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Zusammenfassung

Im Jahr 2020 wurden 29,5 Millionen Tonnen ,,Post-Consumer-Kunststoffabfalle in Europa
gesammelt, von denen beachtliche 61% aus Verpackungsanwendungen stammen, was die
Wichtigkeit von nachhaltigen Verpackungen unterstreicht. Die Sustainable Packaging
Coalition® definiert nachhaltige Verpackung als eine Mischung aus breiter Nachhaltigkeit, die
industrielle 6kologische Ziele mit wirtschaftlichen Interessen und Strategien vereint. So sollten
nachhaltige Verpackungen, um nur zwei Punkte zu nennen, die Marktkriterien fir Qualitat und
Kosten erflillen und zugleich den Einsatz von erneuerbaren oder recycelten Materialien
vorantreiben. Wenn jedoch Kunststoffverpackungsabfalle in gemischten Abfallstromen (> 25%
der gesamten Kunststoffabfalle) gesammelt werden, betrdgt die Recyclingquote nur etwa 1%
und beachtliche 37% der Kunststoffverpackungsabfélle landen auf Deponien. Daher ist es
sinnvoll, biologisch abbaubare Verpackungsmaterialien, insbesondere Polymere, zu
verwenden, wenn sie unsachgemaR in die Umwelt entsorgt werden oder auf Deponien landen.
Biologisch abbaubare Polymere kdnnten fragmentiert und anschlieBend von Mikroorganismen
zu CO2, H20, CHs und Biomasse mineralisiert werden, sofern sie bestimmten
Umweltbedingungen ausgesetzt werden. Allerdings ist die Verwendung biologisch abbaubarer
Polymere aufgrund der unzureichenden Materialeigenschaften, insbesondere mangelnder
Gasbarriereeigenschaften, begrenzt. In der Regel missen diese durch Barrierebeschichtungen
oder Laminierungen verbessert werden. Leider ist die LOsung auf die Frage, wie alle
Anforderungen an  Verpackungen erfullt werden konnen, einschliellich  der
Materialeigenschaften wie Flexibilitat, Transparenz, mechanische Stabilitat und hervorragende
Gasbarriereeigenschaften, ohne die Recyclingfahigkeit und die biologische Abbaubarkeit zu

vernachldssigen, nach wie vor offen.

Es wurde eine Reihe von innovativen Konzepten erforscht, um fortschrittliche Barrierefilme
mit verbesserten Eigenschaften fiir verschiedene Verpackungsanwendungen zu entwickeln.
Barrierefilme auf Ton- oder Schichtsilikatbasis sind vielversprechend, um alle zuvor genannten
Anforderungen in skalierbarer Weise miteinander zu vereinen, ohne dass die
Recyclingféhigkeit oder biologische Abbaubarkeit beeintrachtigt wird. Im Rahmen dieser
kumulativen Dissertation tragen die einzelnen wissenschaftlichen Publikationen zu ton-
basierten Barrierefilmen dazu bei, die Schwierigkeiten und Herausforderungen zu iberwinden
denen sich die derzeitigen kommerziellen Ansédtze fir nachhaltige Verpackungen

gegeniibersehen.
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Durch den Einsatz eines Schlitzdiusen-Beschichtungswerkzeugs konnten ton-basierte
Barrierefilme mit perfekter Textur hergestellt werden. Die Verwendung der Schlitzdlse
ermoglicht auBerdem die Skalierung der Herstellung der Filme auf einen industriellen Mal3stab
mit hohem Durchsatz. Anhand umfangreicher Untersuchungen der rheologischen
Eigenschaften nematischer Suspensionen eines synthetischen Hectorits (Hec) konnten die
Beschichtungsparameter fiir die Schlitzdise optimiert werden, was zur Herstellung von Hec-
Barrierebeschichtungen  fihrte, die sich hinsichtlich der Sauerstoffbarriere  fir

Lebensmittelverpackungen als vielversprechend erwiesen.

Um die Umweltbedenken im Zusammenhang mit nicht abbaubarem Polyvinylalkohol (PVOH)
im Abwasser auszurdumen, wurde erfolgreich eine biologisch abbaubare Alternative
entwickelt. Mittels skalierbarer Schlitzdiisenbeschichtung wurde ein selbsttragendes Laminat
hergestellt, das aus einer reinen Hec-Barriereschicht besteht, die zwischen zwei Schichten eines
wasserloslichen  Polymers eingebettet ist. Diese wasserloslichen Laminate weisen
hervorragende optische, mechanische und Gasbarriere- Eigenschaften auf und eignen sich
daher ideal fur Einwegverpackungen von Konsumgltern wie Waschmitteln oder
Spulmaschinentabs. Eine der Proben hat sich im Abwasser erfolgreich biologisch abgebaut,
was die Eignung fur wasserlosliche Verpackungsanwendungen unterstreicht, die im Abwasser

ihr Lebensende finden.

Celluloseacetat-Derivate mit interessanten Eigenschaften wie dem Lotus-Effekt, hoher
Transparenz und der Abbaubarkeit bei industrieller Kompostierung konnten durch quantitative
Thio-Michael-Click-Reaktionen mit verschiedenen Thiolen synthetisiert werden. Die
Compoundierung eines modifizierten Hec in ein Celluloseacetat-Derivat hat zu einem
selbsttragenden Nanokomposit-Film gefiihrt, der die unzureichenden Gasbarriereeigenschaften
von reinen Celluloseacetat-Derivaten verbessert. Dieser Fortschritt ist vielversprechend fur

Lebensmittelverpackungen auf Celluloseacetatbasis.

Im Zuge des Bedurfnisses nach dehnbaren Gasbarrierefolien wurde ein perfekt geordneter und
eindimensional kristalliner Nanokomposit-Film hergestellt, welcher aus abwechselnden Nano-
Schichten von Polyethylenglykol und Hec-Nanoplattchen besteht. Diese einzigartige Bragg-
Stack-Struktur kombiniert die hervorragenden Barriereeigenschaften von impermeablen Ton-
Nanoplattchen mit der Dehnbarkeit der Polymermatrix. Ein selbsttragendes Laminat mit dem
Bragg-Stack-Nanokomposit-Barrierefilm, der zwischen zwei &ufReren PVOH-Schichten
eingebettet ist, zeigte eine beeindruckende Dehnbarkeit von bis zu 15% ohne seine
Wasserdampfbarriereeigenschaften zu verlieren. Diese Flexibilitdt macht das Laminat zu einer
Xl



idealen Wahl fur flexible Verpackungen, bei denen herkdmmliche aus der Gasphase
abgeschiedene keramische oder glasartige Barriereschichten aufgrund ihrer Sprodigkeit

versagen.

Dariiber hinaus wurde eine Nanokomposit-Beschichtung durch Compoundierung von Hec in
feuchtigkeitsempfindliches PVOH mittels Schlitzdlisen-Beschichtung hergestellt. Es konnte
festgestellt werden, dass die Morphologie des Nanokomposits durch die Anderung der
Trocknungstemperatur des nassen Films beeinflusst werden kann. Untersuchungen der
Struktur-Eigenschafts-Beziehung zeigten auf, dass die ideal geordnete Bragg-Stack-
Morphologie eine Feuchtigkeitsbestédndigkeit bis zu 65% relativer Luftfeuchtigkeit aufweist,
ohne eine Verschlechterung der Sauerstoffbarriere zu verzeichnen. Diese Morphologie macht
das PVOH-Hec-Nanokomposit zu einer vielversprechenden Alternative zu Mikroplastik-

assoziiertem Ethylen-Vinyl-Alkohol fiir Lebensmittelverpackungsanwendungen.

X1



Summary

In 2020, 29.5 million tons of post-consumer plastic waste were collected in Europe, with an
impressive 61% originating from packaging applications emphasizing the importance of
sustainable packaging. The Sustainable Packaging Coalition® defines sustainable packaging as
a blend of broad sustainability that combines industrial ecological objectives with business
considerations and strategies. For instance, to name two points, sustainable packaging should
meet market criteria for performance and cost while optimizing the use of renewable or recycled
source materials. However, if the plastic packaging waste is collected in mixed waste streams
(> 25% of total plastic waste), the recycling rate is only about 1%, and a notable 37% of plastic
packaging waste ends in landfills. Consequently, it is meaningful to apply biodegradable
packaging materials, particularly polymers, in case of inappropriate disposal or when finding
their end-of-life at landfills. Biodegradable polymers can be fragmented and subsequently
mineralized by microorganisms into CO2, H20, CH4 and biomass when exposed to certain
environmental conditions. The use of biodegradable polymers is limited due to insufficient
material properties, particularly inferior gas barrier properties, which usually must be enhanced
with barrier coatings or laminations. Unfortunately, the overall solution to meet all mandatory
packaging requirements, including material properties such as flexibility, transparency,
mechanical resistance and superior gas barrier without neglecting recyclability and

biodegradability, remains an open question.

A range of innovative approaches has been explored to develop advanced barrier films with
improved properties for various packaging applications. Clay-based barrier films are auspicious
in reconciling all mentioned requirements in a scalable manner without sacrificing recyclability
or biodegradability. Within the scope of this cumulative thesis, the individual scientific
publications on clay-based barrier films contribute to overcoming the problems and challenges

faced by current commercial approaches to sustainable packaging.

Utilizing a slot die coating tool has enabled the production of highly textured clay-based barrier
films, offering scalability to industrial production with high throughput. Extensive
investigations of the rheological properties of nematic suspensions of a synthetic hectorite (Hec)
have led to the optimization of operating parameters for the slot die, resulting in the production
of Hec-only barrier coatings promising for food packaging in terms of the oxygen barrier

properties.
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To address the environmental concerns associated with non-degradable polyvinyl alcohol
(PVOH) in wastewater, a biodegradable alternative has been successfully developed. A self-
standing laminate has been fabricated by employing scalable slot die coating, comprising a Hec-
only barrier layer sandwiched between two layers of a water-soluble polymer. These water-
soluble laminates exhibit superior optical, mechanical, and gas barrier properties, making them
ideal for single-use consumer goods packaging like laundry or dishwashing detergent pods and
tabs. Notably, one sample has shown successful biodegradation in wastewater, highlighting its
suitability for water-soluble packaging applications when finding their end-of-life in

wastewater.

Cellulose acetate derivatives with interesting properties, including a Lotus effect, high
transparency and disintegration under industrial composting conditions, have been synthesized
through quantitative thio-Michael click reactions with various thiols. The incorporation of a
modified Hec into a cellulose acetate derivative has resulted in a self-standing nanocomposite
film that overcomes the insufficient gas barrier properties of neat cellulose acetate derivatives.
This advancement holds excellent promise for cellulose acetate-based food packaging

applications.

In the pursuit of stretchable gas barrier films, a perfectly ordered and one-dimensional
crystalline nanocomposite film comprised of alternating molecular layers of polyethylene
glycol and Hec nanosheets was yielded. This unique Bragg stack-type structure combines the
superior barrier properties of impermeable clay nanosheets with the stretchability of the
polymer matrix. A self-standing laminate with the Bragg stack nanocomposite barrier film
sandwiched between two outer PVOH layers exhibited impressive stretchability of up to 15%
elongation while maintaining excellent water vapor barrier properties. This flexibility makes it
a favorable choice for flexible packaging where traditional vapor-deposited ceramic or glass-

like barrier layers fail due to brittleness.

Furthermore, a nanocomposite coating was obtained by incorporating Hec into moisture-
sensitive PVOH via slot die coating. Interestingly, it was found that the morphology of the
nanocomposite can be altered by adjusting the drying temperature of the wet film. Through in-
depth investigations of the structure-property relationship, the ideally ordered Bragg stack-type
morphology displayed moisture resistance up to 65% relative humidity without showing
oxygen barrier deterioration. This morphology renders the PVOH-Hec nanocomposite a
promising alternative to ethylene vinyl alcohol, which is associated with microplastics, for food
packaging.
XV
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Introduction

1. Introduction

1.1 Motivation

By 2021, the world has cumulatively produced an estimated 10 billion tons of plastics, which
is more than one ton for every person alive today.'* Between 1950 and 2015, an alarming
amount of 4.9 billion tons — 60% of all plastics ever produced at that time — have been discarded
or gone straight to landfills, and only 9% have been recycled (Figure 1a).! In 2021,
390.7 million tons of plastics were still produced globally, and the European plastics converters
demand amounted to 50.3 million tons.* ® Thereby, the European plastics industry generated a
turnover of 405 billion €, ranking 8th in Europe in industrial value-added contribution.®
Interestingly, the packaging sector, including commercial and industrial packaging, represents
the largest share by far, accounting for over 39% of the total end-use market in Europe.®
Moreover, an impressive 61% of 29.5 million tons of collected post-consumer plastics waste
originated from packaging applications in 2020.% Unfortunately, if the plastics packaging waste
is collected in mixed waste streams, accounting for 7.9 million tons (> 25% of total plastics
waste), the recycling rate is only about 1%, and a notable 37% of plastics packaging waste ends
in landfills.> It is remarkable, considering these latest data are based on a region of highly
developed countries within Europe, yet vast amounts of plastic packaging waste cannot be

sufficiently recycled in 2020.
(a) B

Figure 1: (a) Plastic waste at the Thilafushi Waste Disposal Site, Maldives. Reprint from Kaza et al. (Open
Access).” Photo credit: Mohamed Abdulraheem (Shutterstock). (b) Marine plastic pollution is progressing
at an alarming rate. Photo credit: Naja Bertolt Jensen (Unsplash).

Synthetic plastic waste accumulation is considered a serious environmental threat.® In
particular, the term microplastics is causing quite a stir in the media and is mainly associated
with marine pollution concerns. Facts like more than 5 trillion plastic particles are estimated to
be floating across the world's surface oceans,® or forecasts that plastics outweigh fish by weight

1



Introduction

in 2050 strengthen such concerns (Figure 1b).2° In a conservative scenario where plastic
emission stagnates at the rate of 2020, an alarming amount of 2.28 million tons of microplastic
will accumulate in the surface ocean by 2050.}' Besides inappropriate disposal into the
environment, landfills may also act as non-negligible sources of microplastics.'>* Especially
single-use plastics (plastic bags, cutlery, straws etc.) contribute to 60-95% of global marine
plastic pollution.® Unfortunately, convenient single-use packaging such as sachets, pouches,
containers or bags are very popular in Asia, and this region is responsible for more than 80%
of global plastic waste emitted to the ocean.® ® In the marine environment, single-use
packaging items like plastic bags made from low-density polyethylene (PE) or milk bottles and
laundry detergent containers made from high-density PE have estimated half-lives of a
staggering 3.4 and 58 years, respectively.l’” Consequently, due to the long lifespan of most
single-use plastics, marine life is at risk as marine plastic pollution can generally affect wildlife
in three key encounter types: entanglement,®® ° ingestion,’® 2% 2! and interaction.® 2
Entanglement, meaning the entrapping or encircling of marine animals by plastic debris, for
instance, was found for all marine turtle species and 79% of encountering cases result in direct
harm or death (Figure 2).° In comparison, ingesting plastic debris, particularly microplastic,
only causes direct harm or death in 4% of cases.’® However, in the long term, ingested
microplastics have multiple impacts on organism health, such as oxidative stress,?® metabolic
disruptions,® reduced enzyme activity,”® and cellular necrosis,?® of which have been

investigated in laboratory settings.®

Figure 2: The Hawksbill sea turtle "'Little Tao" was entangled in a ghost net, missing the right front flipper
and exhibiting fracture in the left front flipper. During her recovery, Little Tao excreted 144 ingested plastic
pieces within two weeks that were previously mistaken as food and accidentally consumed.?” Reprinted with

permission. Photo credit: marinesavers.com
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The growing accumulation of plastic waste can be described as one of the main environmental
challenges currently faced by modern society.® At first glance, the previous facts suggest that
modern plastic waste management strategies should not unexceptionally focus on recyclability
or reusability but also on developing and applying materials, particularly for packaging, that

can degrade in the case of improper disposal.?

1.2Challenges for sustainable packaging: From the perspective of

material properties

Recently, the European Commission proposed new rules on packaging within the European
Green Deal, which aim to end wasteful packaging and boost reuse and recyclability.?® In
particular, the leading fast-moving consumer goods (FMCG) manufacturing companies have a
responsibility to implement sustainable packaging solutions. The membership-based
collaborative Sustainable Packaging Coalition® (SPC), involving renowned global players in
the packaging industry, defines sustainable packaging as a blend of broad sustainability and

industrial ecological objectives with business considerations and strategies:?°

"Sustainable packaging i) is beneficial, safe & healthy for individuals and communities
throughout its life cycle, ii) meets market criteria for performance and cost, iii) is sourced,
manufactured, transported, and recycled using renewable energy, iv) optimizes the use of
renewable or recycled source materials, v) is manufactured using clean production
technologies and best practices, vi) is made from materials healthy throughout the life cycle
vii) is physically designed to optimize materials and energy and viii) is effectively recovered
and utilized in biological and/or industrial closed loop cycles."?° (SPC, 2016, p. 1)

These criteria address the environmental concerns related to the value chain and life cycle of
packaging by displaying the areas where transformation, innovation, and optimization are
sought.?® For instance, The Procter & Gamble Company (P&G) — a well-known FMCG
manufacturer — is a member of the SPC and strives to make 100% of its consumer packaging
recyclable or reusable.®® They work on solutions so that no P&G packaging will find its way to
the ocean, which they claim in their Ambition 2030.3° Additionally, P&G aims to reduce their
use of virgin petroleum-based plastics in packaging by 50% by 2030.%

In a nutshell, the challenge of solving plastic pollution, particularly arising from packaging,
requires several targeted strategies and cannot be solved in a single approach.? From a

materials standpoint, developing and applying sustainable packaging materials for all probable
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end-of-life scenarios is relevant. The inherent stability of commodity polymers, e.g., PE or
polyethylene terephthalate (PET), under thermal, chemical, and mechanical stress is a double-
edged sword.'? On the one hand, the stability of many commaodity polymers, which were used
to produce single-use disposable items, makes them a versatile material for a wide range of
applications, on the other hand, it leads to criticism of being responsible for plastic pollution on
a macro-scale as well as long-lasting microplastics.*? In an ideal case, polymer materials should
be designed to retain functionality as a commodity material for the required application period,
e.g., in food packaging during storage, but degrade to non-toxic end products in a disposal
environment.®! For instance, biodegradable polymers could be released into the environment
with fewer ecological concerns since they can be fragmented and subsequently mineralized by
microorganisms into CO2, H.O, CH4 and biomass when exposed to certain environmental
conditions.® It is important to emphasize that biodegradation is a certified property occurring
only under certain environmental conditions, i.e., a polymer being designated as biodegradable
under one specific condition does not necessarily guarantee biodegradation in a different
medium.®® For instance, it was found for polycaprolactone, although it is designated as
biodegradable, that no significant degradability in artificial seawater or freshwater for over one
year was observed.*® Designing sustainable packaging materials should therefore consider the

presumed disposal medium.

Apparently, using biodegradable polymers for packaging applications seems to be auspicious
but should not limit the recyclability and reusability of the packaging and should by no means
provide a license to litter.?2 However, biodegradation of packaging materials is significant in
case of improper disposal into the environment or when finding its end-of-life at landfills to
counteract the growing accumulation of plastic waste. In addition, water-soluble and
biodegradable polymers should be considered as materials for single-use packaging of dry
consumer goods such as cosmetic powders, detergents, tablets or even food like flour, nuts or
coffee powder. Since packaging made of water-soluble polymers obviously would not leave
macro- or microplastic when accidentally finding its way into the ocean, the number of
encounters harming marine wildlife in terms of ingestion or entanglement could additionally be
decreased. Looking at those benefits, the question arises why biodegradable and/or water-
soluble polymers are not yet standard for sustainable packaging applications. This leads to the
general requirements for packaging materials and why undegradable and inert polymers are still
widely used.
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1.3Scope and goal of the thesis: Reconciling the packaging requirements

with a focus on barrier application

Besides being cheap or affordable, packaging materials are generally required to be
mechanically resistant, flexible, transparent and protective against gas permeation.®*® The
latter is especially essential in medicine or food packaging sectors, where excellent oxygen
barrier properties are demanded.*® For instance, exposing lipid or oil-rich food to oxygen can
cause lipid oxidation, discoloration and off-flavor.®” ¥ Moreover, it can induce microbial
spoilage, which, e.g., not only accelerates fruit aging but can also cause bacterial or fungal
infections that bear some safety risks for ready-to-eat fresh products.®® Water vapor barriers are
also required, as moisture promotes crisp products to become stale. Hence, groceries may
deteriorate by exposure to high levels of oxygen and moisture.®® Considering that about 40%
of all food produced spoils every year in the United States,*® exceptional oxygen and water
vapor barriers are meaningful, extending the best-before date and maintaining the freshness of
food products during their determined shelf life.®® This concludes that barrier properties of food

packaging materials can significantly impact food taste, quality, longevity and marketability.3

Petro-based commodity polymers, e.g., PET or PE, often used as single-use plastics,!? are ideal
packaging materials as they exhibit good gas barrier properties or low gas permeabilities,
respectively. For instance, PET has an oxygen permeability (OP) of ~ 1 cm® mm m day* bar!
at 23 °C and 50% relative humidity (RH),*" %> and, e.g., low-density PE has a water vapor
permeability (WVP) of ~8 g mm m?day? bar! at 38 °C and 90% RH.*® On the contrary,
biodegradable polymers generally exhibit weak and underperforming gas barrier properties, a
significant drawback limiting a wide range of applications.*! In comparison to petro-based and
non-degradable commodity polymers having either low OP (PET) or low WVP (PE), for
instance, the OP of biodegradable poly(butylene adipate terephthalate) is as high as
~61cm®mmm2?day?bar! at 23°C and 50% RH,** and the WVP of biodegradable
polylactide is as high as ~ 166 gmmm2day*bar! at 38°C and 90% RH.** Hence,
improvements in gas barrier properties are necessary to be compatible with petro-based
commodity plastics.*!

This thesis focuses on developing clay-based gas barrier films to improve the barrier properties
of otherwise impractical polymer films. Clay-based barrier films can be applied. e.g., as
packaging for food or consumer goods, and additionally are auspicious as flexible barrier liners

in hydrogen tanks.** % Within this scope, synthetic hectorite is applied either as pure clay
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coating or as filler for nanocomposite films and coatings. In the case of nanocomposites, clay
particles are used as fillers that are directly incorporated into a polymer matrix. Clay-based
films improve the gas barrier since individual clay particles are impermeable to gas molecules
and make them follow a more tortuous, i.e., extended diffusion pathway to pass through the
film. The concept of the tortuous path is explained in detail in Chapter 2.3. In addition, the
work aims to follow the 12 principles of green chemistry proposed by Anastas and Warner.*
Herewith, the clay-based barrier films were primarily fabricated from green and aqueous
processing using suspensions of superior synthetic hectorite without impurities (Chapter 2.2).
Thereby, highly transparent clay-based barrier films were obtained, having the potential to
overcome the drawbacks of current commercial state-of-the-art approaches (Chapter 3). There
IS promising research to solving the barrier issues (Chapter 3), however, many fail to
implement them to commercial standards. Therefore, the concept of this work is based on a

scalability perspective.
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Figure 3: General requirements for sustainable packaging implemented within this thesis.

The cumulative thesis as a whole aims to reconcile all requirements on new materials for
sustainable packaging, including scalability, flexibility, mechanical resistance, transparency,
high barrier properties, and biodegradability by focusing on clay-based films (Figure 3). The
following Theory chapter gives an overview of the fundamentals of clays, fabrication and
application of clay-based barrier films required to understand subsequent scientific

publications.
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2. Theory

2.1Clay Minerals: Structure, classification and economic importance

Clay minerals, also referred to as layered silicates, belong to the family of phyllosilicates (from
greek phyllon 'leaf), predominantly known for their layered crystal structure.*’ The
characteristic building blocks of the layered silicates are SiO4 tetrahedra, where three oxygen
atoms form the basal plane and one the apex.*® Within the basal plane, each tetrahedron is
connected by the three oxygen corners, building an infinite layer of corner-sharing tetrahedra
along the a, b crystallographic directions.*® In an ideal configuration, the basal planes realize a
hexagonal network, resulting in the least bond strain (Figure 4a).*® The tetrahedral sheet has
thus a composition of SiO1103/2 = SiOsy2, Si2Os respectively.*

(b) (c)

Figure 4. Structure of layered silicates along the a, b axis direction with silicon (blue) and oxygen (red). (a)
Tetrahedral sheet. (b) Dioctahedral sheet — Gibbsite type. (c) Trioctahedral sheet — Brucite type. (d) Joined
tetrahedral and trioctahedral sheets.

Another fundamental building block is the octahedral sheet, where connections between
neighboring octahedra are made by sharing edges.*® In principle, there are two types of
octahedral sheets where either 2/3 octahedral vacancies (Gibbsite Al(OH)s, Bils type) or all
octahedral vacancies (Brucite Mg(OH)., Cdl, type) are occupied by cations M™% These
structures are referred to as di- or trioctahedral sheets (Figure 4b, c).*® To complete a clay
mineral layer, defined as clay lamella here, the tetrahedral and octahedral sheets are joined
together.>! Hereby, the apical oxygen atoms pointing perpendicular to the basal plane of the
tetrahedral sheets are directly condensed to an octahedral sheet (Figure 4d).5? The joined plane
is complemented by unshared hydroxyl groups of the octahedral sheets lying at the center of
each tetrahedral six-fold ring.>® This type of structure is termed a 1:1 clay mineral where one
surface of the clay lamella is entirely composed of oxygen atoms belonging to the tetrahedral

sheet, while the other surface consists of hydroxyl groups of the octahedral sheet.*> Moreover,

7



Theory

a 2:1 clay mineral is obtained by condensing an additional tetrahedral sheet to the opposite side
of the octahedral sheet.>! In this symmetric structure, the octahedral sheet is sandwiched by two
tetrahedral sheets, and both basal surfaces contain oxygen atoms belonging to the tetrahedral
sheet (Chapter 2.2, Figure 5b).*° Hence, individual 2:1 clay lamellae are held together by only
van-der-Waals interactions along the stacking direction, whereas stacks of unsymmetrical 1:1

clay lamellae are additionally retained by hydrogen bonds.*® >

The clay lamella can either be neutral or negatively charged.*® Electric neutrality is given if i)
the tetrahedral sheet contains Si** in all tetrahedral sites, ii) trivalent cations M** occupy 2/3 of
octahedral sites, leaving a vacancy in the third octahedral site, and iii) divalent cations M?*
occupy all octahedral sites in the octahedral sheet.*® However, because of different geochemical
formation conditions during the crystallization of natural clay minerals or special synthesis
routes of synthetic clays, higher valent cations can be substituted with lower valent cations.>°
This type of isomorphous substitution results in a negative layer charge.>® For instance, Si** can
be substituted with AI** in the tetrahedral sites, or, e.g., the substitution of AI** with Zn?* and
Mg?* with Li* in the octahedral sites can occur.*® The charge balance is realized by interlayer
cations or positively charged hydroxide sheets between the negatively charged clay lamellae.*
Based on the layer charge per formula unit x (x = charge per SisO10), the type of interlayer
material and the layer structure type (1:1 or 2:1 clay mineral), clay minerals can be classified
into seven major groups (Table 1).>*

Because of the underlying layered structure, the cohesion between individual clay lamellae is
weak compared to the in-plane ionic-covalent binding forces.*® 53 % Hence, the interlayer space
is available for various intracrystalline or catalytic reactions.*® In particular, smectites feature
high cationic exchange, intercalation, and swelling properties, allowing a wide variety of
potential modifications and thus giving access to numerous industrial applications.>” Other
commercial applications use their inertness and stability.>® Many industrial use cases are based
on the plasticity of clays and the unique rheological properties of clay and clay mineral

dispersions.>® 8

The economic importance of clays and clay minerals is reflected by the high revenue generated

by the clay industry in the U.S., which the U.S. Geological Survey examines annually. In 2021,

the mine production of clays in the United States alone was estimated to be 25 million tons of

clay, valued at $1.5 billion.*® Due to their natural abundance and low cost, they find relevance

in many industrial branches such as agriculture, engineering, construction, food processing or

carbon dioxide sequestration.® In industry, clays are distinguished into four types: i) bentonites,
8
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Table 1. Classification of clay minerals (adapted from Martin et al. 1991).53

Layer Layer charge (x) Group Octahedral  Examples
structure and interlayer type
type material
1:1 None or H20 only Serpentine- Tri Lizardite, Amesite
X~0 kaolin Di Kaolinite, Dickite
2:1 None Talc- Tri Talc, Willemseite
x~0 pyrophyllite Di Pyrophyllite
Hydrated Smectite Tri Hectorite, Saponite
exchangeable cations Di Montmorillonite,
x ~0.2-0.6 Beidellite
Hydrated Vermiculite Tri Tri. Vermiculite
exchangeable cations Di Di. Vermiculite
x ~0.6-0.9
Non-hydrated True Tri Biotite, Lepidolite
monovalent cations (flexible) Di Muscovite, Illite
x ~0.6-1.0 mica
Non-hydrated Brittle mica Tri Clintonite,
divalent cations Anandite
x ~1.8-2.0 Di Margarite
Hydroxide sheet Chlorite Tri Clinochlore
X ~ variable Di Donbassite

i) kaolins, iii) fuller's earth, and iv) common clays.®: 2 Bentonites, with their main constituent
montmorillonite belonging to the smectite group,%® % are mainly applied as drilling fluids,
foundry sand, iron ore pelletizers, pet litters or absorbents in general.* Worldwide, about
18 million tons of bentonite are mined each year.>® More than twice as much kaolin (45 million
tons) is mined at the same time, with $160 per ton kaolin being currently the most expensive
industrially used clay in the U.S.%° The primary commercial application of kaolin is its use as
paper coating or filler; besides that, it is utilized in paints and ceramics.®® Fuller's earth accounts
for only a small proportion of total clay production, and its main usage is as absorbents,
including oil and grease or pet waste.®® The constituent palygorskite is also employed as a
thixotropic and viscosity builder in drilling fluids.®® The industrial purpose of common clays
lies mainly in the field of construction and structural products, e.g., structural and face brick,
drain tile, quarry tile, vitrified clay pipes, or lightweight aggregates.®” Over 50% (13 million
tons in 2021) of total mined clays in the U.S. can be allocated to common clays alone, reflecting

their commercial relevance.®®
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Clay minerals are believed to be recognized as the materials of the 21 century due to their
abundance, inexpensiveness and eco-friendliness.®* However, naturally mined and unrefined
clays and clay minerals, e.g., bentonite and montmorillonite, have drawbacks such as
impurities, inhomogeneities or varying and small particle sizes.®®"° Hence, various processing
steps are often required before allowing specific applications that, on the other hand, generate
more costs or cause extra chemical waste.”* Synthetic clays or clay minerals can be promising
alternatives to overcome the drawbacks of natural ones. While natural clays are referred to as
first-generation clays,’? this work focuses on the barrier application of a second-generation

synthetic clay (Chapter 2.2), where no further treatments are necessary.

2.2The synthetic clay Sodium Fluorohectorite: Synthesis and main

properties

The presented research is based on the synthetic clay sodium fluorohectorite (Hec), with the
formula [Naos]™[Mg2sLios]*[Sis]®'O10F, that is produced by melt synthesis followed by
long-term annealing.” ™ In the following, the already published synthesis is briefly
summarized: The high-purity reagents of SiOz, LiF, MgF2, MgO and NaF were carefully
weighed out in line with the composition corresponding to the formula. A molybdenum crucible
is heated to 1600 °C inside an evacuated quartz tube using a copper high-frequency induction
coil for cleaning purposes. After cleaning, the crucible is filled with the reagents inside an argon
glovebox and residual water is removed by heating the crucible to 1200 °C inside the evacuated
quartz tube. The crucible is then sealed with a molybdenum lid by heating it to the melting point
of molybdenum using the copper induction coil. For synthesis, the crucible is placed
horizontally in a graphite furnace and rotated at 1750 °C for 80 minutes under an argon
atmosphere. After cooling and quenching, the synthesized Hec is ground using a planetary ball
mill and subsequently dried under vacuum at 250 °C for 14 hours. The dried Hec is then filled
into a cleaned molybdenum crucible inside an argon glovebox and subsequently sealed again
using the copper induction coil. To improve the homogeneity of Hec, the crucible is placed

inside an evacuated quartz ampule and annealed in a chamber furnace for 6 weeks at 1045 °C.

