogen bonds. If some hydroxy groups of a
PVA chain are interacting with an adjacent silicate particle,
these hydroxy groups are not part of the intermolecular
cohesion of the PVA matrix anymore. This share of hydroxy
groups in the adjacency of particles and PVA chains leads
to weak boundary areas where the diffusion might take
place more easily, as for example proposed by Bhunia et al.
(76).

The intermolecular interaction between PVA and MMT
nanoparticles was determined by means of FTIR measurements
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(see Figure 9). This interaction involves hydrogen bonds between ~ may, in turn, lead to cavity sizes within the PVA matrix being
the hydroxy groups of PVA and the terminal oxygen atoms  affected, thereby resulting in additional permeation paths for gas
of the Si-tetrahedra. In MMT-BM-30, this was indicated by = molecules.
a shift of the C-O stretching mode of PVA from 1092 é to In summary, the mixing of the MMT nanoparticles in a
1065 Cim and a shift of the Si-O stretching mode of MMT  PVA polymer changed the crystallinity of the polymer and, on
from 1027 - to 1040 - and 1009 - to 1018 -, respectively the other hand, caused the hydrogen bond to weaken, both
cm cm cm cm’ . . s
(77, 78). Since the positions of the C-H stretching vibration ~— Seeming to have an opposing effect on the final gas permeability
(2941 and 2808 ) and the C-H deformation (1375 -L.) peaks of the PVA matrix. Although no difference in these parameters
cm cm > . ..
originating from the PP substrate film, retained their positions ~ Wa$ found for Hal a{ld MMT part.1c1es, the MMT-containing
for all three measurements, a peak shift of mentioned peaks samples showed a significantly higher BIF for both gases,
from PVA and MMT was present and not a shift of the whole ~ suggesting that the tortuous path effect is the dominating factor
curve (79, 80). The combined peak of C-O and Si-O stretching for diffusion.

modes with signals at 1065, 1040, and 1018 Cim indicated this 3.5. Comparison of Measured and

interaction between PVA and MMT, as well as the broadband .
in the region from 3600 to 3000 é, which corresponds to Calculated Values for Gas Permeability and

the O-H groups involved in hydrogen bonds (71). It might Diffusion Path Length
be expected that the Si interactions with the PVA hydroxy  The permeation model for filled polymer systems developed
groups reduce the inter-chain hydrogen bonds of PVA, which by Nielsen is mainly based on particle geometry and particle

A
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FIGURE 6 | Scanning electron microscopy images of cross-sections with a magnification of 25.000 prepared by Ar polishing of MMT-containing samples dispersed
with a planetary ball mill (A) and ULTRA-TURRAX® (B); from bottom to top the layers are the BoPP substrate, the nanocomposite, the sputtered gold layer, and the
adhesive to bond the Si wafer; for the BM-dispersed sample (A), there are nearly no agglomerations in the layer, whereas for the UT-dispersed samples (B), some
agglomerations are present, which lead to disturbances in the homogeneity of the layer.
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FIGURE 7 | X-ray diffraction (XRD) pattern of free-standing films of PVA, MMT, and Hal nanocomposites (A) and of pure MMT and Hal (B) as a function of a 2@ range
of 10 to 70°.
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concentration (48). That means, if the particle length L, the
particle width W, and the amount of particles ¢ in a coating
layer with thickness d are known, the permeability coefficient of
a nanocomposite coating, PNc, can be calculated in comparison
to its pure polymer matrix. In this study, this pure polymer
matrix is PVA, having the permeability coefficient Ppya. Factors
that are not considered in Nielsen’s model are structural changes
in the polymeric matrix of the nanocomposite induced by the
nanoparticles possibly affecting its final gas permeability. The
interaction of the PVA with silicate nanoparticles, leading to
changes in PVA crystallinity and weakening of the intermolecular

MMT-UT-30
MMT-BM-30
Hal-UT-30
Hal-BM-30
PVA-ref

* QG P

In(P) /cm?/(m?2-d-bar)

-2

T T
3.30E-03 3.35E-03

1T K

T T
3.20E-03 3.25E-03 3.40E-03

FIGURE 8 | Arrhenius plots for determining activation energy of oxygen
permeation of PVA-ref, MMT-UT-30, MMT-BM-30, Hal-UT-30, and Hal-BM-30.
The given values for the activation energy are calculated according to
Equation (3) with SD for a 2-fold measurement.

hydrogen bonds of the PVA, could have an effect on the
gas permeability of the polymer within the nanocomposite.
As suggested by Haghighi et al. (81), this limits the cohesion
forces within the PVA and consequently decreases the degree of
crosslinking. The possible effects of nanoparticles on these factors
are discussed in Section 3.4.

The gas-blocking potential of the nanoparticles, calculated
by Equation (10), is shown by the colored areas in Figure 5.
The calculations are performed using the minimum and the
maximum aspect ratio values for each concentration and are
plotted; accordingly, the colored areas represent the regions in-
between. The parameters used for the calculation of permeability
coefficients for the respective dispersion technique, UT or BM,
and the particle shape, Hal or BM, are listed in Table4. The
green and violet areas indicate the possible barrier improvement
starting from pure PVA with 0% filler up to a volume fraction
of 30 %. The shape of these areas is found to be similar for both
gases, helium and oxygen. For both particle shapes, platelets and
sticks, the calculation provides an area due to the deviations in
the parameters used; L and W.

The calculated values fit quite well with the experimentally
measured values for permeability coefficients. This is valid for
both dispersion techniques and both particle shapes, indicating
that the permeation process is dominated by the factors L, W, and
¢r. Only in the case of oxygen permeation in the nanocomposite,
with a volume filler fraction of 30 %, the difference between the
experimental and calculated values is slightly higher. This can
be due to the matrix changes, as discussed in more detail when
comparing 8 values.

Table 3 shows the values calculated for dine, and Semp using
Equations (8) and (9), respectively, for 30vol% samples. The
values for 8eo and Semp are compared using the measured dry
layer thickness of the coating, which is (1.0 £ 0.2) pm for all
the 30 vol% samples for both helium and oxygen. For a coating
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FIGURE 9 | Fourier transform infrared (FTIR) spectra, (A) measured in the range from 500 to 4000 1/cm for PVA, pure MMT, and MMT-BM-30. (B) Shows a
magnification of the fingerprint region and indicates the shift of the C-O (1092 to 1065 1/cm) and the Si-O (1027 to 1040 1/cm and 1009 to 1018 1/cm) stretching
mode of PVA and MMT, respectively. MMT-UT-30 provides similar curve as of MMT-BM-30 and is not shown in the figure.
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TABLE 4 | Parameters used for calculating Pnc, Stheo. @nd emp for oxygen and helium according to the Nielsen model Equations (8) and (9).

Length Width Filler ratio Coating thickness Permeability coefficients of pure PVA
L w PF d POZ\P\/A PHe\PVA
cm® (STP) 1 pm cm® (STP) 1 pm
nm nm Hm m? dbar m? dbar
n 5 5 5 2 2
MMT-UT-30 340" 25+5
MMT-BM-30 494 * 25+5
0to 0.5 1.0£02 14+£02 892 £ 47
Hal-UT-30 150 + 10 1560 £ 10
Hal-BM-30 150 + 10 1560 £ 10

The values are given with SD for the number of measured specimens n per sample.
*Representative measurement with AF4/MALLS, refer to Figure 2.

without nanoparticles, this dry layer thickness would be equal
to the distance a molecule must travel. Both § values for Hal-
containing nanocomposites are found to be at 1 um, similar to the
dry coating layer thickness, verifying that stick-shaped particles
do not provide a tortuous path effect in this configuration. The
slight, but not outstanding, BIFy. (1.6 to 2.9) and BIFp, (1.6 to
2.2) of the two samples, Hal-UT-30 and Hal-BM-30, were not
mainly the result of the tortuous path effect but were possibly
due to the slight structural changes of PVA with nanoparticles,
and Hal particles acting as obstacles within the PVA.

The calculated § values for MMT-containing nanocomposites
are found to be higher than for Hal-containing ones. The Semp|e
values of 2.9 and 3.1 pum for UT and BM dispersed samples,
respectively, fit well with the values for Sipeo|re. This indicates
that the distance a helium molecule must travel is elongated
by a factor of around 3 when 30vol% MMT are included in
the nanocomposite. Similar behavior has also been observed for
oxygen permeation. However, the values for Semp|o, are, being 2.0
and 2.6 um for UT and BM dispersed samples, respectively, found
to be slightly smaller than for helium permeation. In this study,
the elongation of the travel distance for oxygen is by a factor of 2
for UT and a factor of 2.6 for BM nanocomposites.

It might be that the nanoparticles lead to a change in
the permeability coefficient of the PVA matrix within the
nanocomposite, Ppya, due to an increase in the crystallinity, or
weakening of the hydrogen bonds within the polymer matrix, or
the interaction of the Si with the hydroxy groups of PVA (refer to
Section 3.4). Since the difference between Sheojo, and Semp|o, is
higher for oxygen (refer to Table 3), this change in Ppya seems to
affect mainly the bigger oxygen molecule and indicates additional
oxygen permeation pathways within the nanocomposite.

4. CONCLUSIONS

This manuscript adds additional knowledge to the field
of permeation mechanisms in nanocomposites. The main
investigated factors are the effect of particle shape (sticks and
platelets) on the tortuous path, the effect of the size of the
permeating molecule (helium and oxygen), the effect of the

polymer crystallinity on the permeability, and the comparison of
calculated and measured permeability coefficients.

The permeability coefficients have demonstrated a barrier
improvement factor of 17 for helium and 12 for oxygen,
from the integration of 30 vol% platelet-shaped silicate particles
dispersed with BM. For this particular nanocomposite, this
corresponds to an elongation of the molecule travel distance
by a factor of 3.1 for helium and a factor of 2.6 for oxygen.
The preparation method for nanoparticles with a planetary ball
mill has outperformed the method with ULTRA-TURRAX®,
especially for oxygen.

There was no relevant barrier improvement measured for
the nanocomposites with stick-shaped nanoparticles, neither
for helium nor for oxygen. The molecule travel distance was
not increased in comparison to the layer thickness of the
nanocomposite because of their low aspect ratio.

The conformity of theoretical permeation values with the
empirical ones affirmed the interpretation of the particle shapes’
results. The permeation of the chosen gas molecules is affected by
the geometrical factors, mainly the tortuous path effect.

The Nielsen model does not consider the structural effects of
the nanoparticles on the PVA matrix. On the other hand, the XRD
values showed an increase in the crystallinity of PVA due to the
incorporation of nanoparticles. However, the FTIR investigation
and the determination of the activation energy for permeation
have shown an interaction between the silicate nanoparticles and
the PVA polymer chains, which might lead to weaker boundary
areas, with additional permeation pathways. These two contrary
trends seem to oppose each other, which leads to good conformity
of Stheo and Semp, especially for helium molecules.

Since the average value of Semp tends to be slightly lower
than the value of 8¢y, mainly for oxygen at 30vol% MMT,
and the weak boundary areas are present and not advantageous
for permeation, there is still potential to improve the barrier
performance, e.g., by an improvement of the chemical interaction
of particles and polymer matrix by functional grafting of the
particles. Another potential for investigation is the optimization
of the aspect ratio. A one time coating step with a certain
amount of solid content and a sufficient mixing ratio of polymer
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and particle should still be possible but with the highest aspect
ratio of a commercially available particle. The integration of
thin nanocomposite coatings, at layer thicknesses of 1 pm, will
bring new insights for the production of recyclable flexible food
packaging materials.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

SS, EK, and PE contributed to conception and design of the study.
OM and H-CL contributed especially to the permeation models
and the described comparison of calculated and measured
permeation values. SC performed the helium permeation
measurement and contributed to the permeation discussion

REFERENCES

1. Heiss R. Verpackung von Lebensmitteln - Anwendung der wissenschaftlichen
Grundlagen in der Praxis. Heidelberg: Springer-Verlag (1980).

2. Langowski HC. Shelf Life of Packed Food and Packaging Functionality. in Food
Packaging Materials. CRC Press (2017). p. 11-66.

3. Mittal V. Barrier Properties of Polymer Clay Nanocomposites. Nova Science
Publishers Inc. (2010).

4. Mokwena KK, Tang J. Ethylene vinyl alcohol: a review of barrier properties
for packaging shelf stable foods. Crit Rev Food Sci Nutr. (2012) 52:640-50.
doi: 10.1080/10408398.2010.504903

5. Li HZ, Chen SC, Wang YZ. Preparation and characterization
of nanocomposites of polyvinyl alcohol/cellulose
nanowhiskers/chitosan.  Composites  Sci.  Technol. (2015) 115:60-5.

doi: 10.1016/j.compscitech.2015.05.004

6. Shankar S, Rhim JW. Polymer Nanocomposites for Food Packaging
Applications. In: Functional and Physical ~Properties of Polymer
Nanocomposites. John Wiley & Sons, Ltd. (2016). p. 29-55.

7. Kit KM, Schultz JM, Gohil RM. Morphology and barrier properties of
oriented blends of poly(ethylene terephthalate) and poly(ethylene 2,6-
naphthalate) with poly(ethylene-co-vinyl alcohol). Poly Eng Sci. (1995)
35:680-92. doi: 10.1002/pen.760350808

8. Jang J, Dong KL. Plasticizer effect on the melting and crystallization
behavior  of  polyvinyl alcohol.  Polymer.  (2003)  44:8139-46.
doi: 10.1016/j.polymer.2003.10.015

9. Tsurko ES, Feicht P, Habel C, Schilling T, Daab M, Rosenfeldt S, et al.
Can high oxygen and water vapor barrier nanocomposite coatings be
obtained with a waterborne formulation? ] Membr Sci. (2017) 540:212-8.
doi: 10.1016/j.memsci.2017.06.051

10. Gaume J, Taviot-Gueho C, Cros S, Rivaton A, Therias S, Gardette JL.
Optimization of PVA clay nanocomposite for ultra-barrier multilayer
encapsulation of organic solar cells. Solar Energy Mater Solar Cells. (2012)
99:240-9. doi: 10.1016/j.s0lmat.2011.12.005

11. Lim M, Kwon H, Kim D, Seo ], Han H, Khan S. Highly-enhanced water
resistant and oxygen barrier properties of cross-linked poly(vinyl alcohol)
hybrid films for packaging applications. Progr Org Coatings. (2015) 85:68-75.
doi: 10.1016/j.porgcoat.2015.03.005

12. Nyflott, Moons E, Bonnerup C, Carlsson G, Jirnstrom L, Lestelius
M. The influence of clay orientation and crystallinity on oxygen
permeation in dispersion barrier coatings. Appl Clay Sci. (2016) 126:17-24.
doi: 10.1016/j.clay.2016.02.029

of oxygen and helium. All authors contributed to manuscript
revision, read, and approved the submitted version.

FUNDING

This study has received support from the BarriFlex project (IGF
Nr. 235 EBG), funded by the Federal Ministry of Economic
Affairs and Energy (BMWi) within the funding body Industrielle
Gemeinschaftsforschung  (IGF) via  Arbeitsgemeinschaft
industrieller Forschungsvereinigungen e.V. (AiF).

ACKNOWLEDGMENTS

The authors sincerely thank Dr. Joachim Schomburg from
Durtec GmbH, Dr. Uwe B6lz from HPX Polymers GmbH,
and Dr. Samuel Michel from Kuraray Europe GmbH, who
provided the samples and were open for discussion. Dr. Philip
Netzsch from University Augsburg is acknowledged for the XRD
measurements.

13. Woo J, Kim NH, Kim S, Park OK, Lee J. Effects of the addition
of boric acid on the physical properties of MXene/polyvinyl alcohol
(PVA) nanocomposite. Composites Part B Eng. (2020) 199:108-205.
doi: 10.1016/j.compositesb.2020.108205

14. Grunlan JC, Grigorian A, Hamilton CB, Mehrabi AR. Effect of clay
concentration on the oxygen permeability and optical properties of
a modified poly(vinyl alcohol). J Appl Polym Sci. (2004) 93:1102-9.
doi: 10.1002/app.20564

15. Nyflitt s, Axrup L, Carlsson G, Janstrom L, Lestelius M, Moons E, et al.
Influence of kaolin addition on the dynamics of oxygen mass transport
in polyvinyl alcohol dispersion coatings. Nordic Pulp Paper Res ]. (2015)
30:385-92. doi: 10.3183/npprj-2015-30-03-p385-392

16. Wang H, Zhang R, Zhang H, Jiang S, Liu H, Sun M, et al. Kinetics
and functional effectiveness of nisin loaded antimicrobial packaging film
based on chitosan/poly(vinyl alcohol). Carbohydrate Polym. (2015) 127:64-71.
doi: 10.1016/j.carbpol.2015.03.058

17. Maes C, Luyten W, Herremans G, Peeters R, Carleer R, Buntinx
M. Recent updates on the barrier properties of ethylene vinyl
alcohol Copolymer (EVOH): a review. Polym Rev. (2018) 58:209-46.
doi: 10.1080/15583724.2017.1394323

18. You J, Oh B, Jin HJ, Yun YS. Improvement in barrier properties using a
large lateral size of exfoliated graphene oxide. Macromol Res. (2020) 28:1-5.
doi: 10.1007/s13233-020-8089-x

19. Miller K, Bugnicourt E, Latorre M, Jorda Beneyto M, Echegoyen Y,
Lagaron JM, et al. Review on the Processing and Properties of Polymer
Nanocomposites and Nanocoatings and Their Applications in the Packaging,
Automotive and Solar Energy Fields. Nanomaterials. (2017) 7:1-47.
doi: 10.3390/nan07040074

20. Zhu TT, Zhou CH, Kabwe FB, Wu QQ, Li CS, Zhang JR. Exfoliation of
montmorillonite and related properties of clay/polymer nanocomposites.
Appl Clay Sci. (2019) 169:48-66. doi: 10.1016/j.clay.2018.12.006

21. Gusev AA, and Lusti HR. Rational design of nanocomposites
for  barrier  applications.  Adv  Mater. (2001) 13:1641-3.
doi: 10.1002/1521-4095(200111)13:21<1641::AID-ADMA1641>3.0.CO;2-P

22. Stéter M, Kunz DA, Schmidt M, Hirsemann D, Kalo H, Putz B, et
al. Nanoplatelets of sodium hectorite showing aspect ratios of 20000
and superior purity Langmuir (2013) 29:1280-5. doi: 10.1021/1a30
4453h

23. Ben Dhieb F Tabatabaei SH, Mighri E Ajji A. Comparison of crosslinking
efficiency in dip and roll-deposited coatings on their oxygen barrier. ACS
Omega. (2019) 4:15772-9. doi: 10.1021/acsomega.9b00950

Frontiers in Nutrition | www.frontiersin.org

March 2022 | Volume 9 | Article 790157



Schiessl et al.

