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Zusammenfassung 

Im Jahr 2020 wurden 29,5 Millionen Tonnen „Post-Consumer“-Kunststoffabfälle 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 ökologische Ziele mit wirtschaftlichen Interessen und Strategien vereint. So sollten 

nachhaltige Verpackungen, um nur zwei Punkte zu nennen, die Marktkriterien für Qualität und 

Kosten erfüllen und zugleich den Einsatz von erneuerbaren oder recycelten Materialien 

vorantreiben. Wenn jedoch Kunststoffverpackungsabfälle in gemischten Abfallströmen (> 25% 

der gesamten Kunststoffabfälle) gesammelt werden, beträgt die Recyclingquote nur etwa 1% 

und beachtliche 37% der Kunststoffverpackungsabfälle landen auf Deponien. Daher ist es 

sinnvoll, biologisch abbaubare Verpackungsmaterialien, insbesondere Polymere, zu 

verwenden, wenn sie unsachgemäß in die Umwelt entsorgt werden oder auf Deponien landen. 

Biologisch abbaubare Polymere könnten fragmentiert und anschließend von Mikroorganismen 

zu CO2, H2O, CH4 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 müssen diese durch Barrierebeschichtungen 

oder Laminierungen verbessert werden. Leider ist die Lösung auf die Frage, wie alle 

Anforderungen an Verpackungen erfüllt werden können, einschließlich der 

Materialeigenschaften wie Flexibilität, Transparenz, mechanische Stabilität und hervorragende 

Gasbarriereeigenschaften, ohne die Recyclingfähigkeit und die biologische Abbaubarkeit zu 

vernachlässigen, nach wie vor offen. 

Es wurde eine Reihe von innovativen Konzepten erforscht, um fortschrittliche Barrierefilme 

mit verbesserten Eigenschaften für 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 

Recyclingfähigkeit oder biologische Abbaubarkeit beeinträchtigt wird. Im Rahmen dieser 

kumulativen Dissertation tragen die einzelnen wissenschaftlichen Publikationen zu ton-

basierten Barrierefilmen dazu bei, die Schwierigkeiten und Herausforderungen zu überwinden 

denen sich die derzeitigen kommerziellen Ansätze für nachhaltige Verpackungen 

gegenübersehen. 
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Durch den Einsatz eines Schlitzdüsen-Beschichtungswerkzeugs konnten ton-basierte 

Barrierefilme mit perfekter Textur hergestellt werden. Die Verwendung der Schlitzdüse 

ermöglicht außerdem die Skalierung der Herstellung der Filme auf einen industriellen Maßstab 

mit hohem Durchsatz. Anhand umfangreicher Untersuchungen der rheologischen 

Eigenschaften nematischer Suspensionen eines synthetischen Hectorits (Hec) konnten die 

Beschichtungsparameter für die Schlitzdüse optimiert werden, was zur Herstellung von Hec-

Barrierebeschichtungen führte, die sich hinsichtlich der Sauerstoffbarriere für 

Lebensmittelverpackungen als vielversprechend erwiesen. 

Um die Umweltbedenken im Zusammenhang mit nicht abbaubarem Polyvinylalkohol (PVOH) 

im Abwasser auszuräumen, wurde erfolgreich eine biologisch abbaubare Alternative 

entwickelt. Mittels skalierbarer Schlitzdüsenbeschichtung wurde ein selbsttragendes Laminat 

hergestellt, das aus einer reinen Hec-Barriereschicht besteht, die zwischen zwei Schichten eines 

wasserlöslichen Polymers eingebettet ist. Diese wasserlöslichen Laminate weisen 

hervorragende optische, mechanische und Gasbarriere- Eigenschaften auf und eignen sich 

daher ideal für Einwegverpackungen von Konsumgütern wie Waschmitteln oder 

Spülmaschinentabs. Eine der Proben hat sich im Abwasser erfolgreich biologisch abgebaut, 

was die Eignung für wasserlösliche 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 geführt, der die unzureichenden Gasbarriereeigenschaften 

von reinen Celluloseacetat-Derivaten verbessert. Dieser Fortschritt ist vielversprechend für 

Lebensmittelverpackungen auf Celluloseacetatbasis. 