Compared to natural clay products, this melt synthesis, especially involving long-term
annealing, provides advantageous properties, and the obtained Hec clay is unique in terms of
particle size, charge homogeneity and purity.” The pristine Hec powder yields clay stacks of a
mean lateral diameter of 20 um (Figure 5a).”* These so-called tactoids are built up by

individual clay lamellae separated by the basal spacing doo: (also termed d-spacing),
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representing the periodicity along the stacking direction (Figure 5b).%° Thereby, the doo: is
defined as the sum of the interlayer space and the thickness of an individual clay lamella
comprising one trioctahedral and two tetrahedral sheets in the case of Hec.%® ®° Similarly to
non-charged talc,”® wherein all octahedral sites are occupied by Mg?*, upon partial isomorphic
substitution of Mg?* with lower-charged Li*, a negative layer charge of 0.5 per formula unit is
realized for the synthetic Hec. The negative layer charge is compensated by Na* cations in the
interlayer space. Hence, the synthetic Hec can be classified as a 2:1 clay mineral within the

group of smectites.®?

Figure 5: (a) Scanning electron microscopy (SEM) image of Sodium Fluorohectorite (Hec) tactoids after
annealing. SEM sample preparation was conducted analog to a published procedure.” The dotted square
points out a stack of Hec lamellae. (b) Crystal structure of Hec along the a, c-axis direction. Two Hec
lamellae are shown, illustrating the basal spacing (dooz). One Hec lamella consists of two tetrahedral sheets
(blue) and one trioctahedral sheet (grey).

Besides the exceptionally large diameter of Hec tactoids, the described synthesis provides a
perfect distribution of isomorphous substitution, resulting in high charge homogeneity and
uniform intracrytsalline reactivity.”® This can be attributed to the synthesis temperature, which
must be above 1000 K to achieve a statistical isomorphous substitution and, thus, prevent

clustering of cations into domains of higher and lower charge density.%% 76 77

The swelling of clay compounds vyields first hints about the degree of charge homo- or
heterogeneities, respectively.5® " In general, swelling refers to the incorporation of neutral
solvent molecules into the interlayer space, consequently leading to an expansion of the
interlayer space.®® ’® The process mainly depends on the type of interlayer cation,’® & layer
charge,®! and charge homogeneity of the clay mineral.®® 7® Belonging to the group of low-
charged clay minerals, namely smectites, Hec even shows the rare phenomenon of osmotic

swelling in water.8% 8 By adding pristine Hec powder to bidistilled water, Hec tactoids
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spontaneously separate into individual Hec lamellae - from now on, termed as Hec nanosheets -
up to distances of hundreds of nanometers.®® 8 The process of osmotic swelling is
thermodynamically favored and requires no additional energy input.2487 It can simply be
understood as the dissolution of ionic solids in water, and since the dissolution is obviously
limited to the stacking direction of Hec nanosheets, it is termed one-dimensional (1D)
dissolution.®® The low layer charge, the uniform charge density, and the considerable enthalpy
gain by hydration of the interlayer sodium cation render Hec a paradigm to explain the process

of 1D dissolution in water (Figure 6).8384
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Figure 6: Transition of crystalline swelling to delamination via one-dimensional dissolution as a function of
water activity. The process is exemplified for the synthetic Sodium Fluorohectorite with discrete water
layers (WL) in the crystalline swelling regime. Adapted from Dudko et al. (Open Access).®

In the first regime at low water activity, Hec exhibits crystalline swelling where the separation
of nanosheets is driven by hydration and occurs via discrete hydration steps of the interlayer
sodium cation.®84 In contact with humid air, the completely dried Hec transitions from a non-
hydrated, i.e., no interlayer water (0 WL), to a hydrated state (1 WL) at 22% RH as indicated
by adsorption isotherms.®* Between 22% RH and 64% RH, the one water layer (1 WL) hydrate
exists for Hec, involving a distinct increase in the basal spacing from 0.96 nm (0 WL) to
1.24 nm (1 WL).” 8 Above 64% RH, the one water layer (1 WL) transitions to two water

layers (2 WL) involving an additional increase in the basal spacing of Hec from 1.24 nm (1 WL)
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to 1.55 nm (2 WL).”* 888 |n contrary, for natural smectites or clay minerals with lacking charge
homogeneity, these discrete swelling steps are not observed, and rather interstratified domains
with different hydration states simultaneously exist for any given RH reflected in a more

continuous increase in the basal spacing.®® 76

In the crystalline swelling regime, the interaction of adjacent negatively charged Hec
nanosheets is attractive.®* However, by adding Hec to bidistilled water and thus increasing the
water activity, additional water molecules are intercalated, and at a certain threshold value of
separation, the interlayer forces of negatively charged Hec nanosheets become repulsive.® 84
For Hec nanosheets, a threshold of ~0.87 nm (difference from doo1(3 WL) =1.83 nm and
doo1(0 WL) = 0.96 nm) must be reached. This corresponds to the three water layer (3 WL)
structure (doo1 ~ 1.83 nm) within the Gouy-Chapman regime.3* Consequently, osmotic swelling
is triggered, allowing to delaminate the entire material spontaneously into individual, single-
layer Hec nanosheets of ~ 1 nm thickness separated up to hundreds of nanometers.®* This gentle
delamination procedure preserves the initial lateral diameter of ~ 20000 nm, and Hec
nanosheets with an exceptional aspect ratio (ratio diameter to thickness) of 20000 are
obtained.” Even at low concentrations (< 1 vol% of Hec in water), adjacent Hec nanosheets are
hindered in rotation due to the high aspect ratio and are kept in a cofacial arrangement due to
electrostatic repulsion resulting in a nematic liquid crystalline phase.®* The homogeneity of
aqueous Hec suspensions and the separation distances of adjacent Hec nanosheets are usually

investigated by small-angle X-ray scattering (SAXS).

As discussed in the following chapters, the thermodynamically favored and soft top-down
procedure of 1D dissolution is the ideal method to yield the maximum aspect ratio of clay
nanosheets, which is essential for gas barrier application.23 On the contrary, exfoliation
describes the process of decomposition of large aggregates into smaller particles as defined by
Lagaly.*® In other words, exfoliation can be described as slicing clay tactoids into thinner stacks
with multimodal thickness distributions using external forces such as mechanical shearing.®
Please note the difference compared to the spontaneous delamination, that is, in the broad sense,
the entire "exfoliation" of layered materials to the level of individual, single-layer nanosheets.%®
In this work, nematic suspensions of Hec nanosheets obtained by spontaneous delamination are

the starting material for all experiments.
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2.3 Polymer clay nanocomposites: Structure and permeability properties

To satisfy commercial and industrial demands on polymers, a well-known approach to modify
the performances or overcome the limitations of polymers is the incorporation of fillers to
obtain polymer-based nanocomposites (hybrids).®®* The addition of various fillers into
polymers is known and can tune, e.g., the mechanical, thermal, optical or electrical properties.®
In 1985, the first clay-based polymer nanocomposites were invented by Toyota, which
introduced a new concept of polymer nanocomposites at that time.*® Since then, polymer clay
nanocomposites have been thoroughly studied and widely developed as the anisotropic and
platy shape of clay particles lead to versatile and controlled properties of the resulting
nanocomposites.** °* For instance, incorporating clay particles can reduce flammability or

enhance mechanical strength and gas barrier properties.*

In general, three different types of structures can be observed for polymer clay nanocomposites
(Figure 7). The first type is the exfoliated structure, where single-layer clay nanosheets are
homogeneously dispersed in a polymer matrix.®! Hereby, relatively low filler contents are
applied (< 10 wt%).* The second type is the phase-separated structure, where the polymer is
not intercalated into the interlayer space. This type is observed mainly when the clay filler
exhibits a relatively low interlayer reactivity.® The third type is the intercalated structure, where
polymers are intercalated into the interlayer space as molecular layers between two clay

nanosheets.’?

(a) Exfoliation (b) Phase separation (c) Intercalation
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Figure 7: Sketch of the possible polymer (yellow) clay (grey) nanocomposite structures: (a) Exfoliation, (b)

Phase separation, and (c) Intercalation. The inset displays the calculation of the basal spacing. The doo: is
given by the sum of 1 nm thick clay nanosheets and dinter, the interlayer space filled by intercalated polymer

between two clay nanosheets. Adapted from Ogawa et al.**
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A key parameter for the performance of polymer clay nanocomposites is the controlled
dispersion of clay particles in the polymer matrices.®* Usually, this is achieved by clay surface
modifications for increased attractive interactions between polymers and clay fillers.%! For the
intercalated structure, the homogeneous distribution of individual clay nanosheets is essential
since, in the ideal case, the structure comprises alternating molecular layers of polymer and clay
nanosheets (Figure 7c). This type of structure is primarily characterized by the basal spacing
doo1 determined via X-ray diffraction (XRD).%* Consequently, the extent of intercalated polymer
in the interlayer space between two adjacent clay nanosheets (dinter) can be calculated from the

doo1, defined as the sum of 1 nm thick clay nanosheets and dinter (Figure 7).

A convenient approach to yielding homogeneous polymer clay nanocomposites is based on a
homogeneous starting material. As previously explained, nematic Hec suspensions can be
obtained by immersing Hec in deionized water.®* Mixing an aqueous suspension of utterly
delaminated Hec nanosheets with water-soluble polymer results in a translationally
homogeneous phase where the dissolved polymer diffuses between adjacent nanosheets that are
separated up to several hundreds of nanometers.”” 8 However, 1D dissolution for Hec is not
limited to water. Recently, nematic Hec suspensions could be obtained in water-free organic
solvents, also giving access to a wide range of hydrophobic polymer matrices.®® This approach
of solution blending allows high Hec (filler) loadings in polymer matrices solely defined by the
ratio of Hec and polymer applied. Subsequently, films of polymer clay nanocomposites can be
obtained by solution-casting the homogeneous ternary suspension with selected methods
described in Chapter 2.4. Upon drying the wet film (solvent removal), the polymer and Hec
nanosheets self-assemble in either the phase-separated (Figure 7b) or intercalated structure
type (Figure 7c).*> 97100 |n hoth cases, Hec stacks or individual Hec nanosheets are
homogeneously distributed in the polymer matrix and, especially the intercalated structure is

interesting for gas barrier applications.** !

Several factors can influence the gas barrier properties of packaging material, including external
conditions like temperature and RH or material-specific characteristics like film structure,
thickness, area and permeability to specific gases.'®* The quantitative evaluation of the gas
barrier properties of a film generally uses the permeability (P) of the applied material.*?* In
literature, P is defined as the quantification of permeate (gas molecule) transmission through a
resisting material 2% 192 In principle, the solution-diffusion model is used to understand and
predict the gas permeation through polymer films/membranes and can be described as follows

(FIgU re 8):101' 103-105
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1.) Adsorption of the permeate on the surface of the polymer film (and dissolution of the

permeate inside the polymer matrix).

2.) Diffusion of the permeate inside and through the polymer film/matrix (slowest and rate-

determining step).

3.) Desorption of the permeate from the surface of the polymer film.

P1, C4 P2, C;
Adsorption Desorption
(Henry’s law) (Henry’s law)

Permeate
Diffusion
(Ficks’s law)

Figure 8: General gas permeation mechanism (green) through a polymer film (blue) with permeate partial
pressure p1 > p2 and permeate concentration ci > c2. Adapted from Siracusa.®

The gas permeation is driven by the difference in partial pressure (4p) of the permeate
(p1 > p2)."® 10116 Hence, the permeate dissolves in the film matrix at the higher concentration
side (c1), diffuses through the film driven by the concentration gradient, and evaporates at the
lower concentration side (c2).1%! Gas permeation (P) for nonporous dense polymer films can
therefore be expressed as the product of the diffusion coefficient (diffusivity, D) and solubility

coefficient (S) using the solution-diffusion model (Eq. 1):1%

P=D-S§ (Eq. 1)

Combining Fick's first law of diffusion and Henry's law of solubility yields the overall equation
for the permeation of small gas permeates.'® For 1D diffusion through a polymer film and in

steady-state, Ficks’ first law can be written as (Eq. 2):1%

]:_D-T (Eqg. 2)
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Where J is the diffusion/permeate flux, 4c the concentration difference across the film, and | is
the thickness of the film.1%0 At steady-state, the equilibrium concentration (c) and partial

pressure (p) of the gas obey Henry’s law and, therefore, Ac can be replaced (Eq. 3):1*

Ac=S-Ap (Eq. 3)

Consequently, by inserting Eq. 3 into Eq. 2, J becomes (Eq. 4):1%

J=-D —— (Eq. 4)

Finally, by inserting Eq.1 into Eq. 4, the permeability (P) of a polymer film can be written as
(Eq. 5):1

J-l
Ap_

D-S (Eq. 5)

Since, in this thesis, clay-based barrier films are applied as coatings on substrates and in
laminates, the contribution of individual layers to the total permeability of the laminate is
crucial. In multi-layered films, the total permeability (P) can be estimated from the permeability

Pi of an individual layer i with thickness li by (Eq. 6):1%3

= Zl— (Eq. 6)

n
=1

ol =

~

Based on the solution-diffusion model, the permeability of polymer films can be influenced in
different ways. The gas permeation process can also be imagined as jumps of gas molecules
through neighboring holes in the polymer matrix.'® Herewith, the number and size of these
holes (static free volume) are correlated to S, and the frequency of the jumps (dynamic free
volume) is correlated to D.1% Since S is a thermodynamic factor related to the interactions
between the polymer matrix, and the gas permeates,*® polar gas molecules, e.g., water vapor,
are more soluble in hydrophilic polymer matrices and vice versa, leading to an increase or
decrease in the permeability depending on the permeate-polymer matrix combination,
respectively.’® Moreover, external factors like temperature or RH influence the dynamic free
volume originating from the segmental motion of polymer chains, and, e.g., softening
consequently leads to increased permeability.’® 97195107 |n addition, the permeability depends
on the crystallinity of the polymer, as gas molecules are insoluble in the crystalline regions and

cannot permeate through these polymer crystallites. %
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Alternatively, impermeable clay nanoplatelets (fillers) can be incorporated into the polymer
matrix to decrease the permeability of a polymer film.# 1% In detail, the solubility coefficient
(S) and the diffusion coefficient (D) are expected to decrease in the polymer clay nanocomposite
due to a reduced permeable polymer matrix volume and an elongated, more tortuous path for

diffusing gas permeates (Figure 9).1%

Figure 9. Reduction of gas permeability due to incorporating impermeable clay nanoplatelets (fillers) into
the polymer matrix. Sketch of the tortuous path (black) for diffusing gas molecules within polymer clay

nanocomposites. Adapted from Ebina.*

Consequently, this results in the following changes for S and D (Eg. 7, 8):1%®

S=S,"(1—®) (Eq. 7)
D= & (Eq. 8)
T

Where So and Do are the coefficients of the neat polymer matrix without filler. @ is the volume
content of the platy filler, and z describes the tortuosity in the nanocomposite film, which is
directly connected to the shape, size and degree of dispersion of the nanoplatelets and can be
expressed as (Eq. 9):1%®

ll

Where I' is the elongated diffusion pathway (tortuous path) for a diffusing gas permeate in the
nanocomposite film, and | is the thickness of the neat polymer film equivalent to the diffusion
pathway of a gas permeate in the neat polymer film.1% Inserting Eq. 7 and Eq. 8 into Eq. 1
results in (Eq. 10):1%

Pcomposite 1-9

P (Eq. 10)
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Where Pcomposite IS the permeability of the nanocomposite film, and Pq is the permeability of the
neat polymer film.1% The elongated diffusion pathway (I') can be estimated from the
contribution of each nanoplatelet with lateral diameter L and the mean number of nanoplatelets
(N) a gas permeate encounters diffusing through the nanocomposite film.1% Since each
nanoplatelet elongates the diffusion pathway by L/2 on average, I' can be expressed as (Eq.
11):105

=1+ (N)-% (Eq. 11)

Where (N) is estimated from the thickness of the film (I), the volume content (&) and the

thickness (H) of an individual nanoplatelet (Eq. 12):1%

=1 (Eq. 12)

By inserting Eq. 12 into Eqg. 11 and combining it with Eq. 9, the tortuosity factor becomes (Eq.
13):1%5
DL

_ ., 2L Eq. 13
T 1+2H (Eq. 13)

It can be said that fully delaminated nanocomposites, which, for instance, is the case for Hec,
display a higher tortuosity (zr) and maximum aspect ratio (a) compared to only partially
exfoliated nanocomposites.'® Considering « = L/H and inserting Eq. 13 in Eq. 10, the

derivation after Nielsen yields (Eq. 14):1% 108

Pcomposite _ 1-9

Py _1+%.(p

(Eqg. 14)

The equation shows that Pcomposite Can be decreased with increasing ¢ and «. However, for @ >
10 vol%, the Model of Nielsen becomes inaccurate.®® Cussler et al. extended this approach by
considering the geometrical shape of the nanoplatelets and the pores/slits into which a gas
permeate must enter to diffuse through the nanocomposite film.1% 19 Therefore, Cussler’s
model most accurately describes half-diluted polymer clay nanocomposite systems with clay
fillers exhibiting high aspect ratios.1® In contrast to Nielsen, the Cussler model already predicts
a rapid reduction of the permeability at small volume contents @.1% The Cussler equation can

be expressed as follows (Eq. 15):105: 100
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-1
Pcomposite a’p?
= " = Eqg. 15

Where Pre is the relative permeability, and p is the geometrical factor. In summary, the main
factors influencing the permeability and gas barrier properties of polymer clay nanocomposites
are the volume content of the clay filler, the aspect ratio of the clay filler and their orientation

relative to the diffusion direction of the gas permeates,** 10

2.4 Fabrication of clay-based barrier films by solution-casting

As introduced, the thesis deals with barrier films made of pure clays and polymer clay
nanocomposites. In principle, there are two ways of applying clay-based films as barriers.** The
first type comprises thin clay-based coatings that can be applied onto a polymer substrate to
improve the barrier properties of the laminate. The second type is a self-supporting clay-based
film. Both variants are feasible with pure clay and nanocomposites, whereby the second type is

mainly related to polymer clay nanocomposites.

Polymer clay nanocomposites can generally be fabricated by melt processing, in-situ
polymerization or solution-based methods.1%: 119 111 The [atter involves methods such as
solution-casting, layer-by-layer assembly, Langmuir-Blodgett technique or spin-coating.12 113
Since only nematic suspensions of Hec are used as starting material in this work, the method of
solution-casting is employed. Solution-casting processes bear the advantage of very high Hec
contents in nanocomposites up to the possibility of applying pure Hec barrier films. In addition,
the high aspect ratio from gentle 1D dissolution is preserved. Both criteria are essential for the
application as gas barrier films (Chapter 2.3).** 8% 1% The third critical criterion for low
permeabilities relies on the homogeneous dispersion of the nanoplatelet filler in the polymer
matrix, where nanoplatelets are ideally aligned orthogonal to the diffusion direction ensured by
suitable fabrication methods.!% 4 In contrast, the main drawbacks of melt compounding
include a limitation in filler content and a reduced aspect ratio since processing involves high
mechanical shearing to achieve a homogeneous distribution of the filler, which consequently

leads to the breakage of nanoplatelets.5® '8

The solution-casting processes used in this thesis include classic solution-casting, spray coating,
doctor blade coating, and slot die coating, briefly described in the following (Figure 10). All
embodiments have in common that the nematic Hec suspension is cast onto a flat surface

followed by solvent evaporation (Figure 10).112 Water as a solvent enables environmentally
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friendly processing. However, organic solvents could also be used, as solvent vapor recovery
and recycling are feasible on an industrial scale.!*> ¢ Upon drying, Hec nanosheets settle on
the flat surface or, in the case of polymer Hec nanocomposites, self-assemble into one of the
discussed structures (Figure 7). Subsequently, if a self-supporting film is desired, it can be
peeled off the flat surface/substrate. Alternatively, a thin Hec-based film is applied as a barrier
coating, enhancing the barrier properties of the substrate/laminate. The thickness of the

resulting film can be varied by the concentration of Hec in the nematic suspension.

(a) (b) (c) (d)

= —

@l

Figure 10: Fabrication methods of clay-based barrier films employing solution-casting: (a) Classic solution-

casting. (b) Spray coating. (c) Doctor blade coating. (d) Slot die coating.

Classic solution-casting:

The classic approach is casting the nematic Hec suspension into a container that, e.g., can be a
Petri or Teflon dish (Figure 10a). Due to its simplicity, it is suitable for first experiments at lab
scale. However, Hec nanosheets tend to fold,''” and the desired orientation of the nanosheets
orthogonal to the diffusion direction may be insufficient. Furthermore, smooth drying
conditions and extended drying times are necessary as Hec nanosheets develop a sealing barrier
layer since the film dries from the surface to the core, hindering further solvent evaporation.
This bears the risk of trapping solvent in the film and creating defects upon drying that impair

the barrier performance of the film.!18

Spray coating:

Another solution-casting method is to spray a dilute nematic Hec suspension onto a substrate
surface (Figure 10b). > 19 In the spraying process, coating and subsequent drying occur in
several cycles. The drying problem with classic solution-casting mentioned above is negligible
in spray coating since only small amounts of suspension are applied in each cycle, resulting in
homogeneous drying.'?° Additionally, the sequential application of many thin layers reduces
the likelihood of defects in the final Hec-based barrier film. Moreover, spraying is not limited

to flat surfaces, and 3D objects can also be coated.”® However, one significant disadvantage of
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this process is the time required to produce a Hec-based barrier film. Since cyclic deposition
means that only very thin coatings are progressively applied with already diluted nematic Hec
suspensions, the time factor is considerable for thicker coatings.”

Doctor blade coating:

In the case of doctor blade coating, the nematic Hec dispersion is applied pre-metered on the
substrate and subsequently drawn/coated over the substrate using a doctor blade (Figure 10c).
This process can be fully automated or be employed manually (box-shaped, wire bar).118 121
Since the doctor blade exerts shear forces during the coating process, the Hec nanosheets
preferably align parallel to the substrate. The time factor is negligible compared to spray
coating, and the film can be produced in a single step. However, upon drying, the wet film
suffers from a sealing effect similar to classic solution-casting.”® 18 Moreover, it was found for
a polymer Hec nanocomposite that a less 1D crystalline nanocomposite film was obtained by

doctor blading compared to spray coating.*?

Slot die coating:

Slot die coating is a versatile process widely used for producing uniform films and is mainly
applied for manufacturing thin films and electrodes, e.g., in polymer electrolyte fuel cells, solar
cells, and lithium-ion batteries.’?> However, the method is relatively new in the production of
polymer clay nanocomposites and barrier coatings. During the slot die coating process, the
nematic Hec suspension is delivered through a fixed slot width onto a moving substrate, filling
the coating gap between the lips of the die and the substrate (Figure 10d). Since slot die coating
is a pre-metered process, the wet film thickness (lwet) can be precisely controlled by the flow
rate of the liquid fed to the die (pump flow rate, Q), the substrate/web moving speed (U), and
the coating width (CW) (Eq. 16):1??

et = ﬁ (Eq. 16)

Slot die coating is a complex process, and the main challenge is to find the optimum operating
parameters, such as coating speed, flow rate, and coating gap and combine them with the
characteristics of the coating fluid, such as surface tension, liquid viscosity, and rheological
properties.'?2 Moreover, the substrate must be considered regarding wetting problems or surface
roughness. For instance, the coating window is a popular concept for determining operating
limits.*?? Qutside of the coating window, defects can occur, including air entrainment or break

Iines 122,123
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However, the complexity makes it a broadly applicable coating tool, and once the operating
parameters have been established at the laboratory scale, they can be easily transferred to an
industrial scale, where slot die coating is employed in roll-to-roll processing. Another advantage
of slot die coating for Hec-based barrier films is the high shear forces applied to the nematic
Hec suspension during the coating process, perfectly aligning Hec nanosheets parallel to the
substrate.!?* The Hec nanosheets remain in this position upon drying, and remarkable oxygen
barrier properties have been obtained.*?*

2.5Principle of a water vapor barrier measurement

Inside l Outside
Dry N, flow Water vapor flow
to cell — —
RH Probe
<ﬂuu
Moist N, flow Water vapor flow
to sensor +——— I
. Water vapor
permeation
direction
Film Sample “O"-Ring

Figure 11: Principle of a water vapor barrier measurement employing a Mocon Permatran-W® 3/33 with
automatic relative humidity generation. The film sample separates the inside and outside chambers. High
vacuum grease and a rubber O-Ring seal the test cell. Adapted from Mocon instrumental .*%®

Gas barrier properties are demanded in low-tech areas, e.g., as introduced for food packaging,®
and high-tech areas, e.g., encapsulation of oxygen- and moisture-sensitive solar cells and
organic light-emitting diodes.”® To investigate gas barrier properties, instruments are applied
that measure gas transmission rates. The principle is exemplified for a water vapor barrier
measurement using a Mocon Permatran-W® 3/33 (Figure 11) complying with ASTM
F1249.1%5 The Mocon Permatran-W® 3/33 system utilizes a patented modulated infrared sensor
to detect water vapor transmission in flat materials and packages with outstanding sensitivity
in parts per million.*?® The flat film sample is positioned in a test cell divided into two chambers,
separated by the film sample, to perform the test. The outer chamber is filled with water vapor
(test gas), while the inner chamber is filled with nitrogen (carrier gas). The RH/concentration
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of the test gas is automatically generated and cross-checked by an RH probe. The water
molecules, transported to the outer chamber by the test gas, diffuse through the film to the inner
chamber and are then carried to the sensor by the carrier gas (for details on permeation see
Chapter 2.3).1?° It is important to ensure adequate conditioning until an equilibrated water
vapor concentration gradient is achieved. The computer tracks the increase in water vapor
concentration in the carrier gas and displays the value on the screen as the water vapor
transmission rate (WVTR) in g m? day1.1%

WVTR values are more relevant for commercial applications but depend on the thickness of
the film. By multiplying the WVTR with the thickness of the film (I) and considering the water
vapor partial pressure difference (4p) on both film sides, the WVP can be calculated by (EQ.
17):103

WVTR -1

WVP = 5 (Eq. 17)

This equation is similar to Eq. 5, and the WVP can be used to compare different materials with
varying thicknesses. However, this is subject to some errors since a linear dependence of WVP
on thickness is assumed, which is questioned in the literature and not necessarily true for
WVP.llg’ 126
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3. Synopsis

In commercial practice, the barrier properties of plastics are generally enhanced by coatings or
lamination processes.®®#* Impermeable aluminum foils or metalized coatings provide excellent
gas barrier properties owing to the metallic crystal structure and low porosity.*® However,
metalized laminates are hard to recycle, do not break down in the environment in the case of
improper disposal and come with transparency issues.®® Alternatively, if transparency is
desired, thin ceramic Al2Os3 or glass-like SiOx coatings can be applied by vapor deposition,
forming high water vapor and oxygen barriers.3* 127128 Byt such thin inorganic coatings suffer
from brittleness and poor flex and crack resistance, consequently generating pinholes and
destroying the barrier integrity.3* 3® The high cost of these materials and the vulnerability to
mechanical stress renders the plastic laminate only suitable for special applications.®* 3
Alternatively, coatings of water-soluble polymers in laminates are attractive because they offer
mechanical flexibility and can be easily washed off, facilitating recycling processes.
Furthermore, e.g., water-soluble polyvinyl alcohol (PVOH) exhibits an exceptionally low OP
of 0.02 cm® mm m2day? bar! at 23 °C and dry conditions (0% RH).3* However, a PVOH
barrier is prone to swelling and humid conditions because when the RH is increased from 0%
to 90% RH, the OP concomitantly increases by a staggering three orders of magnitude.*?® To
counteract the moisture-induced OP deterioration rendering PVOH barrier coatings unusable in
real-world applications that require at least 65% RH, ethylene vinyl alcohol (EVOH) is
commercially used. The hydrophobicity and onset of swelling of an EVOH barrier can be fine-
tuned by adjusting the ethylene content.**® EVOH is transparent and flexible, accessible in large
amounts, and provides good OP at the relevant 65% RH.3% 131 However, it is known to be not
degradable, and EVOH-correlated microplastics were found in seafood, drinking water and

beach sediments. 132134

The current industrial approaches to improving the barrier properties of plastic materials are
still unsatisfactory, and innovative solutions are needed to reconcile all requirements for
sustainable packaging materials. The development of new barrier technologies is broadly
diversified, encompassing many branches, e.g., material and polymer science, engineering,
physics, and chemistry. Research to improve gas barriers is carried out on i) the material
properties such as tailoring polymer structure, cross-linking, crystallization or orientation, ii)
using blends of polymers or advanced multi-layers, e.g., layer-by-layer assembly, iii)
employing innovative processing techniques or putting established coating methods in a new
context and iv) applying new materials, additives or fillers to produce polymer
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nanocomposites.33 41 Especially the latter is a promising approach involving materials such
as graphene oxide, cellulose nanomaterials, and clays.3> 341 As discussed within the scope of
the thesis (Chapter 1.3), this work focuses on clay-based barrier films overcoming the
drawbacks of current industrial approaches and trying to reconcile all requirements for

sustainable packaging.

The present cumulative thesis contains five scientific publications (Figure 12). In the first part
of the thesis, pure Hec barrier films are investigated with a focus on scalability and
biodegradability (Chapters 6.1 and 6.2). In the second part of the thesis, polymer Hec
nanocomposite barrier films are discussed with a focus on biodegradability, flexibility, and
moisture resistance (Chapters 6.3, 6.4, and 6.5). All Hec-based barrier films are highly
transparent, allowing for visual inspection of packaged goods, which is a significant advantage

compared to metalized and, thus, non-transparent polymer films.

e In Chapter 3.1, the publication “Shear orientation of nematic phases of clay nanosheets:
processing of barrier coatings” (Chapter 6.1) is presented.*?* The coating tool of a slot
die was established to produce Hec-based barrier films easily transferable to an
industrial scale at high throughput. The rheological properties of nematic Hec
suspensions were investigated, and the results were subsequently used to identify ideal
operating parameters for the slot die to produce highly textured Hec-only barrier

coatings interesting for food packaging.

e In Chapter 3.2, the publication “Green and scalable processing of water-soluble,
biodegradable polymer/clay barrier films” (Chapter 6.2) is presented.'® A
biodegradable barrier film was obtained as a substitute for non-biodegradable PVOH in
the medium wastewater. A self-standing laminate comprised of a Hec-only barrier layer
sandwiched between two layers of a water-soluble polymer was fabricated by scalable
slot die coating. The water-soluble self-standing laminates possess superior optical,
mechanical and barrier properties, making them auspicious for single-use consumer
goods packaging such as laundry and detergent pods or dishwasher tabs. One sample

has successfully biodegraded in wastewater, the end-of-life medium for this application.

e In Chapter 3.3, the publication “New Functional Polymer Materials via Click
Chemistry-Based Modification of Cellulose Acetate” (Chapter 6.3) is presented.!’
Cellulose acetate acrylate underwent quantitative thio-Michael click reactions with

various thiols providing functional cellulose acetate (CA) polymers with interesting
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properties such as a Lotus effect, high transparency and disintegration under industrial
composting conditions. Incorporating a modified Hec into a CA derivative yields a self-
standing nanocomposite film overcoming the insufficient barrier properties of neat CA

derivatives, making it promising for food packaging.

In Chapter 3.4, the publication “Stretchable Clay Nanocomposite Barrier Film for
Flexible Packaging” (Chapter 6.4) is presented.’”® A perfectly ordered and 1D
crystalline nanocomposite barrier film was obtained with alternating layers of
polyethylene glycol (PEG) and Hec nanosheets. This Bragg stack-type structure
combines the best of two worlds: The superior barrier properties of the clay and the
stretchability of the polymer. The self-standing laminate with the Bragg stack
nanocomposite barrier film sandwiched between two outer PVOH layers is stretchable
up to 15% elongation, almost not displaying any WVTR deterioration. This renders it
auspicious for flexible packaging where vapor-deposited ceramic or glass-like barrier

layers fail due to brittleness.