Nanocomposites for Food Packaging

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Dabbaghianamiri M, shazly M Duraia E, Beall GW. Self-assembled
montmorillonite clay-poly vinyl alcohol nanocomposite as a safe and efficient
gas barrier. Results Mater. (2020) 7:100101. doi: 10.1016/j.rinma.2020.1
00101

Meng X, Qi P, Sun J, Li H, Zhang S, Liu X, et al. Fabrication of transparent
clay-polymer hybrid coatings on PET film to enhance flame retardancy
and oxygen barrier properties. Progr Org Coatings. (2020) 147:105788.
doi: 10.1016/j.porgcoat.2020.105788

Song Y, Gerringer ], Qin S, Grunlan JC. High oxygen barrier thin film
from aqueous polymer/clay slurry. Ind Eng Chem Res. (2018) 57:6904-09.
doi: 10.1021/acs.iecr.8b01077

Vasile C. Polymeric nanocomposites and nanocoatings for food packaging: a
review. Materials. (2018) 11:18-34. doi: 10.3390/mal11101834

Mehio N, Dai S, Jiang De. Quantum mechanical basis for Kkinetic
diameters of small gaseous molecules. J Phys Chem A. (2014) 118:1150-4.
doi: 10.1021/jp412588f

Roberts AP, Henry BM, Sutton AP, Grovenor CRM, Briggs GAD, Miyamoto T,
et al. Gas permeation in silicon-oxide/polymer (SiOy/PET) barrier films: role
of the oxide lattice, nano-defects and macro-defects. ] Membrane Sci. (2002)
208:75-88. doi: 10.1016/50376-7388(02)00178-3

Miiller-Meskamp L, Fahlteich J, Krebs FC. 10. In: Barrier Technology and
Applications. John Wiley and Sons (2012). p. 269-329.

Kiese S, Kiuciikpinar E, Miesbauer O, Langowski HC. The influence
of temperature on the intrinsic transport properties of water in
inorganic and polymeric coatings. Thin Solid Films. (2021) 717:138476.
doi: 10.1016/j.ts£.2020.138476

Edelman CH, Favejee JCL. On the crystal structure of montmorillonite and
halloysite. Zeitschrift fiir Kristallographie - Crystalline Mater. (1940) 102:1-6.
Delogu E Gorrasi G, Sorrentino A. Fabrication of polymer nanocomposites
via ball milling: present status and future perspectives. Progr Mater Sci. (2017)
86:75-126. doi: 10.1016/j.pmatsci.2017.01.003

Baldz P. Applied mechanochemistry. In: Mechanochemistry in Nanoscience
and Minerals Engineering. Berlin: Springer (2008). p. 297-405.

Bugnicourt E, Brzoska N, Kucukpinar E, Philippe S, Forlin E, Bianchin A, et al.
Dispersion and performance of a nanoclay/whey protein isolate coating upon
its upscaling as a novel ready-to-use formulation for packaging converters.
Polymers. (2019) 11:1410. doi: 10.3390/polym11091410

Kuraray Europe GmbH. Kuraray Poval ¢ Exceval. (2021). Technical Data
Sheet.

Mao L, Xie J, Wu H, Liu Y. Mussel-inspired approach to constructing
dual network coated layered clay for enhanced barrier and antibacterial
properties of poly (vinyl alcohol) nanocomposites. Polymers. (2020) 12:1-15.
doi: 10.3390/polym12092093

Matsumoto Fine Chemical Co Ltd. Anchor Coating Agent ORGATIX WS-
680A. (2013). Technical Data Sheet.

BYK Additives & Instruments. Cloisite Na™. (2013). Technical Data Sheet.
DIN Deutsches Institut fiir Normung e V . Plastics - Film and Sheeting -
Determination of Wetting Tension [Norm]. (2008). DIN ISO 8296.

Podzimek S. Light scattering, size exclusion chromatography and asymmetric
flow field flow fractionation. In: Asymmetric Flow Field Flow Fractionation.
John Wiley and Sons (2011). p. 259-305.

Andersson M, Wittgren B, Wahlund KG. Accuracy in multiangle light
scattering measurements for molar mass and radius estimations. model
calculations and experiments. Anal Chem. (2003) 75:4279-91.

DIN Deutsches Institut fir Normung e V . Determining the Gas Transmission
Rate of Plastic Film, Sheeting and Mouldings by the Carrier Gas Method
[Norm]. (1998). DIN 53380-3.

Brandrup J, Immergut EH, Grulke EA. Polymer handbook. No. Bd. 2
in Polymer Handbook. New York, NY; Chichester; Weinheim; Brisbane;
Singapore; Toronto, ON: John Wiley & Sons, INC. (2004).

Barrer RM. Diffusion in and through solids. J Phys Chem. (1942) 533-4.
doi: 10.1021/j150418a018

Firon M, Cros S, Trouslard P. Method and Device for Measurement of
Permeation. (2007). U.S. Patent US2007186622.

Morlier A, Cros S, Garandet JP, Alberola N. Structural properties of ultraviolet
cured polysilazane gas barrier layers on polymer substrates. Thin Solid Films.
(2014) 550:85-9. doi: 10.1016/j.tsf.2013.10.140

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Nielsen LE. Models for the permeability of filled polymer systems. ] Macromol
Sci Part A Chem. (1967) 1:929-42. doi: 10.1080/10601326708053745

Shen L, Chen Z. Critical review of the impact of tortuosity on diffusion. Chem
Eng Sci. (2007) 62:3748-55. doi: 10.1016/].CES.2007.03.041

Giannelis EP. Polymer layered silicate nanocomposites. Adv Mater. (1996)
8:29-35.

Hatzikiriakos SG, Rathod N, Muliawan EB. The effect of nanoclays
on the processibility of polyolefins. Poly Eng Sci. (2005) 45:1098-107.
doi: 10.1002/pen.20388

Weber C, Heuser M, Stanjek H. A collection of aspect ratios of common clay
minerals determined from conductometric titrations. Clay Minerals. (2014)
49:495-8. doi: 10.1180/claymin.2014.049.3.10

Wakai M, Almenar E. Effect of the presence of montmorillonite on
the solubility of whey protein isolate films in food model systems with
different compositions and pH. Food Hydrocolloids. (2015) 43:612-21.
doi: 10.1016/j.foodhyd.2014.07.022

Chen L, Zhao Y, Chen T, Bai H, Zhang T, Li H, et al. Correlation of aspect
ratio of montmorillonite nanosheets with the colloidal properties in aqueous
solutions. Results Phys. (2019) 15:102526. doi: 10.1016/j.rinp.2019.102526

Lu C, Mai YW. Influence of aspect ratio on barrier properties of
polymer-clay nanocomposites. Phys Rev Lett. (2005) 95:088303.
doi: 10.1103/PhysRevLett.95.088303

Zhao Y, Yi H, Jia E Li H, Peng C, Song S. A novel method for determining
the thickness of hydration shells on nanosheets: a case of montmorillonite in
water. Powder Technol. (2017) 306:74-9. doi: 10.1016/j.powtec.2016.10.045
Lecouvet B, Horion J, D'Haese C, Bailly C, Nysten B. Elastic
modulus of halloysite nanotubes. Nanotechnology. (2013) 24:105704.
doi: 10.1088/0957-4484/24/10/105704

Makaremi M, Pasbakhsh P, Cavallaro G, Lazzara G, Aw YK, Lee
SM, et al. Effect of morphology and size of halloysite nanotubes on
functional pectin bionanocomposites for food packaging applications.
ACS Appl Mater Interfaces. (2017) 9:17476-88. doi: 10.1021/acsami.7b
04297

Aucejo S, Marco C, Gavara R. Water effect on the morphology of EVOH
copolymers. ] Appl Polym Sci. (1999) 74:1201-6.

Kucukpinar E, Doruker P. Effect of absorbed water on oxygen transport in
EVOH matrices. a molecular dynamics study. Polymer. (2004) 45:3555-64.
doi: 10.1016/j.polymer.2004.03.024

Carstens DHW, Ehart EP. Permeability of deuterium and helium in poly(vinyl
alcohol). ] Appl Polymer Sci. (1984) 29:261-8.

Wang H, Zhang H, Niu B, Jiang S, Cheng J, Jiang S. Structure
and properties of the poly(vinyl alcohol-co-ethylene)/montmorillonite-
phosphorylated soybean protein isolate barrier film. RSC Adv. (2016)
6:29294-302. doi: 10.1039/C6RA03158G

Oades JM, Waters AG. Aggregate hierarchy in soils. Soil Res. (1991) 29:815-
28.

Fityus S, Buzzi O. The place of expansive clays in the framework
of unsaturated soil mechanics. Appl Clay Sci. (2009) 43:150-5.
doi: 10.1016/j.clay.2008.08.005

Abhilash V, Rajender N, Suresh K. Chapter 14 - X-ray diffraction spectroscopy
of polymer nanocomposites. In: Thomas S, Rouxel D, Ponnamma D,
editors. Spectroscopy of Polymer Nanocomposites. Amsterdam; Boston, MA;
Heidelberg; London; New York, NY; Oxford; Paris; San Diego, CA; San
Francisco, CA; Singapore; Sydney, NSW; Tokyo: William Andrew Publishing
(2016). p. 410-51.

Lagaron JM, Giménez E, Saura J], Gavara R. Phase morphology, crystallinity
and mechanical properties of binary blends of high barrier ethylene-vinyl
alcohol copolymer and amorphous polyamide and a polyamide-containing
ionomer. Polymer. (2001) 42:7381-94. doi: 10.1016/S0032-3861(01)0
0204-X

Ricciardi R, Auriemma E De Rosa C, Lauprétre F. X-ray diffraction
analysis of poly(vinyl alcohol) hydrogels, obtained by freezing and
thawing techniques. Macromolecules. (2004) 37:1921-27. doi: 10.1021/ma03
5663q

Viani A, Gualtieri AF, Artioli G. The nature of disorder in montmorillonite
by simulation of X-ray powder patterns. Am Mineral. (2002) 87:966-75.
doi: 10.2138/am-2002-0720

Frontiers in Nutrition | www.frontiersin.org

March 2022 | Volume 9 | Article 790157



Schiessl et al.

Nanocomposites for Food Packaging

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Drits VA, Sakharov BA, Hillier S. Phase and structural features of tubular
halloysite (7 A). Clay Minerals. (2018) 53:691-720. doi: 10.1180/clm.2
018.57

Aktzi N, Nir Y, Wang D, Narkis M, Siegmann A. EVOH/clay nanocomposites
produced by melt processing. Polym Composites. (2001) 22:710-20.
doi: 10.1002/pc.10573

Gaidukov S, Danilenko I, Gaidukova G. Characterization of strong
and crystalline polyvinyl alcohol/montmorillonite films prepared by
layer-by-layer deposition method. Int J Polym Sci. (2015) 2015:1-8.
doi: 10.1155/2015/123469

Cabedo L, Giménez E, Lagaron JM, Gavara R, Saura JJ. Development
of EVOH-kaolinite nanocomposites. Polymer. (2004) 45:5233-8.
doi: 10.1016/j.polymer.2004.05.018

Lopez-Rubio A. 10 - Ethylene-vinyl alcohol (EVOH) copolymers. In: Lagarén
M, editor. Multifunctional and Nanoreinforced Polymers for Food Packaging.
Oxford; Cambridge; Philadelphia, PA; New Delhi: Woodhead Publishing,
(2011). p. 261-84.

Zhu BD, Zhang JY, Lin CH, Chen HL, Wang J. Nonisothermal crystallization
kinetics of ethylene vinyl alcohol copolymer with poly(oxypropylene)diamine
intercalated montmorrilonite. ] Macromol Sci Part B. (2018) 57:333-47.
doi: 10.1080/00222348.2018.1460971

Zhang Z, Britt IJ, Tung MA. Permeation of oxygen and water vapor through
EVOH films as influenced by relative humidity. J Appl Polym Sci. (2001)
82:1866-72. doi: 10.1002/app.2030

Bhunia K, Dhawan S, Sablani SS. Modeling the oxygen diffusion of
nanocomposite-based food packaging films. J Food Sci. (2012) 77:29-38.
doi: 10.1111/.1750-3841.2012.02768.x

Lopez-Rubio A, Lagarén JM, Hernandez-Muioz P, Almenar E, Catald R,
Gavara R, et al. Effect of high pressure treatments on the properties of EVOH-
based food packaging materials. Innov Food Sci Emerg Technol. (2005) 6:51-8.
doi: 10.1016/j.ifset.2004.09.002

Manoratne C, Rajapakse R, Dissanayake L. Ionic conductivity of poly(ethylene
oxide) (PEO)-montmorillonite (MMT) nanocomposites prepared by

intercalation from aqueous medium. Int | Electrochem Sci. (2006) 1:32-46.
doi: 10.5930/issn.1452-3981

Pandey K, Pitman A. FTIR studies of the changes in wood chemistry following
decay by brown-rot and white-rot fungi. Int Biodeterioration Biodegradation.
(2003) 10:151-60. doi: 10.1016/S0964-8305(03)00052-0

LuW, LuC, HuJ, Wu]J, Zhou Q. Effects of the blending time on the properties
and non-isothermal crystallization behavior of PA6/EVOH blends. Polym Eng
Sci. (2021) 61:1719-31. doi: 10.1002/pen.25695

Haghighi H, Leugoue SK, Pfeifer E Siesler HW, Licciardello F, Fava
P, et al. Development of antimicrobial films based on chitosan-
polyvinyl alcohol blend enriched with ethyl lauroyl arginate (LAE) for
food packaging applications. Food Hydrocolloids. (2020) 100:105419.
doi: 10.1016/j.foodhyd.2019.105419

79.

80.

81.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022  Schiessl, Kucukpinar, Cros, Miesbauer, Langowski and
Eisner. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

16

March 2022 | Volume 9 | Article 790157



a polymers

Article

A Comparative Study on the Roll-to-Roll Processing of a
Silicate-Polyvinyl Alcohol Composite Barrier Lacquer Using
Slot-Die and Reverse Gravure Coating Techniques

Stefan Schiessl 1%*

check for
updates

Citation: Schiessl, S.; Kucukpinar, E.;
Rivollier, N.; Langowski, H.-C.;
Eisner, P. A Comparative Study on
the Roll-to-Roll Processing of a
Silicate-Polyvinyl Alcohol
Composite Barrier Lacquer Using
Slot-Die and Reverse Gravure
Coating Techniques. Polymers 2023,
15,2761. https://doi.org/10.3390/
polym15132761

Academic Editors: Verénica San
Miguel Arnanz and Juan Pedro

Ferndndez Blazquez

Received: 23 May 2023
Revised: 12 June 2023
Accepted: 13 June 2023
Published: 21 June 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Esra Kucukpinar 2

, Noémie Rivollier >*, Horst-Christian Langowski 2 and Peter Eisner 12°

1 TUM School of Life Sciences Weihenstephan, Technical University of Munich, Alte Akademie 8,

85354 Freising, Germany

Fraunhofer Institute for Process Engineering and Packaging IVV, Materials Development

Giggenhauser Strasse 35, 85354 Freising, Germany

3 Centre Technique Industriel de la Plasturgie (CT-IPC), 2 Rue Pierre et Marie Curie, 01100 Bellignat, France
Institut fiir Geologische Wissenschaften, Freie Universitét Berlin, Kaiserswerther Str. 16,

14195 Berlin, Germany

Steinbeis-Hochschule, System- und Bioverfahrenstechnik, Ernst-Augustin-Strafie 15, 12489 Berlin, Germany
*  Correspondence: stefan.schiessl@ivv.fraunhofer.de

Abstract: The integration of platelet-shaped montmorillonite particles to improve the oxygen barrier
of polyvinyl-alcohol-based barrier layers is state-of-the-art, but research on roll-to-roll coatings of
such composite barrier lacquers has not been widely published. In this study, two different coating
techniques, slot-die and reverse gravure, were used on a roll-to-roll scale to apply barrier lacquers
comprising polyvinyl alcohol and montmorillonite. The lacquers were analyzed regarding viscosity at
certain shear rates and surface energy and the dried coating layers regarding oxygen barrier, surface
morphology, and particle orientation. Low permeability coefficients delivering a high oxygen barrier
of 0.14 and 0.12 m‘l@% were achieved for the coating layers with slot-die and reverse gravure
coating, respectively. It turned out that the properties of the barrier lacquer need to be adjusted to
the coating technique to achieve high oxygen barrier performance. By tailoring the barrier lacquer
formulation, the orientation of the platelet-shaped montmorillonite particles can be achieved using
both techniques. A low solid content of down to 3wt% is preferable for the premetered slot-die
coating, because it results in low agglomeration quantity in the coating layer. A high solid content of
up to 9wt% is preferable for the self-metered reverse gravure coating to assure a homogeneously
coated layer.

Keywords: barrier lacquer; reverse gravure; oxygen permeability; montmorillonite; slot-die; polyvinyl
alcohol; flexible packaging

1. Introduction

Polyvinyl alcohol (PVA) is a widely applied and commonly used layer in flexible
films intended for food packaging. It is chosen because it provides barrier properties
against oxygen, biocompatibility, and biodegradability, as well as nontoxicity and easy film
formation [1]. However, the availability of essential raw materials for production of PVA
is limited [2]. The availability issue mainly concerns acetic acid, which is a precursor of
vinyl acetate [3]. Of course, the global supply shortage causes prices to increase, e.g., in
Europe by more than 100 % from 2021 to 2022 [4,5]. Therefore, there is a strong interest in
replacing PVA [6], producing it from biomass [7], reducing its amount [8] in gas barrier
films, or reducing its content in packaging film in general.

In order to prevent the gas barrier deterioration of the packaging film due to the
reduction in PVA content, nanoparticles can be added to keep the barrier performance at
the same level despite reduced coating layer thickness. Numerous investigations have
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demonstrated that the barrier performance of PVA coatings can be improved by the ad-
dition of platelet-shaped silicate particles such as montmorillonite (MMT) [9-14]. These
publications are restricted to sheet coatings at the lab scale. The transition between lab-
scale and roll-to-roll scale applications is as challenging as the development of the coating
material itself [15]. The limiting factors include (among others) the coating technique, the
coating speed, the drying conditions, and the rheological properties of the lacquer [16,17].
Only a few publications have discussed the roll-to-roll coating of such silicate-based com-
posite materials. Koppolu et al. [18] reported the roll-to-roll coating of microfibrillated
cellulose or cellulose nanocrystals with the slot-die coating technique. In order to achieve
an effective barrier using such cellulose-based coatings, they can be alternately coated
with MMT dispersions to form a layer-by-layer structure, but this is then offset by the
inefficiency of multiple coatings [19]. One potential layer-by-layer approach was also
reported by Ben Dhieb et al. [11] for PVA and MMT dispersions, where blade coating was
introduced as alternative coating technique to dip coating, but it was not performed on a
roll-to-roll line. They achieved a low permeability coefficient of 0.2 w and deliv-
ered a high oxygen barrier for 30 alternating layers coated with a doctor blade. Another
feasible approach was introduced by LaChance et al. [20]. They demonstrated a one-time
doctor-blade coating of a nanocornposite lacquer, also comprising PVA and MMT with an
cm® (STP) 1 pm

oxygen permeability of 2.1 = 5=—"—.

One possible field of application for these barrier lacquers is food packaging. Therefore,
the barrier performance of the coating layer is compared with common barrier concepts in

this application field, e.g., AlOx- or SiOx-deposited films or films with metallization [21,22].
m? (STP)

with SiOy deposi-

m? d bar
tion [23], down to 0.7 ?(ﬂ with AlOy deposition [24], and down to 0.5 % with

metallization with alummui;l [25]. Many of these barrier materials are used in laminate
structures. Although packaging materials of only 12 to 20 um are required to be vacuum-
coated, the final packaging products may well be considerably thicker as they end up as a
laminate. To ensure ease of handling for downstream processes and thus maintain the best
barrier performance, most vacuum-coated barrier films are laminated [26].

As an alternative to these coatings in vacuum, this study presents a barrier lacquer
that can be coated at atmospheric pressure. For this purpose, the aim is to investigate the
roll-to-roll coating of a composite barrier lacquer comprising PVA and MMT using the slot-
die or reverse gravure technique for the first time in detail to the author’s knowledge. The
question to answer is how these two application techniques affect the layer homogeneity,
surface morphology, agglomerate formation, and gas barrier performance. Therefore, a
lacquer previously developed by Schiessl et al. [14] was prepared at three different solid
contents of 3, 6, and 9 wt% in order to modify viscosities. The prepared lacquers were
applied by means of a semiautomated roll-to-roll coating machine using two different
coating techniques: slot-die and reverse gravure. The effect of the shear rate on the coating
material was taken into consideration in addition to the lacquer viscosity and solid content
effects. As a result, two different ceramic gravure rolls, with quadrangular and trihelical
geometry, and two different shim thicknesses (gap openings) during the slot-die coating
were used for each lacquer. This approach enabled investigations of various coating process
windows with different parameter sets of lacquer viscosity and shear rate for both of the
application techniques presented. The flexible films comprising a dried barrier layer were
characterized in terms of surface roughness, orientation of MMT particles, and oxygen
permeability coefficients of the coating layers. Based on the present research, a parameter
set leading to low permeability coefficients delivering a high oxygen barrier was generated
for every coating technique.

Polypropylene films can reach permeation rates of down to 0.3 =
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2. Materials and Methods
2.1. Materials

The platelet-shaped MMT particles (CLOISITE Na* from BYK Additives and Instru-
ments, Wesel, Germany) were dispersed using a planetary ball mill (PULVERISETTE 6,
FRITSCH, Idar-Oberstein, Germany) and mixed with PVA (Exceval AQ-4104 from Kuraray;,
Frankfurt, Germany) at a mixing ratio of 1:1 by weight as reported by Schiessl et al. [14]. In
contrast to the latter procedure, mixing and heating of the barrier lacquers were performed
in a heatable blender (Thermomix TM5 from Vorwerk, Wuppertal, Germany) with a capac-
ity of 2 L. The total solid content cyy;q4 of the barrier lacquers was primarily adjusted to
9wt% and subsequently diluted to 6 and 3 wt% with demineralized water using the same
blender. The samples of the liquid barrier lacquers (BL) were labeled as BL-3, BL-6, and
BL-9. A lower limit of 3 wt% solid content was chosen to provide a stable coating layer at
the same drying conditions as the other coatings. The upper limit was set to 9 wt%, because,
given their excessive viscosity, it was not possible to homogeneously coat lacquers having
a higher solid content.

Biaxially oriented polypropylene (BoPP) was used as a substrate on rolls with a width
of 300 mm and several hundred meters in length. BoPP was purchased as transparent,
nonsealable film with a thickness of 30 um (TNS from Taghleef Industries, San Giorgio,
Italy). The BoPP film had a unit weight of 27.3 m%, and in machine direction, a tensile
strength of 150 MPa and an elongation at break of 140 %.

2.2. Coating Processes
2.2.1. Slot-Die Coating

The slot-die (SD) technique, shown in Figure 1, is a premetered process, i.e., the
amount of liquid applied to the web per unit area is precisely adjusted by the volume
flow [27]. The coatings were applied using a T-shaped manifold half circle slot-die (FMP
Technology, Erlangen, Germany). The slot-die width W was 260 mm, and the gap length L
in the slot-die was 45 mm. The shim thickness S was adjustable by using different shim
plates from 100 to 500 um. The wet coating layer thickness tet needed to achieve a defined
dry layer thickness 4,y is calculated by

fwet = (1)

(A)

web
direction
with

web speed

coating liquid
manifold

distance dgp,

-

Figure 1. (A) Schematic drawing of the slot-die coating process illustrating the parameters of gap
length L, shim thickness S, and distance from die to web dgp. (B) Picture of slot-die coating illustrating
the coating width W.

The dry coating layer thickness was adjusted to 1.5 um for all coatings using the slot-
die, thus leading to the wet layer thicknesses listed in Table 1 for all parameter sets. A total
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of six different coating parameter sets, labeled as SD-500-9, SD-300-9, SD-300-6, SD-200-6,
SD-200-3, and SD-100-3, were used to coat the BoPP. The volume flow Q dispensed by
alternately pumping syringe pumps (Base 120 with two Nemesys S syringes, CETONI,
Korbussen, Germany) required to achieve a wet layer thickness at a given web speed U,y of
i is calculated by .

Q=twet - Uy W 2)
as listed in Table 1. Before reaching the slot-die, the barrier lacquer was pumped through a
polymeric filter with a mesh size of 100 pm. Regarding the shear rates ¢ during the coating
with slot-die, there are two important locations to consider, the shear rate within the die
¥in and the shear rate directly before reaching the web ysp. A plane Couette flow develops
in the slot-die, and the shear rate is calculated by

6-Q

~W.s? ©)

Yin
according to Durst et al. [28]. The shear rate in the slot-die must be calculated to obtain the
present viscosity 7 in the die, which in turn is needed to calculate the pressure loss Ap in
the slot-die [29].

12-47-L-Q
Ap=—g—— (4)
S -W
Table 1. Parameter sets used for coatings with slot-die (S: shim thickness, c4j;q: total solid content,
twet: wet layer thickness, Q: volume flow, i,: shear rate, n: viscosity, and Ap: pressure loss).

S Csolid Ewet Q Yin Ul Ap
Sample Code um wt% um ;‘—1';1 % mPas bar
SD-500-9 500 9 17 21.7 333 336 0.020
SD-300-9 300 9 17 21.7 92.6 201 0.056
SD-300-6 300 6 25 325 139 16.5 0.007
SD-200-6 200 6 25 325 313 14.7 0.021
SD-200-3 200 3 50 65.0 625 2.99 0.008
SD-100-3 100 3 50 65.0 2500 2.83 0.064

A specific dynamic pressure in the slot-die is necessary for the coating liquid to be
distributed homogeneously over the entire die [27]. The resulting pressure loss should be
as low as possible for energy and safety reasons (bursting of hoses), and it was below a set
value of 0.4 bar in any case, as shown in Table 1.

The slot-die was operated in bead mode for each coating, meaning that the distance
dsp between web and die was 2 to 5 times higher than #,et [30]. Since the gap flow was
already fully developed after a development length of less than 1 pm, the shear rate before

touching the web was
Ysp = ;/I?W ®)
D
when using the setup and coating fluids described [28,31,32]. The development length de-
scribes the length that is needed for a liquid to build up a constant flow without turbulence
in a certain environment. Turbulent flow within the slot-die gap takes place for only several
hundred nanometers after the liquid manifold. The subsequent flow can be described as

fully developed.

2.2.2. Reverse Gravure Coating

The reverse gravure (RG) coating, as shown in Figure 2, was performed on two
different gravure rolls. One of them was a ceramic gravure roll with quadrangular geometry
(RG-q) with 65 pm in depth with a theoretical coating volume of 25 I;—I; made by UNGRICHT
(Moenchengladbach, Germany). The second was a ceramic gravure roll with a 45° trihelical
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geometry (RG-t) and 40 ligfls, leading to a theoretical coating volume of 45 %15 made by
JWS (Sinsheim, Germany). In comparison with the slot-die coating technique, coating with
reverse gravure is understood to be a self-metered process, which means that the wet layer
thickness depends mainly on the gravure roll type but also on the solid content and flow
behavior of the lacquer, the web speed, the surface energy of substrate and of the lacquer,
and the interactions of these parameters with each other [27]. Barrier lacquers with a solid
content of 3, 6, and 9 wt%, respectively, were coated using the two gravure rolls, leading to
six different coating parameter sets with the sample codes RG-q-3, RG-q-6, RG-q-9, RG-t-3,
RG-t-6, and RG-t-9. The coating width was 270 mm, and the web speed was similar to that
of the slot-die coating 5 1i-. The speed of the gravure roll Ug was set to 7 & for all the
parameter sets. Given that the development lengths for a fully developed flow are similar
in both coating methods, the shear rate on the barrier lacquer before touching the web
was calculated in a manner similar to the slot-die coating process. Therefore, a constant
shear rate in both gaps, between die and web and between gravure roll and web dgg, is
present [28,31].

. U, + U.
TRG = Tg (6)
RG
(A) ;
wet coating
layer
web direction
doctor blade

= reservoir

Figure 2. (A) Schematic drawing of reverse gravure coating process with delineated roll directions
Uy and Ug representing the speed of substrate (web) and gravure roll, respectively. The distance
between gravure roll and substrate is drg (adapted with permission from Shim [33], 2023, Elsevier).
(B) Picture of reverse gravure coating process with quadrangular gravure roll.

2.2.3. Roll-to-Roll Machine Adjustments and Curing

The slot-die and reverse gravure coating techniques are inherent to a semiautomated
roll-to-roll coating machine. The BoPP substrate was placed in the unwinding station
and passes consecutively through the corona pretreatment station, the coating station, the
curing station, and the rewinding station, consecutively. During this process, the web
tension at the unwinding station was always a little lower than the tension adjusted at
the rewinding station due to the friction losses at several intervening rolls. The roll-to-roll
coating line used was designed such that the coated side of the substrate never makes
contact with a roll. The web tension for the BoPP substrate was at the rewinding station
30N and at the unwinding station 20 N.

The substrate was physically pretreated using a corona discharge station (CLNE
from SOFTAL electronic, Hamburg, Germany) to ensure a homogeneous wetting with
lacquer. The plasma dose was adjusted to 4.8 % for the pretreatment of BoPP in order
to achieve a surface energy sufficient for wetting with aqueous barrier lacquers. In this
context, “sufficient” means that the surface energy was measured to be more than 36
by means of test inks (Teststifte PINK, arcotest, Moensheim, Germany, according to DIN
ISO 8296 [34]). This is required for wetting with water-based coating liquids [35]. The
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curing was performed with a convection oven directly after the coating station. The curing
conditions were 60 °C, applied for 50s. At least 50 m of film length was coated with every
parameter set.

2.3. Methods
2.3.1. Thickness Measurement

The thickness of the coating layer was measured using a precision thickness gauge
(Hanatek FT3 from Rhopoint Instruments, Beyhill on Sea, UK). The resolution was 0.1 pm,
the thickness was measured at five random spots on the coated sample, and an average
value was then reported.

2.3.2. Oxygen Permeability

The oxygen permeation rates of the coated films were measured according to the DIN
53380-3 standard with the oxygen-specific carrier gas method [36]. The measurements
were performed using an OX-TRAN 2/21 OTR Analyzer (AMETEK MOCON, Minneapolis,
MN, USA) at 23 °C and 50 %RH. If the respective permeation rate was constant for at least
10h, then a steady state was assumed to have been achieved, and the measurement was
then stopped. Duplicate determination was performed for all of the coatings, and the
values were reported at standard deviation. After measuring the oxygen permeation rate
of the coated film, the permeability coefficient of the coating layer was calculated using the
measured total permeation rate of the coated substrate and the permeation rate of uncoated

BoPP, which is 1250 Cmi (STP). In this context, the value of the permeability coefficient is
m* d bar

expressed as normalized to a material thickness of 1um, as described by Langowski [37].

2.3.3. Surface Energy Measurement

The surface energy of the substrate—air interface was determined according to DIN
EN ISO 19404-2 [38] via the sessile drop method with a DSA 100 from Kruess (Hamburg,
Germany). For this purpose, at least five drops of three different liquids, water, ethylene
glycol, and diiodomethane, were placed on the surface, and the contact angle was measured
at equilibrium. At least two liquids with known polar and dispersive energy components
are needed to calculate the polar and dispersive components of the surface energy using
the Owens—Wendt-Rabel-Kaelble (OWRK) evaluation method [39].

The surface energy of the lacquer—air interface was measured according to DIN EN
ISO 1904-3 [40] via the pendent drop method using the same device.

2.3.4. Distance Measurement during Coating Processes

The values for dgp and drg were measured in a similar way. First, the slot-die or the
gravure roll were brought in contact with the substrate. This position was set as the zero
point. The distance was then increased stepwise until reaching the final position for the
respective parameter set and measured with a high-precision sensor head, GT2-H12K, from
Keyence (Neu-Isenburg, Germany). The resolution was 10 pm.

2.3.5. Viscosity Measurement

The rheological measurements were performed using a modular compact rheometer
302 from Anton Paar (Graz, Austria) equipped with a cone—plate set-up with a 50 mm
diameter, an angle of 0.995°, and a preadjusted gap size of 100 um. Since shear force is
permanently applied in one direction during both of the coating processes used in the
present study, the viscosity measurements were performed with a rotating plate. The
shear sweep measurements of the lacquers produced were performed at room tempera-
ture, i.e., 23 °C, from 10 to 10,000 % with a logarithmically increasing step size limited to
30 measuring points.
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2.3.6. Roughness Measurement

The roughness was measured via direct mechanical contact over the surface with a
Hommel Tester W55 from Hommelwerke (Villingen-Schwenningen, Germany). For each
sample, 5 lines with a length of 4.5 mm were measured parallel (MD) and perpendicular
(TD) to the coating direction, and the roughness is given as an arithmetic mean value (R;,)
of these 5 measurements, respectively.

2.3.7. Scanning Electron Microscopy (SEM)

The SEM images were captured with a JSM-7200F (JEOL, Akishima, Japan) at high
vacuum (2 x 10~* Pa). All samples were sputtered with a gold layer using a Hummer
JR sputter coater (Technics, Alexandria VA, USA) in order to reduce electrical charging
of the nonconductive polymer samples. A solid-state detector (SSD), which detected
backscattered electrons, was used in combination with the JEOL-SEM software Ver. 7.1.0.9.
To perform a cross-section image, the coated substrate was placed between copper tapes
with electrically conductive adhesive, and cross-cuts were prepared by Art beam milling
with a cross-section polisher (JEOL, Akishima, Japan).

2.3.8. Pole Figures

Pole figures were measured using a PANalytical MRD X-ray diffractometer (Almelo,
The Netherlands) equipped with a Eulerian cradle employing two-axis scans along ¢ and
X- Measurements were performed at a fixed 20 angle of 6°, corresponding to the 26 angle
position of the lattice plane (002) studied. To plot pole figures, the intensity distribution was
measured along the ¢ axis from 0 to 360° at sample tilts x from 0 to 85°, with an increment
of 5° each.

3. Results and Discussion
3.1. Oxygen Permeability

The coating thicknesses required to normalize the oxygen transmission rate and obtain
the oxygen permeability coefficient are shown in Table 2. As expected, the thickness values
for the premetered slot-die coating technique were all close to the target of 1.5 um.

Table 2. Dry coating layer thickness measured for the various coating techniques and parameter sets.
These values are used to normalize the permeation rate to calculate the permeability coefficients.

Self-Metered Reverse Gravure Coating Premetered Slot-Die Coating
pm pum
RG-t-9 1.9+01 SD-500-9 1.6 £0.1
RG-t-6 1.3+£0.1 SD-300-9 1.6+0.2
RG-t-3 05+02 SD-300-6 1.6+0.1
RG-g-9 1.0£0.1 SD-200-6 1.5£0.1
RG-g-6 0.3+0.2 SD-200-3 1.5+£0.1
RG-g-3 01+0.1 SD-100-3 1.4£0.1

The coating layer thicknesses for the self-metered reverse gravure technique were dif-
ficult to adjust because of the dependency of the wet layer thickness on various parameters,
as described in Section 2.2.2. Indeed, the higher the solid content, the thicker the coating
layer. This relationship was valid for both gravure roll geometries. The thickness of the
coatings with the trihelical gravure roll is measured as 1.9 um, 1.3 um, and 0.5 pm for the
solid contents of 9, 6, and 3 wt%, respectively. Generally, the coating thicknesses achieved
with the quadrangular gravure roll were found to be lower due to the lower theoretical
coating volume of 25 % compared with the trihelical gravure roll with 45 IITI‘T]; The coating
layer thickness for RG-q-9 was 1.0 pm. For the barrier lacquers with lower solid contents
of 3 and 6 wt%, the thicknesses with quadrangular gravure roll were found to be 0.1 and
0.3 pm. This corresponds to a wet layer thickness of only 3.3 and 5.0 pm, respectively. There
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are limits below which a stable film can no longer be formed, which is then reflected in
very poor barrier properties. It was not possible to transfer more material to the substrate
surface using the quadrangular gravure roll at these low solid contents.

Figure 3 shows the oxygen permeability coefficients of the barrier lacquers investigated.
The previously reported permeability coefficient of this barrier lacquer obtained with a
k-bar coating on BoPP sheets by Schiessl et al. [14] was 0.12 % at a total solid

content of 8 wt%. Similar values were achieved in this study. The lowest value with reverse
3

gravure was 0.12 % for RG-t-9, indicating the trihelical gravure roll and a solid

m> (STP) 1 pym

content of 9 wt%. In the case of the slot-die coatings, the lowest value was 0.14 T dbar
for SD-200-3, indicating a shim thickness of 200 um and a solid content of 3 wt%.
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Figure 3. Oxygen permeability coefficients for the coating layers depending on the solid content of
the barrier lacquer: The colors red, blue, and green represent the solid content of the barrier lacquers
of 3, 6, and 9wt%, respectively. The square symbols represent the slot-die coating, and the circle
symbols represent the reverse gravure coating. A filled symbol represents the higher shear rate within
a solid content, i.e., the quadrangular roll in the reverse gravure technique and the thin shims in the
slot-die (300 pm for 9 wt%, 200 pm for 6 wt%, and 100 pm for 3 wt%). The empty symbol represents
the lower shear rate within a solid content, i.e., the trihelical roll in the reverse gravure technique and
the thick shims in the slot-die (500 pm for 9 wt%, 300 pm for 6 wt%, and 200 pm for 3 wt%).