In Chapter 3.5, the publication “Disorder—Order Transition—Improving the Moisture
Sensitivity of Waterborne Nanocomposite Barriers” (Chapter 6.5) is presented.’’ By
incorporating Hec into moisture-sensitive PVOH, a nanocomposite barrier coating was
obtained via slot die coating, for which the drying temperature can alter the
nanocomposite morphology. Studying the structure-property relationship of the
nanocomposites revealed an ideally ordered Bragg stack morphology to be moisture
resistant, reflected by no OP deterioration up to 65% RH. This morphology positions
the PVOH Hec nanocomposite as an ideal candidate to replace EVOH for food
packaging, which is associated with microplastic concerns.
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Figure 12. Graphical synopsis of the cumulative thesis presenting the five scientific publications reconciling the packaging requirements. Reprinted with permission.
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3.1Shear orientation of nematic phases of clay nanosheets: Processing of

barrier coatings

The current applications and prospects of flow-induced alignment in composite materials have
recently been reviewed.®® Texturing via shear forces has been effectively applied for
fabricating composite films with nanosheet fillers.™*1*° However, the methods used for this
purpose are restricted to low shear rates and can be challenging to scale up, such as in the case
of dip coating.’® As highlighted by Cussler's theory of the tortuous path,'® to optimize the
barrier properties of polymer clay nanocomposite films, it is essential to achieve perfect parallel
alignment of the impermeable nanosheets towards the substrate. Textured nanosheets that are
aligned in parallel play a crucial role in achieving low gas permeabilities since they maximize
the diffusion pathway for a gas permeate, and the tortuosity significantly reduces when the
nanosheets are tilted in relation to the diffusion direction (Figure 13a).1** Consequently, it is
important to employ an appropriate coating tool for the fabrication of Hec-based barrier films
providing scalability and efficient shear texturing while maintaining sufficient inertness to
prevent loss of texture due to reorientation upon solvent evaporation.'?* Slot dies exerting high

shear fields already during the coating procedure seem promising for this task.
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Figure 13: (a) Sketch of the tortuous path for a gas permeate depending on the orientation of nanosheets in
a polymer matrix. (b) Effective viscosity measurements of nematic Hec suspensions of varying
concentrations: 3 wt% (red), 1.5wt% (gray) and 0.75 wt% (blue). Reprinted with permission (Open
access).*

In nematic Hec suspensions, Hec nanosheets are already held in a cofacial arrangement within
domains, while individual domains are statistically oriented. These domains are gradually
oriented by applying shear stress, and with increasing shear rates, Hec nanosheets can be
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perfectly aligned in parallel, as indicated by viscosity-shear rate profiles (Figure 13b). The
nematic Hec suspensions of varying concentration show a shear thinning behavior with a
significant hysteresis. Remarkably, the textures of cofacially aligned Hec nanosheets in parallel
to the rheometer plate persist for a long time, even after the texture-producing shear field is
reduced. As a result, the measured viscosities remain constant despite a decrease in shear stress,
confirming the high stability of textures of shear-oriented Hec nanosheets. The shear alignment
of Hec nanosheets in the suspension was further corroborated by directly recording Cryo-SEM

images of vitrified suspension films.

Moreover, the formation time for aligning Hec nanosheets in nematic suspension in parallel to
the rheometer plate and cofacially to each other was identified, which is inversely proportional
to the applied shear rate. The resulting time was applied to deduce geometrical requirements
for slot dies and identify ideal operating parameters to produce pure Hec barrier films with Hec
nanosheets perfectly oriented parallel to the substrate. It was found that slot dies with “long

lips” and coating procedures at slow substrate/web moving speeds are required.

Applying these findings on a slot die to coat a nematic Hec suspension onto a PET substrate, a
1.5 um thick Hec-only barrier film consisting of overlapping Hec nanosheets was obtained as
visualized in SEM images. Thereby, the formation of perfectly aligned Hec nanosheets parallel
to the substrate was already achieved within the shear field of the slot die. The texture of shear-
oriented nanosheets exhibits sufficient inertness upon drying, corroborated by two-dimensional
SAXS and XRD investigations. Furthermore, the quality of the texture of the film is displayed
by the superior gas barrier properties. The Hec-only coating shows oxygen transmission rates
(OTR) comparable to vacuum-deposited aluminum coatings.®* An OP as low as
2.2 cm® um m2 day! bartat 23 °C and 50% RH was obtained, orders of magnitude lower than
the OP of commaodity polymers, making it promising for the application as food packaging. For
instance, PET exhibits an OP of approximately 1000 cm® um m? day* bar® at the same

conditions.*

Rheological investigations of nematic Hec suspensions give valuable insights into the texturing
of Hec nanosheets and enable the design of ideal slot dies that assure shear orientation.
Consequently, slot die coating can combine the best of two worlds: The high shear fields during
coating yield perfectly textured Hec-only barrier films and represent technically benign

processing that can easily be adapted to large scale and high throughput at an industrial level.
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3.2Green and scalable processing of water-soluble, biodegradable

polymer/clay barrier films

Water-soluble packaging with intentional disposal into wastewater provides premeasured
convenience for households and industry, such as delivering dishwater and laundry detergents,
pesticides, fertilizers, dyes and cement additives.’*® The packaging is designed to quickly
dissolve and be released into the environment during use, particularly into wastewater streams.
PVOH is the most commonly used polymer for this application as it is abundant and widely
accepted as biodegradable. However, the kinetics of degradation in wastewater are very slow,
showing only 2% biodegradation within 33 days, as we found in this work, and PVOH can
actually be considered a recalcitrant pollutant.!** Natural renewable and water-soluble
biopolymers, including whey protein, cellulose, or alginate,'> 143 seem promising for this
application, but they lack sufficient gas barrier properties and mechanical toughness. Therefore,
Hec seems auspicious to improve the barrier and mechanical properties of water-soluble
biopolymers, which has previously been demonstrated to impart barrier improvements to

biodegradable polymers,44 145
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Figure 14. (a) Proposal of a potential roll-to-roll coating process applicable at an industrial level with high
throughput based on three consecutive slot dies and drying units. The same concept was used at the lab
scale to produce the multi-layered water-soluble films (polymer/Hec/polymer). (b) Biodegradation results
of the three multi-layered films. Dashed lines display neat plasticized polymers without Hec. Reprinted with
permission (Open access).!®

Water-soluble films as packaging material for single-serving pouches were fabricated by
sequential coating and drying of aqueous solutions of polymers and nematic Hec suspensions
employing an industrially scalable slot die coater. The water-borne multi-layered structure
comprises two plasticized polymer layers sandwiching a Hec-only barrier layer
(polymer/Hec/polymer). PVOH, hydroxypropyl methylcellulose (HPMC) and alginate were
used as polymer layers yielding the film samples of PVOH/Hec/PVOH, HPMC/Hec/HPMC
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and Alginate/Hec/Alginate. The sandwich-like structure and applied process enable the
incorporation of multiple functional layers and prevent complications from compounding a
nematic Hec suspension with biopolymers like high viscosities, filler aggregation, or

embrittlement that limits higher clay loadings. 4

The slot die coating method employed at the lab scale to produce the multi-layered films can
simply be translated into large-scale roll-to-roll processing (Figure 14a). Moreover, slot die
coating provides efficient shear texturing of Hec nanosheets (Chapter 6.1) and uniform layers
of outer polymer (30 um) and inner Hec barrier (6 um), as corroborated by SEM images.
However, it appears that coating a nematic Hec suspension onto the dried PVOH layer in the
interim step leads to partial “re”-dissolution of the polymer and allows it to diffuse between
adjacent Hec nanosheets that are separated to 30.5 nm in the nematic state. Consequently, an
in-situ nanocomposite interphase was formed upon drying, as visible in transmission electron
microscope (TEM) images of film cross-sections, providing excellent interlayer adhesion

between Hec and polymer layers.

Furthermore, the three multi-layered films were evaluated regarding their water-solubility, gas
barrier, mechanical, optical and biodegradation properties. Compared to the neat plasticized
polymer films dissolving within seconds, the incorporated Hec barrier layer extends dissolution
and disintegration times making it more practical for real-world applications where accidental
exposure to water does not immediately destroy the packaging integrity. The Hec barrier layer
can also impart competitive properties to films of biodegradable alginate, and the corresponding
Alginate/Hec/Alginate film exhibits an OP and WVP of 0.063 cm® mm m day bar? (23 °C
and 65% RH) and 53.8 g mm m day* bar! (23 °C and 85% RH), respectively. In addition, the
inner Hec barrier layers act as structural reinforcement and improve the elastic modulus of all
three multi-layered films. Despite all multi-layered films showing good optical properties, the
Alginate/Hec/Alginate film has slightly increased haziness and decreased clarity. As expected,
PVOH displayed almost no biodegradation in wastewater within 33 days, but surprisingly,
biobased HPMC showed even less biodegradation in the applied medium (Figure 14b).
However, biodegradation for the neat plasticized alginate and alginate/Hec/alginate films of

33% and 25%, respectively, was recorded within 33 days.

In summary, a slot die coating method was established that can be translated into large-scale
roll-to-roll manufacturing of high-barrier, mechanically reinforced and transparent self-
standing biodegradable films for water-soluble packaging applications.
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3.3New functional polymer materials via click chemistry-based

modification of Cellulose Acetate

Cellulose is a biobased and abundant polysaccharide accessible from plants, and via
acetylation/partial deacetylation, CA can be obtained, which is interesting for various
applications.!*” CA can be seen as a promising substitute for petro-based polymers since the
degradation by several mild methods is known.'” However, the kinetics of degradation strongly
depends on the degree of substitution and environmental conditions,” 248 and approaches for
accelerated degradation of CA are a matter of research.!” Moreover, as already mentioned in
the Introduction for biodegradable polymers in general (Chapter 1.3), CA also exhibits
insufficient water vapor barrier properties and requires plasticizers necessary for processability,
both preventing a broader application of this material so far, e.g., in food packaging.14% 1%
Incorporating Hec nanosheets seems to be a promising concept to improve barrier properties of
CA,**" which has previously been reported in a similar approach on PLA and also did not harm
the degradability of PLA.14

By partial acrylation of CA (degree of acryl substitution of 0.2), the resulting CA acrylate
underwent quantitative thio-Michael click reactions with various thiols yielding a toolbox of
functional CA polymers. Thereby, thiols with fatty alkyl chains such as dodecanethiol,
hexadecanethiol, octadecanethiol, and eicosanethiol, with esters such as ethyl 2-
mercaptoacetate and butyl 3-mercaptopropionate, and with arenes such as furan-2-
ylmethylthiol were applied as modifying agents yielding CA derivatives in high yield (90%).
The derivatives showed improved optical properties compared to neat CA, and highly
transparent films were obtained. Moreover, as proof of principle, the furanyl-modified CA
(CAASFur) was selected for studying the disintegration under composting conditions according
to 1SO 20200. After 69 days, CAASFur showed complete degradation indicating the potential
of the material to be biodegradable. In addition, the modifications of CA with fatty alkyl thiols
yielded hydrophobic polymer materials exhibiting large water drop contact angles. As expected,
increasing contact angles were observed with an increasing length of the fatty alkyl chain. This
observation is further corroborated by WVP measurements as a sensitive method to probe the
hydrophobicity. The lowest WVP was obtained from the CA modification having the highest
aliphatic chain length.

However, the WVP values of the CA derivatives are still distinctively below the food packaging

requirements. Therefore, as proof of principle, the CA derivative altered with octadecanethiol
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(CAAS18) was selected to incorporate a modified Hec into the polymer matrix to improve the
barrier properties, yielding a transparent nanocomposite film (Figure 15a). The CAAS18/Hec
nanocomposite film exhibits a WVP (at 23 ° and 85% RH) and OP (at 23 °C and 50% RH) as
low as 0.09 g mm m2 day* and 0.16 cm® mm m day* atm™, respectively. The WVP of neat
CAAS18 of 24.8 g mm m day* could be reduced by 99.6%.
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Figure 15. (a) XRD pattern of neat CAAS18 (black) and CAAS18/Hec nanocomposite film (blue). The inset
shows the transparent CAAS18/Hec nanocomposite film. (b) The TEM image of the CAAS18/Hec
nanocomposite film cross-section indicates segregated domains of CAAS18 (bright) and restacked Hec
(dark). Reprinted with permission (Open access).'!

Although the applied nematic ternary suspension used for classic solution casting and producing
the nanocomposite film is homogeneous, CAAS18 and Hec segregate into separate domains
upon drying, as indicated in the XRD pattern (Figure 15a). The dooz of 1.7 nm can be assigned
to the intercalated 18C6 crown ether complexing the sodium interlayer cation of Hec required
for 1D dissolution of Hec in the applied organic solvent.®® 14 Hence, intercalation of CAAS18
into the interlayer space can be excluded. CAAS18 shows an XRD pattern of an amorphous
polymer. The phase separation is confirmed by TEM images revealing segregated domains of
CAASI18 and restacked Hec nanosheets (Figure 15b). However, we have previously shown
that such phase segregation accelerates the kinetics of biodegradation of PLA nanocomposite
films and might also be advantageous in this case regarding the degradation of CA

nanocomposites. 14

In summary, the transparent CAAS18/Hec film outperforms commonly applied packaging
polymers in terms of barrier properties, and the likelihood of biodegradation renders the CA
nanocomposite a promising alternative for currently used packaging materials.
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3.4 Stretchable clay nanocomposite barrier film for flexible packaging

Packaging materials for pharmaceuticals or food must be sufficiently flexible and exhibit high
gas barrier properties at the same time.3> % 152 High-end barriers can often only be met by
lamination of the polymer foil with inorganic layers such as thin vapor-deposited aluminum,
ceramic Al2Os or glass-like SiOx coatings.'?” 12 However, these thin inorganic layers tend to
be brittle and mechanical stress will inevitably cause pinholes detrimental to the barrier.*! Since
a wide range of applications requires stretching up to 10% or more,*2 these brittle laminates
become impractical as, e.g., a vapor-deposited SiOx coating on a PET foil tolerates
deformations up to only 4%.3* A promising approach to reconciling the high gas barrier
properties of inorganic layers with the flexibility of polymers applies polymer Hec

nanocomposites.'?°
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Figure 16: Stretching experiments of the self-standing barrier laminate. (a) WVTR measured at 40 °C and
50% RH as a function of uniaxial elongation (x-direction). The inset sketches the behavior of Hec nanosheets
and the dependence of the tortuous path of a gas permeate upon stretching and relaxation. (b) Photographs
of the sample upon 10% and 20% elongation, respectively. (¢) SEM images of cross-sections of the sample
upon 20% elongation displayed in different scales focusing on the rupture (dashed rectangle from (b)).

Reprinted with permission.!?
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In this study, a perfectly ordered and 1D crystalline nanocomposite barrier film comprised of
alternating layers of PEG and Hec nanosheets was produced via spray coating (similar to Figure
7¢). The monodomain Bragg stack-type structure was evidenced by XRD and TEM analysis,
and no phase segregation was observed, corroborated by thermogravimetric analysis.
Subsequently, a transparent self-standing barrier laminate was obtained by sandwiching the

PEG-Hec Bragg stack barrier film between two outer layers of plasticized PVOH.

To test for the mechanical resistance of the barrier, the WVTRs were measured as a function of
the uniaxial elongation of the self-standing barrier laminate. An in-house built stretching device
was applied, mimicking real-world thermoforming processes involving stretching and
relaxation. Interestingly, up to 15% elongation, the WVTR increases only moderately (Figure
16a). This can be traced back to two significant reasons. First, in Bragg stacks, adjacent Hec
nanosheets are mechanically decoupled by molecular layers of PEG. Upon stretching, it allows
individual Hec nanosheets to slide along the PEG layers to some extent, decreasing the
tortuosity (Figure 16a). Upon relaxation and below 10% elongation (Figure 16b), Hec
nanosheets rearrange and rebuild the tortuous path reflected by the constant WVTR values.
Second, even if microcracks are formed in the PEG-Hec nanocomposite barrier during
stretching, the edges are held opposite to each other and upon strain release, they are pressed

together due to the shrinkage of the outer PVOH “buffering” layers restoring the tortuosity.

Nonetheless, above 15% elongation, the WVTR collapses and sliding of Hec nanosheets
becomes irreversible, as indicated by the substantially increased WVTR values (Figure 16a).
Additionally, after 20% elongation, fatal macroscopic ruptures are observed perpendicular (y-
direction) to the uniaxial stretching direction (x-direction), which no longer “heal” upon
shrinkage of outer PVOH “buffering” layers (Figure 16b). This observation is supported by
SEM images of the fatal rupture from the 20% elongation sample where the PEG-Hec

nanocomposite barrier is entirely destructed (Figure 16c), explaining the surge in WVTR.

At 23°C and 85% RH, the self-standing barrier laminate exhibits a WVP of
2.8 g mm m2day*bar? outperforming commercially used thermoformable polymers for
packaging, which is remarkable for an entirely water-soluble film obtained from green and
aqueous processing. Furthermore, the barrier resistance to mechanical stress reported in this
work makes the self-standing barrier laminate interesting as flexible liners for ultra-light
hydrogen tanks as needed in the automotive sector since excellent hydrogen barrier properties
of a Hec nanocomposite barrier liner have already been demonstrated.*®
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3.5Disorder-order transition — Improving the moisture sensitivity of

waterborne nanocomposite barriers

PVOH is a commercially affordable and water-soluble polymer allowing eco-friendly
waterborne processing.?>+1%¢ Moreover, PVOH is approved for food contact by the Food and
Drug Administration in the US,*® can be biodegraded under specific conditions (Chapter 6.2)
and possesses excellent oxygen barrier properties with an OP as low as
0.02 cm® mm m day? bar? at 23 °C and dry conditions.3* However, as stated before, above
55% RH swelling sets in, and the OP increases by three orders of magnitude between 0% and
90% RH making it unsuitable for food packaging.*?® To address the issue of moisture-induced
OP deterioration, copolymerized EVOH is commonly used instead.’>” Especially for EVOH
films, the hydrophobicity and onset of swelling can be easily fine-tuned by adjusting the
ethylene content. This provides sufficient oxygen barrier properties at 65% RH relevant for
food packaging.t3* 1% As mentioned before, EVOH is not biodegradable, and EVOH-correlated
microplastics have been found in seafood, drinking water, and beach sediments.t321%
Alternatively, Hec nanosheets can be incorporated into PVOH to reduce the moisture sensitivity
of PVOH and push the onset of swelling to higher RH. By triggering a disorder-order transition,

superior oxygen barrier properties at an elevated 65% RH are obtained.®’
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Figure 17. (a) Slot die coating of an aqueous nematic PVOH/Hec suspension. Depending on the drying
temperature (T) of the wet coating, different morphologies of PVOH/Hec nanocomposites were observed
upon water removal. Monodomain hybrid Brag stacks (PVOH/Hec 20 °C) at T =20 °C and completely
phase-segregated nanocomposites (PVOH/Hec 50 °C) at T =50 °C were obtained. (b) OP at 23 °C of neat
PVOH, PVOH/Hec 20 °C, and PVOH/Hec 50 °C nanocomposites. The inset shows the high transparency of

a PVOH/Hec 20 °C coating on PET represented as a strawberry packaging. Reprinted with permission.®’

The PVOH/Hec nanocomposite barriers were fabricated via scalable slot die coating of a
ternary aqueous suspension on a PET substrate providing perfectly shear-aligned Hec

nanosheets (Chapter 6.1). Interestingly, depending on the drying temperature (T) of the wet
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coating, different PVOH/Hec nanocomposite morphologies can be obtained upon water
removal (Figure 17a). Increasing T from 20 °C to 50 °C for the same ternary nematic
suspension triggers phase segregation, and disordered PVOH/Hec nanocomposites are
obtained, while at 20 °C, 1D crystalline and ordered intercalated nanocomposites are formed.
For the ratio of PVOH and Hec applied, monodomain hybrid Bragg stacks (P\VOH/Hec 20 °C)
are yielded at 20 °C, exhibiting a d-spacing of 4.1 nm (Figure 17a). The equidistant spacing
between alternating Hec nanosheets and PVOH layers for the PVOH/Hec 20 °C sample is
further corroborated by TEM imaging. Upon increasing the drying temperature, phase
segregation sets in, and the PVOH/Hec nanocomposite gradually becomes biphasic, as
evidenced via XRD. At 50 °C, the phase segregation is almost complete, as displayed by the d-
spacing of 1.2 nm of the PVOH/Hec 50 °C sample corresponding to randomly interstratified
domains of clay-only (dooz = 0.96 nm) and some intercalated stacks (Figure 17a). Moreover,
as visible in TEM images of cross-sections of the PVOH/Hec 50 °C sample, segregated neat
PVOH lenses up to 92 nm thickness are present. The disorder-order transition is attributed to
the increasing entropic cost of confining PVOH in the interlayer space of Hec nanosheets at

elevated temperatures until phase segregation is finally preferred.

For the first time, this disorder-order transition allows studying the impact of crystallinity vs.
disordered morphology on the gas barrier properties and moisture sensitivity while the
composition, type of filler, and processing are kept constant. WVTR is a sensitive probe to
measure the moisture sensitivity of films. A clear trend was observable for all PVOH/Hec
nanocomposites in the 0 - 90% RH range, where the WVTR values decrease at any given RH
with decreasing drying temperature. In other words, the 1D crystalline and ordered intercalated
PVOH/Hec 20 °C sample is less moisture sensitive than the disordered segregated PVOH/Hec
films dried at higher temperatures. Further investigations showed that incorporating Hec into
PVOH decreases the OP of neat PVOH by order of magnitudes independently of the drying
temperature (Figure 17b). However, the onset of swelling of the 1D crystalline morphology
PVOH/Hec 20 °C is pushed to significantly higher RH and it was found that the OP is not
affected up to an RH of 65%.

In summary, realizing the 1D crystalline monodomain Bragg stack structure makes the
PVOH/Hec nanocomposite film less prone to swelling, and the OP at elevated 65% RH relevant
for food packaging is by far superior compared to the OP of EVOH. This renders the transparent
PVOH/Hec 20 °C sample highly appropriate for food packaging (Figure 17b).
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Abstract When suspensions are exposed to shear
forces, the particles may form ordered structures
depending on their shapes, concentrations, and the
material. For some processes, e.g., for wet-film coating,
it is important to know how fast these structures form
in shear fields and for how long the structures persist
when the shear is relaxed. To obtain information on
the particle structure formation and the decay time, the
effective viscosity of nematic suspensions of Na-
hectorite nanosheets was investigated by rheology
employing a cone-plate measurement geometry. The
necessary time for the formation textured nematic
films could be deduced by carrying out effective
viscosity measurements at constant time steps. Infor-
mation could also be obtained on the lifetime of the
platelet textures when shear is relaxed. All this
information was employed to identify geometrical
requirements for slot dies to produce barrier liners
with nanosheet layers oriented parallel to PET sub-
strates. Thereby, we obtained green and simple coat-
ings that are in line with state-of-the-art high-
performance materials such as metalized plastic foils
in terms of oxygen barrier properties.
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Introduction

When small particles are added to a fluid and shear is
applied, as in a Couette flow, the moving suspensions
show effective viscosities of different complexities. The
latter depend on the suspension medium, the particle
concentration, its size and shape, and also on the
hydrophobic or hydrophilic surface properties of the
particle material." For instance, Laun et al. showed that
the measured effective viscosities as a function of the
applied shear stress of polystyrene—ethyl acrylate latex
particles in water depend on the particle concentration
and the surface charge characteristics of the latex
particles.”® In his seminal work, Giesekus™” showed
that spherical particles, when exposed to shear flows,
arrange themselves in such a way that they form
“strings of particles”. These particle structures were
formed when an aqueous dispersion of particles was
“moved by hand” between two glass plates. Since the
work of Giesekus, it has been found that the effective
viscosity of fluid—particle systems changes in such a
way that an increase in structured particle arrange-
ments results in a decrease in the measured effective
viscosity. In turn, this means that effective viscosity
measurements can be employed to reveal structural
changes of suspensions induced by increasing shear
rates. In particular, shear thinning indicates major
structural changes. Such suspensions still comprise of a
fluid with its original viscosity, but the interactions of
the fluid with dispersed particles and particle—particle
interactions yield forces that are recorded by viscome-
ters as a decrease in the measured momentum of a
rheometer.>® The increase in the regularity of the
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particle arrangements in the suspension decreases the
viscosity.

Very per51stent particle structures can be expected
for suspensions of nanosheets with hlgh aspect ratios.’
In particular, when the aspect ratio is high enough at a
given concentration of the suspension to hinder rota-
tion of adjacent nanoshccts nematic liquid crystalline
phases are formed,® as evidenced by small-angle X-ray
scattering (SAXS) This is even the case for dilute
aqueous suspensions of negatively charged nanosheets
of the synthetic clay sodium fluorohectorite (NaHec),”
where the nanosheets are known to adopt a cofacial
arrangement due to strong electrostatic repulsion. For
instance at 2.3 vol% of NaHec, adjacent clay na-
nosheets with a diameter of 20 um are separated to
only 32 nm and consequently, in this nematic state are
confined in a cofacial geometry. Individual domains
with cofacial drrdngemenl are, however, randomly
oriented (Fig. 1a).®

Such high aspect ratio nanosheets are perfectly
suited for high-performance polymer nanocomposites
as needed for a wide variety of applications, ranging
from food packaging all the way to encapsulation of
oploeleclronlc devices like orgamc photovollam and
organic light emitting devices." pomtcd out by
Cussler’s theory of the tortuous path'"'? for optimiza-
tion of the barrier properties, perfect parallel align-
ment of the impermeable nanosheets on the substrate
is crucial. Parallel aligned (textured) nanosheets are
the key to achieve low gas permeabilities as the
diffusion pathway for a gas permeant is hereby
maximized and the tortuosity strongly decreases once
nanosheets become tlltcd with respect to the diffusion
direction (Fig. 1b)."?

Flow-alignment of compo%lte materials has been
explored for some time.'* In particular for the fabri-
cation of composite films of nanosheet fillers, tcxturm%
via shear forces has been successfully applied,'
although the applied methods are limited to rather low
shear rates and difficult to scale up, for instance dip
coating. A scalable and universally applicable coating
process like slot die coating ensures efficient shear

(b)

Fig. microscopic image of statistically
oriented, swollen NaHec tactoids between crossed
polarizers. (b) Scheme of tortuous path for diffusion of
permeant depending on the arrangement of nanosheets in
a matrix

1: (a) Optical
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texturing and sufficient inertness with respect to loss of
this texture by reorientation to allow freezing of the
textured film structure during evaporation of solvent.

Here, we study the shear orientation of nematic
NaHec phases as a function of concentration and shear
rate to establish the “formation time” of textured
NaHec suspensions. Moreover, the rheological infor-
mation was used to lay out slot dies for coating
suspensions of NaHec nanosheets on PET substrates in
a single-step procedure and the permeability of these
clay-only barriers was determined.

Experimental
Materials and sample preparation

Carboxymethyl cellulose (CMC) with a mean molec-
ular weight of 250000 g mol”' was purchased from
Daicel Corporation (Japan) and was dissolved in
deionized water to obtain a 0.3 wt% solution. The
solution was stable, and no sedimentation appeared
The synthetic clay [Nay, ;]'"‘“[Mgz 5Lin.s]°'[Si] ' O1F2
(NaHec) was synthesized via melt synthesis followed
by annealing according to a published procedure and
the material featured a cation exchange capacny
(CEC) of 1.27 mmol g1 1920 Upon immersion in
deionized water, the pristine material swells osmoti-
cally producing a nematic suspension with delaminated
individual nanosheets of an average diameter of
= 20 pm, separated by 32 nm at 6 wt%, which corre-
sponds to 2.3 vol%. The viscous suspension was placed
in an overhead shaker for 7 days to assure equilibra-
tion to a uniform swelling state. Less concentrated
suspensions were made by diluting this stock suspen-
sion with deionized water. A corona-treated PET
(36 um) substrate was obtained from Bleher KG
(Germany).

Characterization methods

Small-angle X-ray scattering (SAXS) was performed
using the system ‘“‘Ganesha Air” (SAXSLAB, Den-
mark), equipped with a rotating anode X-ray source
(copper, MicroMax 007HF, Rigaku Corporation, Ja-
pan). A position-sensitive detector (PILATUS 300K,
Dectris, Switzerland) was used and different sample-
to-detector positions were chosen to cover a wide
range of scattering vectors. Measurements of the
suspension were performed in 1 mm glass capillaries
(Hilgenberg, Germany) at room temperature. The one-
dimensional (1D) data [/(g) vs. ¢ with intensity / and
scattering vector ¢] are in absolute scale and back-
ground corrected. The birefringence of the dispersion
was evaluated with a self-made crossed polarizer.
Powder X-ray diffraction (PXRD) experiments
were performed using Cu Ko« radiation on a Bragg—
Brentano-type diffractometer (Empyrean, Malvern
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Panalytical BV, The Netherlands) equipped with a
pixel detector. The XRD pattern of the coated clay
film was recorded and subsequently analyzed using
Malvern Panalytical’s HighScore Plus software. Prior
to the measurement, the sample was equilibrated at
43% relative humidity (r.h.).

All rheological experiments were performed with a
shear rheometer (Type Physica MCR 101, Anton Paar,
Austria) by using a CP50-1 cone and plate geometry
with a plate diameter of D = 50 mm, cone angle of
f# = 1° and truncation gap of x = 0.102 mm. For deter-
mination of the formation time, the viscosity was
measured as a function of the time and measuring time
steps were set to 0.1 s.

Cryo scanning electron microscopy (CryoSEM)
micrographs were recorded at 2 kV with a secondary
electron (Everhart-Thornley) detector on a Zeiss Ultra
plus SEM equipped with a Leica VCT cryo stage
cooled to — 155°C. For sample preparation, the spec-
imen was sheared in the rheometer directly on the
SEM sample holder (Figs. S1, S2) that was subse-
quently plunged in liquid nitrogen and after cooling
was transferred with a Leica EM VCT100 shuttle into a
Leica EM MEDO020 freeze-fracture unit, where frac-
tured surfaces were generated by impacting the spec-
imen with a blade. After sputter coating with a thin
layer of tungsten, the sample was transferred with the
shuttle to the precooled cryo stage within the SEM for
imaging.

Oxygen transmission rates (OTRs) were determined
on a Mocon OX-TRAN 2/21 system with a lower
detection limit of 0.05 cm® m™ day™” atm™. The mea-
surements were performed at 23°C and 50% and
90% r.h. A mixture of 98% nitrogen and 2% hydrogen
(vlv) was used as the carrier gas and pure oxygen as
permeant (>99.95%, Linde Sauerstoff 3.5).

The thickness of the NaHec barrier coating was
measured with a High-Accuracy Digimatic Micrometer
(Mitutoyo, Japan) with a measuring range of 0-25 mm
and a resolution of 0.1 um. A mean value was
determined by ten measurements on different spots
in the permeability area.

Coating experiments

An aqueous 6 wt% NaHec suspension was used for
coating on corona-treated PET foils. The corona
treatment guarantees to maintain a uniform wetting
of the coated film after the fluid left the slot die. Prior
to coating, the suspension was homogenized in a
SpeedMixer DAC 400.2 VAC-P (Hauschild, Ger-
many) to remove air bubbles under vacuum (5 min,
50 mbar and up to 2500 rpm). The coating experiments
were conducted using a TSE Table Coater with a 1-
Layer Slot Die 300 mm, AAA (TSE Troller AG,
Switzerland). For the coating procedure, the coating
width was set to 0.21 m. The pump flow rate (3.4 ml
min'') and the table speed (0.2 m min') were adjusted
accordingly. The table temperature was set to 25°C and
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the coating gap set to 86 pum (36 um PET + 50 pm
coating height).

The obtained wet films were dried in-line applying a
slight under pressure by an airflow of approximately
1.5 m® min™ generated by a Side Channel Blower Type
1SD 510 (Elektror Airsystems GmbH, Germany). A
microporous surface below the airflow guarantees a
soft and uniformly solvent removal over the entire film
surface.

Results and discussion
Shear orientation of NaHec nanosheets

Viscosity measurements are usually carried out using a
plate—cone rotating viscometer to obtain the dynamic
viscosity n of liquids. Plain liquids, comprised of low
molecular weight molecules, show Newtonian behavior
meaning that shear viscosity remains constant and is
independent of shear rate. When, however, high
molecular weight polymers are dissolved in water at
sufficiently high concentration, e.g., carboxymethyl
cellulose (CMC), a shear thinning behavior is ob-
served. According to Mezger,’ this is related to the
disentanglement of the high molecular weight poly-
mers (Fig. 2 inset). For CMC, shear thinning is
perfectly reversible with no hysteresis. When the
distribution of # is measured with increasing and
decreasing shear rate j, the lines overlap (Fig. 2). This
indicates that the timeframe available for each 7
measurement is sufficient to yield the 5 value charac-
teristic for each adjusted } selected by the rheometer.
Owing to limitations of the measurement technology,
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Fig. 2: Viscosity measurements for increasing and
decreasing shear rates for water (black circle) and
0.3 wt% carboxymethyl cellulose solution (black triangle).
The black arrows indicate the measurement direction. The
inset shows the disentanglement of polymer chains under
shear
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the data show a scattering for small shear rates with
low-viscosity fluids. Therefore, n distributions are
shown only for 7 > 10 s™%.