The barrier performance of the slot-die-coated samples decreases by increasing the
solid content, whereas the converse is true for the reverse-gravure-coated samples. Using
slot-die coating, the permeability coefficients for BL-9 are similar, with values of 1.0 and

12 m, regardless of shear rate. Within the BL-6, the stronger sheared sample

m? dbar 3 ( )
. . .. cm” (STP) 1 um
provides a permeability coefficient of 0.95 Zdbar

of 0.62 Cmgm(i% For the BL-3, the low permeability coefficient of 0.23 Cmsm(%% is
provided by the less sheared sample and the lowest value of 0.14 % by the stronger

sheared sample. Given that this does not represent a trend, it appears that the shear rate has
little influence on the oxygen barrier performance of the coating layer. The main influencing
factor during slot-die coating is the solid content and the properties accompanied with it.
The permeability coefficients for the samples coated with trihelical gravure roll, which
are less sheared than the ones coated with quadrangular gravure roll, decrease from 0.45 to

0.12 ST 1um oo the solid content increases from 3 to 9 wt%. The lowest permeability

m? d bar
3
coefficient, reached using the quadrangular gravure roll, was 0.50 <2 (T0) Lum
m* dbar

and the less sheared sample one

at a solid
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content of 9 wt%. The barrier improvements reached with the quadrangular gravure roll at
3 and 6 wt% were much lower than those achieved using the trihelical gravure roll, which
may have been due to the insufficient amount of material transferred, as shown in Table 2.

Samples RG-t-9, RG-t-6, RG-t-3, RG-g-9, SD-200-3, and SD-100-3, which were ob-
tained using 6 different parameter sets, provided oxygen permeability coefficients below
0.5 % on BoPP. The reasons for the differences among the 12 measured samples
are discussed in the next sections.

3.2. Surface Energy of the Barrier Lacquers and Substrate

The surface energies of the barrier lacquers with various solid contents are shown in
Table 3. In comparison with the surface energy of pure water with 72 I% [41], the surface

energy of the barrier lacquers decreases to 62 1% after mixing water with PVA and MMT.
All three barrier lacquers exhibited nearly the same surface energy. It was shown by Chen
et al. [42] that an increasing amount of MMT in an aqueous dispersion leads to an increase
in surface energy. On the other hand, Nagarkar and Patel [43] found out that an increasing
amount of PVA in an aqueous dispersion leads to a decrease in surface energy. The variation in
total solid content in this study did not affect the surface energy. This outcome may have been
due to the combination of PVA and MMT effects in the formulation used having counteracted
one another.

Table 3. Surface energy of BoPP before and after corona pretreatment measured using the sessile drop
method giving the corresponding dispersive and polar components and surface energy measured with
the pendant drop method of barrier lacquers with solid contents of 3, 6, and 9 wt%. The subdivision
in dispersive and polar components is not applicable (N/A) with the pendant drop method.

Total (2—{) Dispersive (;‘—{) Polar (%{)
BoPP (untreated) 241+0.2 240£0.2 0.08 £0.01
BoPP (pretreated) 37.0+04 30.1+0.3 6.94 +0.12
BL-3 61.7+£02 N/A N/A
BL-6 623+02 N/A N/A
BL-9 61.5+0.7 N/A N/A

One of the major requirements for a strong bond between a barrier lacquer and a
polymeric substrate is that the liquid lacquer completely covers the substrate surface during
the coating process, i.e., wettability [44]. If a lacquer does not wet, defects such as islands
will appear during the coating process, even before curing of the lacquer, which leads to
degradation of the functional properties. A high level of wettability can be achieved if the
total surface energy of the coating formulation is lower than the total surface energy of the
substrate [45]. The surface energy of untreated BoPP with 24 & | was found to be too low
in comparison with the surface energy of the barrier lacquers. After corona pretreatment,
however, the surface energy increased to 37 ], mainly due to the significant increase in the

polar component by 6.8 ] This increase was in agreement with values previously reported
by Lindner et al. [46] and Aydemir et al. [35]. Although the total surface energy of BoPP
after the corona pretreatment was still lower than the surface energy of the barrier lacquers,
it was possible to spread the barrier lacquers spontaneously on the substrate surface by
means of slot-die and reverse gravure coating. It was discovered that the viscosity of the
barrier lacquer formulations, the wet coating layer thickness, and the coating parameters
have additional influences on the layer coating performance, as was demonstrated by
previous research [35,45,47,48].

The foregoing findings enable conclusions to be made about the oxygen barrier perfor-
mance of the barrier lacquers (Section 3.1). If the BL-3 is, e.g., coated at a certain wet layer

thickness, in the case of SD-200-3 with 50 um, then the substrate will be wetted completely.
cm® (STP) 1 pm

Otherwise, a barrier value of 0.14 >
m* d bar

for slot-die coating would not have been
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measured. However, if the BL-3 is coated too thinly, as was the case for quadrangular
gravure roll with only 3.3 pm, then a few uncoated areas may remain. This would explain
why the permeability coefficient, which is independent of the coating layer thickness, was
much higher for the same lacquer in sample RG-q-3 comprising 17 legr# Therefore,
the explanation is that the resulting force from the surface energy mismatch needed to
form an island is higher than the gravitational force that holds the lacquer in place. Barrier
lacquer BL-6, which had a similarly thin coating of 5.0 pm as BL-3 but a higher viscosity

(see Section 3.4), also provided a high permeability coefficient of 10 % for the

RG-g-6 sample. This result demonstrates that the combination of viscosity, wet coating layer
thickness, and surface energy needs to be sufficient to wet the substrate homogeneously.

3.3. Shear Rates during Coating Process

Figure 4A illustrates the shear rates during the two coating processes as a function of
the distances between slot-die and web or between gravure roll and web. The shear rates
to which the lacquer is subjected during both coating techniques are calculated according
to Equations (5) and (6), respectively.

10,000 -
(A) -~ -y during RG coating calculated by Equation (6) B) 1000 4 + BL-3
- - -y during SD coating calculated by Equation (5) * 362
+ BLA
w ® (504000) \
= v )
3 . @roess)
2 3 ® (302222) » N
5 > . (140/1429) o 1003 T
c ‘mi7oniso) gt (@26/22]
_>3 1000 g 0s26) 10.(20011000) = (119075) (4000/50}
. T~ : 8 (417/14)
o ~ \":wewszw 3 S
o - y = W ¢ o O -
5 LR = 104 52118 (176n2) Y & :
] TS~o L (34045 2
£ - @ 20873 3)
~o- tee e 0 & 4 . . . .
(400/208) (24532)  (1000/3.0) ('2222,3 )
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Figure 4. (A) The calculated shear rate during slot-die and reverse gravure coating plotted as a
function of the measured distance between the slot-die and substrate dgp or between gravure roll
and substrate dgrg, respectively. (B) The viscosity of the barrier lacquers depending on the shear rate.
The colors red, blue, and green represent the solid content of the barrier lacquers of 3, 6, and 9 wt%,
respectively. The square symbol represents the slot-die coating and the circle symbol the reverse
gravure coating. A filled symbol represents the higher shear rate within one solid content and the
empty symbol the lower shear rate. The highlighted dots show the exact shear rates that the lacquers
were subjected to during coating with the corresponding numerical values in (x/y) form.

The difference between reverse gravure and slot-die coating in terms of shear rate is
best described using an example, i.e., BL-9. Sample BL-9 was sheared at 1190 and 926 %
and distances of 70 and 90 pm, respectively, during the slot-die process but at 4000 and
1429 % and distances of 50 and 140 pm during the reverse gravure process. Within the
slot-die coating, BL-9 was sheared at 925 % for a shim of 300 pm but at 1190 % for a shim of
500 pm. Within the parameter set of the thicker shims, as indicated by the filled symbols
in Figure 4A, the shear rate decreased from 1190 to 245 % due to the distance increasing
from 70 to 340 pm for solid content decreasing from 9 to 3 wt%. The shear rates during
the slot-die process were lower than those occurring during the reverse gravure process.
Within the slot-die process, it was found that the shear rate decreased with a decreasing
shim thickness (increasing distance between die and web) within one solid content or
with a decreasing solid content. The distances, dsp and drg, were adjusted in a way to
provide the best coating picture and were measured for every coating parameter set. In this
context, a good coating picture means a wet coating layer without any ribbings, striations,
voids, or other inhomogeneities. The highest possible distance providing a good coating
picture is preferred for the barrier lacquers, as was demonstrated by Creel et al. [49] for
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polymer electrolyte fuel cell cathode ink. Bhamidipati et al. [50] showed that the potential
for air entrainment is higher for higher viscosity and that it can be reduced by reducing
the distance from die to web. This finding was applied within this study, since an air
entrainment would lead to the aforementioned inhomogeneity and needs to be avoided.
Even if entrained bubbles in the liquid coating layer are not visible during coating, they
still result in an inhomogeneous appearance after drying. This is due to the fact that the
thermal expansion coefficient of gases is three times higher than that of solids, and the
encapsulated bubbles almost burst open during drying [51]. The viscosity of BL-9 was
higher than that of BL-3 (see Section 3.4), for which reason the distance was lower for BL-9.

In the case of reverse gravure coatings, the distance for the quadrangular gravure
roll extended from 50 to 90 pm and led to shear rates from 4000 to 2222 % for decreasing
solid content. The distance range for the trihelical gravure roll was from 140 to 200 pm,
resulting in shear rates from 1429 to 1000 % The distance increased with an increasing
coating volume, which led to a lower shear rate. Within one roll geometry, the distance for
the lacquer with higher solid content is lower because of two reasons. Firstly, it is similar to
the slot-die coating, i.e., the higher the viscosity, the higher the risk of air entrainment with
increasing distance. Secondly, since the surface energy of the lacquers was quite similar
(see Table 3), the only varying parameter in the law of capillary rise is the density, and the
density for lacquers with higher solid content was higher, so the capillary rise is lower [52].

3.4. Viscosity of Barrier Lacquers

Figure 4B shows the viscosity of the barrier lacquers prepared at three different solid
contents as a function of shear rate. The shear rates applied on the barrier lacquers during
the coating processes (Figure 4A) are marked on the diagram.

Sample BL-9 exhibited a shear-thinning behavior, as quantified by a viscosity reduction
from 550 mPas at a shear rate range of 10% to 50mPas at a shear rate of 4000 % The
viscosity reduction for BL-6 and BL-3 lasted from 28 to 11 mPas and from 4.0 to 3.0mPas
for the same shear rate range, respectively. At a shear rate of 4000 %, the viscosity increased
from 3.0 to 50mPas for an increasing solid content from 3 to 9wt%. In both coating
techniques, the parameter sets used led to a shear rate, which was in turn accompanied by
a viscosity that started to become approximately constant, or at least to a viscosity not in
the area of strong exponential decay at low shear rates from 10 to 200 %

All of the formulations provided a shear-thinning behavior similar to PVA solu-
tions [53] and MMT dispersions [54]. Without any shear force, the PVA chains were
oriented randomly in the lacquer, as were the MMT platelets. As soon as the lacquer is
sheared, the chains and platelets start to orient, which results in a decrease in viscosity.
This effect became increasingly pronounced with an increasing lacquer solid content, as
described by, e.g., Xu et al. [55]. When the majority of chains and platelets were oriented,
the viscosity no longer changed significantly. At this shear rate, when the viscosity became
nearly constant, the barrier lacquers should be coated. As expected, the viscosity increased
with an increasing solid content because fewer water molecules are mobile and more water
molecules are part of hydration shells, either from PVOH or from MMT. For the single
components of the barrier lacquers, PVA and MMT, it is also true that the viscosity increases
with increasing solid content [56,57].

3.5. Roughness

Figure 5 shows the value most commonly used to describe the roughness of coated
surfaces (the arithmetic mean value R;) for the coating parameter sets. The roughness in
coating direction did not differ from the perpendicular direction in either coating technique.
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Figure 5. Arithmetic mean values for the roughness of the coated BoPP substrate measured parallel
(MD) and perpendicular (TD) to the coating direction.

Regarding reverse gravure coating, the roughness values were all within a range
of 0.10 to 0.14um. In comparison, slot-die coated samples varied from 0.18 to 0.58 um,
with SD-200-3 being the smoothest at 0.18 um and SD-300-6 being the roughest at 0.58 pm.
Counterintuitively, the roughness values of the reverse-gravure-coated samples were all
below the roughness values measured for the slot-die-coated samples. Since the roughness
values were similar in the two different gravure geometries and all of the solid contents
measured, it can be concluded that the gravure roll type had no direct influence on the
roughness for the setups and barrier lacquers used. This outcome stands in contrast to the
finding by Voigt et al. [58] for gravure coatings of similar viscous polythiophene but with a
different gravure geometry and setup.

The roughness is, among others things, determined by agglomerations on the surface
of the coating. Figure 6 shows a comparison of the surface structure of two samples, SD-
300-6 and RG-t-9. The surface of the sample SD-300-6 consists of several particles (whitish
regions). These particles are MMT agglomerations. Since MMT contains heavier atoms in
terms of atomic number compared with PVA, MMT appears brighter in the SEM image.
Three reasons can be identified for why the potential for agglomerations during slot-die
coating was higher than during reverse gravure coating.

Figure 6. Top view SEM image of the coated substrate with a magnification of 5000: (A) SD-300-6
(B) RG-t-9.
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Since the slot-die coating technique is premetered, any agglomeration formed during
lacquer production which is smaller than the filter (mesh size 100 pm) ends up in the
coating layer. Additionally, during the slot-die coating process, there are some zones that
act as dead volume within the die, for example, in the coating liquid manifold or on the
very edges of the die gap. Spontaneously formed agglomerations at these zones also enter
the coating. Finally, the agglomerations formed during slot-die coating face lower shear
rates within the range of 1190 to 208 % than those applied during reverse gravure coating
(Figure 4).

In the reverse gravure process, on the other hand, agglomerations formed during
barrier lacquer production are not completely transferred to the substrate and also remain
in the reservoir. Moreover, the agglomerations transferred by the gravure roll are actually
sheared at a higher shear rate of 4000 to 1000 % (Figure 4) and reduced in size before coating,
or they are blocked via the doctor blade and returned to the reservoir. It was demonstrated
earlier with regard to this barrier lacquer that a larger agglomeration quantity results in
a lower barrier potential of the barrier lacquer [14], and this phenomenon was further
confirmed by the roll-to-roll coatings using two coating techniques.

3.6. Orientation of Montmorillonite Particles in Dry Coating Layer

The commonly held opinion is that the orientation of the platelet-shaped MMT parti-
cles has a decisive influence on barrier performance [59]. Therefore, the orientation of the
MMT particles in the roll-to-roll-coated samples was investigated via two methods: quanti-
tatively with a pole figure measurement of the (002) lattice plane of MMT and qualitatively
with a cross-section SEM image.

Figure 7 shows two pole figures of the (002) lattice plane, measured for a representative
slot-die- and reverse-gravure-coated sample. Samples SD-200-3 and RG-t-9 were chosen
by virtue of their low permeability coefficient, thereby delivering high oxygen barrier
performance (see Section 3.1). The (002) lattice plane describes the parallel plane of an
MMT platelet, where the reflection takes place on the next parallel plate. Hence, this
lattice plane is used to observe the swelling and separation of the platelets, as well as their
orientation [60]. Both pole figures exhibited a high intensity for x angles from —10 to 10°,
as indicated by the red coloring in the center, which corresponds to the (002) tilt angle to the
substrate surface. This result revealed that the majority of the particles were oriented more
or less parallel to the surface, with a maximum tilt of 10°. Both samples exhibit a diffraction
halo for x from 10 to 30°, as indicated by the color range from yellow to bright blue. This
implies that a minority of MMT platelets provides larger tilts than 10°. Based on the pole
figure results, it appears that the coating techniques investigated had similar influence on
the orientation, since the MMT orientation was comparable. The shear was strong enough
to align the particles during both coating processes. On this basis, it can be concluded
that complete wetting without defects and a lowest possible amount of agglomerations is
required for a high barrier. This is the most reliably achieved for this lacquer in the reverse
gravure process, as long as the minimum amount of lacquer is transferred (see Section 3.1).
(&) o (B) o
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Figure 7. Pole figures of the (002) lattice plane of MMT determined for barrier lacquer coating on
(A) SD-200-3 and (B) RG-t-9.
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The SEM cross-section images of the same sample pair (see Figure 8) reveal that the
MMT particles are oriented horizontally with respect to the substrate surface, because
a dominating direction of the bright lines is recognizable from left to right, i.e., parallel
to the surface. However, regions having certain tilt angles are also present, especially
around agglomerations, e.g., in SD-200-3. It is important to keep in mind that a cross-
section image only represents a small partial section of the whole sample. Therefore, the
quantitative measurement with pole figure is more reliable for orientation investigation,
because an average of a larger area is evaluated. The cross-section images confirm the
findings described in Section 3.5, i.e., that the number of agglomerations is higher in slot-
die-coated samples than in reverse-gravure-coated samples. Additionally, the cross-section
image demonstrates that the agglomerations are not necessarily located on the surface but
also within the layer.

(A) SD-200-3 (B)

Figure 8. SEM image of cross-sections prepared by Ar polishing with a magnification of 15,000:
(A) SD-200-3 and (B) RG-t-9.
Duri 1 . . . . . cm? (STP) 1 pm

uring slot-die coating, the lowest permeation coefficient of 0.14 —5——"— was
obtained for the lacquer with the lowest solid content, BL-3. This lacquer also contained the
lowest number of agglomerations, as shown by the roughness measurement in Section 3.5.
The higher the solid content, the higher the potential for an agglomeration to build up
during lacquer production or within the dead volumes during coating process. An agglom-
eration disturbs the parallel orientation of platelets to the surface, and the platelets that
are agglomerated no longer contribute to the tortuous path effect anymore. Therefore, a
low solid content is preferable during the slot-die process in order to minimize the number
of agglomerations.

Given that the reverse gravure process is self-metered, another parameter becomes
important, i.e., the layer thickness. As shown in Section 3.1, a specific layer thickness at
which a completely closed layer is attained is required in order to achieve high oxygen
barrier performance. If this layer thickness is reached (e.g., 0.5 um in the case of RG-t-3),
all of the permeability coefficients obtained are below 0.50 %, regardless of the
shear rate. The reverse gravure coating process does not allow big agglomerations to enter
the wet coating layer at all, but the agglomerations stay at the reservoir, are blocked by the
doctor blade, or are reduced in size. The main factor influencing reverse gravure coating is
the (specific) layer thickness, in combination with the viscosity of the lacquer. A lacquer
having a high solid content and high viscosity is preferable for the reverse gravure process
with the trihelical or quadrangular roll used.

4. Conclusions

This study provides a comparison of two coating techniques, reverse gravure and slot-
die, using a roll-to-roll coating line. The focus is on the effecting parameters of the oxygen
barrier performance of silicate composite barrier lacquers. The main factors investigated
included the effect of the solid content, the reverse gravure geometry, and the shim thickness
during the slot-die coating process. The permeability coefficients obtained using twelve
different parameter sets were compared with each other.

The viscosity measurements demonstrated that the barrier lacquers comprising PVA
and MMT provided shear-thinning behavior. The rheological investigation also showed that
the viscosity of the lacquers increases with an increasing solid content. The solid content,
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however, has no influence on the surface energy of the lacquers. All barrier lacquers are
measured to be similar with a value of 62 r% The BoPP substrate was pretreated with
corona discharge to be wettable for water-based barrier lacquers. A parameter set was
obtained, which enables the achievement of a high oxygen barrier with a low permeability

coefficients of 0.12 and 0.14 % for both coating processes, reverse gravure and
slot-die, respectively. While for the slot-die technique it was shown that low viscous
lacquers lead to a high barrier, the opposite was shown for the reverse gravure process.

It was found that the amount of agglomeration in the cured barrier layer, in addition
to a defect free coating, has the greatest effect on the barrier. The reverse gravure technique
is better suited to reproducibly form a coating layer that has a smooth surface (Figure 5),
contains few agglomerations (Figure 6) and, if it is ensured that the dry layer thickness is
above 0.5 um (Table 2), also shows excellent barrier properties (Figure 3). The agglomeration
amount during slot-die coating is the lowest when the solid content is 3 wt%, because fewer
agglomerations develop during the coating process.

In conclusion, the present research suggests parameter sets for slot-die and reverse
gravure coating of a silicate-based composite comprising PVA and MMT. In addition, the
findings regarding solid content, viscosity, shear rate, and roughness can also be adopted
for other composite materials or coating fluids. One important finding hereby is that
it is not simply possible to use the coating formulations of the laboratory scale one by
one, but the coating formulation must rather be adapted to suit the roll-to-roll coating
process in terms of its properties, e.g., viscosity and solid content. More specifically, for
the lacquer comprising MMT and PVA, a high viscosity (70 mPa s) and high solid content
(9wt%) is preferable for the reverse gravure process, whereas a lower viscosity (3.2 mPas)
and a filtered lacquer with a low agglomeration amount and low solid content (3 wt%) is
preferable for the slot-die coating technique.

In a future application, these BoPP films after coating with such a silicate composite
barrier lacquer would be laminated to a PP sealing film. During the recycling process,
these laminates are then shredded, easily separated, and can be recovered by type after the
washing process due to the solubility of the lacquer in water.

Author Contributions: Conceptualization, S.S., E.K. and P.E.; methodology, S.S. and E.K.; validation,
S.S., EK. and N.R,; investigation, S.S., EK. and N.R,; resources, S.S., EK. and N.R.; writing—original
draft preparation, S.S. and E K.; writing—review and editing, E.K., H.-C.L. and P.E.; supervision, PE,;
funding acquisition, E.K. All authors have read and agreed to the published version of the manuscript.

Funding: This work has received funding from the European Union’s Horizon 2020 research and
innovation program under grant agreements n°862156 FlexFunction2Sustain project and n°952982
Custom-Art project.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available for reasons of confidentiality in the
aforementioned EU projects; see section “Funding”.

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

1.  Panda, PK,; Sadeghi, K.; Seo, J. Recent advances in poly (vinyl alcohol)/natural polymer based films for food packaging
applications: A review. Food Packag. Shelf Life 2022, 33, 100904. [CrossRef]

2. Matthews, C.M.; Hufford, A.; Eaton, C. Texas Freeze Triggers Global Plastics Shortage. Wall Str. ]. 2021.

3. Hedayati, H.R.; Khorasani, M.; Ahmadi, M.; Ballard, N. Preparation of well-defined Poly(Vinyl alcohol) by hydrolysis of Poly(Vinyl
acetate) synthesized by RAFT suspension polymerization. Polymer 2022, 246, 124674. [CrossRef]

4. Kuraray Co., Ltd. EVAL™ EVOH Global Price Increase; Press Release; Kuraray America, Inc. Headquaters: Houston, TX,

USA, 2021.

5. Kuraray Co., Ltd. Price Revisions for EVOH Products EVALTM; Press Release; Kuraray America, Inc. Headquaters: Houston, TX,

USA, 2022.



Polymers 2023, 15, 2761 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.
30.

31.

32.

33.

34.

KunststoffWeb GmbH. Schur Flexibles: Hohe Sauerstoff-Barriere Ohne EVOH; Press Release; KunststoffWeb GmbH: Bad Homburg,
Germany, 2022.

Harmsen, PEH.; Hackmann, M.M.; Bos, H.L. Green building blocks for bio-based plastics. Biofuels Bioprod. Biorefin. 2014,
8,306-324. [CrossRef]

Maes, C.; Luyten, W.; Herremans, G.; Peeters, R.; Carleer, R.; Buntinx, M. Recent Updates on the Barrier Properties of Ethylene
Vinyl Alcohol Copolymer (EVOH): A Review. Polym. Rev. 2018, 58, 209-246. [CrossRef]

Grunlan, J.C.; Grigorian, A.; Hamilton, C.B.; Mehrabi, A. Effect of clay concentration on the oxygen permeability and optical
properties of a modified poly(vinyl alcohol). J. Appl. Polym. Sci. 2004, 93, 2-9. [CrossRef]

Song, Y.; Gerringer, J.; Qin, S.; Grunlan, J.C. High Oxygen Barrier Thin Film from Aqueous Polymer/Clay Slurry. Ind. Eng. Chem.
Res. 2018, 57, 4-9. [CrossRef]

Ben Dhieb, F; Tabatabaei, S.H.; Mighri, F.; Ajji, A. Comparison of Crosslinking Efficiency in Dip and Roll-Deposited Coatings on
Their Oxygen Barrier. ACS Omega 2019, 4, 772-779. [CrossRef]

Dabbaghianamiri, M.; Shazly M.; Duraia, E.; Beall, G.W. Self-assembled Montmorillonite clay-poly vinyl alcohol nanocomposite
as a safe and efficient gas barrier. Results Mater. 2020, 7, 100101. [CrossRef]

Meng, X,; Qi, P; Sun, J.; Li, H.; Zhang, S.; Liu, X.; Gu, X. Fabrication of transparent clay-polymer hybrid coatings on PET film to
enhance flame retardancy and oxygen barrier properties. Prog. Org. Coatings 2020, 147, 105788. [CrossRef]

Schiessl, S.; Kucukpinar, E.; Cros, S.; Miesbauer, O.; Langowski, H.C.; Eisner, P. Nanocomposite Coatings Based on Polyvinyl
Alcohol and Montmorillonite for High-Barrier Food Packaging. Front. Nutr. 2022, 9, 790157. [CrossRef]

MacDonald, W.A. Latest Advances in Substrates for Flexible Electronics. In Large Area and Flexible Electronics; Chapter 10; John
Wiley & Sons, Ltd.: Chichester, UK, 2015; pp. 291-314. [CrossRef]

Brunetti, F; Operamolla, A.; Castro-Hermosa, S.; Lucarelli, G.; Manca, V.; Farinola, G.M.; Brown, TM. Printed Solar Cells and
Energy Storage Devices on Paper Substrates. Adv. Funct. Mater. 2019, 29, 80-98. [CrossRef]

Bugnicourt, E.; Brzoska, N.; Kucukpinar, E.; Philippe, S.; Forlin, E.; Bianchin, A.; Schmid, M. Dispersion and Performance of a
Nanoclay /Whey Protein Isolate Coating upon its Upscaling as a Novel Ready-to-Use Formulation for Packaging Converters.
Polymers 2019, 11, 1410. [CrossRef] [PubMed]

Koppolu, R.; Lahti, J.; Abitbol, T.; Swerin, A.; Kuusipalo, J.; Toivakka, M. Continuous Processing of Nanocellulose and Polylactic
Acid into Multilayer Barrier Coatings. ACS Appl. Mater. Interfaces 2019, 11, 920-927. [CrossRef] [PubMed]

Das, P.; Schipmann, S.; Malho, ].M.; Zhu, B.; Klemradt, U.; Walther, A. Facile Access to Large-Scale, Self-Assembled, Nacre-
Inspired, High-Performance Materials with Tunable Nanoscale Periodicities. ACS Appl. Mater. Interfaces 2013, 5, 38-47. [CrossRef]
LaChance, A.M.; Hou, Z.; Farooqui, M.M,; Carr, S.A,; Serrano, ].M.; Odendahl, C.E.; Hurley, M.E.; Morrison, T.E.; Kubachka, J.L.;
Samuels, N.T; et al. Doctor-Blade-Assisted Casting for Forming Thin Composite Coatings of Montmorillonite and Poly(vinyl
alcohol). Ind. Eng. Chem. Res. 2022, 61, 3766-3774. [CrossRef]

Bauer, A.S.; Tacker, M.; Uysal-Unalan, I.; Cruz, RM.S.; Varzakas, T.; Krauter, V. Recyclability and Redesign Challenges in
Multilayer Flexible Food Packaging—A Review. Foods 2021, 10, 2702. [CrossRef]

Unsbo, H.; Stromberg, E.; Almasi, AM. Increasing the Circularity of High Barrier Flexible Plastic Packaging-Results from WP1: Market
Analysis; Technical Report C739; IVL Swedish Environmental Research Institute: Stockholm, Sweden, 2023.

Kucukpinar, E. Enhancement of Barrier Performance of Packaging Materials by Nano-Functionalization. In Proceedings of the
VVD Meets Freisinger Tage, Freising, Germany, 5-6 February 2020.

Turksever, C.; Kizilirmar Esmer, Z. Food Packaging Trends within Sustainable Development. In Proceedings of the 31st
International Scientific-Expert Conference of Agriculture and Food Industry, Izmir, Turkey, 27-28 September 2021; p. 87.
Mueller, K.; Schoenweitz, C.; Langowski, H.C. Thin Laminate Films for Barrier Packaging Application-Influence of Down
Gauging and Substrate Surface Properties on the Permeation Properties. Packag. Technol. Sci. 2012, 25, 137-148. [CrossRef]
Bishop, C.A. 2-Products Using Vacuum Deposited Coatings. In Vacuum Deposition onto Webs, Films and Foils (Second Edition), 2nd
ed.; William Andrew Publishing: Oxford, UK, 2011; pp. 13-51. [CrossRef]

Ding, X.; Liu, J.; Harris, T.A.L. A review of the operating limits in slot die coating processes. Aiche J. 2016, 62, 08-24. [CrossRef]
Durst, E; Ray, S.; Unsal, B.; Bayoumi, O.A. The Development Lengths of Laminar Pipe and Channel Flows. |. Fluids Eng. 2005,
127,1154-1160. [CrossRef]

Chang, HM.; Lee, C.C,; Liu, T.]. The Effect of Bead Vacuum on Slot Die Coating. Int. Polym. Process. 2009, 24, 157-165. [CrossRef]
Jakubka, F.; Heyder, M.; Machui, F; Kaschta, J.; Eggerath, D.; Lovenich, W.; Krebs, F.C.; Brabec, C.J. Determining the coating
speed limitations for organic photovoltaic inks. Sol. Energy Mater. Sol. Cells 2013, 109, 120-125. [CrossRef]

Durst, F.; Wagner, H.G. Liquid Film Coating. In Liquid Film Coating; Chapter Slot Coating 11a; Springer Science+Business Media:
Dordrecht, The Netherlands, 2012; pp. 401-426. [CrossRef]

Rohrl, M.; Mettke, ].H.; Rosenfeldt, S.; Schmalz, H.; Mansfeld, U.; Timmins, R.L.; Habel, C.; Breu, J.; Durst, F. Shear orientation of
nematic phases of clay nanosheets: Processing of barrier coatings. J. Coatings Technol. Res. 2022, 19, 487-495. [CrossRef]

Shim, E. Smart Textile Coatings and Laminates. In Smart Textile Coatings and Laminates, 2nd ed.; Chapter Coating and Laminating
Processes and Techniques for Textiles; Woodhead Publishing: Cambridge, UK, 2019; pp. 11-45. [CrossRef]

DIN ISO 8296; DIN Deutsches Institut fiir Normung e.V. Plastics-Film and Sheeting-Determination of Wetting Tension. Japanese
Industrial Standards Committee: Tokyo, Japan, 2008.



Polymers 2023, 15, 2761 17 of 17

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Aydemir, C.; Altay, B.N.; Akyol, M. Surface analysis of polymer films for wettability and ink adhesion. Color Res. Appl. 2021,
46, 489-499. [CrossRef]

DIN 53380-3; DIN Deutsches Institut fiir Normung e.V. Determining the Gas Transmission Rate of Plastic Film, Sheeting and
Mouldings by the Carrier Gas Method. Japanese Industrial Standards Committee: Tokyo, Japan, 1998.

Langowski, H.C. Food Packaging Materials; Chapter Shelf Life of Packed Food and Packaging Functionality; CRC Press: Boca
Raton, FL, USA, 2017; pp. 11-66. [CrossRef]

ISO 19403-2:2017; DIN Deutsches Institut fiir Normung e.V. Paints and Varnishes-Wettability-Part 2: Determination of the Surface
Free Energy of Solid Surfaces by Measuring the Contact Angle. DIN-Normenausschuss Beschichtungsstoffe und Beschichtungen
(NAB): Berlin, Germany, 2020.

Owens, D.K.; Wendt, R. Estimation of the surface free energy of polymers. J. Appl. Polym. Sci. 1969, 13, 1741-1747. [CrossRef]
ISO 19403-3:2017; DIN Deutsches Institut fiir Normung e.V. Paints and Varnishes-Wettability-Part 3: Determination of the Surface
Tension of Liquids Using the Pendant Drop Method. DIN-Normenausschuss Beschichtungsstoffe und Beschichtungen (NAB):
Berlin, Germany, 2020.

Vargaftik, N.B.; Volkov, B.N.; Voljak, L.D. International Tables of the Surface Tension of Water. ]. Phys. Chem. Ref. Data 1983,
12, 817-820. [CrossRef]

Chen, T.; Zhao, Y.; Song, S. Comparison of colloidal stability of montmorillonite dispersion in aqueous NaCl solution with in
alcohol-water mixture. Powder Technol. 2017, 322, 378-385. [CrossRef]

Nagarkar, R.; Patel, J. Polyvinyl Alcohol: A Comprehensive Study. Acta Sci. Pharm. Sci. 2019, 3, 34—44.

Mittal, K.L. The role of the interface in adhesion phenomena. Polym. Eng. Sci. 1977, 17, 467-473. [CrossRef]

Svendsen, J.R.; Kontogeorgis, G.M; Kiil, S.; Weinell, C.E.; Grenlund, M. Adhesion between coating layers based on epoxy and
silicone. J. Colloid Interface Sci. 2007, 316, 678-686. [CrossRef]

Lindner, M.; Rodler, N.; Jesdinszki, M.; Schmid, M.; Sdngerlaub, S. Surface energy of corona treated PP, PE and PET films, its
alteration as function of storage time and the effect of various corona dosages on their bond strength after lamination. J. Appl.
Polym. Sci. 2018, 135, 45842. [CrossRef]

Prabhu, K.N.; Fernades, P.; Kumar, G. Effect of substrate surface roughness on wetting behaviour of vegetable oils. Mater. Des.
2009, 30, 297-305. [CrossRef]

Paz, E.; Narbon, ].J.; Abenojar, ].; Cledera, M.; del Real, J.C. Influence of Acrylic Adhesive Viscosity and Surface Roughness on the
Properties of Adhesive Joint. |. Adhes. 2016, 92, 877-891. [CrossRef]

Creel, E.B,; Tjiptowidjojo, K.; Lee, A J.; Livingston, K.M.; Schunk, R.P; Bell, N.S.; Serov, A.; Wood, D.L., III. Slot-die-coating
operability windows for polymer electrolyte membrane fuel cell cathode catalyst layers. J. Colloid Interface Sci. 2022, 610, 474-485.
[CrossRef]

Bhamidipati, K.L.; Didari, S.; Bedell, P.; Harris, T.A. Wetting phenomena during processing of high-viscosity shear-thinning fluid.
J. Non-Newton. Fluid Mech. 2011, 166, 723-733. [CrossRef]

Kornum, L.; Raaschou Nielsen, H. Surface defects in drying paint films. Prog. Org. Coatings 1980, 8, 275-324. [CrossRef]
Benkreira, H.; Cohu, O. Direct forward gravure coating on unsupported web. Chem. Eng. Sci. 1998, 53, 23-31. [CrossRef]

Gao, H.; He, J.; Yang, R.; Yang, L. Characteristic rtheological features of high concentration PVA solutions in water with different
degrees of polymerization. J. Appl. Polym. Sci. 2010, 116, 34—41. [CrossRef]

Shi, H.; Jiang, G.; Shi, H.; Luo, S. Study on Morphology and Rheological Property of Organoclay Dispersions in Soybean Oil Fatty
Acid Ethyl Ester over a Wide Temperature Range. Acs Omega 2020, 5, 1851-1861. [CrossRef]

Xu, J.; Cheng, L.; Zhang, Z.; Zhang, L.; Xiong, C.; Huang, W.; Xie, Y.; Yang, L. Highly exfoliated montmorillonite clay reinforced
thermoplastic polyurethane elastomer: In situ preparation and efficient strengthening. Rsc Adv. 2019, 9, 8184-8196. [CrossRef]
Cruz, N.; Peng, Y.; Farrokhpay, S.; Bradshaw, D. Interactions of clay minerals in copper—gold flotation: Part 1—Rheological
properties of clay mineral suspensions in the presence of flotation reagents. Miner. Eng. 2013, 50-51, 30-37. [CrossRef]
Vikingsson, L.; Vinals-Guitart, A.; Valera-Martinez, A.; Riera, ].; Vidaurre, A.; Gallego Ferrer, G.; Gomez Ribelles, J.L. Local deformation
in a hydrogel induced by an external magnetic field. J. Mater. Sci. 2016, 51. [CrossRef]

Voigt, M.M.; Guite, A.; Chung, D.Y,; Khan, R.U.A.; Campbell, A.]J.; Bradley, D.D.C.; Meng, F,; Steinke, ].H.G.; Tierney, S.;
McCulloch, I; et al. Polymer Field-Effect Transistors Fabricated by the Sequential Gravure Printing of Polythiophene, Two
Insulator Layers, and a Metal Ink Gate. Adv. Funct. Mater. 2010, 20, 239-246. [CrossRef]

Dunkerley, E.; Schmidt, D. Effects of Composition, Orientation and Temperature on the O, Permeability of Model Polymer/Clay
Nanocomposites. Macromolecules 2010, 43, 36—44. [CrossRef]

Cornet, I. Expansion of the Montmorillonite Lattice on Hydration. J. Chem. Phys. 1950, 18, 623—-626. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



Surface & Coatings Technology 483 (2024) 130800

Contents lists available at ScienceDirect

"~ SURFACES
COATINGS
TECHNOLOGY

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Full Length Article

Mechanisms of permeation of helium, hydrogen, oxygen, and water vapor
through silicate-based composite barrier coating layers

Stefan Schiessl “**, Esra Kucukpinar ”, René Schwiddessen ¢, Horst-Christian Langowski *,
Peter Eisner "

4 TUM School of Life Sciences, Technical University of Munich, Alte Akademie 8, 85354 Freising, Germany

Y Department Material Science, Fraunhofer Institute for Process Engineering and Packaging, Giggenhauser Str. 35, 85354 Freising, Germany

¢ Department of Structure and Dynamics of Energy Materials, Helmholtz-Zentrum Berlin fiir Materialien und Energie GmbH, Hahn-Meitner-Platz 1, 14109 Berlin,
Germany

ARTICLE INFO ABSTRACT

Keywords:

Hydrogen permeation
Helium permeation
Oxygen permeation
Barrier composite
Montmorillonite

When considering coating of flexible films for the packaging of sensitive products, a common goal is to meet
all gas barrier requirements in a single process step. One way to achieve this is to improve the barrier
performance of polymeric coating layers by incorporating silicate particles. In order to tailor the gas barrier
performance of the coatings, understanding the permeation mechanisms through these composite coating layers
is required. In this study, polyethylene terephthalate films were coated with composite lacquers comprising
montmorillonite particles and a polymer matrix. The compatibility of montmorillonite with polymer matrices of
polypropylene, polyacrylate, polycarboxylic acid, and polyvinyl alcohol was tested. The permeation behavior of
helium, hydrogen, oxygen, and water vapor in these coatings was investigated. For a composite coating layer
comprising montmorillonite and polyvinyl alcohol at a mixing ratio of 1:1 by weight, barrier improvement
factors of 49, 41, and 26 compared with the pure polymer coating were found for helium, hydrogen, and
oxygen, respectively. It was shown that the permeability coefficients of composite coating layers decrease with
increasing permeant kinetic diameter. A comparison of calculated and measured permeability values indicated
that the integration of montmorillonite leads to a tortuous permeation path and changes in the free volume and
crystallinity of the polymer matrix. The permeation mechanism for water vapor turned out to be completely
different from that for non-polar helium, hydrogen, and oxygen and is determined by the so-called polar path
effect.