The synthetic clay NaHec belongs to a few layered
compound% that show the rare phenomenon of osmotic
swelling,”' which leads to spontaneous delamination
into single NaHec nanosheets by immersing the clay in
deionized water.® A lateral dimension of 20 pm with a
thickness of 1 nm for such a nanosheet yields an aspect
ratio of ~ 20000 Due to this high aspect ratio,
nanosheets are hindered in rotation, giving a nematic
liquid crystalline phase as evidenced by SAXS (Fig. 3).
Even a concentrated (6 wt%, corresponding to
2.3 vol%) NaHec suspension represents a translation-
ally symmetric, stable, and homogeneous phase owing
to the strong electrostanc repulsion of negatively
charged clay nanosheets.® Therefore, nanosheets are
forced to adopt a cofacial arrangement with single
NaHec nanoshccts separated to 32 nm. The SAXS
curve shows a ¢ dependence at low and intermediate
q range that is characteristic for platelet-like objects.
Moreover, the osmotic swelling and platelet-like
geometry are proven further by employing a simple
model of disks with radius R = 10 pm and thickness
h =1nm separated to dyy; =32 £ 3.2 nm using a
Gauss distribution (Fig. 3 inset).

The inset in Flg 4a shows schematically the behav-
ior of nanosheets in a fluid under shear, according to
Mezger.® Please note that contrary to what was
proposed by Mezger, NaHec suspensions used here
are not isotropic but due to the large diameter, the
nanosheets are held in a coplanar arrangement within
domains, as evidenced in the SAXS measurements
(Fig. 3). The individual domains, however, are statis-
tically oriented. When shear stress is applied, these

d,
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o =32 M
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Fig. 3: SAXS pattern of a 6 wt% NaHec suspension
indicating a nematic phase with a uniform separation of
32 nm between adjacent nanosheets (circle, measured,
black line, calculated). The insets show birefringence of
the diluted (~1 wt%) nematic suspension between crossed
polarizers and the model (separated disks) used for fitting
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domains are gradually oriented resulting in a quasi-
single crystalline state, where all nanosheets are
rearranged into a cofacial orientation while still being
separated to a uniform distance. With increasing shear
rate, the suspension will then eventually represent a
Bragg stack (1D single crystal) that is perfectly
textured parallel to the rheometer plate (Fig. 4a).

Viscosity—shear rate distributions obtained for Na-
Hec suspensions of varying concentration with increas-
ing and decreasing 7 measurements showed shear
thinning and a pronounced hysteresis (Fig. 4a). As
expected, the initial viscosity decreased significantly
with decreasing concentration. When shear is relaxed,
the textures of cofacially aligned NaHec nanosheets,
generated by the velocity shear field of the suspension,
persist for a long time although the texture—producing
shear field is reduced. Hereby, the measured viscosities
stay constant though the shear stress is decreased
confirming the high stability of textures of shear
oriented NaHec nanosheets. This phenomenon is more
pronounced for suspensions of lower NaHec concen-
trations. As the dommaung 1nterparucle force is
electrostatic repulqon which increases with !, this
observation is somewhat counterintuitive. If shear
thinning is related to the alignment of domains and
individual nanosheets in the direction of the shear
force, the increase in 5 with decreasing shear rate
should be related with tilting and potentially undulat-
ing nanosheets in respect to the shear flow. This should
actually be more difficult at higher repulsion.

Shear alignment of nanosheets in the suspension was
additionally visualized by directly taking CryoSEM
images of vitrified suspension films. To suppress
crystallization of water that would destroy the pristine
suspension structures, for this experiment, the concen-
trations had to be increased to 20 wt% and addition-
ally 30% of glycerol had to be added (sce the
supporting information for experimental details, Flgs
S1, S2). After applying shear stress (up to 1000 s™)
while the plate was replaced with a SEM sample holder
for the NaHec suspension, it was vitrified and subse-
quently CryoSEM micrographs were recorded at
freeze-fractured surfaces (Fig. 4b, c). As expected
based on the rheology experiments, band-like struc-
tures with parallel plates translocated relative to each
other were the dominating feature.

To investigate the formation time At of oriented
nematic phases with nanosheets aligned in parallel to
the plate and cofacially to each other, three different
but constant shear rates for the rheometer were set and
the effective viscosity of a 1.5 wt% NaHec suspension
was measured over a period of time (Fig. 5). During
the formation time, the instantaneously applied shear
is responsible for the imposed forces acting on the
nanosheets that cause the nanosheets to orientate
towards the direction of the flow lines. Hereby, the
effective viscosity varies and finds a minimum once the
nanosheets aligned themselves in parallel to the walls
of the rotating plate of the rheometer. After approx-
imately twice the formation time, the nanosheets
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Fig. 4: (a) Effective viscosity measurements of NaHec suspensions of different concentrations: 3 wt% (red), 1.5 wt% (gray)
and 0.75 wt% (blue). The black arrows indicate the measurement direction, which is identical for each concentration. The
inset shows schematically the behavior of nanosheets under shear. (b), (c) CryoSEM images of shear oriented NaHec
suspensions (20 wt%) in a water/glycerol 70/30 w/w mixture

moved back into their final position, and the viscosity
reaches a constant value characteristic of the textured

50 nematic phase. While # converges to the same value
(@ within experimental errors, the formation times in-
sl crease with decreasing constant shear field § applied.
The limiting value of n is characteristic for a given
& b concentration (Fig. S3) indicating that the quality of
2301 \ texture approached is the same, although it takes
= oo e o o 0 0 0 s e s longer to achieve it.
20+ From these measurements, a formation time of the
i A1=0.37s shear oriented texture can be deduced that corre-
I s e sponds to the minimum of the viscosity. Multiplying A
10 g : + "
with each shear rate applied yields the following
(b) relation:
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20k Hence, the stronger the applied shear field is, the
A1=0.50's faster the aligned nematic phase forms. The constant
: 36 was determined as a mean value of the three
10 = measurements. So far, our results indicate that effec-
(c) tive shear viscosity measurements permit information
w40 F to be obtained about texturing of nanosheet suspen-
ng ° sions. Next, this information will be transformed into
T \.\ scalable processing of barrier films that require such a
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coatings applied in a technically benign processing on
substrates. Since the viscosity of nanosheet suspensions
Fig. 5: Measured formation time At of oriented nematic 15 considerable, the concentrations that can be pro-

phases in a 1.5 wt% NaHec suspension for different shear ~ cessed are low (Fig. 4). Shear thinning helps but since
rates: (a) 100 s™; (b) 70 s™; (c) 50 ™' evaporation of large amounts of suspension medium
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takes time, sufficient inertness of the shear alignment is
required. The observed rheological behavior of NaHec
suspensions suggests that high shear fields should be
employed to yield aligned nanosheets parallel to the
substrate already within the applied coating tool. Slot
dies of the kind illustrated in Fig. 6 promise to be
advantageous for this task. The suspension enters the
slot die via the fluid supply slot. The actual coating
region is located between the lips / of the die and the
substrate to be coated, that moves with a certain web
velocity Uw. The flow regions underneath the lips
possess the shear field of a Couette flow and, if this flow
dominates, a nanosheet suspension is exposed to this
shear field for the following experimental time Af.y:

31

Aty =
Uw

2)

After the suspension leaves the fluid supply slot
(Fig. 6), it moves first to the direction of the back
meniscus and then passes two more times the lip length
[ before it leaves the shear field between the lips and
the substrate at the front meniscus. This yields three
times the length of the lips / as given in equation (1),
assuming the slot width is negligible. By including the
coating gap d, the actual shear rate 7., to which the
suspension is exposed can be calculated as follows:

®3)

Taking the formation time Af; of the nanosheet

If this time condition is maintained, the nanosheet
suspension is exposed for a sufficiently long time to
form the shear oriented structures that were seen using
the Anton Paar rheometer. Combining equations (2)
and (4) yields

d

S, Sl 5
UW_36UW (5)
1

=3

12_d ©)

Hence, the rheological measurements combined
with the above considerations give access to the
geometry of slot dies needed to achieve sufficient
nanosheet alignment in the coating process. If one
decides to employ a slot die in its “bead coating”
mode, the following condition**** must hold:
d>2h (7)
where £ is the coated layer thickness (Fig. 6) and hence
equations (6) and (7) can be combined to give
1> 24h (8)

Coating textured films of nanosheets require slot
dies with “long lips” to be employed, as equation (8)
shows. Alternatively, a slow web velocity U,, can be
applied for the coating procedure that increases the
experimental time A, as equation (4) suggests. In

textures into account, i.e., equation (1), allows the  Summary, increasing the lip length / and decreasing U,
following time consideration to be written: both will increase Aty and the combination will ideally
produce highly textured films. We emphasize that this
36 d implies that rheological measurements that yield
Atex > Alp = == 36U— (4)  effective viscosities of nanoparticle suspensions pro-
! W vide useful information for the design of coating tools.
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Fig. 6: Schematic representation of the coating flow of a slot die intended for coating flow considerations. The scheme was

redrawn according to Dongari et al.?®
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To coat nanosheet suspensions appropriately to
produce foils with good barrier layers, it is essential
to choose a suitable slot die design for the requested
layer thickness A, according to equation (8). We
employed a slot die with lip length /= 600 pm allowing
to coat layers of & < 25 pm. Therefore, the require-
ments discussed above were fulfilled. The coating and
drying process was performed using the equipment
shown in Fig. 7 that can easily be adapted to large scale
and high throughput at an industrial level. A NaHec
suspension (6 wt%) was coated onto a corona pre-
treated PET foil with a coating gap of 50 um yielding a
wet film thickness of approximately 25 jpm. In addition,
a slow web velocity Uy, of 0.2 m min™' was applied to
guarantee sufficiently experimental time Af. for the
formation of aligned nanosheet textures in parallel to
the substrate already within the shear field of the slot
die. In this way, a 1.5 pm thick clay-only barrier
coating consisting only of overlapping NaHec na-
nosheets was obtained as visualized in the SEM image
(Fig. S4). Apparently, this hints at the sufficient inert-
ness of the shear oriented textures upon drying and
solvent removal. The NaHec nanosheets are perfectly
aligned with respect to the PET substrate.

The quality of texture of the NaHec coating was
investigated by 2D SAXS measurements (Fig. 8a). The
sample was oriented parallel to the beam direction.
The weak halos along the g,-axis are characteristic of
the PET substrate and appear vertically to the beam
direction (compare Fig. S5). In parallel with the PET
domains, 00!/ Bragg reflections of the 1D crystalline
NaHec films are visible along the g,-axis, indicating
parallel arrangement of the NaHec nanosheets relative
to the PET substrate. The absence of other peaks in the
2D SAXS pattern proves that the clay nanosheets are
aligned perfectly parallel and no other orientation is
present. For comparison, the inset at the bottom half
shows the theoretical scattering of perfectly aligned
disks (R =10 pm, A =1 nm, dyy; = 1.3 nm). The SAXS
data thus confirm that a perfect texture was achieved

1: Syringe pump system

2: Moving vacuum table

3: Height adjustable slot die
4: Dryer unit

5: Laminar flow box

6: Compressor

7: Control unit

Fig. 7: Sketch of the coating and drying facility. The inset
shows the operating slot die (TSE Troller AG)
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by shear orientation below the slot die during the
coating process, and moreover, that this texture is
preserved upon drying of the wet film.

Furthermore, the NaHec film was equilibrated at
43% r.h. and subsequently analyzed by powder X-ray
diffraction (PXRD). A series of basal reflections was
visible up to fourth order with a low coefficient of
variation (CV) of 0.1% (Fig. 8b), which according to
Meuring’s rules™ indicates a perfect 1D crystallinity
with constant separation of adjacent nanosheets. The
broad peak at 26° 2f) marked with an asterisk arises
from the PET substrate (Fig. S6). The basal spacing of
12.6 A, moreover, agrees within experimental error
with the value observed for pristine, as synthesized
NaHec.'? This together with the low CV indicates that
upon drying a perfect 1D “‘single crystalline” film was
formed by restacking cofacially aligned nanosheets
into a perfectly textured Bragg stack oriented parallel
to the PET foil as already indicated by the SAXS data.
Faults in the 1D periodicity caused by misalignment or
inclusion of crumbled or folded nanosheets or larger
voids could not be detected. This is further corrobo-
rated by the high transparency of the NaHec coating
(Fig. 8b inset), as larger voids would cause scalterlng

According to the tortuous path model'™'? and in
addition to the aspect ratio of the filler, the quality of
texture plays an important role in achieving superior
gas barrier properties, and the perfect parallel align-
ment of nanosheets is expected to produce films with
low permeability. And indeed, the clay-only films
produccd by slot die coating showed oxygen transmis-
sion rates (OTRs) comparable to vacuum-deposited
aluminum coatings (Table 1).2° All OTRs were mea-
sured at 23°C and equilibration to the applied r.h. was
guaranteed.

The OTR of neat PET could be decreased by a
factor of more than 20 at 50% r.h. and 23°C by
applying this thin coating (1.5 pm) of NaHec. Absolute
transmission values are relevant for industrial applica-
tions, but they depend strongly on the thickness of the
investigated barrier liner. For better comparison with
other materials, transmission rates were converted into
permeabilities by multiplying with the overall thickness
of the coated PET foil. Moreover, the contribution of
the PET substrate to the total OTR is subtracted by
applylng a series expansion according to Roberts
et al”’ Thereby, an oxygen permeability (OP) of
2.2 cm® pum m? day™' bar” was obtained for the neat
NaHec coating, which surpasses that of commonly used
polymer materials in the packaging segment by orders
of magnltudc For instance, thc OP for PET applied as
substrate is 1321 cm® urn m? day™! bar’ and that for
poly(vmyl chlonde) ~ 2000 8000 cm pm m
day” bar!  (2-8 cm® mm m™ day™ bar”,  respec-
tively)?® at 23°C and 50% r.h. Quite surprlsmgly and
despite the known increased swelling of NaHec at
elevated r.h.. the OP of the NaHec coating at 23°C
and 90% r.h. deterlorates by only 80%. The observed
OP of 3.9 cm® pm m day™! bar ! at this r.h. indicates a
lower moisture  sensitivity as  hydrophobized
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Fig. 8: (a) 2D SAXS pattern of NaHec films on PET measured in parallel geometry. The inset at the bottom half shows the
theoretical pattern with a 007 Bragg reflection at 1.3 nm (b) PXRD pattern of NaHec coating. The inset shows transparent

PET (top) and NaHec (bottom) films

Table 1: OTRs of slot die coated NaHec films (1.5 pm)
measured at 23°C and different r.h.

Film OTR / cm® m? day™" bar
23°C, 50% r.h. 23°C, 90% r.h.

PET (36 um) 36.7 33.0

PET (36 um) + NaHec 1.4 2.4

poly(ethylene-co-vinyl alcohol) (EVOH). An EVOH
type with an ethylene content of 27 mol%, typically
used for food packaging, shows an OP deterioration bjz
a factor of ~85 in the range between 50 and 90% r.h.”

Comparing our results with previously published,
clearly inferior OP of synthetic LiHec -coatings
obtained by doctor bladin% on polypropylene substrate
(60 cm® pm m? day™ bar? at 23°C and 50% r.h.),*’
would indicate that optimized processing by appropri-
ate slot die coating makes a major contribution to the
excellent barrier performance.

Inorganic NaHec clay-only coatings in combination
with the studied slot die coating process are a green
and smart solution to producing high oxygen barrier
layers that provide stable protection towards gas
permeation at elevated r.h.

Conclusions

Viscosity—shear rate distributions give valuable insight
into the kinetics and the required shear stress for shear
orientation of nanosheet suspensions. The formation
time of these textures is inversely proportional to the
applied shear rate in a plate—cone rheometer. With this
information, a relation could be deduced that in turn
allows for designing slot dies that assure shear orien-
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tation of nematic nanosheet suspensions within the
geometry of the slot die. Applying such a slot die to
high aspect ratio NaHec nanosheets suspensions,
perfectly aligned 1D *“single crystalline” wet films can
be obtained with sufficient inertness to maintain their
orientation for a long enough time allowing to obtain
textured dry films. Slot die coating, therefore, repre-
sents a technically benign coating process appropriate
to obtain perfectly textured nanosheet films as required
for barrier coatings.
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Experimental

Shear orientation prior to CryoSEM. Shear orientation of a 20 wt% NaHec
suspension at 20 °C was conducted on an Anton Paar MCR302 rheometer equipped
with a Peltier plate (P-PTD 200) for temperature control. For these experiments a
parallel plate geometry with a plate diameter of D = 12 mm was used and the sample
was directly applied on a SEM sample holder for easy transfer to the freeze fracture
unit for CryoSEM investigations (Fig. S1). The sample was first pre-sheared at a shear
rate of y =0.01s™" for 60 s, followed by a continuous increase to y= 1000 s
(logarithmic shear rate profile, Fig. S2), which was held for additional 60 s to complete
sample orientation.

SEM images were recorded using the instrument ZEISS LEO 1530 (Carl, Zeiss
AG, Germany) operating at 3.0 kV equipped with an in-lens secondary detector. A
cross-section of the coating was obtained employing a scalpel, and cutting was

performed towards the substrate side to protect the coating.
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Fig. S1: Experimental setup for the shear orientation of a 20 wt% NaHec suspension applied to

prepare samples for CryoSEM images.
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Fig. S2: Flow curve measurements of a 20 wt% NaHec suspension in a water/glycerol 70/30 w/w
mixture applied to prepare samples for CryoSEM images. Glycerol was used as antifreeze agent to
guarantee a homogeneous vitrification. The sample was vitrified after shear-induced alignment of

NaHec nanosheets at a shear rate of 1000 s-' and subsequently CryoSEM micrographs were

recorded.
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Fig. S3: n,-effective measured for different shear rates y. With increasing y, n..-effective decreases
indicating an improved texturing. Triangles, squares and dots indicate different series of

measurements that were performed with a 1.5 wt% NaHec suspension.

PET substrate

Fig. S4: Cross-sectional SEM image of the NaHec coating.
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Fig. §5: Two-dimensional SAXS pattern of PET substrate.

Intensity / a.u.

__N_

T T T T T T

5 10 15 20 25 30
20/°

Fig. S6: PXRD pattern of the neat corona pre-treated PET substrate.
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Abstract
Poly(vinyl alcohol) (PVOH) based water-soluble packaging with intentional
disposal into wastewater provides great convenience for both households and
industry. In this paper, we demonstrate with CO, evolution testing that only
insignificant fractions (~2%) of PVOH biodegrade in wastewater within
33 days. To avoid unintentional environmental build-up and the accompany-
ing consequences to marine life, alternative materials with a suitable balance
of performance and biodegradability are needed. Until now, the barrier proper-
ties of biodegradable biopolymers could not compete with state-of-the-art
water-soluble packaging materials like PVOH films. In this paper, we report
on waterborne, sandwich-structured films using hydroxypropyl methylcellu-
lose or alginate produced with an industrially scalable slot-die coater system.
The inner layer of the film consists of a collapsed nematic suspension of high
aspect ratio synthetic clay nanosheets that act as an impermeable wall. Such a
film structure not only allows for barrier filler loadings capable of sufficiently
oxygen
0.063 cm® mm m 2 day ' bar ' and 53.8 g mm m > day ' bar

reducing and water vapor permeability of alginate to

!, respectively,
but also provides mechanical reinforcement to the biopolymer films facilitating
scalable processing. Moreover, the films disintegrated in water in less than

6 min while rapid biodegradation of the dissolved polymer was observed.

KEYWORDS

biodegradable and water-soluble packaging, microplastic, oxygen and water vapor barrier,
slot die coating, sustainability

1 | INTRODUCTION

Water-soluble packaging films provide premeasured con-
venience to the delivery of dishwasher and laundry deter-
gents, pesticides, fertilizer, dyes, and cement additives.

This is an open access art

medium, provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of Applied Polymer Science published by Wiley Periodicals LLC.
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They are designed to dissolve and be released into the
environment during use——particularly into wastewater
streams. Poly(vinyl alcohol) (PVOH) is the most com-
monly employed polymer for such packaging as it is
widely accepted as biodegradable. However, the kinetics
of degradation in conventional wastewater are so slow
that PVOH is actually considered a recalcitrant
pollutant.”

Removal of PVOH from industrial wastewater is not
accomplished through standard procedures, which consist
of biological treatment with microbial stems that are com-
monly encountered in communal sewage plants to break
down organic matter contaminates. The persistence of
PVOH has led some to suggest the addition of advanced
oxidation processes (ozonation, persulfate oxidation, elec-
trochemical oxidation, etc.) to wastewater treatment facili-
ties to reduce the level of contamination.’”> Unfortunately,
this suggestion does not address the root of the problem
and overlooks the poor worldwide accessibility to state-of-
the-art wastewater treatment facilities.

Certain microorganisms, such as Pseudomonas
(Sphingomonads) strains, are capable of biodegrading
PVOH after acclimating in heavily contaminated waters, but
the conditions for sufficient acclimation are highly specific.
Such wastewater streams are primarily those of paper and
textile treatment plants that continuously expel PVOH in
large quantities.>®’ Even with acclimated microorganisms,
the kinetics of PVOH removal depends on various additional
factors, including molecular weight, degree of hydrolysis,
and the presence of salts.** PVOH contamination in natural
water bodies has already brought consequences including
increases in the chemical oxygen demand and inhibition of
aerobic microorganisms, suffocating surface foam, and
mobilization of heavy metals within water streams.>'*"!

Products that employ water-soluble films having an
intentional disposal into the environment should be
designed in a more responsible manner that does not
contribute to wastewater pollution. The challenge is
matching the excellent properties that PVOH provides
with a more readily biodegradable alternative that meets
the requirements during usage while allowing for being
washed away. An ideal sustainable, water-soluble pack-
aging film would exhibit biodegradability in wastewater,
high gas barrier, flexible mechanical properties, transpar-
ent optical properties, as well as being suitable for high-
volume manufacturing.

While natural biopolymers, including cellulose, alginate,
whey protein, and so forth,'? are quite attractive for use as
alternative packaging material because they are readily
water-soluble as well as biocompatible, nontoxic, and
renewable,'® they lack sufficient gas barrier and mechanical
toughness. Both water vapor and oxygen barrier perfor-
mance are critical considerations for commercial packaging
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materials to prevent the breakdown of the film under ambi-
ent conditions and degradation of oxygen or water vapor
sensitive products."* Some successful attempts to fabricate
biopolymer films with properties relevant to water-soluble
packaging offering a considerable water vapor barrier have
been made at the lab scale, however, the fabrication tech-
niques, including solvent casting or electrospinning, would
not be practical for large-scale production.'>'®

Improving the barrier of natural biopolymers can be
accomplished effectively by the use of barrier fillers. The
synthetic clay sodium hectorite (Hec) has imparted massive
barrier improvements to biodegradable polymers in the past
thanks to its exceptional aspect ratio and complete interca-
lation by water-soluble polymers.'”'® Our group reported
recently that band-like aggregates of Hec, even without an
intercalated polymer matrix, provide an excellent barrier to
oxygen due to the perfect clay nanosheet alignment induced
during application by slot die coating."’

Slot die coating is a relatively unexplored lab-scale
film preparation method that can easily be translated into
a large-scale and low-cost roll-to-roll process. The instru-
ment uses a die head having a thin slot from which
metered solution exits onto a moving substrate. The
encountered shear thinning on the applied solution is
particularly useful to improve barrier properties due to
the alignment of polymer chains and suspended barrier
filler in the resulting film.***'

In this work, we report a slot die coating method that
can be translated into large-scale roll-to-roll manufactur-
ing of high-barrier, self-standing biodegradable films for
water-soluble packaging applications. Waterborne lay-
ered films made of Hec with either PVOH, hydroxypropyl
methylcellulose (HPMC), or sodium alginate (alginate)
were evaluated as a packaging material in terms of water
solubility, gas barrier properties, mechanical perfor-
mance, and optical properties. CO, evolution of the lay-
ered films in wastewater is compared to the same
polymer film without Hec to ensure improvements in
physical properties do not come at a sacrifice to
biodegradability.

A roll-to-roll process easily enables the incorporation
of multiple functional layers, unlike traditional solvent
casting which is practically limited to a single monolayer.
The layered structure of these films prevents complications
that come with compounding a nematic Hec suspension
with biopolymers like high viscosities, aggregation of filler,
or embrittlement that limits high clay loadings."® At the
same time, the exceptional barrier enhancement expected
from the use of high aspect ratio nanosheets is ensured,
producing biodegradable, high-performance, and scalable
packaging films. With water being the only solvent
employed, the production of the films aims to fulfill the
12 Principals of Green Chemistry.>
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FIGURE 1 Small angle x-ray scattering (SAXS) pattern of a

6 Wt% (~2.3 vol%) aqueous Hec suspension with nanosheets
uniformly separated to 30.5 nm (emeasured, —calculated). The top
inset shows birefringence of the diluted nematic Hec suspension
between crossed polarizers. The bottom inset displays the model of
disks used for the calculated SAXS intensity. [Color figure can be
viewed at wileyonlinelibrary.com]

2 | RESULTS AND DISCUSSION

2.1 | Film fabrication

A quantitatively delaminated suspension of Hec can be
prepared by simply mixing the bulk clay in water. The
rare phenomenon of thermodynamically allowed one-
dimensional dissolution (i.e., osmotic swelling) that is
accessible to this material provides single layers of nega-
tively charged nanosheets without the use of mechanical
force.”® Fully delaminated Hec nanosheets have a pre-
served platelet diameter of ~20,000 nm with a single
layer thickness of 1 nm, yielding an exceptionally large
aspect ratio (ratio of platelet diameter to thickness).**
Such a high aspect ratio of ~20,000 hinders rotation of
adjacent Hec nanosheets in solution even at concentra-
tions as low as 1 vol%,”® giving a nematic liquid crystal-
line phase as indicated by the birefringence observed
under cross-polarized light (Figure 1, top inset). Under
closer inspection employing small angle x-ray scattering
(SAXS), we can confirm a highly ordered liquid crystal
structure with single Hec nanosheets separated to
30.5 nm corresponding to a 6 wt% (x2.3 vol%) aqueous
Hec suspension (Figure 1). The g >-dependence of the
SAXS curve at the low and intermediate g-range is char-
acteristic for platy two-dimensional objects.”® This geom-
etry is further corroborated by applying a calculated
model of disks with a radius of 10,000 nm (+15%) and a
thickness of 1 nm (+7%) separated to a d-spacing of
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30.5 + 3 nm using a Gaussian distribution (Figure 1, bot-
tom inset). Observable reflexes up to 005 and an absence
of peaks in the high g region that would indicate an
undelaminated fraction verifies the presence of a transla-
tionally homogeneous nematic phase. The nematic
nature of the Hec suspension is a critical aspect to obtain
superior barrier properties since coated Hec nanosheets
should lie parallel to the substrate and perpendicular to
the direction of gas diffusion.”” Retention of this struc-
tural order during processing will be ensured by employ-
ing a slot die coating instrument.

Separate polymer solutions of PVOH, HPMC, and
Alginate were prepared by mixing the respective poly-
mers with the plasticizers sorbitol and glycerol in a
weight ratio of 80/10/10 (polymer/sorbitol/glycerol) in
water. Plasticizers were added to obtain soft and flexible
films as required for single-serving pouch applications.
Solution concentrations and wet-coat heights were
adjusted to warrant viscosities appropriate for slot die
coating.

Due to the repulsive nature of the nanosheets that
constitute liquid crystalline, delaminated Hec, suspen-
sions of this material are highly viscous even at solid con-
tents as low as 3 wt%.*® The Hec suspension was
prepared as 6 wt% in double distilled water, reflecting the
maximum viscosity processible with the in-house slot die
coater.

The polymer blends and the Hec suspension were
then applied sequentially onto a PLA carrier substrate
using a slot-die coater. The choice of material for the car-
rier substrate is inconsequential, as it will be removed
from the layered films prior to analysis. In a similar fash-
ion to the production of commercial layered films, the
lab-scale slot-die coater provides precise and programma-
ble solution deposition to make customizable layer struc-
tures. For this work, we chose a sandwich structure
consisting of three layers arranged as polymer/Hec/poly-
mer. With this structure, a suitable Hec content can be
added without the concern of increasing viscosity of the
polymer solution into ranges unsuitable for processing,
as would be the case when working with a single, com-
bined polymer/Hec suspension. Unlocking filler restric-
tions also gives access to properties of biopolymer
nanocomposites that are unattainable with a homoge-
nous blend. A sandwich structure produced on a large-
scale roll-to-roll process would consist of three sequential
slot die heads, separated by drying units, and a collecting
roll to remove the film from the carrier substrate when
the addition of layers is complete (Figure 2a).

In our current laboratory setup, we are limited to a
single slot die head, so the roll-to-roll process is stimu-
lated by drying coated layers with a lamellar airflow
dryer, then exchanging the solution in the slot die and



Results

ROHRL ET AL.

(@)

Nematic Hec
suspension

Polymer
solution

FIGURE 2

(b)
Water-soluble
barrier film

Polymer
Hec

=, Polymer

(a) Sketch of the potential roll-to-roll processing method employing three consecutive slot die heads and drying units. In this

way, a multi-layered film can be fabricated in-line and at high throughput by applying different coating solutions. Here we propose a layered
sandwich structure with a first inner layer of water-soluble polymer, a second barrier layer of Hec and a third sealing layer of water-soluble
polymer on top. The layered film is peeled-off and rolled-up while the carrier substrate can be reused. The inset highlights the tortuous path
that a sandwiched Hec barrier layer provides against gas permeation. (b) Scanning electron microscopy (SEM) image of a single Hec
nanosheet with a diameter >20 pm. [Color figure can be viewed at wileyonlinelibrary.com|

coating the next layer on top of the dry one. Given a
desired dry film thickness and solution solid content, the
wet coating thickness is adjusted by means of the pump
flow rate, table speed, and coating gap. The final dry film
can be easily peeled from the carrier substrate for analy-
sis. A sandwich polymer film was produced from each of
the three polymer solutions prepared. Due to the stag-
gered stacking of platelets within a nematic Hec suspen-
sion and the large lateral extension of these sheets, we
expect that the collapse of the structure upon drying will
create a solid and nearly impermeable wall with a band-
like structure and a diffusion path for permeates that is
dramatically tortuous (Figure 2b).*’

The final clay content of the PVOH, HPMC, and algi-
nate layered films was determined from the residue that
remains after a temperature ramp during thermal gravi-
metric analysis (Figure S1) as 21, 22, and 40 wt%, respec-
tively. For comparison, monolayer films of each polymer
(without Hec) were also prepared from the same poly-
mer/plasticizer solution to ensure identical plasticizer
content.

2.2 | Imaging

Cross-sections of each of the prepared films were observed
with scanning electron microscopy (SEM) (Figure S2). The
consecutive coating of individual layers provides highly
uniform outer polymer layers of ~30 pm sandwiching the
inner Hec layer. The slight detachment of the top layer of
polymer from the Hec layer is an artifact from preparation
for imaging. The center Hec layer, which exhibits the pro-
posed barrier wall structure, is %6 pm thick, neglecting the
area of detachment. The ideal parallel alignment of the
nanosheets can be attributed to the shear forces that
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FIGURE 3

Transmission electron microscope (TEM) cross-
sections of the PVOH/Hec/PVOH film. (a) Interface between first
PVOH sublayer and second Hec barrier layer. (b) Interface between
second Hec barrier layer and top PVOH layer.

suspensions are subjected to within the slot die coating
head, which retains the highly ordered, liquid crystalline
Hec structure during processing.”® Electron dispersive
x-ray (EDX) element mapping of the film cross-sections
with silicon from Hec represented in cyan and carbon
from the PVOH represented in red aid in distinguishing
the defined layer structure.
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The layer interfaces within the PVOH/Hec/PVOH
film were further investigated by transmission electron
microscope (TEM) of the cross-sections prepared by cryo-
ion-slicing (Figure 3). Observation of HPMC/Hec/HPMC
and alginate/Hec/alginate films with TEM imaging was
not possible as the jon beam used to prepare ultra-thin
slices damages the biopolymers.

It appears that coating an aqueous Hec suspension
onto the water-soluble PVOH sublayer leads to a partial
re-dissolution of the dried polymer layer. This mobilizes
the polymer, allowing it to diffuse between adjacent
nanosheets that are separated to 30.5 nm in the liquid
nematic state. The in-situ formed nanocomposite interface
reaches only 1 pm into the Hec layer due to the tortuosity
imparted by the impermeable nanosheets that restrict fur-
ther diffusion as drying progresses (Figure 3a). Such a
structure at the interface provides excellent layer adhesion
between the Hec and polymer domains. The amount of
diffusion from the top layer of PVOH into the Hec region
is less than the bottom layer of PVOH (Figure 3b), which
explains its higher susceptibility to delayering as observed
in the SEM image. Such behavior is not a surprise as a
Hec layer is less prone to swelling upon removal of water
and restacking of platelets. This suggests that the size of
the nanocomposite interface could be modified by the dry-
ing treatment of the layers. Earlier studies have also dem-
onstrated that the degree of PVOH intercalation into Hec
can be modified by decreasing the drying temperature.*

The formation of an interfacial nanocomposite is
assumed to form in the HPMC and alginate layered films
as well due to their XRD patterns (Figure S3), which
reflect a d-spacing of 1.6 and 1.4 nm, respectively. These
values are substantially higher than the basal spacing of
neat Hec (dgo; = 0.96 nm).** The PVOH layered film also
exhibits a d-spacing of 1.6 nm.