1. Introduction vironment consisting of biofluids, water-based solutions, and different

ions [5]. The helium barrier is rarely a direct requirement, such as when

Gas permeation is an important topic in several application fields.
Packaging materials for foods, cosmetics, healthcare products, and
pharmaceutical products are considered to provide specific gas barriers
against oxygen, water vapor, and volatile compounds [1]. Organic solar
cells and flexible organic field-effect transistors need to be encapsu-
lated with high barrier films against oxygen and water vapor to ensure
long-life stability, since the sensitive organic materials degrade in the
presence of water or oxygen molecules [2,3]. Hydrogen storage and the
associated barrier against hydrogen in mobility or energy storage ap-
plications are a long standing topic [4]. Furthermore, newly developed
bioelectronic implantable systems need to be protected from harsh en-

sealing hard drives, as their housings are filled with helium and sealed
to reduce friction at high revolution speeds [6]. However, the helium
barrier is often determined since this measurement is a rapid, reliable,
and commonly used method to characterize the barrier properties of
materials [7,8].

There are several technologies for creating a gas barrier on flexible
films. These include vacuum processes, i.e. physical and chemical vapor
deposition, and atmospheric pressure wet coating processes, i.e. coating
with barrier lacquers [9,10]. Even higher gas barriers are reached by
combining the aforementioned processes or by increasing the number
of coating layers to a layer-by-layer (LbL) assembly [11-14]. An option
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that allows keeping the number of process steps low is to improve bar-
rier coating layers by the integration of impermeable platelet-shaped
particles, e.g. montmorillonite (MMT) [15-18].

Such a barrier coating is, for example, polyvinyl alcohol (PVA),
which is known for its compatibility with MMT. In a previous study,
the authors achieved, for example an oxygen barrier improvement fac-
tor of 12 and a helium barrier improvement factor of 17 when 50 wt%
MMT with respect to the dry mass was incorporated in PVA coating
layers [19]. The improvement factor (see Eq. (11) later) describes the
change in permeability of a pure polymer layer on addition of imperme-
able particles. The addition of MMT to polypropylene (PP) is commonly
performed in a melt-mixing step, which limits the amount of MMT to be
mixed with PP [20]. Sirousazar et al. [21] found, for example, barrier
improvement factors of 1.7 and 2.5 for oxygen and water vapor, respec-
tively, when 10 wt% MMT was added to the PP melt. The barrier of
polymer-silicate composites against hydrogen has attracted increasing
interest. Conde-Wolter et al. [22] measured, for example, a hydrogen
barrier improvement factor of 3.0 from 7.6 x 102 to 2.6 x 10> %
when 48 wt% carbon fibers were integrated in polycaprolactam thermo-
plasts and a hydrogen barrier improvement factor of 3.7 from 9.6 x 10?

>

to 2.6 x 102 % when 55 wt% carbon fibers are incorporated in
polyphthalamide thermoplasts.

In this work, the gas barrier properties and mechanisms of perme-
ation of helium, hydrogen, oxygen, and water vapor through composite
coating layers were investigated. When investigating gas permeation
through composite barrier layers, it is particularly important to exam-
ine the polarity of the permeant and lacquer, the effect of filler content,
the interaction between polymer and filler, the effect of the layer thick-
ness, and temperature and humidity at which the measurements are
performed. The polymer materials were a PP dispersion, a polyacrylic
dispersion (PAD), a polycarboxylic solution (PCS), and a PVA solution
in the form of aqueous lacquers. Thus, two dispersions and two solu-
tions varying in polarity were selected. These lacquers were mixed with
an MMT dispersion in such a way that composite lacquers with two
mixing ratios of polymer:MMT of 3:1 and 1:1 were produced. MMT was
selected because of its compatibility to PVA is known to the authors
[19,23]. Moreover, MMT is market-available, naturally abundant, and
does not disturb recycling processes.

The surface energies of the polymer lacquers and the MMT disper-
sion were measured in liquid (pendant drop) and dried (sessile drop)
states. The comparison of these values provides information on influ-
ences on the hydration shell of the MMT particles in the composite
mixture. Viscosity measurements were performed for the pure lacquer
systems and the mixed composites and the shear-thinning behaviors
were compared, indicating interactions between the polymer matrix
and the MMT. Fourier-transform infrared (FTIR) spectra were measured
for all coating layers, and peak shifts from pure systems to compos-
ites were investigated to reveal interactions in the dried state. X-ray
measurements of the coating layers were performed to determine the
influence of the addition of MMT on the polymer matrix’s crystallinity.
Pole figures generated from the XRD data were used to evaluate the
orientation of the MMT platelets in the coating layers. The barrier im-
provement due to MMT particles was determined for gases varying in
gas kinetic diameter and polarity, i.e. helium, hydrogen, and oxygen,
and polar water vapor. Since helium and the other noble gases are the
only gases that permeate through polymers at moderate temperatures
in atomic form, helium possesses the smallest gas kinetic diameter of
2.60A. Hydrogen and oxygen permeate in molecular form and have
gas kinetic diameters of 2.89 and 3.46 A, respectively. The polar wa-
ter molecule has a gas kinetic diameter of 2.65 A [24]. For hydrogen
and oxygen, the barrier performance was measured at different tem-
peratures, to calculate the activation energy for permeation via the
Arrhenius approach. In addition to the measured values, the potential
barrier improvement due to MMT particles was calculated according to
the tortuous path theory developed by Nielsen [25]. The comparison
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of measured and calculated values of the permeability coefficients indi-
cates the main influencing factors for the permeation of the respective
gases through the composite coating layers.

2. Materials and methods
2.1. Materials

Four different polymer matrix materials, in the form of aqueous lac-
quers, were used. The first lacquer was a polypropylene dispersion (PP),
Aquaseal X2257 from Paramelt (Heerhugowaard, The Netherlands),
with a particle size of less than 0.7 pm. It is a milky white liquid stabi-
lized at an alkaline pH value of 10. The second lacquer was a polyacrylic
dispersion (PAD), Loctite Liofol HS 59-605 RE from Henkel (Diisseldorf,
Germany), with a particle size of less than 0.3 pm. The milky white
aqueous dispersion contains a solid content of 44 % and has a slightly
alkaline pH value of 8 to 9. The third lacquer was an aqueous solution of
modified polycarboxylic acid and a small amount of polyethylenimine
(PCS), Epotal BLX 3680 X from BASF (Ludwigshafen am Rhein, Ger-
many). The solution contains 18 wt% solid content, is slightly yellowish,
and has a pH value between 8 and 10. The fourth lacquer, Exceval
AQ-4104 from Kuraray (Frankfurt, Germany), is mixed from polyvinyl
alcohol (PVA) granulate and demineralized water to a targeted solid
content. For this study, a solid content of 15wt% was prepared ac-
cording to the previously described procedure [19]. It is a transpar-
ent solution with a slightly acidic pH value of 5 to 7. Platelet-shaped
MMT particles, CLOISITE Na‘*, were purchased from BYK Additives
and Instruments (Wesel, Germany). Polyethylene terephthalate (PET),
HOSTAPHAN®RN23, from Mitsubishi Polyester Film (Wiesbaden, Ger-
many) was used as a transparent substrate film with a thickness of
23 um. Polytetrafluoroethylene (PTFE) film, used to characterize the
dispersive and polar parts of the lacquers’ surface energy, had a thick-
ness of 100 um and was obtained from RCT Reichelt Chemietechnik
(Heidelberg, Germany).

2.2. Sample preparation

2.2.1. Lacquer formulation

All composite lacquers were produced in a similar way. The MMT
dispersion was prepared with a planetary ball mill as described by
Schiessl et al. [19] with a solid content of 5wt%. Table 1 lists the
amounts of polymer lacquer, MMT dispersion, and demineralized wa-
ter used to mix the lacquers. First, the MMT dispersion was weighed in
a beaker together with the demineralized water and homogenized with
a magnetic stirrer. Subsequently, the respective amount of polymer lac-
quer was added via a pipette slowly under constant stirring. The beaker
was closed and the composite lacquer was stirred for 10 min. For each
polymer matrix, the (diluted) polymer lacquer without MMT particles
as reference (ref) and the two composite lacquers with a mixing ratio
of 3:1 and 1:1 by weight of polymer solid and MMT solid were pre-
pared. The parameters that were kept constant for all coatings were the
mixing ratios and the targeted dry layer thickness of 1 to 3 um. Some
polymer lacquers had to be diluted slightly to reach the required dry
layer thickness with the k-bars.

2.2.2. Sheet coating

Before coating, the PET sheets of DIN A4 size were physically pre-
treated via corona discharge with a dose of 2.9 % applied with a table
corona unit from Tigres (Marschacht, Germany) to reach a minimum
surface energy of 44 m;N The prepared lacquers were coated on the
sheets with a lab-coating unit, type CUF 5 (Sumet Messtechnik, Denklin-
gen, Germany), using the k-bar technique. The drying was performed
for 2.5 min at 90 °C. Since the total solid content of each lacquer was
different, k-bars providing different wet layer thicknesses were used to
end up with a dry coating thickness between 1 and 3 um (Fig. S4-S15).
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Table 1
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Lacquer composition with shares of polymer lacquer, MMT dispersion, and demineralized water
leading to respective total solid contents.

sample mass (polymer lacquer) ~ m (MMT dispersion)  m (water) total solid content
g g g %
PP-ref 55.6 0.00 94.4 20
PP(3):MMT(1) 20.8 75.0 54.2 10
PP(1):MMT(1) 6.94 75.0 68.1 5.0
PAD-ref 68.2 0.00 81.8 20
PAD(3):MMT(1)  25.6 75.0 494 10
PAD(1):MMT(1)  8.52 75.0 66.5 5.0
PCS-ref 83.3 0.00 66.7 10
PCS(3):MMT(1) 312 37.5 81.3 5.0
PCS(1):MMT(1) 10.4 375 102 2.5
PVA-ref 150 0.00 0.00 15
PVA(3:MMT(1) 375 37.5 75.0 10
PVA(1:MMT(1)  25.0 75.0 50.0 5.0

The pure MMT dispersion was coated with an initial solid content
of 5 wt% on similarly prepared PET to produce a reference layer (MMT-
ref) without polymeric binder.

2.3. Methods

2.3.1. Determination of surface energies of liquid and dried lacquers

The total surface energy of the lacquers y; was measured according
to DIN EN ISO 19403-3 [26] via the pendant drop method at 23 °C.
A requirement for this method is to know the density of the test liquid.
Therefore, the density was measured for each liquid using a DSA 100
hydrometer from Kruess (Hamburg, Germany).

The lacquers were placed with a drop volume of 10 to 15puL on a
nearly pure dispersive solid, PTFE, according to the sessile drop method.
The contact angle between the lacquers and the PTFE surface was de-
noted a. The surface energy y, of PTFE is 15.2 mFN, distributed as a

dispersive component of 14.8 m;N and a polar component of 0.4 mFN The

dispersive yld and polar ylp components of the lacquers were calculated
according to Eq. (1) and Eq. (2) [27].

a_  nrs+cos(@))

"= (1 + cos@) &)

=v-r @

The surface energies of the dried lacquer and of the pure MMT layer
were measured according to DIN EN ISO 19403-2 [28] via the sessile
drop method. For this purpose, at least five drops of three different
liquids, water, ethylene glycol, and diiodomethane, were placed with a
drop volume of 3 pL. on the surface, and the contact angle was measured
at equilibrium.

2.3.2. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were measured with a Frontier™FTIR spectrometer
L1280034 from PerkinElmer (Shelton, CT, USA) in the ATR (attenuated
total reflectance) mode with a diamond crystal. All spectra were base-
line corrected. PerkinElmer Spectrum IV Version 10.6.1 software was
used to analyze the spectra. A total of 32 scans with a resolution of
2 é were recorded within a wavenumber range from 4000 to 600 #

2.3.3. Determination of the viscosity of the lacquer formulations
Rheological measurements were performed in a cone-plate set-up
with a 50 mm diameter cone, an angle of 0.995°, and a gap size of
100 um. The rheometer used was a modular compact rheometer 302
from Anton Paar (Graz, Austria). For each lacquer, a shear sweep mea-
surement was performed from 3 to 3000 % at room temperature (23 °C)
with a logarithmically increasing step size limited to 46 measuring
points. Threefold measurements were performed for all lacquers and
average values with standard deviations are shown in the Figures.

2.3.4. Determination of X-ray diffraction pattern and pole figures

X-ray diffraction (XRD) data were collected with a PANalytical
X’Pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using
Cu-K, radiation (4 = 1.54184 A) equipped with an Xe proportional
counter in grazing incidence geometry (angle of incidence: 2°).

The pole figures were obtained using a PANalytical X’Pert Pro MRD
X-ray diffractometer (Almelo, The Netherlands) equipped with a Eule-
rian cradle employing two-axis scans along ¢ (rotation) and y (tilt).
Measurements were performed at a fixed 20 angle of 6°, correspond-
ing to the 20 angle position of the (001) lattice plane of MMT. To plot
pole figures, the intensity distribution was measured along the sample
rotation angle ¢ from 0 to 360° at sample tilts y from —85 to 85° with
an increment of 5° each. After averaging the intensity for each rota-
tion angle, the intensity was plotted against the sample tilt y. From
this graph a numerical value describing the orientation degree of the
platelet-shaped particles in the coating layer can be calculated as the
integral breadth. This value is defined as the ratio of the peak area and
the peak height. Taking the integral from O to 85° gives the average
alignment angle { between the MMT platelets and the substrate sur-
face. The alignment angle describes the orientation of the platelets in
the coating layer.

2.3.5. Helium permeability coefficients

The helium permeance Qy, was measured with a QHV-4 perme-
ameter (Vinci Technologies, Nanterre, France) using a patented proto-
col [29]. In this measurement device, a mass spectrometer detects an
ion current proportional to the permeation rate of the gas. Duplicate
determinations were performed at 23 °C and 0 %RH. First, a helium
calibrated leak was measured, then the baseline, and finally the he-
lium permeance of the samples. The measurement was completed as
soon as the measured permeation rate stayed constant for at least 2 h.
For reliable comparability, the helium permeability coefficient P, of
the coating layers was separately calculated for each sample. There-
fore, the permeance of the coating layer Q;Oemmg
the measured total permeance of the coated film Q;’;a' and the known

was calculated from

. film 3 cm? (STP) .
permeance of the uncoated film O (1.3x 10 e ) via Eq. (3).

film total

coating _ QHe ) QHc

Oy = film total 3
Oh -0

He He
Then, the helium permeability coefficient P, of the coated layer was
calculated from the permeance Qg’:““g via multiplication with the layer

cm? (STP) 1 ym

thickness, here in um. In this case, the unit for P,, Tan
m ar

[30].

cas Was
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Fig. 1. 2D exploded-view drawing of the measuring cell used to measure hydrogen permeance.

2.3.6. Hydrogen permeability coefficients

The hydrogen permeance Qy, was measured with the measuring
cell shown in Fig. 1. The measurement arrangement between the two
cell parts comprised a 1 mm polycarbonate (PC) plate, which was placed
on a double sealing ring. On top of the PC plate, a coated PET film
was placed. The measuring area, which is the area covered by the in-
ner sealing ring, was 54.45 cm2. The second part with two sealing rings
was fixed with a flange assembly to the first part. In the next step,
pressurized hydrogen was conducted to the upper part of the measur-
ing cell. Double sealing with helium gas purging in-between prevented
side permeation. Since a total pressure difference of 3 bar was applied
between the two chambers, the coated 23 um thick PET film had to
be supported by a 1 mm thick plate made of PC, a stable, but highly
hydrogen-permeable material. A supporting grid was also used to pre-
vent deformation of the PC plate. The permeating hydrogen was trans-
ported by the helium carrier gas to a mass spectrometer where it was
detected. Again, twofold measurements were performed. As the hydro-

plate > cm? (STP)
gen permeance of the PC plate QHZ (7.1 x 10 T dbar ) and the PET

film lezm (1.8x 103 %) are known, the hydrogen permeance of
the coating layer can be calculated according to Eq. (4).

late 1
Qcoatmg Qt ilm QP Qtola @
Qfllm Qplale Qfllm Qtotal Qplate Qlotal

Then, the hydrogen permeability coefficients P, ., of the different coat-
ing layers were calculated via normalization to a layer thickness of
1 um, using their measured thickness values. The hydrogen permeation
was measured at 0 %RH and at 0, 20, 60, and 80 °C to be able to calcu-

late the activation energy E, via an Arrhenius approach:

_EA
Prcas(T)=Fy-e RT )

where P, .. (T) is the permeability coefficient of the permeating gas at
the respective temperature T, P, is the pre-exponential factor, and R is

the universal gas constant.

2.3.7. Oxygen permeability coefficients

The oxygen permeance of the coated films was measured accord-
ing to the DIN 53380-3 standard with the oxygen-specific carrier gas
method [31]. The measurements were performed using an OX-TRAN
2/21 OTR Analyzer (AMETEK MOCON, Minneapolis, USA) at 20 °C and
0 %RH. Additional measuring temperatures used were 30 and 40 °C,
also at a relative humidity of 0 %RH. The measurement was completed
when the permeation stayed constant for at least 10 h. Duplicate deter-
minations were performed for all of the coatings. The oxygen perme-
ability coefficient P, was calculated similarly to the procedure used
for helium. The oxygen permeance of the uncoated PET film (Qg'zm)

m3
was taken as 60.9 %. The activation energy for oxygen perme-
m ar

ation was determined via Arrhenius correlation (Eq. (5)).

2.3.8. Water vapor permeability coefficients

The water vapor permeation rates of the coated films were measured
according to the DIN EN ISO 15106-3 standard with the electrolytic de-
tection sensor method [32]. The measurements were performed using
an AQUATRAN Model 2 (AMETEK MOCON) at 23 °C and 80 %RH with
twofold determinations. The measurement was completed as soon as
the measured permeation rate stayed constant for at least 10 h. The wa-
ter vapor permeability coefficient P, ., was calculated similarly to the
procedure used for the other gases using the water vapor transmission
rate of uncoated PET (8.4 %) at 23 °C and 80 %RH.

2.3.9. Calculation of barrier improvement factor by particle integration
The theoretical barrier values were calculated according to the tor-
tuous path approach for platelet-shaped particles. This approach was
developed by Nielsen [25] and describes the barrier improvement of
composites through the integration of impermeable platelets in the bar-
rier layer. The elongation of the diffusion path is described by the
tortuosity factor 7,

orig*

L
Torig = I+ 2W * IMMT (6)

The aspect ratio of the MMT, i.e. the ratio of particle length L to par-
ticle thickness W, and the volume ratio of the silicate particles gy
define the tortuosity factor. In order to include the particle orientation
in Nielsen’s equation, Bharadwaj [33] suggested adding an order pa-
rameter .S, leading to a modified tortuosity factor 7, 4. To obtain S,
the average angle ¢ between the particle plane and the substrate sur-
face was determined as described in Section 2.3.4 from the pole figures
of the composites:

S=%-(3-0052§—1) @)

An order parameter of 1 ({ = 0) indicates a perfect perpendicular ori-
entation. With the incorporation of § the tortuosity factor becomes:

L
Tmoa = 1+ 557 vt + 3 <S+2) ®

A further enhancement of Nielsen’s equation, the squaring of the tor-
tuosity factor, was suggested by Shen and Chen [34]. This leads to the
following equation to calculate the theoretical permeability coefficients
P_, of the composites:

1-—
P MMT

cal =

£
B ) 1 \2 'Prl;qeeas ©
<1+W'”MMT'§'(S+§))
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Table 2

Density and surface energy with shares of polar and dispersive parts of the
investigated polymer lacquers and the MMT dispersion before the mixing to
produce composite lacquers. Water was included from Janczuk et al. [35] as a
reference.

sample density surface energy dispersive part polar part
g mN

cm’ m
water 0.997 73 22 51
MMT-ref 1.032 68+0.8 41+0.6 27+0.2
PP-ref 0.949 52+0.4 38+0.2 14+0.2
PAD-ref 1.039 37+0.3 31+0.2 6.4+0.1
PCS-ref 1.041 68+0.4 34+0.2 35+0.2
PVA-ref 1.034 64+0.3 41+0.2 21+0.1

Here Prrneefas are the measured permeability coefficients of the reference
coating layers without particles. The values for L (494nm) and W
(25 nm) were taken from previous studies of the authors [19]. The vol-
ume ratio of the MMT particles with a density of 2.86 ﬁ is 12 vol%
for 3:1 and 29 vol% for 1:1 mixing ratios. The measured (P,.,,) and
calculated (P,,) permeability coefficients were compared according to:

A= (Pcal_Pmeas> (10)
P

cal

If the value of the deviation A is positive, the measured value is lower
than the calculated value, and vice versa. To evaluate the effect of the
MMT particles on the barrier performance quantitatively, the barrier
improvement factor BI F was used.

ref
BIF = — an
meas

Here P,on? is the measured permeability coefficient of the composite

coating layers.
3. Results and discussion
3.1. Surface energies of coating liquids and dried coating surfaces

Table 2 shows the density and the surface energy, separated into
dispersive and polar parts, of the polymer lacquers and the MMT disper-
sion before mixing to produce the composite lacquers. The total surface
energy of the pure MMT dispersion having a solid content of 5 wt% was
68 mTN This value was in a similar range to the values for the polycar-
boxylic solution (PCS) and the polyvinyl alcohol solution (PVA) having
surface energies of 68 and 64 m?N, respectively. The polypropylene dis-
persion (PP) and the polyacrylic dispersion (PAD) provided lower val-
ues of 52 and 37 %, respectively. Similar tendencies are valid for the
polar parts.

When MMT is exfoliated in water, a hydration shell is built around
the platelets, leading to swelling and further exfoliation of the particles
[36]. This hydration shell is very sensitive to changes in the surface en-
ergy of the liquid [37]. It is therefore advantageous to mix liquids whose
surface energy values differ as little as possible [38]. This difference be-
tween the surface energies of the lacquers and the MMT dispersion is
lower for both PCS and PVA, whereas PP and PAD vary distinctly in
total surface energy as well as in the polar part. PAD contained, for
example, up to 2.5 wt% alcohols, which was the reason why the total
surface energy was lower than that for a purely water-based system.
For ethanol, Habib et al. [39] have shown that it displaces the hydra-
tion shell of MMT in the liquid state, which can cause re-agglomeration.

Before drying the composite lacquers, it is required to preserve
the hydration shell around the MMT particles in order to maintain a
homogeneous dispersion. During drying, the interaction of the poly-
mer matrix and MMT becomes increasingly important since the water
molecules evaporate and the hydration shells disappear [16]. Also in
the dried state, it was again the case that PCS and PVA provided higher
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Table 3
Surface energies of dispersive and polar components of the dried reference poly-
mer and montmorillonite coating layers measured by the sessile drop method.

sample surface energy dispersive part polar part
mN
m
MMT-ref 58+0.9 30+0.3 29+0.6
PP-ref 18+1.6 17+1.2 0.8+0.4
PAD-ref 31+1.2 31+1.2 0.1+0.0
PCS-ref 44+0.7 35+0.2 9.6+0.5
PVA-ref 43+1.0 39+0.6 4.2+0.4
e PP-ref
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I o PAD-ref
323% A PAD(1):MMT(1)
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Fig. 2. Viscosity measurement of the polymer and composite lacquers with a
mixing ratio of 1:1 as a function of shear rate.

surface energies and also higher polarity parts than PP and PAD (Ta-
ble 3). This indicates the potential for a stronger attraction between
MMT and PCS or PVA.

3.2. Rheological investigation

Fig. 2 shows the viscosity of the polymer lacquers and composite
lacquers with a mixing ratio of 1:1 by weight as a function of shear rate.
When MMT is mixed into the polymer lacquers, the viscosities increase
and the composite lacquers exhibit the shear-thinning behavior known
for pure MMT dispersions [23,40]. The greater the shear-thinning, the
stronger is the interaction between MMT and the polymer matrix [40].

The pure lacquers showed Newtonian behavior at the respective
solid contents and measured shear rates. The viscosity increase due
to the addition of MMT particles was much more pronounced for PCS
(from 4.1 to 36 mPas) than for PP (from 3.7 to 11 mPas) or PAD (from
2.8 to 11 mPas) at a shear rate of 10 % The value of 47 mPas at the
same shear rate for PVA(1):MMT(1) also showed a distinct increase due
to the addition of MMT. The slope indicates the shear-thinning effect.
In this case, the strongest interaction between MMT and the polymer
matrix was observed for PCS and PVA.

Similar measurements were carried out for the composite lacquers
with a mixing ratio of 3:1 and confirmed this result (Fig. S1).

3.3. Fourier transform infrared spectroscopy

FTIR spectra were measured to examine interactions of polymer ma-
trix material and MMT by identifying single peak shifts. According to
Ellerbrock et al. [41], an unshifted peak in the composite spectra needs
to be identified when analyzing peak shifts to eliminate the possibility
of the whole curve being shifted. As shown in Table 4, every composite
exhibits unshifted peaks of MMT and the polymer matrix.

Fig. 3 shows the FTIR spectra of the polymer (PP (A) and PAD (B))
layers, their composites with a mixing ratio of 1:1, and the MMT coat-
ing. No peak shifts were observed for composites comprising MMT and
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Fig. 3. FTIR spectra of montmorillonite, (A) PP-| based and (B) PAD-based composites with a 1:1 mixing ratio of polymer and montmorillonite, and polymer coating
layers zoomed in on the range from 1400 to 850 —. The total spectrum in the range from 4000 to 600 —m is shown in Fig. S2. The turquoise lines represent the

unshifted bands indicating no interaction of MMT and polymer.

Table 4

Peak maxima with respective assignments of the polymer matrix materials used and the pure MMT coating layer. Peak
shifts appearing in composites with a mixing ratio of 1:1 are assigned.

Material Maxima (ﬁ) Assignment Peak shift in composite
MMT [42] 3624 -OH stretching, Al-OH in octahedral sheets no shift
3425 -OH stretching, absorbed interlayer water no shift
1635 -OH bending, absorbed interlayer water no shift
1031 -Si-0 stretching, Si-O-Si in tetrahedral sheets blue-shift to 1041 # in PCS(1):MMT(1)
blue-shift to 1037 - in PVA(1):MMT(1)
1008 -Si-0 stretching, Si-O-Si in tetrahedral sheets  blue-shift to 1018 # in PCS(1):MMT(1)
blue-shift to 1016 - in PVA(1):MMT(1)
PP [43] 2950, 2867 -CHj; stretching no shift
2919, 2840 -CH, stretching no shift
1457 -CH, bending no shift
1376 -CH; bending no shift
PAD [44] 2922, 2849 -CH, stretching no shift
1730 -C=0 stretching no shift
1164 -C-O stretching no shift
PCS [45] 2942, 2832 -CH, stretching no shift
1713 -C=0 stretching red-shift to 1705 ﬁ in PCS(1):MMT(1)
1092 -C-O stretching red-shift to 1072 ﬁ in PCS(1):MMT(1)
PVA [46] 2933, 2910 -CH, stretching no shift
1709 -C=0 stretching no shift
1085 -OH bending red-shift to 1061 - in PVA(1):MMT(1)

PP. These peaks at 1457 and 1376 —m for PP and at 3624 and 1031 —m
for MMT are similar to those identified previously for PP and MMT
based barrier coating layers [47-49]. PP does not provide any func-
tional group with which an interaction with MMT might be possible.

For PAD-based composites, no peak shifts were observed. Compared
with PP, an interaction with PAD would be possible in the form of
hydrogen bonds with the carbonyl or the ether group of the acrylate.
However, these bands stayed unshifted, which indicates that these func-
tional groups are not accessible for interaction with the MMT. Ianchis
et al. [50] also observed no peak shifts for composite coating layers
with non-modified MMT and polyacrylates.

Fig. 4 shows the FTIR spectra of the polymer layers (PCS (A) and
PVA (B)), their composites with a mixing ratio of 1:1, and the MMT
coating layer. Peak shifts were identified for both composites. The -C-
O stretching band from the carboxylic acid exhibited a red shift when
mixed with MMT, as also observed by Smith [51]. Similar red shifts for
the -C-O stretching band of the carboxyl group have also been found by
Lai et al. [52], Natkanski et al. [53], and Yu et al. [54] in composites of
polycarboxylic acid and MMT. In addition, the band of the Si-O stretch-

ing vibration in MMT showed a blue shift. These peak shifts indicate an
interaction of the Si-O group from the Si-tetrahedral layer of MMT with
the hydroxy group from the carboxyl group of the carboxylic acid, most
likely via hydrogen bonds [55,56].

Similarly to PCS, for PVA composites band shifts also appear for O-H
bending and Si-O stretching vibrations of MMT, shown by red and blue
colors, respectively. This kind of red shift for the hydroxy group in PVA
was also observed by Spoljaric et al. [57] for composites comprising
PVA and MMT.

3.4. Pole figures

Fig. 5 shows the average intensity of the MMT 001 peak as a function
of tilt angle for the MMT-ref sample and the composite coatings with a
mixing ratio of 1:1 based on the pole figure measurements.

The peak shape and position indicate the orientation of the silicate
platelets in the coating layer. All peaks provide their maximum at 0°,
which suggests that the average orientation is parallel to the surface.
The narrower the peak is, the more particles are oriented parallel to
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Fig. 4. FTIR spectra of montmorillonite, (A) PCS- based and (B) PVA-based composites with a 1:1 mlxmg ratio of polymer and montmorillonite, and polymer coating
layers zoomed in on the range from 1200 to 850 —. The total spectrum in the range from 4000 to 600 —m is shown in Fig. S3. The red and blue represent peak shifts

indicating interaction between MMT and the polyrner
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Fig. 5. Average intensity over all rotation angles ¢ from 0 to 360° plotted
against the tilt angle y for the MMT-ref samples and composite coatings with a
mixing ratio of 1:1. The underlying pole figures are shown in Figs. S16-S19.

Table 5

Calculated integral breadth and alignment angle for the
MMT-ref sample and all composite coatings with mixing
ratios of 1:1 and 1:3.

sample integral breadth ~ alignment angle ¢ (°)
MMT-ref 30 8.32
PP(3):MMT(1) 39 18.4
PP(1):MMT(1) 37 17.7
PAD(3):MMT(1) 45 23.2
PAD(1):MMT(1) 41 20.4
PCS(3):MMT(1) 35 14.2
PCS(1):MMT(1) 34 14.0
PVA(3):MMT(1) 33 11.5
PVA(1):MMT(1) 33 10.6

the substrate surface since the measurement signals indicate the (001)
lattice plane, which is the plane perpendicular to the area of the plate.
The numerical value describing the peak width is the integral breadth
listed in Table 5. The smaller the integral breadth is, the more particles
are aligned parallel to the surface.

The particles in the MMT-ref coating layer were aligned the most
parallel, followed by the PVA- and PCS-based composite coatings. The
orientation became less parallel for PP-based coatings and coating lay-
ers based on PAD provided the most heterogeneous alignment.

When coating the pure MMT dispersion, the water molecules do not
disturb the platelets from their physically driven behavior to lie paral-
lel to the surface when the solid content of the dispersion is low enough
[58]. The shearing during coating even forces the particles to orient
parallel to the surface. Adding a polymer as a third ingredient to the
lacquer, in addition to MMT and water, impeded the orientation of
the platelets. As the PP and PAD lacquers are dispersions, the poly-
mer chains are not dissolved in water, but the polymers are distributed
in spherical form and only liquefy during the coating and drying pro-
cess. The spherical shape of these polymers in water and the fact that
particle liquefaction only takes place after shearing could be a reason
why the orientation of the particles in PP and PAD was less parallel,
as the polymer spheres act as obstacles during application of the coat-
ing (Fig. S7-S9). PCS and PVA are solutions, i.e., the polymer chains are
completely dissolved in water and embedded between the MMT par-
ticles during the coating. This matches on the one hand the steeper
slopes of PCS- and PVA-based composites in the viscosity measure-
ments (Fig. 2), which indicate a more pronounced interaction due to
the stronger shear-thinning effect. On the other hand, it matches the
findings of peak shift investigations in Section 3.3: the interaction of
MMT with the polymers, PCS and PVA. A similar investigation, con-
firming the results, was performed for composite coating layers with
mixing ratios of 3:1 (Figs. $16-S20).

The pole figures were also used to determine the alignment angle
¢, which was used to calculate the order parameter .S according to
Eq. (7). Fig. 6 shows the influence of the alignment angle on the mod-
ified tortuosity factor. A change in the particle volume fraction affects
the tortuosity more than the alignment angle. The orientation in the
investigated composites varies within a range of only 10.6 to 23.2°,
leading to a small effect on the tortuosity factor and therefore the per-
meability coefficients.

3.5. Helium barrier

Fig. 7A shows the values for the helium permeability coefficients of
the coating layers.
04 cm? (STP) I um

m? dbar

decreased to 1.7 x 10 % when mixed with 50 wt% MMT. This
corresponds to a BI F of 21. It has been shown previously that the he-
lium permeability of PP can be reduced by the addition MMT [59,60].
In these previous studies, the MMT was added to PP melt, which is why
the amount of MMT was limited to 6 wt%. Hence the BI Fs obtained
were below 2. The addition of MMT to the aqueous PP dispersion in
this study allowed an MMT content of up to 50 wt% in the composite
barrier layers. This system was examined for the first time to the best

P, a5 for helium of the PP-ref sample was 3.7 X 1 and
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Fig. 6. The black and gray lines show the values of the modified tortuosity
factor 7,4 calculated according to Eq. (8) for alignment angles ¢ from 0 to 40°.
The measured alignment angles for the investigated composites from Table 5
are marked for the respective polymer matrices.

of the authors’ knowledge. The calculated permeability coefficient P,
according to Eq. (9) was 2.0 x 103 C"'SIST%. The 11 % deviation be-
tween the calculated and the experimentally measured values according
to Eq. (10) for PP(1):MMT(1) indicates that the composite performed
better than predicted. The calculation used only takes geometrical pa-
rameters (such as orientation, particle volume ratio, and aspect ratio)
into account and differences in the polymer matrix possibly induced by
the MMT are not considered. These differences might be changes in the
free volume of the polymer matrix or variations in the crystallinity of
the polymer, for example. The XRD pattern (Fig. S21A) of PP-ref and
PP(1):MMT(1) showed no distinct variation in the crystallinity of PP
due to the addition of MMT. The integration of MMT in the PP ma-
trix might have reduced the free volume slightly in PP and therefore
reduced the helium permeation in addition to the tortuosity. The phe-
nomenon of free volume reduction in PP matrix systems on addition of
MMT was also observed by Hu et al. [61].