2.3 | Characterization and application

2.3.1 | Water solubility tests

The desired time for a water-soluble packaging film to
disintegrate depends upon the mode of application. For
household use, like in detergent pods, dissolution within
minutes is desired, but it must be balanced with some
degree of resistance to moisture or water vapor that may
be encountered during transport and storage.

To evaluate film behavior when exposed to water,
each film underwent water solubility testing according to
the MSTM-205 testing standard (Figure S4). Films were
held still in vigorously mixing water at room tempera-
ture. Disintegration time is defined as the time it takes
until film breakage is observed, and dissolution time as
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TABLE 1 Disintegration and dissolution time of water-soluble
films according to the method “MSTM-205 Solubility Test with
Plastic Holder” in distilled water at a temperature of 23°C.

Disintegration Dissolution
Film time (min) time (min)
PVOH/Hec/PVOH STHAETLS 9.7+21
HPMC/Hec/HPMC 5.9 +21 7.4 +2.1
Alginate/Hec/ 29+09 43406

Alginate

PVOH 03 +0.1 04+0
HPMC 03+0.1 0.5+0.1
Alginate 01+0 01+0

the time it takes until fragments of the film are no longer
detectable by eye. Comparative tests were performed with
neat polymer films (Table 1).

All of the plasticized polymer films exhibited disintegra-
tion in 0.3 min or less and underwent complete dissolution
in no longer than 0.5 min, with HPMC taking the longest
to do so. This is an expected result for these highly hydro-
philic and water-soluble polymers. As a sandwich layered
film, the time to disintegration was delayed to 2.9 min for
alginate and 5.7 and 5.9 min for PVOH and HMPC, respec-
tively. The time to disintegration, comparable to the time it
would take for a pouch to release its contents, could be
characterized for the desired application, for example, rapid
release pouch (alginate film) or a standard release time
(PVOH and HPMC film). Dissolution time of the three films
ranged from 4.3 min for the alginate/Hec/alginate film to
9.7 min for the PVOH/Hec/PVOH film. The sandwich film
structure proved able to provide some hydrophobicity when
added to water-soluble polymers without totally hindering
their ability to disintegrate rapidly. Hydrophobization has
also been observed in intercalated Hec nanocomposites
with other water-soluble polymers by means of an
increased resistance to swelling and the improved water
vapor barrier.'”*° This slight modification of film properties
makes them much more practical for real-world use where
accidental exposure to water should not cause premature
disintegration and exposure to humid conditions should not
initiate excessive swelling that ruins film integrity and bar-
rier. Films of the plasticized polymers themselves disinte-
grate within 20 s of exposure to water, which would lead to
much wasted product if storage conditions are not strictly
monitored. Although the layering of Hec within these same
plasticized polymers increases their disintegration time,
their ability to dissolve fully under 10 min at room tempera-
ture was not impeded. A range of disintegration and disso-
lution times could be customized by altering the film layer
structure and by using different polymers to match expected
packaging conditions.
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OP at 23°C and 50% RH WVPat23°Cand85% RH | ABLE 2 Oxygen permeability
Films/polymers (cm®*mm m *day 'bar ') (gmmm *day 'bar ') g\%?;?fr:::;?ﬁlfj;:‘gﬁ:w
PVOH/Hec/PVOH 0.008 (65% RH) 84 compared with common polymers used
HPMC/Hec/HPMC 0.001 (65% RH) 12.5 for packaging and biodegradable
Alginate/Hec/Alginate 0.063 (65% RH) 53.8 polymers.
PVOH* 0.02 (0% RH) 1260
Poly(ethylene 1-5 21-84
terephthalate) (PET)"
Polypropylene (PP)* 50-100 8-17
Polyethylene (PE)* 50-200 21-84
Poly(vinyl chloride) 2-8 42-84
(PVC)*
Poly(lactic acid) (PLA)" 3-15 (0%/50% RH) 158-855
Poly(butylene adipate 61 3450 (100% RH)

terephthalate) (PBAT)®
EVOH 32 mol%* 0.01 (65% RH)

Exceval’ 0.002 (65% RH)

Note: Unless otherwise stated, the OP and WVP are given at test conditions of 23°C and 50% RH, 85% RH,
respectively. Values are partially converted from their originally reported units allowing a consistent

comparison.

“Lange and Wyser.*!

"Wu et al.*©

Mitsubishi Gas Chemical.*'
9Kuraray.*?

2.3.2 | Gas barrier properties

Despite being water-soluble, the layered films provide
exceptional protection against permeates, like oxygen
and water vapor, that cause deteriorative reactions in
many products. Oxygen transmission rate (OTR) and
water vapor transmission rate (WVTR) values recorded
for our layered films were converted into oxygen perme-
ability (OP) and water vapor permeability (WVP) to nor-
malize for film thickness and allow comparison across
commercial and literature reports (Table 2). At a 65% rel-
ative humidity (RH), the PVOH, and HPMC layered films
have an OP of 0.008 and 0.001 cm® mm m ™2 day™' bar™,
respectively. These values are comparable to the high-
performance Exceval and outperform other common
non-degradable packaging materials like polyethylene
terephthalate (PET), polyethylene (PE), and poly(vinyl
chloride) (PVC) measured at a lower 50% RH.>'?> WvP
values at a challenging 85% RH for PVOH and HPMC
layered films are 8.4 and 12.5g mm m *day ' bar *,
respectively, once again outperforming the same com-
mercial films.

While hydrophilic polymers like Exceval and ethylene
vinyl alcohol (EVOH) swell at elevated RH, which
degrades barrier performance,*>** the Hec barrier layer
blocks diffusion of absorbed water and slows the swelling
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process. This becomes evident when comparing the WVP
of 1260 gmm m >day ' bar™' for neat water-soluble
PVOH with the low WVP of 8.4 g mm m 2 day * bar *
found for the Hec loaded PVOH layered film at a
demanding high 85% RH.*! The incorporated Hec barrier
layer hampers swelling and concomitant breakdown of
barrier as indicated by a barrier improvement factor
of 150.

Our processing strategy easily achieves top OP and
WVP performance for HPMC among other HPMC sys-
tems reported in literature across various fillers and
blends.** Although the layered alginate film falls slightly
behind our other layered films and Exceval, it neverthe-
less outperforms several commercial packaging films and
is competitive with the same materials in terms of WVP.
The OP and WVP values for the alginate layered film of
0.063 cm®> mm m *day 'bar' and 53.8gmmm 2
day ' bar ', respectively, surpass previously reported
barrier values for this material, even compared to other
nanocomposites or crosslinked structures.*>** All of our
layered films are orders of magnitude better in both OP
and WVP when compared to commercial biodegradable
films like PLA and poly(butylene adipate terephthalate)
(PBAT). In general, the high barrier requirements for
packaging are usually out of range for unfilled biodegrad-
able materials.*’
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FIGURE 4 Characterization of the films. (a) Mechanical properties of the plasticized polymers (10 wt% of each plasticizer, sorbitol, and
glycerol) and their layered films with Hec. (b) Optical properties of layered films. (c) Biodegradation measured in terms of conversion to CO,
of the plasticized polymers (10 wt% of each plasticizer, sorbitol, and glycerol) and their layered films with Hec. [Color figure can be viewed
at wileyonlinelibrary.com]

2.3.3 | Mechanical properties this embrittlement effect. The simple and scalable

method of producing barrier films that we report here
With an excellent barrier to permeating gases, the evalua- provides a promising solution to such critical hurdles of
tion of these layered films as a packaging material con- the past.

tinues with the examination of mechanical performance.
These water-soluble polymer layered films also exhibited

excellent tensile properties suitable for flexible packaging ~ 2.3.4 | Optical properties
films (Figure 4a, Table S1). The addition of the Hec layer
improved the elastic modulus of all three of the plasti- Characterization of the optical properties of the layered

cized polymers, establishing further functionality as a films was performed to demonstrate how these films also
structural reinforcement. For alginate, the Hec layer meet the consumer preference for transparent packaging
boosts its elastic modulus from 35 to 1100 MPa. HPMC (Figure 4b). The PVOH layered film provides the most
layered films exhibited nearly a 300% increase in its ten- transparent film, while the alginate layered film suffers
sile strength. Naturally, percent elongation at break was  from slight haziness. Nevertheless, all three of the layered
reduced in all samples from the clay layer, however, materials exhibit excellent optical properties that are suit-
severe embrittlement that is often observed in dispersed able for transparent packaging needs, as displayed in an
nanocomposite systems, even at much lower clay load- example of packaged dishwasher tablets (Figure 4b,
ings than reported here, was avoided.*®**** Moreover, inset).
the stretchability of PVOH is retained despite 22 wt%
Hec, although delamination of the film layers was
observed starting around 40% elongation. 2.3.5 | CO, evolution testing for

A balance of suitable mechanical performance and  biodegradation
suitable barrier properties has plagued degradable clay
nanocomposites in the past due to how the same rigid, = Dissolution of polymers can favor biodegradation kinetics
impermeable fillers that elongate the diffusion pathway  since, in the dissolved state, polymers have a maximized
for permeates also cause embrittlement of the polymer exposed surface area available to chain scission via
matrix.** These competing effects limited clay loading  hydrolysis. The oligomeric pieces may then be mineral-
to below 5 wt% in dispersed nanocomposites and thus ized by microbial assimilation. However, this assimilation
limited barrier performance. In this way, achieving high by microbes is not guaranteed simply by dissolution but
performance regarding both barrier and mechanical additionally requires an appropriate match of enzymes
properties in a single material presented a huge hurdle and chain functionalities.
to the implementation of biodegradable packaging Therefore, the sandwich layered films and the plasti-
materials with competitive performance. By the addi- cized polymer films were evaluated for their biodegrada-
tion of common plasticizers and a sandwich-layered tion in wastewater sludge by monitoring conversion into
structure, we have evidently succeeded in mitigating = CO, for 33 days. Wastewater sludge was sourced from
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the local wastewater treatment plant in Bayreuth,
Germany. Cumulative CO, production was converted
into percent biodegradation (Figure 4c), and aniline was
used as the positive control. As additional references, the
neat plasticizers were also evaluated under the same con-
ditions (Figure S5). Sorbitol biodegraded 92% by the end
of the 33 days, while glycerol degraded just 27% in the
same time. With 10 wt% of each sorbitol and glycerol
added to all films, we can therefore assume that ~12% of
their total biodegradation in 33 days can be attributed to
that of the plasticizers.

Taking a closer look at the biodegradation behavior of
the plasticized polymer films reveals that PVOH and
HPMC degradation reaches 14% and 11%, respectively.
This biodegradation should be primarily, if not entirely,
attributed to the plasticizers, exemplifying that although
dissolved in water, these materials are incapable of
degradation by microorganisms encountered in a typical
communal sewage plant (or degrade too slowly to be
non-persistent). As reported in the introduction, PVOH
biodegradation requires a specialized environment with
adapted microbes that are not common for communal
sewage plants.> HPMC has shown to be biodegradable in
soil,** however, this behavior is evidently not directly
translatable to wastewater on a relevant timescale.

On the other hand, biodegradation on day 33 for the
plasticized alginate and alginate/Hec/alginate of 33% and
25%, respectively, was recorded. Given that only 12% of
the plasticizers would be assimilated at that point, the
degradation of both the alginate samples substantially
exceeds what could be attributed to the plasticizers.
Clearly, alginate films are not only dissolved in freshwa-
ter but are also biodegraded in this wastewater
environment.

Similarly to the dissolution kinetics, the biodegrada-
tion kinetics are slightly slowed down by the incorpora-
tion of a Hec layer into the center of the polymer films,
likely attributed to its barrier effect. These biodegradation
curves confirm that a sandwich-layered film with the
barrier reinforcement material in the center provides
optimal improvement in physical properties while also
leaving the polymer accessible to biodegradation.

3 | CONCLUSION

Water-soluble packaging films provide unmatched conve-
nience for dispensing both household and commercial
products. In this work, we demonstrated the insignificant
biodegradation of a commonly employed material, PVOH,
in the disposal medium that it is designed for: wastewater.
Similarly, and somewhat surprisingly, even a bio-based
HPMC film showed no significant biodegradation, while
the alginate films demonstrated up to 33% biodegradation
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in 33 days. With rapid biodegradation and low production
costs,*® sodium alginate could make a viable commercial
alternative to PVOH.

However, biopolymers, like alginate, cannot compete
alone in demanding packaging applications due to their weak
barrier and mechanical properties. By employing an industri-
ally scalable slot die coating system (roll-to-roll processing),
sandwich-structured films containing an inner hectorite clay
barrier layer were obtained. This barrier layer could impart
competitive properties to films of sodium alginate, including
an OP and WVP of 0.063 cm® mm m *day *bar ' and
53.8 gmm m > day ' bar ', respectively. The layered film
architecture, moreover, lifts previously encountered
limitations on hectorite content related to rapidly
increasing viscosity even at low filler contents. The shear-
induced alignment of hectorite platelets during processing
creates a highly ordered 6 pm thick impermeable barrier wall.
An interfacial nanocomposite with the outer polymer layers
that formed in situ during processing provided excellent layer
adhesion and polymer confinement-induced barrier improve-
ment. Possibilities of increasing the size of this nanocompo-
site area by varying the drying treatment have implications
on further tuning interfacial adhesion, dissolution behavior,
barrier properties, and possibly even mechanical properties to
meet application-specific needs, which motivates a follow-up
study.

4 | EXPERIMENTAL
4.1 | Materials and sample preparation
4.1.1 | Materials

The synthetic clay sodium fluorohectorite (Hec) with the
formula [Nags] ™" [Mg, sLio s]°°[Sis]*'0;F, was synthe-
sized according to a published literature procedure and
features a cation exchange capacity of 1.27 mmol g~'.***
Poly(vinyl alcohol) (PVOH, Selvol 205, degree of hydroly-
sis 88%, ex Sekisui Chemicals Co., Japan), hydroxypropyl
methylcellulose (HPMC, E15LV, ex Parchem Chemicals,
United States), NaAlginate (alginate, Vivastar CS002, ex
JRS, Germany), glycerol (CremerGLYC 3109921, ex Cre-
mer Ole, Germany) and sorbitol (Neosorb® P 100 T,
Roquette, France) were used without further purification.
Biodegradable poly(lactic acid) (PLA, BoPLA-Folie NTSS
25 NT/25 pm, Piitz GmbH, Germany) films were used as
substrates without further surface treatment.

4.1.2 | Sample preparation

Hec was added to double-distilled water to obtain a 6 wt
% Hec suspension. The suspension was placed for 7 days



Results

ROHRL ET AL

o2 | WiLey-Applied Polymer

CIENCE

in an overhead shaker to guarantee complete delamina-
tion into single Hec nanosheets.

One hundred grams of each of the three plasticized
polymer suspensions (PVOH, HPMC, and alginate) were
prepared by adding the polymer to double-distilled water
in a round flask at 30 wt% for the PVOH, 20 wt% for the
HPMC, and 15 wt% for the alginate suspension. The solid
content was adjusted to achieve similar viscosities for slot
die coating. The solutions were kept at 85°C under reflux
for 2 h while stirring at 200 rpm using a magnetic stirring
bar. Then the plasticizers were added to the polymer
solutions so that the solid content of each was comprised
of 80 wt% polymer, 10 wt% glycerol, and 10 wt% sorbitol.

4.1.3 | Slot die coating

The single water-soluble layers were produced consecutively
by slot die coating (Table Coater equipped with a 1-Layer
Slot Die 300 mm, AAA, TSE Troller AG, Switzerland). Prior
to slot die coating, the polymer solutions and the Hec sus-
pensions were homogenized, defoamed, and degassed under
vacuum (50 mbar) for 5 min at 2500 rpm using a Speed-
Mixer DAC 400.2 VAC-P (Hauschild, Germany). The
applied shim ensures a coating width of 210 mm and a slot
height of 165 pm. The coating gap was adjusted according to
the desired wet film thickness. The pump flow rate and the
table speed were set accordingly depending on the coating
gap. The vacuum table supported and fixed the PLA sub-
strate needed for the first wet layer.

The table temperature, referred to as the drying temper-
ature, was adjusted to the respective coated layer. The
obtained wet films were dried in-line, generating a slight
under pressure with an airflow of 1.5 m* min . The adjust-
able airflow was created by a Side Channel Blower Type
1SD 510 (Elektror Airsystems GmbH, Germany). A micro-
porous surface below the airflow guarantees a soft and uni-
form solvent removal over the entire wet film surface.

For details on the slot die coating settings applied for
each layer, please refer to the Data S1. After drying was
complete, the films were peeled off the PLA carrier sub-
strate for analysis.

4.2 | Characterization methods

421 | Small-angle x-ray scattering

SAXS experiments were performed by employing the sys-
tem Ganesha Air (SAXSLAB, Denmark). The system is
equipped with a rotating anode copper x-ray source
MicroMax 007HF (Rigaku Corp., Japan) and a position-
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sensitive detector PILATUS 300K (Dectris, Switzerland)
with adjustable sample-to-detector positions covering a
wide range of scattering vectors q. The measurement of
the suspension was conducted in 1 mm glass capillaries
(Hilgenberg, Germany) at room temperature. The result-
ing one-dimensional (1D) data (I(g) [ecm™'] vs. ¢ [A71],
with intensity I(q)) are background corrected and dis-
played in absolute scale.

The birefringence of a diluted Hec suspension was
checked with a self-made crossed polarizer.

4.2.2 | Thermogravimetric analysis
Thermogravimetric analysis measurements were con-
ducted on a Linseis STA PT 1600 (Linseis Messgeriite
GmbH, Germany). The films were dried under vacuum
(103 bar) at 70°C for 7 days. The dry samples were
heated up from room temperature to 1000°C under an
argon atmosphere with a heating rate of 10°C min .

423 | Scanning electron microscopy

SEM images of a singular Hec nanosheet (Figure 2b)
were recorded using the microscope ZEISS LEO 1530
(Carl Zeiss AG, Germany) operating at 3kV and
equipped with an InLens secondary electron detector.
For sample preparation, the Hec suspension was diluted
to 0.001 wt% and then drop-casted on a plasma-treated
silicon wafer. Subsequently, the sample was sputtered
with 1.2 nm of platinum.

SEM images of the cross-sections of the films were
recorded using the microscope ZEISS Ultra plus (Carl Zeiss
AG, Germany) operating at 5kV and equipped with an
InLens and secondary electron detector. The cross-sections
were obtained by cutting the substrate-supported films
with a scalpel toward the substrate side in order to protect
the films. Subsequently, the films were carefully peeled off
from the substrate. The film samples were sputtered with
1.2 nm of platinum. In addition, the cross-sections of the
films were analyzed via EDX by employing an UltraDry-
EDX detector (Thermo Fisher Scientific, United States).

424 | Transmission electron microscopy
TEM images of the cross sections were recorded employ-
ing a JEOL-JEM-2200FS (JEOL GmbH, Germany) micro-
scope. Cross sections were prepared from the peeled-off
films using a JEOL EM-09100IS Cryo Ion Slicer (JEOL
GmbH, Germany).
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4.2.5 | X-ray diffraction

Diffraction patterns were obtained on a Bragg-Brentano-
type instrument (Empyrean Malvern Panalytical BV, The
Netherlands). The diffractometer is equipped with a
PIXcel-1D detector, and Cu K, radiation (1 = 1.54187 A)
was used. The patterns were analyzed by applying Mal-
vern Panalytical's Highscore Plus software.

4.2.6 | Water-solubility tests

The water-solubility of the films was tested according to
the method “MSTM 205 Solubility Test with Plastic
Holder.” The setup is displayed in Figure S4. An average
of three measurements for each film was taken.

4.2.7 | Barrier properties

OTR were determined on the system OX-TRAN 2/21
(Mocon, United States) at 65% RH and 23°C. A mixture of
98 vol% nitrogen and 2 vol% hydrogen as carrier gas and
pure oxygen (>99.95 vol%, Linde Sauerstoff 3.5) as permeant
were used. WVTR were determined on the system PERMA-
TRAN-W 3/33 (Mocon, United States) at 85% RH and 23°C.
All samples were sufficiently equilibrated to guarantee mois-
ture conditioning.

42.8 | Coating thickness

The total film thickness was determined by employing
High-Accuracy Digimatic Micrometer (Mitutoyo, Japan)
with a measuring range of 0-25 mm and a resolution of
0.1 pm. A mean value of 10 measuring points within the
permeability measurement area of the film was taken.

429 | Mechanical properties

Stress—strain tests were performed with a tensile instru-
ment (Zwick/Roell, BT1-FR0.5TN.D14). The samples for
the tensile measurement were cut to a size of
3mm x 30 mm for a pristine effective tensile length
of 10 mm. Prior to testing, the samples were equilibrated at
53% RH in a desiccator for 5 days. The test was performed
with a crosshead speed of 5 mm min~" at room tempera-
ture for at least 10 measurements. The slope of the linear
region of the stress—strain curves was used to determine
the elasticity modulus. All samples were measured at least
5 times, with the statistical average given as the result.
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4210 | Optical properties

Optical properties were analyzed on a BYK-Gardner
Haze-Gard Plus (BYK-Gardner GmbH, Germany). An
average of five measurements per film sample were taken
for transmittance, haze, and clarity values.

4.2.11 | Biodegradation properties
The prepared films were tested for biodegradation in
wastewater sludge under aerobic environment in tripli-
cate for 33 days. The test method was based on DIN ISO
14851:2019. Activated sludge (after nitrification) collected
from the wastewater treatment plant at Bayreuth,
Germany, was used in the experiment as an inoculum.
Aniline was used as the positive sample. Activated sludge
in the same concentration was used as a control. Around
70 mg of the films were added in 100 mL test medium,
with 95 mL of standard medium and 5 mL of supernatant
of activated sludge. The Micro-Oxymax Respirometer
furnished with a paramagnetic O, and CO, sensor
(Columbus Instruments International, United States) was
used for this biodegradation test.

The percentage of biodegradation was analyzed by
observing the production of CO, using the following
equation:

%Biodegradation

_ (mgCO, produced) — (mgCO, produced)y

B ThCO, (1)
x100

where (mgCO, produced)r and (mgCO, produced)p were
the amounts of CO, evolved in the test material and
blank flask, respectively, given in milligrams. ThCO, is
the theoretical amount of CO, expected to be evolved by
the test material when completely mineralized and is cal-
culated by:

44

12

TOC (%)

ThCO, = Speci
» = Specimen (mg) x 100

)

where 44 is the molecular weight of CO, and 12 is the
molecular weight of C, TOC (%) is the total carbon content
of the test specimen determined by elemental analysis.
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Results

1. Film Fabrication

1.1 Poly(vinyl alcohol) (PVOH)-based water-soluble film

For PVOH-based films, the drying temperature was set to 60 °C. The first water-soluble
polymer layer was coated from a 30 wt% PVOH solution on a poly(lactic acid) (PLA) film. The
coating gap was adjusted to 205 pm, and the pump flow rate was set to 2.52 ml min™! and the
table speed to 0.1 m min™' accordingly. The film was dried for 15 min. The composition of the
dry film was 80% PVOH, 10% glycerol, and 10% sorbitol.

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec
suspension. The coating gap was adjusted to 385 pm, and the pump flow rate was set to
4.6 ml min™ and the table speed to 0.1 m min"' accordingly. The film was removed from the
table and dried for 7 days under ambient conditions. The composition of the dry nanosheet layer
was 100% Hec.

A second single water-soluble polymer layer was coated from a 30 wt% PVOH solution on top
of the Hec barrier layer. The coating gap was adjusted to 250 um, and the pump flow rate was
set to 2.52 ml min™' and the table speed to 0.1 m min™' accordingly. The film was dried for

30 min, and the composition of the dry film was 80% PVOH, 10% glycerol, and 10% sorbitol.

1.2 Hydroxypropyl methylcellulose (HPMC)-based water-soluble film
For HPMC-based films, the drying temperature was set to 20 °C. The first water-soluble
polymer layer was coated from a 20 wt% HPMC solution on a PLA film. The coating gap was

adjusted to 450 um, and the pump flow rate was set to 5.9 ml min’!

and the table speed to
0.1 m min™" accordingly. The film was dried for 1 h, and the composition of the dry film was
80% HPMC, 10% glycerol, and 10% sorbitol.

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec
suspension. The coating gap was adjusted to 385 um, and the pump flow rate was set to
4.6 ml min™' and the table speed to 0.1 m min™' accordingly. The film was removed from the
table and dried for 7 days under ambient conditions. The composition of the dry nanosheet layer
was 100% Hec.

A second single water-soluble polymer layer was coated from a 20 wt% HPMC solution on top
of the Hec barrier layer. The coating gap was adjusted to 480 pm, and the pump flow rate was

set to 5.9 ml min™! and the table speed to 0.1 m min™' accordingly. The film was dried for 2 h,

and the composition of the dry film was 80% HPMC, 10% glycerol, and 10% sorbitol.
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1.3 NaAlginate-based water-soluble film

For alginate-based films, the drying temperature was set to 20 °C. Prior to slot die coating, the
alginate suspension and the slot die were heated using a heat gun. The first water-soluble
polymer layer was coated from a heated 15 wt% Alginate solution on a PLA film. The coating
gap was adjusted to 475 um, and the pump flow rate was set to 1.92 ml min™' and the table
speed to 0.03 m min™! accordingly. The film was dried for 1 h, and the composition of the dry
film was 80% Alginate, 10% glycerol, and 10% sorbitol.

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec
suspension. The coating gap was adjusted to 385 um, and the pump flow rate was set to
4.6 ml min™ and the table speed to 0.1 m min™ accordingly. The film was removed from the
table and dried for 7 days under room conditions. The composition of the dry nanosheet layer
was 100% Hec.

A second single water-soluble polymer layer was coated from a heated 15 wt% Alginate
solution on top of the Hec barrier layer. The coating gap was adjusted to 500 pm, and the pump
flow rate was set to 1.92 ml min™! and the table speed to 0.03 m min™ accordingly. The film
was dried for 2 h, and the composition of the dry film was 80% Alginate, 10% glycerol, and
10% sorbitol.
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Figure S1. TGA curves of water-soluble films. The mass loss corresponds to the degradation

of the polymer layers. The solid residue can be assigned to neat Hec minus the residue from
corresponding neat plasticized polymer films (dotted lines). The water-soluble films are made
of approximately 21 wt% Hec for the PVOH, 22 wt% Hec for HPMC, and 40 wt% for the

Alginate case.
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Alginate

Hec

Alginate

Figure S2. SEM cross-sections of the foils. a) PVOH/Hec/PVOH, b) HPMC/Hec/HPMC and
c) Alginate/Hec/Alginate. The respective right images show the elemental distribution of Si

(cyan) and C (red) via EDX spectroscopy.
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Figure S3. XRD pattern of water-soluble films. The doo1 corresponds to a two-water layer

hydrate of the interlayer sodium cation of neat Hec nanosheets, i.e. no intercalation of polymer

occurred during the coating process. The polymers show typical amorphous pattern.

Figure S4. Test setup for the water-solubility tests according to MSTM-205: Solubility Test with

Plastic Holder. a) Front view, b) Top view, and ¢) Dimensions of the sample holder.
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Table S1. Mechanical properties of plasticized polymers (10 wt% sorbitol, 10 wt% glycerol)

and their layered films with Hec. Values are a statistical average from measuring at least 6 runs.

PVOH/ HPMC/ Alginate/
Sample: PVOH Hec/ HPMC Hec/ Alginate Hec/
PVOH HPMC Alginate
Tensile 7 - 7
Strength 5.6 27 15 43 23 35
(MPa)
Elongation
at break 260 7| 8.1 14 12 5.0
(%)
Elastic
Modulus 21 570 790 970 390 1100

(MPa)
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Figure S5. Biodegradation measured in terms of conversion to CO; for plasticized polymer
films (10 wt% glycerol, 10 wt% sorbitol), the plasticized polymers as a layered film with Hec,

the neat plasticizers, and aniline as the internal positive standard.
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6.3New functional polymer materials via click chemistry-based

modification of Cellulose Acetate
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ABSTRACT: Cellulose acetate (CA) was partially acrylated, and the OAc Thio-Michael click reaction
resulting cellulose acetate acrylate (acryl-substitution degree of 0.2) =
underwent quantitative thio-Michael click reactions with various thiols. A
toolbox of functional CA polymers was obtained in this way, and their
properties were studied. The modification with fatty alkyl thiols led to -------o- oo ______fooocoeoTi
hydrophobic materials with large water drop contact angles. Octadecylthio-, gradable ?N?HQCONPOSWGS
butoxycarbonylpropylthio-, and furanylthio-modifications formed highly  rrr— = Im @ :;Tﬁ;r:‘?roved
transparent materials. The new derivative CAASFur disintegrated completely 'Z‘mﬂm— AN

under industrial composting conditions. Films of modified CA polymers were
cast and investigated in terms of barrier properties. The nanocomposite of
CAAS18 compounded with a synthetic layered silicate (hectorite) of a large
aspect ratio showed permeabilities as low as 0.09 g mm m™> day™" for water vapor and 0.16 cm® mm m™> day™" atm™ for oxygen.
This portfolio of functional CA polymers opens the door to new applications.

1. INTRODUCTION cellulose derivatives such as CA were successfully modified via
thiol-ene reactions.'*™'® These reports described complex
reactions and modifications with expensive reagents and
catalysts for synthesizing the precursors required for the
thiol-ene reaction. A simple protocol for the acrylation of CA
to generate the known acryl ester CAA (substitution degree of
0.2) was previously published.'” In the present work, we
describe the modification of CAA by the thiol-Michael reaction
with various commercially available thiols, leading to new
functionalized cellulose esters. Furthermore, by incorporating
impermeable silicate nanosheets of delaminated hectorite
(Hec) into a modified CAA, we were able to cast nano-
composite films that show excellent barrier properties.

Natural and re-growing sources for the preparation of
functional polymer materials are getting more and more
important." Cellulose, for example, is an abundant poly-
saccharide accessible from plants. In particular, cellulose
acetate (CA), obtained from acetylation of cellulose followed
by partial deacetylation, can be applied for various purposes.”
In addition, the degradation of CA by various mild methods
was thoroughly studied.’ Hence, CA can be an attractive
surrogate for petrol-based polymers and plastics. However, CA
also has disadvantages, such as insufficient water vapor barrier
properties, which have prevented a wider application of this
material so far.* Plasticizers are also needed to process cellulose

acetate at low temperatures.’” Modifications of CA such as 2. MATERIALS AND METHODS
cellulose acetate butyrate (CAB), cellulose acetate propionate 2.1. General. Cellulose acetate (medium M, ~ 30.000

CAP), or cellulose acetate phthalate (CAPh) can overcome ; : s
gome )’of these drawbacks I:md imy rE)ve th)e thermal and Sy St | ke e .l Ao s
Sl Fnnaties 48 Gompas dpto nmadifed CAS the other starting materials were purchased from Alfa Aesar

; ; 5 ; (acryloyl chloride, 1-eicosanethiol, 1-hexadecanethiol), Fluka
Processing and mechanical properties of these materials are, (1-octadecanethiol), Sigma Aldrich (butyl 3-mercaptopropio-
however, still inadequate in comparison with other commodity site. 1:d6 decanethi’ol) and TCI (ethyl thioglycolate). CAA
polymers such as PP (polypropylene) and PE (polyethylene). ’ ’ ’
Therefore, further efforts are needed in order to overcome
these problems of CA-based polymers.”

The concept of “click chemistry” was initially described by
Kolb, Finn, and Sharpless in 2001 and is a reasonable option
for modifying polysaccharides in mild and quantitative

Received: October 22, 2022
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Published: March 9, 2023

9,10 . . . .
ways.”'? The thiol-ene click reaction, for instance, has found
s ey oy 2 11-13
numerous applications in material science. Cellulose and
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was prepared according to a literature procedure.'” Infrared
(IR) spectra: Perkin-Elmer Spectrum One FT-IR spectropho-
tometer with an ATR-sampling unit. Nuclear magnetic
resonance (NMR) spectra: Bruker Avance 300 spectrometer,
chemical shifts are given in parts per million (8) downfield
from tetramethylsilane as the internal standard.

2.2. Thiol-Michael Click Reaction: Typical Procedure.
CAA (1.14 g, 0.03 mmol, substitution degree of 0.2) was
placed in a flask and dissolved in DMSO (10 mL) under
stirring, whereupon triethylamine (3 equiv) was added. Then,
the respective thiol (6 equiv) was added and the reaction
mixture was stirred at room temperature for 24 h. The product
was precipitated by the addition of water (200 mL). The
formed solid was collected by suction and washed twice with
water (25 mL), followed by washing with EtOH (2 X 25 mL).
The crude product obtained was dissolved in THF (S0 mL),
precipitated by the addition of n-pentane (200 mL), and
collected. The filter cake was washed twice with n-pentane (25
mL). Yield: 90%. The 'H NMR data given below list only
selected signals of the thiol residues for better clarity, while the
IR data and *C NMR data enumerate all bands and peaks of
the product polymers.

2.2.1. CAAS12. Colorless solid; IR (ATR) v = 3502, 2924,
2856, 1740, 1639, 1433, 1367, 1216, 1161, 1126, 1034, 952,
901, 836, 692 cm™; 'H NMR (300 MHz, CDCl,, §): 0.85 (t, ]
= 6.3 Hz; dodecyl-Me), 12—14 (dodecyl-CH,), 1.5-1.7
(dodecyl-CH,); "*C NMR (75.5 MHz, CDCl,, §): 14.1, 20.4,
20.6, 20.8, 22.7, 26.7, 28.9, 29.3, 29.6, 31.9, 32.2, 34.6, 62.0,
71.8, 72.8, 100.5, 169.3, 169.7, 170.2.

2.2.2. CAAST6. Colorless solid; IR (ATR) v = 3452, 2924,
2854, 1739, 1644, 1435, 1367, 1317, 1221, 1162, 1127, 1031,
953,901, 839, 811, 698 cm™'; "TH NMR (300 MHz, CDCl,, §):
0.85 (t, J = 6.3 Hz; hexadecyl-Me), 1.2—1.4 (hexadecyl-CH,),
1.5—1.7 (hexadecyl-CH,); '*C NMR (75.5 MHz, CDCl,, §):
14.1, 20.5, 20.8, 22.7, 26.8, 28.9, 29.3, 29.6, 29.7, 31.9, 32.2,
34.6, 62.0, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2.

2.2.3. CAAS18. Colorless solid; IR (ATR) v = 3471, 2924,
2855, 1740, 1435, 1367, 1216, 1161, 1125, 1033, 952, 901,
840, 808 cm™'; "H NMR (300 MHz, CDCl,, 6): 0.85 (t, ] =
6.3 Hz; octadecyl-Me), 1.2—1.4 (octadecyl-CH,), 1.5—1.7
(octadecyl-CH,); "*C NMR (75.5 MHz, CDCl,, §): 14.1, 20.5,
20.8, 22.7, 26.7, 28.9, 29.3, 29.6, 29.7, 31.9, 32.2, 34.6, 62.0,
71.8, 72.8, 100.5, 169.3, 169.7, 170.2.

2.2.4. CAAS20. Colorless solid; IR (ATR) v = 3473, 2924,
2851, 1739, 1632, 1436, 1410, 1367, 1319, 1218, 1164, 1124,
1031, 953, 900, 836, 809, 698 cm™'; 'H NMR (300 MHz,
CDCl,, ): 0.84 (t, ] = 6.3 Hz; eicosyl-Me), 1.2—1.3 (eicosyl-
CH,), 1.5—1.6 (eicosyl-CH,); '*C NMR (75.5 MHz, CDCl,,
5): 14.1, 20.4, 20.5, 20.7, 22.6, 26.6, 28.9, 29.3, 29.6, 31.9, 32.0,
62.0, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2.

2.2.5. CAASFur. Colorless solid; IR (ATR) v = 3488, 2932,
1738, 1643, 1542, 1523, 1505, 143S, 1367, 1217, 1155, 1122,
1033, 956, 935, 902, 840, 744 cm™'; 'H NMR (300 MHz,
CDCl,, 6): 6.1—6.3 (furan-H), 7.3—7.4 (furan-H); *C NMR
(75.5 MHz, CDCl,, §): 20.6, 20.8, 26.6, 28.5, 34.4, 62.0, 71.8,
72.8, 100.6, 107.9, 110.6, 142.4, 169.3, 169.7, 170.2.

2.2.6. CAASE2MA. Colorless solid; IR (ATR) v = 3473,
2983, 2876, 1739, 1432, 1367, 1224, 1157, 1125, 1034, 900,
843, 685 cm™'; '"H NMR (300 MHz, CDCl;, §): 0.91 (t, ] =
7.1 Hz; ethyl-Me), 4.07 (t, ] = 7.1 Hz; ethyl-CH,0); '*C NMR
(75.5 MHz, CDCl,, §): 14.2, 20.5, 20.6, 20.8, 27.6, 33.8, 34.9,
41.5, 454, 61.5, 62.1, 71.8, 72.8, 100.5, 169.3, 169.7, 170.2,
171.1.
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2.2.7. CAASB3MP. Colorless solid; IR (ATR) v = 3476,
2964, 2878, 1738, 1432, 1367, 1217, 1163, 1131, 1034, 952,
901, 839, 675 cm™'; 'H NMR (300 MHz, CDCl,, 5): 0.91 (t, ]
= 7.4 Hz; butyl-Me), 1.3—1.4 (CH,), 1.5—1.7 (CH,), 4.07 (t, ]
= 6.7 Hz; butyl-CH,0); '*C NMR (75.5 MHz, CDCl,, §):
13.7, 19.1, 20.5, 20.6, 20.8, 26.9, 27.2, 30.6, 34.5, 34.8, 62.1,
64.6, 71.8, 72.8, 100.5, 169.2, 169.7, 170.2, 171.9.

2.3. Thermal Stability and Decomposition Behavior.
Thermal decomposition was monitored by combined TG-DSC
using a Linseis STA PT 1600 thermobalance with DSC sensor
head type S. All specimens were investigated in air atmosphere
using linear heating rates between r.t. and 1000 °C.

2.4. Contact Angle. Samples of polymer plates were
prepared by the dissolution of the indicated polymers (0.5 g)
in acetone (7 mL) and subsequent casting of the solution into
a glass Petri dish with a diameter of 40 mm. The solvent
evaporated completely in the open air overnight, leaving
polymer foils in the Petri dishes, which were cut into pieces of
4 cm? for contact angle investigations. A drop of 10 uL of
water was added to each sample, and the contact angles were
investigated after 1 min by drop contour analysis using a Kriiss
G10 machine. Results are described as means of the left and
right angles of each sample drop.

2.5. Transparency. For the preparation of the polymer
films, the polymers were ground in a ball mill at 250 rpm for 1
h. The powder obtained was pressed to plates of 0.5 mm
thickness in a melting press. Transmission, haze, and clarity of
the polymer films were investigated with a BYK-Gardner Haze-
Gard Plus hazemeter using visible light according to ISO
13468 (total transmittance) and ISO/DIS 14782 (transmission
haze).

2.6. Disintegration Test under Industrial Composting
Conditions. The test set-up was executed according to ISO
20200 Plastics—Determination of the degree of disintegration
of plastic materials under simulated composting conditions in a
laboratory-scale test (2015).

Films (thickness of 100 um) of the polymer sample
CAASFur were mounted on slide frames (12 replicates) and
were positioned horizontally in a mixture of 1.2 kg of 14-
weeks-old compost (provided by OWS, Belgium) sieved to a
particle size of <10 mm and 0.3 kg of fresh vegetables in plastic
boxes with holes for aeration. The samples were incubated at
58 + 2 °C in the dark. The compost was mixed at regular
intervals, the moisture content was checked and adjusted when
needed, and the test items were visually monitored and
scanned for documentation.

2.7. Barrier Properties. Samples of polymer films were
prepared by dissolution of the indicated polymers (0.5 g) in
acetone (7 mL) and casting the solution into a glass Petri dish
with a diameter of 40 mm. For the preparation of the
nanocomposite film, refer to chapter 2.8.

2.7.1. Water Vapor Transmission Rates. Water vapor
transmission rate (WVTR) values of the casted nanocomposite
and polymer films were measured on a Mocon PERMATRAN-
W Model 3/33 (Mocon Inc., USA). The measurements were
conducted at 23 °C and 85% RH. Sufficient time for moisture
conditioning was guaranteed.

2.7.2. Oxygen Transmission Rates. Oxygen transmission
rate (OTR) values of the casted nanocomposite and polymer
films were determined by employing a Mocon OX-TRAN 2/
21 (Mocon Inc., USA) at 23 °C and 50% RH. The CAAS18/
Hec film was carefully equilibrated at 50% RH. A mixture of 98
vol % nitrogen and 2 vol % hydrogen gas was used as the

https://doi.org/10.1021/acsomega.2c06811
ACS Omega 2023, 8, 9889-9895



Results

ACS Omega

http://pubs.acs.org/journal/acsodf

carrier gas and pure oxygen gas as the permeant (>99.95%,
Linde Sauerstoff 3.5). Sufficient time for moisture conditioning
was guaranteed.

2.7.3. Thickness Determination. The thickness of the
casted films was determined by employing a High Accuracy
Digimatic Micrometer (Mitutoyo, Japan) with a measuring
range of 0—25 mm and a resolution of 0.1 ym.

2.8. Hectorite Nanocomposites. 2.8.1. Materials and
Sample Preparation. Synthetic clay sodium fluorohectorite
(Hec, [Nags]™*[Mg,Ligs]°[Si,]*"OoF,) was synthesized
and annealed according to a published literature proce-
dure.'®"” For modification, 18-crown-6 (18C6) with 99%
purity was provided by abcr GmbH, and N-methyl formamide
(NMF) was used as a dispersant with 99% purity provided by
Alfa Aesar.

A 4 wt % solution of CAASI8 in NMF was prepared by
mixing overnight in an overhead shaker positioned in an oven
set to 60 °C. The 18C6/Hec suspension (3 wt % Hec) was
prepared by adding 0.15 g of Hec and an amount of 18C6
corresponding to 300% of the cation exchange capacity of Hec
(0.151 g) to NMEF, followed by mixing in an overhead shaker
for three days. The suspension used to prepare the self-
standing barrier film (total solid content 3.9 wt %) was
prepared by adding 8.7 g of the CAAS18 solution to 1.3 g of
the Hec suspension, followed by mixing overnight in an
overhead shaker. This suspension was then cast in a Teflon
dish (diameter of ~80 mm) and transferred to an oven at 50
°C to dry for two weeks. To ensure complete solvent removal
at the end of two weeks, the dish was transferred to a vacuum
oven at 50 °C and 107> bar for 24 h before peeling the
CAAS18/Hec film out of the dish.

2.8.2. Characterization of Nanocomposite Films.
2.8.2.1. X-ray Diffraction. The XRD pattern of the nano-
composite film was recorded on a Bragg—Brentano-type
diffractometer (Empyrean, Malvern Panalytical BV, The
Netherlands) using Cu K-a radiation (4 = 1.5406 A). The
diffractometer was equipped with a PIXcel-1D detector. All
patterns were analyzed using Malvern Panalyticals’s HighScore
Plus software.

2.8.2.2. Transmission Electron Microscopy. Cross-sections
were prepared from the films by employing a Leica
Ultramicrotome UC-7 equipped with a diamond cutter type
Diatome Ultra 35° MF-3763 at room temperature. TEM
images of these cross-sections were recorded by applying a
JEOL-JEM-2200FS (JEOL GmbH, Germany) microscope.

3. RESULTS AND DISCUSSION

Initially, acryl-modified CA (CAA) with an acryl-substitution
degree of 0.2 was prepared by esterification of CA with acryloyl
chloride.'” CAA was used as the starting material for the thiol-
Michael reactions with various thiols. Thiols with long alkyl
chains such as dodecanethiol, hexadecanethiol, octadecane-
thiol, eicosanethiol, and esters such as ethyl 2-mercaptoacetate
and butyl 3-mercaptopropionate, and with arenes such as
furan-2-ylmethylthiol were applied as modifying agents of CAA
(Scheme 1). Fatty alkyl modified CA derivatives CAAS12,
CAAS16, CAAS18, and CAAS20, the ethyl ester CAASE2MA
and butyl ester CAASB3MP, and the furanyl-modified
CAASFur were synthesized in this way in high yields (90%).
DMSO was used as a solvent for the click reactions, but THF
was also applied successfully as an alternative organic solvent,
leading to comparable yields. The modified polymer products
showed excellent solubility in organic solvents such as acetone.
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Scheme 1. Reagents and Conditions: Thiol (6 equiv), Et;N
(3 equiv), DMSO or THF, r.t., 24 h

S—R
OAc ;(_/
i 0 OAc
fo 9 00 O) 0 ,)‘.
HO (0) n
OAc 0 °
OAc S -
CAASI12: R = C},Hys
CAAS16: R = C gHas OAc 0:‘(_/
CAAS18: R = C gHy; Hy 5 b OAc
CAAS20: R = CyHy, e 0 & o),
OAc
OAc
/ CAASE2MA: m, 0 =1
CAASB3MP: m=2,0=3
OAc :(:
o
OAc
“(oé:o 0 o o
HO 0 o % —
OAc s
caa OA¢ \
OAc
0
OAc
o8z
HO 0, 0
OAc
OAc
CAASFur

The obtained modified CA materials were colorless to off-
white solids. They were analyzed by NMR and IR spectroscopy
(see the Supporting Information for original 'H and *C NMR
spectra). The fatty alkyl rests of polymers CAAS12—20 are
clearly visible in the NMR and IR spectra. Strong alkyl bands
between 2800 and 3000 cm ™" were observed in the IR spectra.
A weak broad signal between 3400 and 3500 cm™' indicates
the presence of hydroxyl groups, which were kept in the new
polymer molecules at the carbohydrate backbone in line with
the acryl-substitution degree of 0.2. '"H NMR spectra displayed
distinct peaks for the terminal methyl groups at § = 0.84—0.85
ppm, as well as strong methylene signals at 6 = 1.2—1.7 ppm.
The terminal methyl groups were also visible in the *C NMR
spectra at 6 = 14.1 ppm. Similar signals were observed in the
NMR spectra of the ester-modified polymers CAASE2MA and
CAASB3MP ("H NMR, § = 0.91 ppm, *C NMR, § = 13.7 and
142 ppm). In contrast, the furanyl derivative CAASFur
exhibited characteristic downfield signals in its NMR spectra,
which can be attributed to the furanyl ring (6 = 6.1-6.3, 7.3—
7.4 ppm in the '"H NMR spectrum; 100.6, 107.9, and 110.6
ppm in the *C NMR spectrum). In the 'H NMR spectra, the
integrals of the signals attributed to the modification were in
line with the acryl-substitution degree of 0.2 of the CAA
starting compound.

Thermogravimetric analyses (TGA) and differential scan-
ning calorimetry (DSC) of the modified CA polymers did not
reveal significant differences when compared with pure CA
(see the Supporting Information). The new polymer
derivatives were amorphous solids without visible crystalline
components nor with distinct melting points of crystalline
components as to the obtained DSC spectra. Plates and foils of
selected polymer derivatives were cast from solutions in
acetone upon evaporation of the solvent and compared with
casted plates made of CA.

3.1. Contact Angles. The contact angles of water drops on
the surface of plates prepared from the alkyl-modified CA
derivatives CAAS12, CAAS16, CAAS18, and CAAS20 were
determined in order to evaluate the hydrophobic surface
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properties of these polymers, and the results were compared
with the contact angles observed for plates of the starting
material CA and the hydrophobic synthetic polymer PS
(Figure 1A). The contact angle depended on the fatty alkyl

"’ A
A\ :
CA CAAS16

Yo Wy _ %

CAAS18 CAAS20

A)
Contact angles (°)

105215

101208
wi2a I

Figure 1. (A) Contact angles of water drops on plates made from
derivatives CAAS12-20 or from the control polymers PS and CA after
1 min (means of the left and right angles). (B) Representative images
of water drops on the indicated polymer plates after 1 min.

chain and as expected, increased with longer alkyl chains.
Hence, polymers such as CAAS18 and CAAS20 had
considerably more hydrophobic surfaces (contact angles
above 100°) than CA (74°), PS (84°), and the close dodecyl
and hexadecyl analogs CAAS12 (76°) and CAAS16 (89°)
(Figure 1B).

3.2. Transparency. A hazemeter was used to determine
the transparency parameters of the plates of the new polymer
materials CAAS18, CAASB3MP, and CAASFur in comparison
with plates of CA and PS. The plates of all three tested
modified CA polymers exhibited improved optical properties
in terms of transmission, haze, and clarity when compared with
CA (Table 1). The modified polymers also showed trans-

Table 1. Transparency of CA Polymers CAAS1S,
CAASB3MP, and CAASFur in Comparison with PS and
CA“

polymer transmission (%) haze (%) clarity (%)
PS 94.2 4.72 95.8
CA 93.2 339 72.9
CAAS18 94.3 1.0 99.0
CAASB3MP 94.4 1.0 99.1
CAASFur 94.8 0.94 99.4

“Plates of 0.5 mm thickness were prepared from each sample for
testing.

mission values similar to PS, as well as reduced haze and
increased clarity compared to PS. These results indicate that
the new polymers CAAS18, CAASB3MP, and CAASFur can
be applied as transparent films/foils and plastic glass materials,
which can replace oil-based plastics for these applications. The
transparencies of these new CA-based polymers can be
explained by a low or absent crystallinity and their strongly
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amorphous solid character, along with excellent solubility in
low-boiling organic solvents. In nanocomposites of starch
nanocrystals acetate (SNA) with hydrophobic cellulose laurate
ester, the cellulose ester was the well-transmitting component
whose transmission was reduced by increasing amounts of
SNA.*’ The combination of high transparency with consid-
erable hydrophobicity in cellulose acetate-based polymers can
lead to valuable applications such as sensoring and electronics,
UV protection, and packaging including active packaging.”' ~*°

3.3. Disintegration under Industrial Composting
Conditions. As a proof of principle, the polymer sample
CAASFur was selected and its disintegration under industrial
composting conditions was investigated according to ISO
20200. Films with a thickness of 100 #m were used for this
experiment. Although disintegration does not give ultimate
proof of complete biodegradation of the material, it can
indicate the potential of the material to be biodegraded by
natural microbes. The polymer sample passed the test
successfully and disintegrated completely after 69 days (Figure
2). Substantial disintegration was already observed after 42
days.

55 d (96%) 69 d (99%)
Figure 2. Time-dependent disintegration (in %) of the new polymer
CAASFur under industrial composting conditions according to ISO
20200.

3.4. Barrier Properties and Nanocomposite Prepara-
tion. The water vapor barrier properties of some modified CA
polymers were evaluated by measuring the water vapor
transmission rates through casted films. With this sensitive
measurement method, the hydrophobicity of the differently
modified CA derivatives can be probed. However, gas
transmission rates strongly depend on the thickness of the
films, and therefore, the values were normalized to 1 mm,
yielding water vapor permeability (WVP). Permeability values

https://doi.org/10.1021/acsomega.2c06811
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Table 2. WVP and OP at 23 °C and Respective RH

polymer WVP/g mm m~> day ™" at 85% RH OP/cm® mm m™ day™' atm™" at 50% RH
CAAS16 36.4
CAAS18 24.8
CAAS20 9.9
CAASB3MP 215
CAAS18/Hec 0.09 0.16
PET 0.5-2 1=5
PP 0.2-0.4 50—-100
PE 0.5-2 50-200
PS 1-4 100—150
PVC 1-2 2-8

2

Intensity / a.u.

Figure 3. Characterization of the CAAS18/Hec nanocomposite film. (A) XRD pattern of the neat CAASI8 film (black) and CAAS18/Hec
nanocomposite film (blue). Top inset sketches the tortuous path theory for an oxygen molecule. Bottom inset shows the transparent CAAS18/Hec
nanocomposite film. (B) TEM image of the CAAS18/Hec cross-section indicating segregated domains of CAAS18 slabs (bright) and restacked

Hec-only domains (dark).

facilitate comparison with other polymers (Table 2) at 85%
relative humidity (RH).*

In general, the permeability (P) of a barrier material can be
expressed as P = § X D with the solubility parameter (S) and
diffusivity parameter (D) of the permeate.”” Polar molecules
like water are less soluble in hydrophobic matrices and vice
versa. As expected, an increase in the chain length of the alkyl
side groups of CAAS derivatives led to a decrease in the WVP
due to a more hydrophobic character of the polymers (Table
2). Increasing the aliphatic chain length of the fatty alkyls from
16 carbons in CAAS16 to 20 carbons in CAAS20 reduced the
WVP by more than a factor of three. This can be attributed to
the reduced solubility parameter S. The butyl-ester-modified
CAASB3MP ranks between the CAAS derivatives in terms of
WVP. Nevertheless, the barrier values of neat polymer films
were still distinctly below the requirements for food packaging
and the specifications of commonly used polymer foils. Thus,
further improvement is needed.

Compositing polymers with impermeable clay nanosheets
improves the barrier properties of polymer matrices based on
the tortuous path theory (Figure 3A top inset).”® The
incorporation of large aspect ratio synthetic sodium
fluorohectorite (Hec) was shown to improve the WVP and
oxygen permeability (OP) by orders of magnitudes.””™** To
illustrate this concept for the new CA-based polymers
presented in this study, CAASI8 was selected and mixed
with a modified Hec, yielding a high barrier and transparent
nanocomposite film upon drying (Figure 3A bottom inset).”*
The obtained CAAS18/Hec film showed WVP at 85% RH and
OP at 50% RH as low as 0.09 g mm m™~* day™" and 0.16 cm’®
mm m™> day”' atm™, respectively. Hereby, the WVP of the
pristine CAAS18 could be reduced by 99.6% compared to the
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initial WVP of 24.8 ¢ mm m™> day™'. Besides the hydro-
phobization arising from the fatty alkyl side groups in CAASIS,
the modification of Hec additionally reduces its ability to swell
in the presence of water vapor, explaining the solid WVP at a
high 85% RH for the CAAS18/Hec nanocomposite.”* While
the suspensions applied for wet coating were homogeneous,
segregation was observed upon drying. TEM images revealed
separated domains of neat CAASI8 and restacked Hec-only
domains with a thickness of up to 100 nm (Figure 3B). This
thermodynamically induced phase segregation was further
evidenced via XRD. The XRD pattern of CAAS18/Hec
exhibits a basal spacing of 1.7 nm that can be assigned to the
intercalated 18C6 crown ether complexing the sodium
interlayer cation (Figure 3A).”” Pure CAAS18 shows a typical
XRD pattern of an amorphous polymer, which corroborates
the observed transparencies and DSC spectra of CAAS18 and
its closely related hydrophobic derivatives. The segregation
might actually be advantageous when it comes to degradation.
We could recently show that such phase segregation
accelerates the biodegradation of nanocomposite films due to
fragmentation and concomitantly increased the surface area by
swelling of the Hec domains.** The transparent CAAS18/Hec
nanocomposite film outperforms commonly applied packaging
polymers like PET, PE, or PVC in terms of water vapor and
oxygen barrier properties (Table 2), rendering these biobased
materials promising alternatives for currently applied packaging
materials.

4. CONCLUSIONS

In summary, we described a simple and efficient method for
the preparation of a series of new CA-derived polymers with
interesting and adjustable functionalities. For instance,

https://doi.org/10.1021/acsomega.2c06811
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modified CA polymers with considerable barrier properties and
hydrophobic surfaces were obtained this way. The barrier
properties of CAAS18 were significantly improved by adding
large aspect ratio nanosheets of a synthetic clay (hectorite),
leading to nanocomposite materials with excellent water vapor
and oxygen barriers. In addition, rapid disintegration of the
cellulose polymers under laboratory industrial composting
conditions was observed, proving the potential of these
materials to be biodegraded by natural microbes. Hence,
these modified CA derivatives could be an interesting
alternative to conventional plastics, although further inves-
tigations based on respirometric methods are needed to prove
their biodegradability. The described method also enables fine-
tuning of materials by using appropriate thiol compounds for
the thio-Michael click reaction.
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Figure S20. 'H NMR of CAASFur
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ABSTRACT: The goal of reconciling all packaging requirements, e.g., mechanical 5
resistance, transparency, flexibility, and gas barrier properties, is immensely ’ smtcm?g
challenging for packaging materials. Particularly, the combination of flexibility and 5 4w @Jz »
good gas barrier properties poses a serious problem, especially when barrier l_<~f_——"7
requirements can only be met by lamination with a metal foil, metalization, or e
vapor-deposited ceramic layers, as all of these tend to be nonstretchable. In this
work, we produced a stretchable nanocomposite barrier composed of one-
dimensional (1D) crystalline (Bragg stack) barrier films composed of alternating
layers of poly(ethylene glycol) (PEG) and synthetic sodium fluorohectorite (Hec)
nanosheets. By sandwiching the Bragg stack type film between two plasticized
poly(vinyl alcohol) (PVOH) layers, a waterborne laminate was obtained that outperforms commercial polymer materials in terms of
water vapor permeability (WVP = 2.8 ¢ mm m™> day~' bar™" at 23 °C and 85% relative humidity), which is remarkable for an
entirely water-soluble film. Moreover, no deterioration of barrier performance up to 10% elongation was observed, rendering the
transparent self-standing laminate promising for thermoformed blister packaging, shrink wrap, or vacuum packaging. Besides the low
WVP, the scalable and green processing method makes this technology auspicious for real-world applications.

o

0 5 10 15 20 25 30
elongation / %

KEYWORDS: nanocomposite barrier, vacuum-sealed packaging, hydrogen tank, flexible barrier, stretchability

B INTRODUCTION During the thermoforming process, the polymer film gets
heated and subsequently either stretched within the forming
mold or shrunk around the packaged item, impartin,
substantial dimensional changes to the polymer foil.'*™"
Stretching and shrinking are, of course, incompatible with

In 2020, the turnover of the European plastic industry was
close to 330 billion €, and the converters’ plastics demand was
about 49.1 million tons, with the packaging segment alone
accounting for 40.5% of the total.' Depending on the

application area, the requirements for packaging plastics are inorganic and brittle barrier films, since a wide range of
substantially different, but in general, they are desired to be applications require stretching up to 10% or more.” In
cheap, sustainable, mechanically resistant, transparent, flexible, regulated fields, such as pharmaceutical or food packaging,
and protective against gas permeation.z")‘ High-end barrier high oxygen and water vapor barrier requirements con-
often requires lamination with thin inorganic layers, like sequently can only be met by thicker neat polymer
aluminum foils or vapor-deposited aluminum coatings. If films.">™"® Usually, this is accomplished by using petro-based
transparency is an issue,” vapor-deposited ALOj or glass-like poly(vinyl chloride) (PVC), polystyrene (PS), polypropylene
SiO, coatings in the nanometer range are applied to enhance (PP), ethylene vinyl alcohol (EVOH), or laminates of those as
the barrier properties of plastic wra.p.""3 Such thin vapor- thermoformable polymer films. '

deposited barriers are, however, nonstretchable and thus A promising approach to reconciling the good barrier of
sensitive to mechanical stress.” Stretching inevitably will inorganic layers with dimensional flexibility of thermoformable
cause defects in the inorganic barrier com})onent, and these polymers applies large aspect ratio inorganic nanosheets
pinholes will be detrimental to the barrier.” For instance, the arranged into self-standing films of c oplanar,m_lz largely

barrier performance of a vapor-deposited SiO, coating on a
poly(ethylene terephthalate) foil tolerates deformations up to
only 4%.> This drawback of vapor-deposited barrier coatings
has been mitigated to some extent by covering or (nano)-
laminating the SiO,/Al,O;-coated substrate. The laminate
buffers mechanical stress and counteracts embrittlement of the
complete barrier system by the inorganic coating.”*”

Blister packaging as applied for pharmaceuticals,® shrink
wraps for vegetables,” or vacuum packaging for instant coffee
powder as one example, all require thermoformable polymers.

overlapping nanosheets that are mechanically decoupled by a
layer of intercalated soft polymers. If the nanosheets overlap by
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Figure 1. Introduction. (a) Sketch of the tortuous path (white) of a gas permeate dodging impermeable clay nanosheets incorporated into a
polymer matrix (blue) and a Bragg stack of alternating polymer chains (blue) and clay nanosheets. As the aspect ratio is huge, the filler shape is not
shown in scale. Moreover, as the polymer layer is thinner than the filler platelets, the nanocomposite is also not shown in scale to allow depicting
the tortuous path. The relative thickness is given, however, depicted in scale for the individual stack. (b) Tortuous path of a clay nanocomposite
barrier film upon uniaxial stretching and relaxation.

(a)

Nematic suspension

. _¢ Spray
Doctor + coating  Doctor blade

PVOH —> PEG-Hec —> PVOH

Intensity / a.u.

Figure 2. Fabrication of the self-standing barrier laminate. (a) 1D SAXS pattern of a concentrated (4 wt % = 1.5 vol %) nematic aqueous
suspension of sodium fluorohectorite (Hec) and poly(ethylene glycol) (PEG) with individual Hec nanosheets being separated to a distance of 41
nm (O measured, — fit). The lower left inset displays an SEM image of an individual Hec nanosheet with a diameter >20 ym. The upper right
inset shows birefringence between crossed-polarizers due to the nematic nature of a suspension (1 wt %) applied for spray coating of the Bragg
stack. (b) Sketch of the sequential coating process to produce the self-standing barrier laminate. (c) Final self-standing laminate may easily be
peeled off the substrate. It is highly transparent when covering coffee beans in the upper half of the photograph. (d) Schematic structure and SEM
micrographs of a cross section of the self-standing barrier laminate with a total thickness of approx. 58 ym. Element mapping of Si (cyan) via
energy-dispersive X-ray (EDX) spectroscopy indicates no interdiffusion of Hec nanosheets into the PVOH layers. The zoom-in displays the
sandwiched PEG-Hec Bragg stack barrier.

some 90% of their area, monodomain hybrid films with one- where P is the permeability of the nanocomposite, P, is the
dimensional (1D) crystallinity (Bragg stacks) may be obtained permeability of the neat polymer, and y is a geometrical factor
via self-organization of wet coats applied to a substrate foil depending on the geometry of the filler.**

(Figure 1a).”®™>* It has long been established that the Decoupling of adjacent nanosheets in the Bragg stacks
permeability P of such hybrid films is several orders of should allow sliding when stretched. Sliding will reduce the
magnitude reduced co (pared to the neat polymer films used overlap area and is thus expected to hamper the barrier to
as a decoupling matrix.”""** Based on Cussler’s equation (eq some degree. However, the tortuous path, and hence the
1), incorporating impermeable clay nanosheets increases the barrier, should stay intact while changing the dimensions of the
diffusion pathway of 2 gas permeate via the tortuous path hybrid film within some limit (Figure 1b). Research on the
theory (Figure la).** Thus, the relative permeability P, influence of stretching on clay polymer nanocomposites has

depends nonlinearly on the aspect ratio a (ratio of filler been conducted, studying the clay sheets’ orientation,™
diameter to filler height) and filler content ¢ mechanical properties,*®*” and barrier properties.”>*” How-
. ever, the results on the barrier properties are contradictory. We
P { [ ap? ]] hypothesize that this might be related to several issues. The
Bg=—=|1+u filler may not have been utterly delaminated or may have
ko I-9 (1 reaggregated during compounding, and thus adjacent nano-

I
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Figure 3. Insight into the structure of the PEG-Hec barrier sandwiched within the self-standing laminate. (a) XRD pattern of the barrier film. The
inset sketches the basal spacing of 1.8 nm corresponding to a volume content of 55% for Hec, which is in good agreement with the applied PEG-
Hec ratio (Sections S1 and S2). (b) TEM micrographs of a cross section focusing on the PEG-Hec Bragg stack barrier film with Hec nanosheets
(dark) decoupled by PEG (bright). (c) Optical properties of the self-standing laminate.

sheets would not have been completely mechanically
decoupled. If natural clays like montmorillonite were used,
the diameter of the nanosheets would be comparatively small
(<200 nm), and thus the overlap area might not be sufficient.
Finally, with smaller aspect ratios, it becomes increasingly
challenging to ensure a coplanar arrangement of adjacent
nanosheets and the nanosheets to the planar substrate.

In this paper, we fabricated a barrier laminate composed of a
monodomain Bragg stack comprising alternating layers of
poly(ethylene glycol) (PEG) and a large aspect ratio synthetic
clay, sodium fluorohectorite (Hec,
[Nags]™[Mg, sLigs]°[Si,]**0oF,). By sandwiching this
PEG-Hec Bragg stack barrier film between two water-soluble
poly(vinyl alcohol) (PVOH) layers, a self-standing laminate
was obtained. Substantial uniaxial stretching (<15%) had little
effect on the water vapor transmission rate (WVTR) of the
PEG-Hec Bragg stack barrier film.