The composites with the PAD matrix showed low BI Fs. Since the
orientation factors of the MMT in PP and PAD did not differ substan-
tially, the BI Fs could be expected to be in the same range. The fact
that this is not the case proves that not only the addition of MMT, but
also the interaction of MMT with the matrix, the homogeneous distri-
bution, and the influence of the particles on the polymer matrix are
important to consider The calculated P, for the 1:1 mixture with PAD

(8.9 % 102 cm? (STP)lum
dbar

(33x10° W) with a value of —272 %. The fact that the devia-
tion is negative implies that the particles did not exert their full poten-
tial for the He barrier enhancement of the PAD matrix. It is more likely
that the particles re-agglomerate when mixed with PAD since the sur-
face energies of PAD lacquer and MMT dispersion differed, as discussed
in Section 3.1. From an energetic point of view, a re-agglomeration of
particles appears to be favorable in PAD, since neither the viscosity val-
ues of its composite lacquers nor the FTIR spectra of the dried composite
coating layers indicate an interaction between the two materials. The
XRD pattern (Fig. S21B) revealed an increased crystallinity of PAD in
the composite coating layers since peaks appear in the range from 10 to
25° compared with PAD-ref. An increase in crystallinity leads to an in-
crease in gas barrier [62]. However, it seems that the re-agglomeration
of particles outperformed the increase in crystallinity with respect to
barrier properties.

P cis for helium of the PCS-ref sample was measured as

3.7x10? w , which decreased to 7.8 w when 50 wt%
m? dbar dbar

MMT was added. This corresponds to a barrier improvement factor of

) deviated considerably from the measured P,
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47. Tzeng et al. [63] reported a helium permeance of 4.1 % for
10 alternating layers of polyethylenimine, poly(acrylic acid), and MMT
with a total layer thickness of 1.6 um. Herrera-Alonso et al. [64] inves-
tigated composites of polybutylmethacrylate with MMT and obtained a
BIF of 1.3 for helium with an MMT content of 5 wt%. The higher MMT
content is one reason for the higher BI Fs in this study. The aqueous
lacquers used made it possible to dilute the mixture and thus keep the
viscosity in a processable range, even with MMT-rich mixing ratios such
as 1:1. The reason for the positive deviation of 58 % from the calculated

(1.9%x 10! W) to the measured (7.9 w

m~ dbar m~ dbar
PCS(1):MMT(1) is changes in the polymer matrix. The results reported
in Sections 3.1 and 3.3 indicate an interaction between the PCS matrix
and the MMT which may have led to a reduced free volume and there-
fore a better barrier. Additionally, the integration of MMT increased the
crystallinity of the PCS matrix (Fig. S22A), which also should lead to an
improvement in its gas barrier.

The findings for PVA-based composites are very similar to those for
PCS-based composites. The BI Fs of 12 and 49 for 3:1 and 1:1 mix-
ing ratios, respectively, were in the same range as for PCS. The PVA
molecule also has an accessible hydroxy group that interacts with the
Si-O group from the MMT'’s silicate tetrahedra via hydrogen bonds,
similarly to the carboxylic acid’s functional group of PCS. That this in-
teraction occurred was concluded from the FTIR spectra in Fig. 4. The
XRD pattern (Fig. S22B) indicated also for PVA an increase in crys-
tallinity due to the integration of MMT. Barrier layers of composites
comprising PVA and MMT have been well investigated for barrier ap-
plications owing to their good compatibility [19,65-67]. A very low

P, of 8.0x 107! W was reported by Habel et al. [68] for
composite coating layers comprising PVA and synthetic clay sodium
fluorohectorite particles applied with multiple layer spray coating. In
previous studies, the authors reported a BI F of 17 for a coating layer
with a similar composition of 1:1 on oriented PP substrate film [19].
The reason for the observed difference in the BI F's for the same coat-
ing lies in the substrate film. The PET used in this study is thermally
and mechanically more robust than PP and induces lower stress in the
coating layer.

) values for

3.6. Hydrogen barrier

The general trends found for helium permeation were also valid for
hydrogen permeation, as shown in Fig. 7B. The deviations from the cal-
culated values were positive for PP-, PCS-, and PVA-based coatings and
negative for PAD-based coatings for similar reasons. The BI F's for com-
posite coating layers with a 3:1 mixing ratio were constantly lower than
the BI F's for coating layers with a 1:1 mixing ratio. The highest BI F's
were reached for PCS(1):MMT(1) and PVA(1):MMT(1) with values of
37 and 41, respectively.

Comparing the measured hydrogen and helium permeability coef-
ficients shows the trend that the values of P,.,; for hydrogen were
slightly lower than those for helium. The reason for this is that the he-
lium atom is smaller than the hydrogen molecule in terms of the gas
kinetic diameter, while both gases are non-polar [24]. Smaller perme-
ating particles find more permeation paths, therefore the value for the
permeability coefficient is higher (Fig. 9). Consequently, the B/ F's mea-
sured for helium were slightly higher than those for hydrogen, because
the generation of an obstacle to permeation, an MMT particle, has a
greater influence for smaller permeants.

The permeation of hydrogen through silicate-based composites was
investigated previously Tzeng et al. [63] reported a hydrogen per-
meance of 3.7 %SJP) for 10 alternating layers of polyethyleneimine,
poly(acrylic acid), and MMT with a total layer thickness of 1.6 um. In
1 M was obtained with a one-
of

was reported by Habel et al. [68] for composite

comparison, a value of 9.3 X 10~ o
time coating 1n this study with PCS(1):MMT(1). A very low P,

1cm (STP) 1 pm
6.0x 107! Sk

meds
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Fig. 7. Helium (A) and hydrogen (B) permeability coefficients of the coating layers of the four different polymer matrices (PP, PAD, PCS, and PVA) and their
composites with mixing ratios of 3:1 and 1:1 with MMT. The measurement conditions for helium and hydrogen permeability were 23 °C/0 %RH and 20 °C/0 %RH,
respectively. The orange dots represent the P,, values according to Eq. (9). The transparent blue bars show the barrier improvement factors (BI F's) for the respective

mixing ratio according to Eq. (11) (right y-axis).

Table 6

Activation energies for hydrogen and oxygen perme-
ation of the reference and composite coating layers.
The respective Arrhenius plots are shown in Figs. S23

to S26.
sample hydrogen oxygen
K
mol
PP-ref 304 30.7
PP(3):MMT(1) 30.9 30.2
PP(1):MMT(1) 29.9 30.2
PAD-ref 21.6 30.5
PAD(3):MMT(1) 23.1 29.7
PAD(1):MMT(1) 24.4 28.6
PCS-ref 422 29.3
PCS(3):MMT(1) 39.3 245
PCS(1):MMT(1) 36.8 20.6
PVA-ref 475 56.5
PVA(3):MMT(1) 45.1 49.8
PVA(1):MMT(1) 39.5 45.8

layers comprising PVA and synthetic clay sodium fluorohectorite parti-
cles applied with multiple layer spray coating. The lowest permeability
coefficient for hydrogen measured for a single-layer PVA-based compos-
cm? (STP) 1 pm

m? dbar 5
a hydrogen permeance of 6.5 x 1073 %sl::) at 23 °C for a composite
coating comprising MMT and polyvinylpyrrolidone (PVP). The coating
with a composition of 63 wt% MMT and 37 wt% PVP was applied on
a nylon substrate at a layer thickness of 60 um. The 63 wt% MMT con-
centration and the coating layer thickness are the reasons for its higher
barrier performance.

In addition to the measurements at 20 °C, the permeation of hydro-
gen was measured at 0, 60, and 80 °C to calculate the activation energy
for permeation according to Eq. (5) (Table 6). The Arrhenius plots for
hydrogen and oxygen are linear, indicating no structural changes oc-
curring in the composites, such as hydrogenation or oxidation possibly
induced by these gases [70]. It is notable that the activation energy
for permeation hardly changed for the two polymer matrices, PP and
PAD, with the addition of MMT. For the two polymer matrices, PCS and
PVA, where an interaction with MMT was observed, the values of E,
decreased with increasing MMT content.

Kim and Lin [71] have shown that a change in E, indicates a
change in the permeation mechanism. The mechanism of permeation
through a pure polymer coating is considered linear and determined
by the properties of the polymer matrix [25]. The addition of MMT to
the polymer changes the matrix in such a way that boundary areas be-

ite was 1.2 in their study. Kim et al. [69] recently published

tween MMT and the polymer are created. Erlat et al. [72] showed that
the permeation mechanism of gases might occur along these boundary
areas, which are not as dense as in the bulk of the matrix because of
the shown interaction between MMT and the polymer matrix. The fact
that a reduced E, is measured for the samples with the lowest perme-
ation coefficient indicates that the tortuosity has more influence on the
permeation coefficient than changes in the polymer matrix.

3.7. Oxygen barrier

The results for P,,, for oxygen followed the trends that were ob-
served for helium and hydrogen permeation (Fig. 8A). The BIF's for
a 3:1 mixing ratio were constantly lower than those for a 1:1 mixing
ratio. The deviations of the measured values from the calculated val-
ues according to Eq. (10) were positive for PP-, PCS-, and PVA-based
coating layers and negative for PAD-based coating layers for the afore-
mentioned reasons. The overall best barriers were achieved for PCS-
and PVA-based composites with a mixing ratio of 1:1.

The oxygen molecule was the largest permeating non-polar gas com-
pared with the helium atom and the hydrogen molecule, which con-
sequently led to the lowest permeability coefficients (Fig. 9). This is
exemplified by the permeability coefficients of the PVA-ref samples. The

02 cm? (STP) 1 ym
m?2 dbar

, and that for oxygen was 1.1 x 107!

coefficient for helium was 2.5 x 1 , that for hydrogen was
cm?3 (STP) 1 pm

3
1 cm” (STP) I pm
49%x10" —5F—"—— T

m? dbar
3
After adding 50 wt% MMT, the coefficients decreased to 5.1 %

cm? (STP) 1 ym 3 cm3 (STP) 1 ym

for helium, 1.2
’ m? dbar m? dbar

for hydrogen, and 4.2 x 10~
for oxygen.

Table 6 shows the activation energies for oxygen permeation. The
values of E, showed no substantial changes for PP- and PAD-based
polymer matrices when MMT particles were added to the lacquer recipe.
For the PCS- and PVA-based composites the values of E, decreased
with increasing MMT content. Hence it is also valid for oxygen that
the permeability coefficient decreases with integration of MMT even
if the activation energy for permeation decreases. This indicates that
even when the energy for permeation along a diffusion path is reduced,
the elongation of the diffusion path is the determining factor for the
resulting permeability coefficients.

3.8. Water vapor barrier

It is immediately apparent that the trends observed for the non-polar
gases differ considerably for water vapor (Fig. 8B). The y-axis is no
longer logarithmically scaled. The BIF values are now very low for all
polymer matrices, not only for PAD-based coatings. All measured per-
meability coefficient deviate strongly from the calculated values. For
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Fig. 8. Oxygen (A) and water vapor (B) permeability coefficients of the coating layers of the four different polymers (PP, PAD, PCS, and PVA) and their composites
with mixing ratios of 3:1 and 1:1 with MMT. The measurement conditions for oxygen and water vapor permeability were 23 °C/50 %RH and 23 °C/80 %RH,
respectively. The orange dots represent the P, values according to Eq. (9). The transparent blue bars show the barrier improvement factors (BI Fs) for the

respective mixing ratio according to Eq. (11) (right y-axis).
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Fig. 9. Permeability coefficients as a function of the gas kinetic diameter for
helium (2.60 i\), hydrogen (2.89 A), and oxygen (3.46 A). The dotted (reference
coatings) and dashed (mixing ratio of 1:1) linear trend lines plotted for the
reference and composite coatings, respectively, indicate the correlation between
the gas permeability coefficients and gas kinetic diameter.

example, the BIFs of PVA composites with mixing ratios of 3:1 and
1:1 were 6.4 and 26 for oxygen and only 1.9 for water vapor in both
cases. Indeed, the measured BIF's for the 3:1 and 1:1 mixing ratios
were in the same range for all the matrix materials. This indicates that
the permeability of water vapor through composites with MMT are not
primarily determined by the tortuosity as is the case for the non-polar
gases. The barrier performance of the coating layers against the non-
polar gases was additionally supported by changes in the polar matrix,
as indicated by the positive deviation values. For water vapor perme-
ation, the BI F values did not differ significantly between the polymer
matrices and the values were distinctly lower than expected due to tor-
tuosity. This indicates that even when the particles were distributed
homogeneously, which was the case for PP, PCS, and PVA, the pos-
sible barrier improvement due to tortuosity was not achieved. Water
vapor was the only polar permeant investigated in this study regard-
ing permeability through the composites. MMT also has a high polarity.
The similarity of their polarities is one of the reasons why the MMT
particles are permeable to the small water molecules (2.65 A), and the
MMT particles might absorb the water molecules. The phenomenon that
the absorption of water molecules takes place from MMT particle to
MMT particle in the permeation direction was suggested to be called the
“polar path effect” by Sankaran et al. [73] and was already described
by Nielsen [25]. The permeation of water molecules along these polar
paths is assumed to be induced by capillary driving forces next to the

concentration gradient [74,75]. Due to its absorption property, the sol-
ubility coefficient for water vapor increased in composites when MMT
was added to the polymer matrices [76].

The abovementioned permeation mechanism for water vapor, which
is not dominated by the tortuous path effect, is the reason why BI Fs
in silicate-based polymer composites are usually quite low [77,78], as
also observed in this study.

4. Conclusion

Composite barrier lacquers based on platelet-shaped MMT and aque-
ous polymer lacquers were prepared. The polymer matrix materials
tested were polypropylene (PP), polyacrylate (PAD), polycarboxylic
acid (PCS), and polyvinyl alcohol (PVA). The prepared composite lac-
quers were coated on PET films and the barrier properties against he-
lium, hydrogen, oxygen, and water vapor were investigated.

The study aimed to investigate the influencing factors for gas and
water vapor permeation through the coated films. These factors include
the interaction between the polymer matrix and MMT, the orienta-
tion of the MMT particles in the coating layer, the change in polymer
crystallinity due to its mixing with particles, the permeant type, and
the tortuosity. The effect of the tortuosity factor was investigated by
comparison of calculated and measured values of permeation, while
the calculations were based on the tortuous path theory developed by
Nielsen [25].

It was found that the addition of MMT to the aqueous polymers in-
creases the viscosity of the lacquers and adds a shear-thinning property.
The shear-thinning effect at shear rates from 3 to 3000 1 was most pro-
nounced for composites with PVA (reduction of Viscosity from 479 to
16.0 mPas) and PCS (from 680 to 9.39 mPas), indicating the strongest
interaction for those polymer matrices with MMT in the liquid state.
For the dried state, it was confirmed via peak shifts in the FTIR spec-
tra that the interaction of MMT and polymer in the form of hydrogen
bonds is only apparent for PCS and PVA. These two polymer matrices
are indeed the ones in which the orientation of the platelets was more
parallel (alignment angle of 10.6 to 14.2°) to the surface in comparison
with PP and PAD (alignment angle of 17.7 to 23.2°). For PP- and PAD-
based composites, no indication of interaction with MMT was found.
Consequently, the barrier properties of PCS- and PVA-based composites
outperformed those of the PP- and PAD-based composites. The helium
permeability coefficients of the 1:1 mixtures of polymer and MMT for

PP and PVA, which are 1.7 x 10% and 5.1 %
given here as examples. These correspond to barrier improvement fac-
tors of 21 and 49 for PP and PVA, respectively, when 50 wt% MMT are
added to the coating layer. The permeability coefficients were found to

be highest for the smallest permeant, the helium. The deviation from

, respectively, are
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the calculated values was found to be highest for the smallest perme-
ants, helium and hydrogen. The fact that the deviation was found to be
positive in the case of PP, PCS, and PVA matrix materials indicates that
the addition of MMT not only leads to an elongated diffusion path but
also to advantageous changes in the polymer matrix, leading to an even
better barrier performance than predicted.

The findings in this study expand the understanding of mechanisms
of permeation through composite coating layers and will be of help in
developing applications for this technology of wet composite barrier
coatings. The coating formulations are to be adapted according to the
requirements towards gas barrier, flexibility, sealability, or moisture re-
sistance. The results of this study provide guidelines on how the gas
barrier of the coating layer can be improved. If the requirements allow
a high MMT concentration (up to 50 wt%), it is advisable to use water-
based coatings, which gives the possibility to integrate MMT at higher
concentrations. The MMT content has a stronger effect on the barrier
of the coating layer than the orientation of the particles. It is also rec-
ommended to have polymer matrices with a surface energy of above
50 mTN (polar content above 20 m?N), as this opens up the possibility of
interactions with MMT.
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A. Appendix

A.4. Unpublished results

Calculation of applied energy via ball milling

Calculation of applied energy E,,, to MMT according to Garcia et al.[196] for
the ball mill used in Section 3.1

1 s W2 (D, —d.\° W,
Eappi'(f’bﬁ)'”[%) ( > )'(“%vd)

() (25 () (5

Table A.1.: List of parameters and values used to calculate the applied energy
by the used ball mill in Section 3.1 and the result in the last line.

Parameter Symbol  Value
Density of zirconium dioxide balls and vial Ob 6.06 25
Diameter of balls dy, 3.0mm
Diameter of vial D, 10cm
Distance between the center of the main disk an the center of the vial Ry 15cm
Speed of the main disk We 400 rpm
Main disk/vial speed ratio % —0.5495
Applied energy to MMT Eqpp 9.1 %

Calculation of volume ratio of weak boundary area

The percentage of the weak boundary area vy, in a reference volume Vi is

calculated as with
Vwb

‘/ref

where V), is the volume of the weak boundary areas. This volume of the weak

(A.2)

Vwb =

boundary area is defined by the distance of the chemical interaction e, which is
in the range from 1 to 10 nm for hydrogen bonds and van der Waals forces given
by Ito and Nakashima [224]. Due to the aspect ratio of the MMT particles, the
interaction between polymer and MMT mainly takes place on the particle plane,
the edges are neglected. Mathematically the MMT platelets are described as

cylinders. The volume of the weak boundary area within the reference volume
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is therefore
L

2

Vb = Nyur - 70 - (2> €2 (A.3)
where Nyt is number of MMT particles and L the average length of an MMT
particle. The number of MMT particles is calculated via the quotient of MMT
volume in the composite layer and the volume for one MMT particle.
Vamur _ Vier - Vawuir

NMMT B vparticle T- (L)Q -W

2

(A.4)

Inserting the Equations A.3 and A.4 into A.2 yields that the volume ratio of the
weak boundary areas is only dependent on the value for the interaction distance,
the volume ratio of MMT particles, and their thickness W

Uy = ”“Q/” 5.2 (A.5)

Table A.2.: List of parameters and values used to calculate the volume ratio of
the weak boundary area.

vmmr W€ Vwh

vol% nm nm | vol%

30 25 1 2.4
30 25 10 24
7 25 1 0.6
7 25 10 | 5.6
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