B RESULTS AND DISCUSSION

The synthetic clay Hec spontaneously delaminates without
using mechanical force upon immersion into deionized water
via 1D dissolution.*® Even at low concentrations, individual
Hec nanosheets with a thickness of 1 nm and a median
diameter of 20 um are held in a coplanar arrangement at a
distance fixed by the concentration while electrostatically
repelling each other.’® The large aspect ratio of ~20,000
(Figure 2a, bottom inset) hinders rotation, and a nematic
liquid crystalline phase is obtained that shows birefringence
(Figure 2a, top inset)."” When mixing this nematic Hec
suspension with PEG, the nematic character of the suspension
is preserved, as evidenced by small-angle X-ray scattering
(SAXS). Hec nanosheets are separated to large distances,
allowing PEG to diffuse between adjacent Hec nanosheets that
are cofacially aligned (Figure 2a). Visible basal reflections up to
the fourth order emphasize the highly ordered nematic
crystalline nature of the ternary suspension. Moreover, the
SAXS curve shows a g~* dependence that is characteristic of
platelet-like two-dimensional (2D) colloids.*" This is addi-
tionally corroborated by applying a theoretical model of disks
with a diameter of 20,000 nm and a thickness of 1 nm that are
separated to 40.5 + 4.5 nm based on a Gaussian distribution
(Figure SI).

The barrier laminate was fabricated by subsequent coatings
of a PVOH sublayer, the PEG-Hec barrier film, and a PVOH
top layer on a poly(ethylene terephthalate) substrate (Figure
2b). The sub and top layers were produced by doctor blading
an aqueous formulation (total solid content of 30 wt %)
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consisting of PVOH, sorbitol, and glycerol. Sorbitol and
glycerol were added as plasticizing agents, allowing high
elongations of the sub and top layers for the stretchability
experiments. First, the sublayer was coated on the substrate.
Subsequently, a nematic suspension (total solid content of 1 wt
%, Figure 2a, top inset) composed of Hec and PEG in a weight
ratio of 72:28 was spray-coated on top of the dry PVOH
sublayer and dried. The applied weight ratio was cross-checked
via thermogravimetric analysis (TGA) (Figure S2). In the last
step, a sealing layer of PVOH was coated on top of the PEG-
Hec nanocomposite barrier film, resulting in a transparent self-
standing laminate (Figure 2c). As each spraying cycle only
adds a small amount of aqueous suspension on the dry PVOH
surface, interdiffusion of Hec into the PVOH coats could be
mitigated. Sharp interfaces were observed between the 4 um
thick PEG-Hec barrier film and the sandwiching PVOH layers
in scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray (EDX) element mapping (Figure 2d).

As previously reported for the applied PEG/Hec ratio,”* 1D
crystalline, monodomain hybrid Bragg stacks are formed via
self-assembly during drying of the spray-coated wet coats. The
X-ray diffraction (XRD) confirms a 1D periodicity with a basal
spacing of dy,; = 1.8 nm (Figure 3a). PEG layers of 0.8 nm
thickness are intercalated between overlapping, adjacent 1 nm
thick Hec nanosheets (Figure 3a inset), and a low coefficient of
variation of 0.7% indicates a very good crystallinity."*
Transmission electron microscopy (TEM) images of the
Bragg stack barrier film cross sections confirm the superior
periodicity and monodomain character (Figure 3b).

Since transparent packaging materials are desired for visual
inspection of packaged goods, the optical properties of the self-
standing laminate were investigated. The perfect orientation of
Hec nanosheets in the direction of the Bragg stack is
corroborated by the high transmittance, clarity, and low haze
(Figure 3c). Defects in the 1D periodicity caused by the
inclusion of folded Hec nanosheets, larger cavities, or general
misalignment would lead to scattering. We want to emphasize
this as one significant advantage of the barrier laminate
presented here compared to metalized and, thus, non-
transparent polymer films.

To achieve a 4 ym thick PEG-Hec Bragg stack barrier film,
100 spraying and drying cycles are necessary, which might
appear cumbersome. However, we sided with this coating
method for three reasons. First, nematic phases of fully
delaminated layered silicates of this high-aspect ratio are
already honey-viscous at 3 vol %. Although the suspensions

show shear thinning,** this represents an upper limit for the

https://doi.org/10.1021/acsami.3c02504
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Figure 4. Stretching experiments. (a) WVTR measured at 40 °C and 50% RH as a function of elongation for the self-standing barrier laminate. The
inset sketches the Hec nanosheet arrangement within the PEG-Hec Bragg stack barrier layer upon stretching and subsequent relaxation. Below 10%
elongation (blueish background), the tortuosity is restored after relaxation, while above 10% elongation, no rearrangement of the tortuous path is
observed (greenish background). (b) Photograph with top view (z-direction) of stretched and relaxed self-standing laminate, where x is the
direction of stretching. The film elongated by 10% exhibits no defects, while an elongation of 20% causes a fatal rupture. Nanosheets can no longer
bridge the macroscopic gap, which acts as pinholes for gas diffusion (dashed rectangle). (c) SEM cross sections (y-direction) of the self-standing
laminate elongated by 20%. The sample was prepared from the area marked with a dashed rectangle in (4b). The SEM images display the fatal

rupture of the hybrid Bragg stack barrier film in different scales.

concentration regardless of the coating technique, and in any
case, >90% water has to be removed. Second, with the low
amount of nematic aqueous suspension added for each
spraying cycle, drying times are short, which kinetically hinders
phase separation within the dry nanocomposite barrier film
upon water removal, as recently reported for PVOH and Hec
nanocomposite barrier films.”” Third, spray coating, moreover,
prevents the partial dissolution of the water-soluble PVOH
sublayer as only a small amount of aqueous suspension is
added in each cycle, followed by quick drying. Contrary to this,
slot die coating requires much longer drying that triggers an
interdiffusion of PVOH sublayer by partial dissolution. As
these factors, the degree of order of the nanocomposite and
gradient structures at the substrate—nanocomposite interphase
developing, will also influence the barrier to some extent, we
chose spray coating as the processing method for this study as
it facilitates the interpretation of the data. This allows us to
study the influence of the perfect hybrid Bragg stack structure
of the nanocomposite barrier film as we believe that the
alternating layers of PEG and Hec nanosheets that
mechanically decouple adjacent silicate nanosheets are crucial
to the stretchability, as discussed in detail later. However,
barrier films made of nematic Hec suspension fabricated via
slot die coating, and industrially benign processing that can
easily be transformed to large scale, have already been proven
to exhibit extraordinary barrier properties comparable to
nanocomposites obtained by spray coating.””*"**

To test for the robustness of the barrier upon dimensional
changes of the self-standing laminate, WVTRs were
determined at 40 °C and 50% relative humidity (RH) as a
function of uniaxial stretching and subsequent relaxation
(Table S1). For this, a stretching device built in-house was
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used (Figure S3), which allows for mimicking real-world
thermoforming involving stretching and shrinking processes.
Usually, during thermoforming, the polymer films get heated
to a softened state above T, and then deformed before it is
rapidly cooled down to retain the new shape or to allow for
relaxation to shrink-wrap around the final item, respec-
tively.'>'> Hence, the self-standing laminate was clamped in
the stretching device and transferred to a heated climate
chamber to soften the laminate, followed by the application of
a uniaxial elongation. After cooling down, the self-standing
laminate was removed from the device, allowing for relaxation
and shrinking. We chose plasticized PVOH as the thermo-
plastic material sandwiching the central barrier film because
the laminate can already be softened at relatively low
temperatures of 70 °C compared to PP, for example, which
requires forming temperatures as high as ~170 °C."°
Moreover, the applied climate chamber allows further
plasticizing of the hydrophilic barrier laminate with water
vapor, which is not feasible with hydrophobic petro-based
thermoplastics. In this environment, the neat plasticized
PVOH layers can easily be stretched well above 200%
elongation. The contribution of the PVOH layers to the
total barrier is insignificant. A 20 um sublayer of plasticized
PVOH has a WVTR of 25.4 g m > day ™, which corresponds to
a water vapor permeability (WVP) of 13.7 ¢ mm m™> day™
bar™' by accounting for the sample thickness. By incorporating
the PEG-Hec Bragg stack barrier layer, the self-standing
laminate with a total thickness of 58 ym attains a WVTR as
low as 0.17 g m™> day ™/, corresponding to a WVP of 0.3 g mm
m™* day™! bar™". The barrier performance of the laminate is
thus assured solely by the central PEG-Hec barrier film.

https://doi.org/10.1021/acsami.3c02504
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As already mentioned, the pristine and unstretched (= 0%
elongation) self-standing barrier laminate has a WVTR of 0.17
gm~* day ' and is remarkably insensitive to strain (Figure 4a).
Up to 15% elongation, the WVTR increases only moderately.
For instance, at 10% elongation, the water vapor barrier is still
excellent with a WVTR of 0.28 g m™> day™". This is somewhat
surprising since the PEG-Hec barrier film is reported to be
brittle and fractures already at approx. 8% of elongation.”*
Apparently, the plasticized PVOH mitigates the catastrophic
failure of barrier performance within certain limits (Figure 4b).
Even if microcracks should be formed in the brittle Bragg stack
film during stretching, the edges are held opposite of each
other, and we suppose that upon shrinkage of the PVOH layers
upon strain release, they are pressed together, and the
tortuosity is restored. This speculation is corroborated by
SEM images (Figure S4) of films relaxed after stretching, with
no visible defects in the PEG-Hec nanocomposite barrier.
Consequently, the good barrier performance is preserved
(Figure 4a).

Moreover, the two sandwiching PVOH layers represent a
kind of “buffering layers” that alternatively or additionally
might explain the tolerance of the barrier system to stretching.
Such buffering layers have been shown to improve the
flexibility of otherwise nonstretchable thin films or brittle
inorganic coatings.**™*® For instance, it was found for
nanometer-thick vapor-deposited SiO, coatings that an organic
silicon sublayer minimized internal stress and improved the
barrier properties.7 Furthermore, the water vapor barrier
properties could be maintained upon 10% elongation for a
HfO, thin film made by atomic layer deposition with the
support of a polyamide buffering layer providing high tolerance
against mechanical stretching.”” Another approach that can be
compared to the “buffer layer” effect is the layer-by-layer
assembly of alternating layers of a cationic polymer and
negatively charged clay nanosheets that have also been shown
to provide stretchability and maintain gas barrier properties
upon stretching.***

Nonetheless, above 15% elongation, the WVTR collapses
and increases to 4.80 g m™> day ™" at 20% elongation, which is
almost 30 times higher than the initial WVTR value. After 20%
elongation, fatal macroscopic ruptures perpendicular (= y-
direction) to the uniaxial stretching direction (= x-direction)
became visible, which no longer "heal” upon shrinkage (Figure
4b). This hypothesis is supported by SEM images of cross
sections (z-direction) of one of the fatal ruptures (dashed
rectangle) from the 20% elongation sample (Figure 4c). The
PEG-Hec barrier film integrity is entirely destructed, resulting
in extended pinholes, which is catastrophic for the barrier
performance reflected in the immense surge in the WVTRs and
the increasing error at high WVTRs.

In a nutshell, it is assumed that upon stretching the hybrid
Bragg stack film, adjacent individual Hec nanosheets slide
along the PEG layers, leading to a decrease in the tortuosity.
Upon relaxation and below 10% elongation, Hec nanosheets
rearrange and rebuild the tortuous path reflected by the
constant WVTR values. However, when elongating the hybrid
Bragg stack film above 10%, the sliding of adjacent Hec
nanosheets becomes irreversible, as indicated by the then
substantially increased WVTR values.

A more standardized measurement protocol that reflects
real-world conditions is WVTR values obtained at 23 °C and
85% RH after, e.g, DIN EN ISO 15106-3 and ASTM F1249.
Hereby, the self-standing laminate with a total thickness of 58

um exhibits a WVTR of 1.17 g m™* day™, corresponding to a
WVP of 2.8 g mm m™> day ™" bar™' that can now be used for
comparison with other thermoformable polymer films
measured at the same harsh conditions of 85% RH (Table
1). It outperforms commercial petro-based packaging polymers

Table 1. Water Vapor Permeability (WVP) of the Self-
Standing Barrier Laminate Compared with Common
Polymers Used for Packaging®

WVP at 23 °C and 85% RH

films/polymers [g mm m™* day™" bar™']
self-standing barrier laminate (this work) 2.8
poly(vinyl alcohol) (PVOH)* 1260
poly(ethylene terephthalate) (PET)” 21-84
polypropylene (PP)” 8-17
polyethylene (PE)* 21-84
poly(vinyl chloride) (PVC)® 42—-84

poly(lactic acid) (PLA)® 158-855
“Values are partially converted from their originally reported units
allowing a consistent comparison. Although questioned in liter-

50,51 oy 4
ature,”””" a linear dependence of WVTR on thickness was assumed.

in terms of WVP like PVC (42—84 ¢ mm m™2 day ™" bar™") or
PP (8—17 g mm m™> day' bar™!),” which is remarkable
considering it is a totally water-soluble laminate obtained from
green and aqueous processing. This becomes even more
evident by comparison with neat water-soluble PVOH, which
exhibits orders of magnitude higher WVP than the self-
standing barrier laminate.

B CONCLUSIONS

Hybrid Bragg stacks composed of transparent ceramic high-
aspect ratio nanosheets separated and mechanically decoupled
by a soft polymer matrix combine the best of two worlds:
superior gas barrier assured by impermeable inorganic
nanosheets and stretchability of the mechanically decoupling
polymer. As high filler contents as needed for superb barrier
performance tend to yield brittle nanocomposite barriers,
catastrophic failure at low elongation at break has to be
mitigated by laminating the PEG-Hec barrier film between
plasticized soft PVOH polymer layers. Besides being auspicious
as a flexible packaging material for blister packages in
pharmaceuticals or vacuum sealing for food storage, the hybrid
Bragg stacks have high potential as flexible barrier liners in
ultra-lightweight hydrogen tanks as needed in the automotive
industry. Hydrogen-powered vehicles require tanks with liners
being impermeable to hydrogen and flexible to minimize
external shocks by withstanding structural force exerted on the
tank. Lightweight liners made of Hec composites have already
demonstrated extraordinary hydrogen barriers,”> and the
additional barrier stretchability presented in this study, making
liners of Hec Bragg stacks promising alternatives in tanks such
as Type IV composite tanks made of carbon fiber and a
thermoplastic polymer liner, which are already being used in
vehicles.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. Materials. Sodium
fluorohectorite (Hec, [Nags]™"[Mg, sLigs]°[Sis)*'O}oF,) was syn-
thesized according to a published literature procedure summarized in
the supporting information (Section $3).'”** Details on the
characterization of the synthetic Hec can be found in the supporting

https://doi.org/10.1021/acsami.3c02504
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information (Section S4 and Figure SS). Poly(ethylene glycol) (PEG,
BioUltra, 10,000 g mol ™, Sigma-Aldrich, Merck KGaA, Germany),
poly(vinyl alcohol) (PVOH, Selvol 205, ex Sekisui Chemicals Co.,
Japan), glycerol (CremerGLYC 3109921, ex Cremer Ole, Germany),
and sorbitol (Neosorb P 100 T, Roquette, France) were used without
further purification. Poly(ethylene terephthalate) (PET, optimont
501, 36 um, Bleher Folientechnik GmbH, Germany) foils were used
as substrates without further surface treatment.

Sample Preparation. Pristine Hec powder was added to double-
distilled water to obtain a 1 wt % suspension and was subsequently
placed in an overhead shaker for S days to achieve complete
delamination into single Hec nanosheets. PEG was dissolved in
double-distilled water to obtain a 1 wt % solution. The ternary
nematic suspension was produced by immersing the PEG solution
into the Hec suspension at the desired weight ratio (72:28 Hec/
PEG), yielding a total solid content of 1 wt %.

The PVOH suspension for coating the sub and top layers was
produced by adding 24 g PVOH, 3 g glycerol, and 3 g sorbitol to 70 g
double-distilled water, yielding a total solid content of 30 wt % and a
PVOH/glycerol/sorbitol weight ratio of 80:10:10. The solution was
kept at 85 °C under reflux for 2 h while stirring at 200 rpm using a
magnetic stirring bar to dissolve all components. Prior to coating, the
PVOH solution was homogenized and defoamed under vacuum (50
mbar) for 10 min and up to 2500 rpm using a SpeedMixer DAC 400.2
VAC-P (Hauschild, Germany).

The sub and top layers of PVOH were produced from the 30 wt %
PVOH suspension by applying automated doctor blading (ZAA 2300,
Zehntner GmbH Testing Instruments, Switzerland). The speed of the
blade was set to 15 mm s~', and the blade height was 250 ym (10
mil). The layers were dried for 30 min at a table temperature of 60
°C. The sublayer was coated onto the PET substrate in the first step.

The central PEG-Hec nanocomposite barrier film was prepared by
spray coating. A fully automatic spray coating system that employs a
SATA 4000 LAB HVLP 1.0 mm spray gun (SATA GmbH & Co. KG,
Germany) was used. The distance between the spray gun and the
PVOH sublayer was set to 17 cm. Subsequently, the 1 wt % nematic
PEG-Hec suspension was sprayed on the PVOH sublayer where the
spraying and nozzle pressure were adjusted to a constant 4 bar. To dry
the wet PEG-Hec layer after each cycle, the sample gets moved under
infrared lamps having a temperature of 50 °C for 30 min until the
evaporation of water is completed. The round-per-flat fan generated
ambient air circulation for mild drying conditions. 100 spraying and
drying cycles were conducted, and the final PEG-Hec barrier
thickness was approx. 4 ym.

In the final step, the top layer of PVOH was coated onto the PEG-
Hec nanocomposite barrier film, and a self-supporting laminate was
obtained after carefully peeling it off the PET substrate.

Characterization Methods. Small-Angle X-ray Scattering
(SAXS). SAXS measurements of the nematic suspension were
conducted in 1 mm glass capillaries (Hilgenberg, Germany) at
room temperature using the system Ganesha Air (SAXSLAB,
Xenocs). The system is equipped with a rotating anode copper X-
ray source MicroMax 007HF (Rigaku Corp., Japan) and a position-
sensitive detector PILATUS 300K (Dectris, Switzerland). The
sample-to-detector positions are adjustable, covering a wide range
of scattering vectors q. The resulting 1D data (I(q) vs g, with Intensity
I(q)) are background-corrected. In addition, the birefringence of the
suspension was checked with a self-made crossed-polarizer.

Scanning Electron Microscopy (SEM). SEM images of a single Hec
nanosheet were recorded with the microscope ZEISS LEO 1530 (Carl
Zeiss AG, Germany) operating at 3 kV and equipped with an In-Lens
secondary electron detector. The 1 wt % Hec suspension was diluted
to 0.001 wt % and drop-cast on a plasma-treated silicon wafer.
Subsequently, the sample was sputtered with 1.2 nm of platinum.

SEM images of the self-standing laminate cross sections were
recorded with the microscope ZEISS Ultra plus (Carl Zeiss AG,
Germany) operating at S kV and equipped with an In-Lens and
secondary electron detector. The cross sections were obtained by
cutting the PET-supported laminate with a scalpel toward the PET
side to protect the laminate. Subsequently, the self-standing laminate
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was carefully peeled off from PET and sputtered with 1.2 nm of
platinum. In addition, the cross sections of the laminate were analyzed
via electron dispersive X-ray spectroscopy (EDX) using an UltraDry-
EDX detector (Thermo Fisher Scientific).

Thermogravimetric Analysis (TGA). TGA was performed on a
Linseis STA PT 1600 (Linseis Messgerite GmbH, Germany). The
samples were dried under vacuum (107 bar) at 70 °C for 7 days. The
dry samples were heated up from room temperature to 1000 °C under
an argon atmosphere with a heating rate of 10 °C min™'. For
comparison, individual layers and pristine Hec were additionally
measured.

X-ray Diffraction (XRD). Diffraction patterns were attained on a
Bragg-Brentano-type instrument (Empyrean Malvern Panalytical BV,
The Netherlands) applying Cu Ka radiation (1 = 1.54187 A). The
diffractometer is equipped with a PIXcel-1D detector, and the
patterns were analyzed using Malvern Panalytical’s Highscore Plus
software.

Transmission Electron Microscopy (TEM). TEM images of the self-
standing laminate cross sections were recorded with the microscope
JEOL-JEM-2200FS (JEOL GmbH, Germany). Cross sections were
prepared from the peeled-off laminates by applying a JEOL EM-
09100IS Cryo Ion Slicer (JEOL GmbH, Germany).

Optical Properties. Optical properties were measured on a BYK-
Gardner Haze-Gard Plus (BYK-Gardner GmbH, Germany). An
average of five measurements of the self-standing laminate was taken
as the reported result for transmittance, haze, and clarity values.

Water Vapor Transmission Rate (WVTR). WVTR values of the
self-standing laminate were determined on the system PERMATRAN-
W 3/33 (Mocon) at 40 °C and 50% RH or 23 °C and 85% RH,
respectively. All samples were sufficiently equilibrated to guarantee
moisture conditioning. The permeation area of the film sample was $
cm™2, and the carrier gas flow (Nitrogen) was set to approx. 10 cm®
min~". The barometer works in the mode 'Passed In,” automatically
adjusting the pressure on both film sides to 760 mmHg. The principle
of the measurement is explained in the Supporting Information
(Figure S6 and Section S5).

The stretching experiments were performed on an in-house
stretching device, and the self-standing laminate was uniaxially
elongated in the x-direction to S, 10, 15, 20, and 30% (Figure S3).
Each elongation point is repeated three times with a new laminate
sample, and the statistical average was given as a result (Table S1).
Prior to the elongation, the laminate was clamped and equilibrated in
a humidity chamber type Memmert HCP105 (Memmert GmbH +
Co. KG, Germany) at a temperature of 70 °C and 35% RH for 30 min
to soften the outer PVOH layers. For further details, please refer to
Figure S3.

Film Thickness. The film thickness obtained from SEM micro-
graphs was cross-checked by employing a high-accuracy digimatic
micrometer (Mitutoyo, Japan) with a measuring range of 0—25 mm
and a resolution of 0.1 ym.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.3c02504.

Sketch of the model applied for the SAXS pattern; TGA
of the used films and laminates; calculations of expected
volume contents and details on the stretching experi-
ments, including WVTR values and SEM images of the
stretched laminates; summary of the synthesis of sodium
fluorohectorite and details on the characterization of the
filler; and measurement principle of a water barrier
measurement (PDF)
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d=20000nm
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Figure S1. Applied model for the theoritical calculcation of the SAXS curve. In this assumption, the disks
have a diameter d of 20 000 nm (+ 15%) and a thickness # of 1 nm (£3 %) and are separated to

40.5 £ 4.5 nm using a Gauss distribution.
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Figure S2. Thermogravimetric Analysis (TGA). TGA curve of the self-standing laminate (black). For
comparison neat sodium fluorohectorite (Hec) (red), the neat polyethylene glycol (PEG)-Hec
nanocomposite barrier film (blue), and the neat plasticized polyvinyl alcohol (PVOH) sub/top layer (green)
are additionally depicted. Mass loss below 100 °C can be attributed to residual water in the films. Around
200 °C, the sub/top layer of PVOH starts to thermally degrade (green). In addition, the intercalated PEG

in the Bragg Stacks begins to thermally degrade at 350 °C (blue). The synthetic clay Hec shows no thermal
degradation (red).

Section S1. Calculation of the volume content of 1 nm thick Hec nanosheets ¢ (Hec) and volume content of

PEG @(PEG) in the dry hybrid Bragg stack barrier based on the basal spacing dg;

Hor) w10 oss ESl
pHE = dooy 1.8nm (BB

@(PEG) = 1—0.55 = 0.45 (E S2)

Section S2. Conversion of weight content to volume content of Hec in PEG-Hec films with p(PEG) =

1.2 g/cm3, p(Hec) = 2.7 g/cm? as the respective densities and the weight content of 72 wt% Hec in the dry
hybrid Bragg stack barrier film;

_ wt% (Hec) - p(PEG) B
 wt% (Hec) - p(PEG) + (100 wt% — wt% (Hec)) - p(PEG)

@(Hec) 0.53 (E S3)
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Table S1. Water vapor transmission rates (WVTR) at 40 °C and 50% RH for the self-standing barrier
laminate obtained after the respective elongation experiment. Each elongation experiment is repeated three

times and subsequently the WVTRs are measured and individual values averaged.

Elongation / % WVTR / g m? day’! Error / g m? day™!
0 0.17 0.00
5 0.23 0.04
10 0.28 0.14
15 1.67 1.40
20 4.80 3.93
30 13.22 8.41

Figure S3. Principle of stretching experiments with an in-house made stretching device. In a first step,
each sample is cut with a template (x = 4.5 cm, y = 5 cm) and clamped within the roughened brackets (each
side by 0.75 cm in x-direction). The starting area is 3 cm in x-direction and 5 cm in y-direction. After
equilibration, the sample is stretched in x-direction to the respective elongation point. Afterwards, the
sample is carefully removed and allowed for relaxation in x-direction. The stretchable sub and top
polyvinyl alcohol layer contracts to a certain extent. For the next measuring point, a new sample is prepared

and the procedure is repeated.
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0% Elongation -

Figure S4. Scanning electron microscope images of cross-sections of the self-standing barrier laminates
upon stretching and shrinkage. Upon 10% elongation and shrinkage, the 4 pm PEG-Hec barrier film
exhibits no fractures or changes in dimensions, and consequently, the tortuosity is restored after shrinkage.

Solely, the top layer of PVOH slightly detaches from the PEG-Hec barrier film.

Section S3. Summary of synthesis of the synthetic filler sodium fluorohectorite (Hec).

The high-purity reagents of SiO> (Merck, fine granular, washed and calcined quartz pa), LiF (ChemPur,
99.9%, powder), MgF> (ChemPur, 99.9%, 3-6 mm pieces), MgO (Alfa Aesar, 99.95%, 1-3 mm fused lumps)
and NaF (Alfa Aesar, 99.995%, powder) were carefully weighed out in line with the composition
corresponding to the formula ([Nao.s]™*[Mg2.sLio.s]°*[Sis]*O10F2).

For cleaning purposes, a molybdenum crucible is heated to 1600°C inside a quartz tube under vacuum using
a copper high-frequency induction coil. Once cleaned, the crucible is filled with reagents within an argon
glovebox, and residual water is removed by heating the crucible to 1200°C in the quartz tube under vacuum.
The crucible is then sealed with a molybdenum lid by heating it to the melting point of molybdenum within
the copper induction coil. To synthesize Hec, the crucible is placed horizontally in a graphite furnace and
rotated at 1750°C for 80 minutes under an argon atmosphere. After cooling and quenching, the synthesized
Hec is ground using a planetary ball mill and dried under vacuum at 250°C for 14 hours. The dried Hec is then
filled into a cleaned molybdenum crucible within an argon glovebox and sealed again within the copper
induction coil. Finally, to increase the homogeneity of Hec, the crucible is placed inside an evacuated quartz

ampule and annealed in a chamber furnace for 6 weeks at 1045°C.
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Section S4. Characterization of the synthetic filler sodium fluorohectorite (Hec).

Section S4.1 Experimental

Cation exchange capacity (CEC). The CEC of Hec was determined with the [Cu(trien)]* method." After the
exchange procedure, the supernatant was analyzed by UV/Vis spectroscopy using a Varian Cary 300 Scan
spectrophotometer.

Layer charge determination.

The layer charge of Hec was determined according to Lagaly.? Alkylammonium chloride (CnH2n+1NH3"CI)
solutions, with alkyl chain lengths ranging from C4-Cs, were adjusted to a pH of 8 and blended with Hec. The
Hec was exchanged 3 times with 3 mL of respective amine solutions. After the quantitative exchange, the Hec
was separated by centrifugation and washed 6 times with ethanol-water mixture (1:1) and 4 times with pure
ethanol. After drying, the basal spacing of a complete series of alkylammonium derivatives was monitored by
X-Ray diffraction.

Fourier-transform infrared spectroscopy (FTIR).

An FTIR spectrum of Hec was recorded by employing a Jasco FTIR 6100 spectrometer. The spectrum was
recorded for the region 4000-400 cm™" with a resolution of 4 cm™'. The observed vibration bands are in-line

with previously published FTIR spectra of Hec.?

2 | v(O-H)=3616 cm 5(H-O-H)=1635 cm™!

=

S

£ o -

@ 5(Si-0)=706 cm

g

£

v(Si-0)=950 cm"!
4000 30‘00 20‘00 1 0‘00

v/em™!

Figure S5. FTIR spectrum of the neat sodium fluorohectorite.

Section S4.2 Results and Discussion

The synthetic Hec features a cation exchange capacity of 1.27 mmol g!, and the layer charge x can be
narrowed down to ~0.5 < x < 0.54, which is in excellent agreement with previously published values.* FTIR
spectroscopy revealed vibration bands assigned to Hec that align with previously investigated FTIR spectra
of Hec.? The particular synthesis route followed by long-term annealing yields a cation composition of
[Nag.as] ™" [Mg>.57Li0.47]°'[Sia]'“" that is close to the target composition.* Adsorption isotherms of Hec with Ar
revealed a non-porous structure with a BET surface as low as 4 m? g, i.e., Ar or N> with a similar kinetic

diameter has no access to the interlayer surfaces in the collapsed state.® However, in the delaminated state, as
5
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applied in this work, by neglecting the edges of high-aspect-ratio Hec nanosheets, a surface of ~744 m? g'! is

available, which can be approximated from crystallographic data.*

Dry N, flow
to cell

Water vapor flow

Moist N, flow
to sensor

Water vapor flow

Water vapor
permeation
direction

Film S:ample “6"-Ring
Figure S6. Principle of a water vapor barrier measurement using the system PERMATRAN-W 3/33
(Mocon, US). The system employs a patented modulated infrared sensor to detect water vapor transmission
in both flat materials and packages with exceptional sensitivity in parts per million. During testing, the flat
film sample is placed in a test cell divided into two chambers separated by the sample material. The outer
chamber is filled with water vapor (test gas), while the inner chamber is filled with nitrogen (carrier gas).
A relative humidity (RH) probe controls the RH in the outer chamber. The O-Ring seals the film sample
with the chambers. The water molecules, delivered to the outer chamber by the test gas, permeate through
the film to the inner chamber and are conveyed to the sensor by the carrier gas. The computer monitors the
increase in water vapor concentration in the carrier gas and reports the value on the screen as the water

vapor transmission rate (WVTR).

Section S5. Conversion of WVTR to water vapor permeability (WVP) with dgim as the thickness of the film
and Ap as the partial pressure difference of water vapor between the outer and inner chamber. The WVP
calculation is shown for the measurement at 23 °C and 85 %RH with a vapor pressure of water of p(H,0) =

0.0281 bar at 23 °C.

WVTR dfyyn 117 gm~2day ™" - 0.058 mm

= - = -2 -1 =S B S4
r ap 0.024 bar 2.8 gmm m™“day~"bar (E S4)
Ap = [Poutsize (H20) — Pinsiae (H20)] (E S5)

Poutsiae(H20) = RH - p(H;0) = 0.85 - 0.0281 bar (E S6)

plnside(Hzo) = RH: p(H,0) = 0-0.0281 bar ES7)
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ABSTRACT: Systematic studies on the influence of crystalline vs
disordered nanocomposite structures on barrier properties and
water vapor sensitivity are scarce as it is difficult to switch between
the two morphologies without changing other critical parameters.
By combining water-soluble poly(vinyl alcohol) (PVOH) and
ultrahigh aspect ratio synthetic sodium fluorohectorite (Hec) as
filler, we were able to fabricate nanocomposites from a single
nematic aqueous suspension by slot die coating that, depending on
the drying temperature, forms different desired morphologies.
Increasing the drying temperature from 20 to 50 °C for the same
formulation triggers phase segregation and disordered nano-
composites are obtained, while at room temperature, one-
dimensional (1D) crystalline, intercalated hybrid Bragg Stacks
form. The onset of swelling of the crystalline morphology is pushed
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to significantly higher relative humidity (RH). This disorder—

order transition renders PVOH/Hec a promising barrier material at RH of up to 65%, which is relevant for food packaging. The
oxygen permeability (OP) of the 1D crystalline PVOH/Hec is an order of magnitude lower compared to the OP of the disordered
nanocomposite at this elevated RH (OP = 0.007 cm® ym m™> day ™' bar™" cf. OP = 0.047 cm® ym m™? day™" bar™" at 23 °C and 65%

RH).

KEYWORDS: Cussler, clay, slot die coating, water vapor and oxygen permeability, food packaging

B INTRODUCTION

In 2019, the total European plastic converters’ demand was
50.7 million tons of plastics, with packaging and electronics
sectors sharing almost 50% of the end-use market." Particularly
for food packaging, materials are desired to be metal-free,
transparent, flexible, and protective against gas permeation.””
The shelf life of packaged groceries is limited by the
permeability of the packaging as, for instance, oxygen fosters
microbiological spoilage,” while water vapor renders crisp
products stale.

Poly(vinyl alcohol) (PVOH) is a commercial, affordable,
water-soluble, and biodegradable polymer that moreover is
approved for food contact by the Food and Drug
Administration.” Its high water solubility furthermore allows
for eco-friendly waterborne processing by solution casting.’
Moreover, at low relative humidity (RH), PVOH possesses
good barrier properties with oxygen permeabilities (OP) as
low as 0.09 cm® gm m™* day™' bar™" in the dry state (Table
$3). This excellent performance can be attributed to strong
inter- and intramolecular hydrogen bonds between the highly
polar hydroxyl (OH) groups.® At a threshold humidity around
55%, however, swelling sets in, and the incorporated water
molecules break the inter- and intramolecular hydrogen

© 2021 The Authors. Published by

American Chemical Society
48101

" 4 ACS Publications

125

bonds,”'® which increases segment mobility to a great extent."’
Thus, the OP of a PVOH film increases by 600% when
increasing the RH from 0 to 80%,'> and PVOH becomes a
poor barrier at high RH. Additionally, the swelling increases
the solubility of water molecules. As the permeability (P) of a
barrier film can be expressed by P = S x D, where S is the
solubility and D is the diffusivity parameter of the permeate,"
the increase of H,O concentration in the PVOH film not only
increases OP but also concomitantly the water vapor
permeability. Thus, as barrier properties deteriorate with
increasing RH, the barrier at 65% RH is more relevant for food
packaging. Consequently, barriers measured at <50% RH,
which is below the threshold of PVOH swelling, are misleading
and irrelevant. In the same line, pushing the swelling threshold
to higher RH values is highly desired, as this will enable wider
usage of PVOH.
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Figure 1. Different types of polymer-clay nanocomposites. (a) Ideal hybrid Bragg stacks of periodically alternating clay nanosheets and polymer
layers. The dy, is given by the sum of 1 nm thick nanosheets and d;,,.,, the interlayer space filled by the polymer severely confined between the clay
nanosheets as shown in the inset. (b) Complete phase segregation producing separated clay-only and polymer domains. (c) Composite of
segregated intercalated, 1D crystalline Bragg stacks in surplus of the polymer matrix. In addition, a sketch of the tortuous path for an oxygen
molecule is explicitly shown displaying the difference in the diffusion pathway depending on the type of nanocomposite structure.

To counteract the moisture sensitivity of commercial PVOH
packages in terms of barrier performance, they are either
laminated, e.g., with polyethylene, or copolymerized with more
hydrophobic monomers, such as ethylene vinyl alcohol
(EVOH)."*"® Especially for EVOH, the hydrophobicity, and
hence the onset of swelling, can easily be fine-tuned by
adjusting the ethylene content.'"'®

It has long been established that by compounding of
impermeable silicate layers (clay) into a polymer P can be
decreased by several orders of magnitude via elongating the
diffusion pathway (Figure 1).'”7>* P depends nonlinearly on
the aspect ratio @ and filler content ¢ of the platelet-like filler

2 2

[1 " ”[ = ])_l (1)

l-¢

with P being the permeability of the filled polymer matrix, P,
the permeability of the neat polymer matrix, and g being a
geometrical factor depending on the shape of the filler.”
However, we more recently found that in addition to reducing
permeability, the threshold humidity for the onset of swelling
can be increased by arranging the filler periodically into one-
dimensional (1D) crystalline films.** Alternatively, it was
found for a poly(vinylpyrrolidone) (PVP) nanocomposite that
by increasing the filler content, P can be reduced beyond what
is expected from Cussler’s tortuous path theory (eq 1),*°
suggesting that increasing confinement of the polymer also
hampers swelling and renders the nanocomposite more
hydrophobic.”®

Clay and PVOH-based nanocomposites show exceptional
mechanical,”” 7>° flame-retardant,*®*' and barrier proper-
ties.”> " However, the literature regarding the issue of
segregated vs the 1D crystalline, intercalated nature (Figure
1) of clay/PVOH nanocomposites is contradictory. While both
hydrophilic clays and PVOH are dispersible/soluble and hence
perfectly miscible in water, some reports found complete phase
segregation being triggered upon drying.**** The segregation
produces restacked clay-only aggregates (Figure 1b) as
indicated by interlayer distances corresponding to the pristine
clay filler. Although this phase segregation is apparently driven
by thermodynamics, the kinetics limit it to small length scales
as the diffusion of PVOH becomes increasingly more difficult
with the tortuous path building up upon solvent removal. In
any case, the restacking reduces the effective aspect ratio,
which according to Cussler, will hamper the barrier potential of
the filler. The majority of reports, however, observed

P,

rel

| =

0
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intercalated nanocomposite structures where PVOH is
incorporated between the clay nanosheets producing basal
spacings clearly exceeding the pristine clay spacing. The
intercalated morphology was observed for clay/PVOH nano-
composites fabricated by various solvent casting methods such
as dip coating,®"*® doctor blading,”” or film casting.”**"** It
should be mentioned that, nevertheless, most reported
intercalated clay/PVOH nanocomposites are biphasic. As the
ideal intercalated phase requires a well-defined volume ratio of
clay to PVOH, this ratio needs to be iteratively identified to
obtain a single-phase intercalated material. The composite with
the correct volume ratio of cla?r to PVOH represents hybrid
Bragg Stacks (Figure 1a).*’”*' Whenever this ratio is not
optimized, nanocomposites are obtained, where the interca-
lated hybrid phase is actually embedded into the surplus of the
polymer matrix (Figure lc).

In this paper, we report the fabrication of both morphologies
(Figure lab) composed of PVOH as the polymer matrix and
synthetic sodium fluorohectorite (Hec) nanosheets as fillers
from a single nematic aqueous suspension using a highly
scalable slot die coating process. Furthermore, we show that
the type of nanocomposite can simply be switched from
intercalated to completely phase segregated by increasing the
drying temperature. This allows us for the first time to evaluate
the impact of 1D crystallinity on oxygen and water vapor
permeability, while keeping the nature of the filler, aspect ratio
(a), filler content (¢), and processing constant. Crystallinity
was found to clearly push the onset of swelling by water vapor

to higher RH.

M RESULTS AND DISCUSSION

The synthetic clay sodium fluorohectorite (Hec) shows the
phenomenon of repulsive osmotic swelling.*” By immersing
Hec in deionized water, delamination is thermodynamically
driven by simple hydration of the interlayer sodium cation.
Generally, overcoming the attractive layer interactions requires
the separation of adjacent Hec layers by hydration to a certain
distance (Gouy—Chapman length).** At this point, the layer
interactions become repulsive, allowing to gently delaminate
the material into single Hec nanosheets of 1 nm thickness."’
This soft top-down procedure provides nanosheets with a
lateral diameter of 20 um yielding an ultrahigh aspect ratio of
~20000 (Figure 2a inset).** Even at low concentrations (<1
vol %) of aqueous Hec suspensions, this extraordinary aspect
ratio hinders rotation of adjacent negatively charged Hec
nanosheets and forces them to adopt a cofacial arrangement

https://doi.org/10.1021/acsami.1c14246
ACS Appl. Mater. Interfaces 2021, 13, 4810148109
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Figure 2. Sketch of the processing method. (a) 1D SAXS pattern indicates a homogeneous aqueous suspension composed of PVOH and single
Hec nanosheets that are uniformly separated by 49 nm (O, measured; -, calculated). To increase the signal-to-noise ratio of the SAXS pattern, the
suspension (S wt % total solid content) was centrifuged to obtain a concentrated gel (~8 wt % corresponding to ~5 vol % total solid content). The
insets show birefringence of the diluted nematic ternary suspension between crossed polarizers and a scanning electron micrograph (SEM) of an
individual Hec nanosheet with a diameter of >20 um. (b) The nematic suspension was slot die coated on a corona-treated poly(ethylene
terephthalate) (PET) foil. (c) Depending on the drying temperature T = X °C of the wet coating, upon solvent removal, the constituents either
self-assemble into single domain hybrid Bragg stacks or completely phase-segregated composites. At T'= 20 °C, 1D ordered single domain films of
Bragg stacks are obtained with a periodicity of 4.1 nm comprised of a 3.1 nm thick PVOH layer being confined between 1 nm thick clay nanosheets.
Raising the drying temperature to 50 °C leads completely to phase-segregated nanocomposites comprised of clay-only domains with a periodicity

of 1.2 nm.

due to the strong electrostatic repulsion. Consequently,
nematic liquid crystalline phases are obtained.*’ Mixing an
aqueous solution of PVOH and delaminated Hec nanosheets
results in a translationally homogeneous phase with individual
Hec nanosheets separated to long distances (e.g., 49 nm at 8
wt %), as evidenced in small-angle X-ray scattering (SAXS)
(Figure 2a). This allows dissolved PVOH to diffuse between
adjacent nanosheets that are confined in the cofacial geometry.
A series of basal reflections are visible up to the fourth order,
emphasizing the highly crystalline nature of the lamellar
lyotropic suspension. Moreover, the SAXS curve exhibits a g2
dependence at low- and intermediate q ranges that is
characteristic for platy two-dimensional (2D) colloids.*® This
is highlighted by applying a calculated model of disks with a
diameter of 20 ym and thickness of 1 nm separated to a dy, of
49 + 5.5 nm using a Gauss distribution (Figure 2a).

A ternary aqueous suspension comprised of Hec nanosheets
and PVOH in a wt % ratio of Hec/PVOH 40:60 totaling to a
solid content of S wt % was used to fabricate nanocomposite
liners via slot die coating on a corona-treated poly(ethylene
terephthalate) (PET) foil (Figure 2b). Slot die coating is a
universally applicable coating tool that can be easily adapted to
an industrial scale with high throughput. Recently, we showed
that it is ideally suitable for processing nematic phases
consisting of high aspect ratio nanosheets.*® It gives access
to perfectly textured 1D “single domain crystalline” wet films,
where the nanosheets are aligned in parallel with the PET
substrate due to the high shear fields beneath the lips of a slot
die. The shear-oriented nanosheets have sufficient inertness to
maintain their orientation upon solvent removal and drying,
yielding outstanding barrier coatings with clay nanosheets
oriented parallel to the flat substrate.

It is known that processing influences the nanocomposite
mor; ho]ogf’ and consequently affects barrier proper-
ties.”"**7>* Although starting from a single nematic
suspension, tuning the drying temperature interestingly leads
to different self-assembled nanocomposite morphologies
(Figure 2c). At high filler contents, a polymer experiences
severe confinement and is estimated to be exposed to high
pressure”™ because the interlayer height between nanosheets is
in the same range as the diameter of polymer chains. Here, we
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worked with 40 wt % Hec corresponding to 23 vol % in the
dried nanocomposite film as cross-checked by thermogravi-
metric analysis (Figure S1). Assuming an equidistant 1D
crystalline ordering of 1 nm thick Hec nanosheets, this
provides an interlayer space of only 3.3 nm for the polymer
(Section S1), which is certainly far below the radius of
gyration. Therefore, a polymer is forced to rearrange into a
densely packed structure within the confined space of clay
nanosheets, which involves a drastic depletion of conforma-
tional freedom for the polymer chain segments.**™>® It is
known that conformational entropy plays a significant role in
interfacial self-assembly, especially for long-chain molecules
such as polymers,”” and thus confinement can dictate the
structural formation direction.”®*” As intercalated clay/PVOH
nanocomposite structures could be obtained,>”**3!3673%
apparently, this entropic loss may be compensated with an
enthalpic contribution, i.e,, attractive complexation interactions
with interlayer cations and potentially hydrogen bonding to the
clay surface.* Most studies focus on modifying clay nano-
sheets by ion exchange to enhance the attractive interactions
with polymers, but less attention has been paid to entropic
effects. For a more detailed discussion of entropic effects in the
polymer nanocomposite self-assembly, we refer to a recently
published review from Yan et al.®’

Surprisingly, we found that for PVOH/Hec nanocomposites,
the balance of entropy and enthalpy happens to be subtle
enough to be pushed in favor of one or the other simply by
changing the temperature of the wet coating drying by some 30
°C. Four samples were prepared (Figure 3a) and denoted as
PVOH/Hec X °C, where X is the respective drying
temperature of the wet coatings. The X-ray diffraction
(XRD) pattern of PVOH/Hec 20 °C displays a rational series
of basal reflections with a d-spacing of 4.1 nm, corresponding
to an interlayer height of 3.1 nm, which is in good agreement
with expectations for the given filler content of 23 vol %. As
indicated by a rational 00! series up to the third order, the 1D
crystallinity of the intercalated single domain film is good. This
is corroborated by transmission electron microscopic (TEM)
cross-sectional images (Figure 3b) showing an equidistant
spacing of Hec nanosheets.

https://doi.org/10.1021/acsami.1c14246
ACS Appl. Mater. Interfaces 2021, 13, 4810148109
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Figure 3. Structural investigation of nanocomposites. (a) XRD patterns of PVOH/Hec films on PET dried at different temperatures. The broad
reflexes at 20 ~ 26 °C arise from the PET foil (Figure S2). Cross-sectional TEM images of (b) PVOH/Hec 20 °C (blue) and (c) PVOH/Hec S0
°C (red). The red arrow shows bright segregated lenses of neat PVOH up to 92 nm thickness. The right TEM images display zoomed-in regions

(dark: Hec nanosheets, bright: PVOH).

Upon raising the drying temperature from 20 to 30 °C, a
second basal spacing becomes apparent at doy, = 1.5 nm, while
the basal spacing of the intercalated domain shifts slightly to
4.4 nm. Such shifts are due to effects of the so-called random
interstratification.’’ If different domain sizes are stacked, the X-
ray beam produces an apparent weighted average within the
coherence length of the X-ray beam (460 nm for in-house X-
ray tubes). In this line and according to Meuring’s rules,”'
domains producing an apparent d-spacing of 1.5 nm are
comprised of a random stack of clay-only (dgy; = 0.96 nm) and
intercalated (dg; = 4.1 nm) stacks. The domains producing an
apparent d-spacing of 4.4 nm, in turn, are comprised of
intercalated stacks and phase-segregated, but thin, PVOH
lenses (Figure S3). The tendency to phase-segregate becomes
gradually more pronounced at a drying temperature of 40 °C.
The nanocomposite films obtained at this temperature
continue to be biphasic, while the weight fraction of clay-
only domains in the first and segregated PVOH lenses in the
second increases shifting the apparent d-spacings to 1.3 and 5.8
nm, respectively. Finally, at the maximum drying temperature
of 50 °C allowed by the slot die table, phase segregation is
almost complete. The apparent basal spacing of the random
interstratification of intercalated and phase-segregated PVOH
lenses is out of the measuring range of the applied
diffractometer. The presence of some intercalated domains
was, however, confirmed by TEM micrographs (Figure 3c).
The apparent basal spacing of randomly interstratified domains
of clay-only and intercalated stacks approached the basal
spacing of Hec (dy, = 0.96 nm), which exhibits a distinct d,
reflection of 1.2 nm in the diffractogram of PVOH/Hec 50 °C.
Aside from this phase, bright slabs of segregated neat PVOH
lenses are also a prominent feature in the TEM micrographs
(Figure 3c). We assume that further increasing the drying
temperature of the wet coating would increase the phase
separation to a higher extent approaching the basal spacing of
neat Hec (dgp, = 0.96 nm) and finally realizing total phase
separation with apparent Hec- and PVOH-only domains as
indicated in Figure 1b.
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Upon solvent removal, a thermodynamically driven partial
phase segregation occurs when increasing the drying temper-
ature of the wet film. The entropic cost of confining PVOH in
the interlayer gap of 3.1 nm becomes increasingly higher at
elevated temperatures until finally preferring segregation.
However, segregation is kinetically slowed down due to the
large 20 um diameter of the Hec nanosheets creating a
tortuous path that gradually becomes more tortuous as the
solvent is removed and restricts mass transport.(’2

As the application of PVOH as a barrier material is critically
limited by the onset of swelling at a low RH of 55%, the
influence of crystallinity on this swelling onset and barrier
properties was investigated. Measuring water vapor trans-
mission rates (WVTR) at 23 °C as a function of RH is the
most sensitive probe for the moisture sensitivity of the four
differently dried samples (Figure 4a). Indeed, a clear trend is
discernible in the entire range of 0—90% RH. The WVTR
values decrease at any given RH with decreasing drying
temperature (Table S1). For PVOH/Hec 20 °C and PVOH/
Hec 50 °C, water vapor uptake was determined gravimetrically
(Figure 4b). For the crystalline sample PVOH/Hec 20 °C, no
mass gain was observed up to 50% RH though above this
threshold, swelling quickly sets in. On the contrary, the
PVOH/Hec 50 °C sample adsorbs water vapor even below
50% RH, and the mass increases continuously throughout the
complete humidity range. Interestingly, at 95% RH, the two
samples showed a similar mass gain. Adsorbed water molecules
in a 1D hybrid structure could either fill voids in the
intercalated polymer matrix, or swelling might be accompanied
by increasing the interlayer height. The latter is the case for
PVOH/Hec 20 °C at 65% RH, where the d-spacing starts to
increase (Figure S4), which is in line with the gravimetric
results. However, swelling is limited to an increase of basal
spacing of only 17% even at a high RH of 90% (Figure 4c).
Unfortunately, as discussed above, apparent basal spacings of
PVOH/Hec 50 °C are influenced by interstratification and,
therefore, may not be interpreted to reflect the swelling of
intercalated domains. In summary, as compared to the

https://doi.org/10.1021/acsami.1c14246
ACS Appl. Mater. Interfaces 2021, 13, 4810148109
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Figure 4. Swelling and its impact on permeability. (a) WVTR at 23 °C of the PVOH/Hec nanocomposite coatings on PET dried at different
temperatures as a function of RH. (b) Normalized gravimetric water uptake as a function of RH for PVOH/Hec 20 °C (blue) and PVOH/Hec S0
°C (red). (c) Normalized d-spacing as a function of RH for PVOH/Hec 20 °C. The inset sketches the increase of the d-spacing above 50% RH for
PVOH/Hec 20 °C upon water intercalation into the interlayer space.

disordered, segregated films, the 1D crystalline, intercalated
PVOH films show less moisture sensitivity at elevated RH. The
more hydrophobic character might render them appropriate
for the oxygen barrier at relevant RH of 65% as per ISO 21309-
2:2019 standard.

As the oxygen transmission rates (OTR) are dependent on
the thickness of the barrier liner and the substrate permeability,
Roberts et al. suggested removing the substrate influence by
employing a series expansion to obtain the OTR of the neat
coating.”” Moreover, OTR was converted into OP by
normalizing to 1 um to facilitate comparability.

For both PVOH/Hec 20 °C and PVOH/Hec 50 °C, the
incorporation of Hec nanosheets into PVOH shows an
improvement of the OP by several orders of magnitude
(Section S2, Tables S2, S3, and S4). While the OP values of
PVOH/Hec 50 °C at any given RH are much lower than those
of neat PVOH, the variation with RH is similar (Figure S).

1 ——PVOH
—— PVOH/Hec 20 °C
{ ——PVOH/Hec 50 °C

OP / cm® ym m2 day™ bar!
o

°
2

o4

100
RH/ %

Figure 5. Oxygen barrier properties. Oxygen permeability at 23 °C of
neat PVOH, PVOH/Hec 20 °C, and PVOH/Hec 50 °C coatings as a
function of RH. The coating thickness is measured to be 3.7 um for
the nanocomposites and 4.6 ym for the neat PVOH film. The inset
shows the high transparency of a PVOH/Hec 20 °C coating on PET
of a strawberry packaging.

Interestingly, at an industrially less relevant RH of 0%, the OP
for PVOH/Hec 50 °C is lower than the OP of the 1D
crystalline Bragg Stack film of PVOH/Hec 20 °C. Strong inter-
and intramolecular H bonding yields very good oxygen barrier
performance for bulk PVOH in a dry state as present in the
segregated lenses of PVOH/Hec 50 °C.*” These cohesive
forces might get disrupted due to the confinement present in
the intercalated state of PVOH/Hec 20 °C.
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As suggested by Grunlan et al,** most OH groups of PVOH
in the intercalated state are involved in H bonding with the
clay basal surface and potentially in the complexation of the
interlayer cations, which are less prone to hydrolysis and hence
swelling. This hinders the adsorption of water molecules and
consequently the plasticization of PVOH. This, in turn, pushes
the onset of swelling to higher RH, and the OP of PVOH/Hec
20 °C was found to be hardly affected up to a RH of 65%. As
previously observed for PVP/Hec hybrid Bragg stacks,”® OP
even slightly decreases up to 65% RH. This is somewhat
counterintuitive since above 50% RH, water uptake sets in
(Figure 4b,c). This observation has been attributed to water
molecules initially filling free volume.®>*® While the OP at 65%
RH (which is relevant for food packaging) for neat PVOH is
inferior and for PVOH/Hec 50 °C is roughly in line with a
standard material like EVOH, realizing the 1D crystalline
Bragg stack structure makes the same nanocomposite
formulation by far superior to EVOH.®” The PVOH/Hec 20
°C coating is, moreover, completely transparent due to the
perfect textured orientation of the barrier pigment (Figure 5
inset). Optical properties of food packaging are of economic
importance as customers prefer to check groceries visually. The
total transmittance of the PVOH/Hec 20 °C coated PET
substrate is almost not affected compared to the neat PET foil
(Figure SS). Only haze and clarity of the PVOH/Hec 20 °C
coated PET are slightly increased and decreased, respectively.
In conclusion, the optical properties and the solid barrier
performance at 65% RH render this biodegradable material
highly appropriate for food packaging.

B CONCLUSIONS

PVOH/Hec represents a special nanocomposite system where
the balance of cohesive enthalpic interactions of the polymer
and filler and entropic effects due to confinement are balanced
subtle enough to allow for controlling the morphology by the
temperature of drying of wet coatings. This, for the first time,
allows studying the impact of crystallinity vs disordered
morphology on the gas permeabilities and moisture sensitivity,
while the composition, type of filler, and processing are kept
constant. 1D crystalline hybrid Bragg Stacks clearly are less
prone to swelling, rendering the crystalline PVOH/Hec system
a promising, low-cost, waterborne, and biodegradable barrier
material even at an elevated RH of up to 65%.

B EXPERIMENTAL SECTION

Materials and Fabrication of Nanocomposite Films. The
synthetic clay sodium fluorohectorite (Hec,

https://doi.org/10.1021/acsami.1c14246
ACS Appl. Mater. Interfaces 2021, 13, 4810148109
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[NagsJ™e"[Mg, sLiy ][ Siy]*'O,F,) was produced according to a
published literature procedure and features a cation exchange capacity
of 1.27 mmol g™.*® PVOH Mowiol 20-98 (M,, = 125000 g mol ™,
98 mol % hydrolyzed) was purchased from Sigma-Aldrich. Corona-
treated PET foils (36 ym) were obtained from Bleher Folientechnik
GmbH (Germany) and polylactic acid (PLA) foils (25 #m) from Piitz
GmbH (Germany).

Pristine Hec powder was equilibrated at 43% RH for 7 days in a
desiccator to assure a uniform crystalline swelling state. Subsequently,
the powder was added to double-distilled water to obtain a S wt %
sample. The sample was placed in an overhead shaker for 7 days to
produce a nematic suspension with delaminated, single Hec
nanosheets via soft osmotic swelling. PVOH (Mowiol 20-98)
powder was added to double-distilled water and dissolved under
reflux for 2 h at 80 °C to obtain a 5§ wt % solution. The Hec sample
was added dropwise to the PVOH solution under gentle stirring to
realize a ternary suspension with a total solid content of S wt % and a
wt % ratio of Hec/PVOH of 40:60.

Slot Die Coating. Prior to slot die coating, the ternary suspension
was homogenized under vacuum to remove residual air bubbles (S
min, 50 mbar, and up to 2500 rpm) using a SpeedMixer DAC 400.2
VAC-P (Hauschild, Germany). The nanocoatings were fabricated
employing a TSE Table Coater with a 1-Layer Slot Die 300 mm, AAA
(TSE Troller AG, Switzerland). The coating width was set to 210 mm
by applying a 165 um thick shim as slot height, and the coating gap
was adjusted to 186 ym (150 um coating height + 36 ym PET).
Accordingly, the pump flow rate (3.8 mL min™") and the table speed
(0.2 m min~") were set. The table temperature referred to as the
drying temperature in this study was adjusted to the desired
experiment (20, 30, 40, and S0 °C).

For comparison, an aqueous solution comprised of 5 wt % PVOH
(Mowiol 20-98) was doctor bladed on a PLA foil yielding a dry
coating thickness of 4.6 yum.

Characterization Methods. Small-Angle X-ray Scattering
(SAXS). SAXS investigations were conducted using the system
“Ganesha Air” (SAXSLAB, Denmark), equipped with a rotating
anode X-ray source (copper, MicoMax 007HF, Rigaku Corporation,
Japan). Different sample-to-detector positions were adopted to cover
a wide range of scattering vectors. A position-sensitive detector
(PILATUS 300K, Dectris, Switzerland) was used. Measurements of
the suspension were performed in 1 mm glass capillaries (Hilgenberg,
Germany) at room temperature. The 1D data (I(q) vs q with intensity
I(q) and scattering vector q) are in absolute scale and are background
corrected. In addition, by employing a self-made crossed polarizer, the
birefringence of the suspension was checked.

Scanning Electron Microscopy (SEM). SEM pictures were
recorded using the system ZEISS LEO 1530 (Carl Zeiss AG,
Germany) operating at 3 kV, equipped with an in-lens secondary
electron detector. Samples were prepared by drop casting a 0.0001 wt
9% Hec suspension on a plasma-treated silicon wafer and subsequently
sputtered with 1.2 nm platinum.

Transmission Electron Microscopy (TEM). TEM images of the
cross sections were recorded employing a JEOL-JEM-2200FS (JEOL
GmbH, Germany) microscope. Cross sections were prepared from
the nanocomposite films using a JEOL EM-09100IS Cryo Ion Slicer
(JEOL GmbH, Germany).

X-ray Diffraction (XRD). XRD patterns were obtained on a Bragg—
Brentano-type diffractometer (Empyrean, Malvern Panalytical BV,
The Netherlands) equipped with a PIXcel-1D detector using Cu Ka
radiation (4 = 1.54187 A). All patterns were analyzed using Malvern
Panalyticals’s HighScore Plus software.

Moisture Sensitivity Investigations. Prior to measurements, the
nanocomposite films were dried under vacuum (10~ mbar) at 70 °C
for 7 days. The gravimetric water adsorption was analyzed by an
increase in the weight of a specific film area. The weight was measured
on a Mettler Toledo Microbalance Type WXT s3DU (Mettler-
Toledo GmbH, Germany) with a lower repeatability range of 0.008
mg. The specific film area was obtained using a punching tool. XRD
and weight measurements were first performed on the dry samples
allowing normalization to the starting values. Subsequently, the
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nanocomposite films were equilibrated for 7 days at every respective
RH in a humidity chamber type Memmert HCP105S (Memmert
GmbH + Co. KG, Germany) and were later weighed or analyzed via
XRD. For each respective RH, the average mass of three PET-only
samples was subtracted to yield access to the neat mass of the
nanocomposite coatings.

Water Vapor Transmission Rate (WVTR). WVTR figures were
obtained employing a Mocon PERMATRAN-W Model 3/33 (Mocon
Inc.). The measurements were performed at 23 °C and sufficient time
for moisture conditioning was guaranteed. WVTR values were
determined at 50, 65, 75, and 90% RH. The WVTR was assumed
to be 0 g m™* day™" at 0% RH and certainly not measured.

Oxygen Transmission Rate (OTR). OTR figures were determined
using a Mocon OX-TRAN 2/21 MI10x (Mocon Inc.) for the
nanocomposite coatings and a Mocon OX-TRAN 2/21 (Mocon Inc.)
for the neat PVOH film. The measurements were conducted at 23 °C
and RH of 0, 50, 65, 75, and 90%. All samples were carefully
equilibrated at the relevant RH. A mixture of 98 vol % nitrogen and 2
vol % hydrogen was used as the carrier gas and pure oxygen as
permeant (>99.95%, Linde Sauerstoff 3.5).

Optical Properties. Transmittance, haze, and clarity were measured
on a BYK-Gardner Haze-Gard Plus (BYK-Gardner GmbH,
Germany). An average of five measurements per film sample were
taken.

Coating Thickness. The coating thickness was determined by
employing a High-Accuracy Digimatic Micrometer (Mitutoyo, Japan)
with a measuring range of 0—25 mm and a resolution of 0.1 ym. A
mean value was obtained from 10 measurement points in the
permeability area of the film. The thickness of the substrate was
subsequently subtracted.
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Results

METHODS

Thermogravimetric Analysis (TGA). TGA measurements were performed employing a
Linseis STA PT 1600 (Linseis Messgerite GmbH, Germany). Prior to the analysis, the films were
scratched off the PET substrate using a scalpel. Afterward, the samples were dried under vacuum
(107 mbar) at 70 °C for 7 days. The dry samples were heated up under nitrogen atmosphere with

a heating rate of 10 °C min™! from room temperature to 1000°C.
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Figure S1. TGA curves of the nanocomposite films. For comparison, neat Hec and PVOH
(Mowiol 20-98) are probed. The mass loss beginning from 300 °C are attributed to the thermal
degradation of PVOH. Hec shows no decomposition up to 1000 °C. No decisive difference is

observed in the thermal degradation of intercalated or bulk PVOH.

135



Results

Section S1. Calculation of the expected d-spacing (doo;) in the dry nanocomposite film.

wt% (Hec) - p(PVOH)

B = wt% (Hec) - p(PVOH) +- (100 wt% — wt% (Hec)) -p(Hec) (ES1)

With p(PVOH) = 1.2 g/cm3, p(Hec) = 2.7 g/cm?® as the respective densities, and 40 wt%

(Hec) in the dry nanocomposite film; the volume content ¢ (Hec) = 0.23.

1nm
door = 7 ~ 4.3 nm (E S2)

The gallery height is given by the difference of d(; and the thickness of a Hec nanosheet of 1 nm.

For 40 wt% Hec in the dry film, this yields a gallery height of ~3.3 nm for PVOH.

Intensity / a.u.

Figure S2. XRD pattern of the corona treated neat PET foil.
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Figure S3. Cross-sectional TEM image of PVOH/Hec 30 °C showing intercalated stacks and thin

phase segregated neat PVOH lenses.
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Figure S4. XRD patterns of PVOH/Hec 20 °C as a function of the relative humidity (RH). The

dotted line refers to the basal spacing of dyp/=4.1 nm of the dry nanocomposite.
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Figure S5. Optical properties (transmittance, haze, clarity) of the neat PET substrate and PET with

slot die coated PVOH/Hec 20 °C.
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Table S1: Water vapor transmission rates (WVTR) of PVOH/Hec nanocomposites dried at

different temperatures, measured at 23 °C, and various relative humidities (RH) on PET.

Sample WVTR / g m? day’!
0% RH 50%RH 65%RH 75%RH 90 % RH

PVOH/Hec 20 °C 0 0.03 0.05 0.13 0.69
PVOH/Hec 30 °C 0 0.02 0.07 0.22 0.73
PVOH/Hec 40 °C 0 0.03 0.09 0.30 0.87
PVOH/Hec 50 °C 0 0.10 0.25 0.49 1.16

Table S2: Oxygen transmission rates (OTR) of PVOH (Mowiol 20-98), PVOH/Hec 20 °C, and

PVOH/Hec 50 °C measured at 23 °C and various relative humidities (RH) on PET.

Sample OTR / cm® m™? day™! bar’!
0%RH 50%RH 65%RH 75%RH 90 % RH

PVOH (Mowiol 20-98) 0.02 0.11 1.62 13.91 302.47
PVOH/Hec 20 °C 0.0020 0.0021 0.0018 0.0056 0.3434
PVOH/Hec 50 °C 0.0006 0.0063 0.0126 0.0309 0.3415

Table S3: Oxygen permeability (OP) of neat PVOH (Mowiol 20-98), PVOH/Hec 20 °C, and

PVOH/Hec 50 °C coatings at 23 °C and various relative humidities (RH).

Sample OP/ cm® um m? day™' bar”!
0%RH 50%RH 65%RH 75%RH 90 % RH

PVOH (Mowiol 20-98) 0.09 0.50 7.45 64.89 2596.67
PVOH/Hec 20 °C 0.0074 0.0078 0.0067 0.0207 1.2864
PVOH/Hec 50 °C 0.0022 0.0233 0.0466 0.1145 1.2792
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Section S2. Calculation of the barrier improvement factor (BIF) upon the incorporation of

impermeable Hec nanosheets into PVOH.

-1

BIF = (Pre)™" = (P%)

With P as permeability of nanocomposite film and P, as permeability of neat PVOH (Mowiol 20-

98).

Table S4: BIF of PVOH/Hec 20 °C and PVOH/Hec 50 °C coatings at 23 °C and various relative

humidities (RH) according to Section S2.

Sample BIF
0% RH 50%RH 65%RH 75%RH 90 % RH

PVOH/Hec 20 °C 12 65 1119 3131 2019
PVOH/Hec 50 °C 41 22 160 567 2030
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