Im Zuge des Bedürfnisses nach dehnbaren Gasbarrierefolien wurde ein perfekt geordneter und 

eindimensional kristalliner Nanokomposit-Film hergestellt, welcher aus abwechselnden Nano-

Schichten von Polyethylenglykol und Hec-Nanoplättchen besteht. Diese einzigartige Bragg-

Stack-Struktur kombiniert die hervorragenden Barriereeigenschaften von impermeablen Ton-

Nanoplättchen mit der Dehnbarkeit der Polymermatrix. Ein selbsttragendes Laminat mit dem 

Bragg-Stack-Nanokomposit-Barrierefilm, der zwischen zwei äußeren PVOH-Schichten 

eingebettet ist, zeigte eine beeindruckende Dehnbarkeit von bis zu 15% ohne seine 

Wasserdampfbarriereeigenschaften zu verlieren. Diese Flexibilität macht das Laminat zu einer 
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idealen Wahl für flexible Verpackungen, bei denen herkömmliche aus der Gasphase 

abgeschiedene keramische oder glasartige Barriereschichten aufgrund ihrer Sprödigkeit 

versagen. 

Darüber hinaus wurde eine Nanokomposit-Beschichtung durch Compoundierung von Hec in 

feuchtigkeitsempfindliches PVOH mittels Schlitzdüsen-Beschichtung hergestellt. Es konnte 

festgestellt werden, dass die Morphologie des Nanokomposits durch die Änderung der 

Trocknungstemperatur des nassen Films beeinflusst werden kann. Untersuchungen der 

Struktur-Eigenschafts-Beziehung zeigten auf, dass die ideal geordnete Bragg-Stack-

Morphologie eine Feuchtigkeitsbeständigkeit 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 für Lebensmittelverpackungsanwendungen. 
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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, H2O, 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.  
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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.1-4 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).1 In 2021, 

390.7 million tons of plastics were still produced globally, and the European plastics converters 

demand amounted to 50.3 million tons.4, 5 Thereby, the European plastics industry generated a 

turnover of 405 billion €, ranking 8th in Europe in industrial value-added contribution.5 

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.5 

Moreover, an impressive 61% of 29.5 million tons of collected post-consumer plastics waste 

originated from packaging applications in 2020.6 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.5 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. 

 

Figure 1: (a) Plastic waste at the Thilafushi Waste Disposal Site, Maldives. Reprint from Kaza et al. (Open 

Access).7 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.8 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,9 or forecasts that plastics outweigh fish by weight 



Introduction 

2 

 

in 2050 strengthen such concerns (Figure 1b).10 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 2050.11 Besides inappropriate disposal into the 

environment, landfills may also act as non-negligible sources of microplastics.12-14 Especially 

single-use plastics (plastic bags, cutlery, straws etc.) contribute to 60-95% of global marine 

plastic pollution.15 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.3, 16 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.17 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,18, 19 ingestion,18, 20, 21 and interaction.3, 22 

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).19 In comparison, ingesting plastic debris, particularly microplastic, 

only causes direct harm or death in 4% of cases.19 However, in the long term, ingested 

microplastics have multiple impacts on organism health, such as oxidative stress,23 metabolic 

disruptions,24 reduced enzyme activity,25 and cellular necrosis,26 of which have been 

investigated in laboratory settings.3 

 

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.27 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.8 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.12 

1.2 Challenges 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.28 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:29 

"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."29 (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.29 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.30 They work on solutions so that no P&G packaging will find its way to 

the ocean, which they claim in their Ambition 2030.30 Additionally, P&G aims to reduce their 

use of virgin petroleum-based plastics in packaging by 50% by 2030.30 

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.12 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.12 On the one hand, the stability of many commodity 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.12 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.31 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, H2O, CH4 and biomass when exposed to certain environmental 

conditions.32 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.33 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.33 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.28 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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1.3 Scope 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.34-36 The 

latter is especially essential in medicine or food packaging sectors, where excellent oxygen 

barrier properties are demanded.35 For instance, exposing lipid or oil-rich food to oxygen can 

cause lipid oxidation, discoloration and off-flavor.37, 38 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.35 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.39 Considering that about 40% 

of all food produced spoils every year in the United States,40 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.35 This concludes that barrier properties of food 

packaging materials can significantly impact food taste, quality, longevity and marketability.36 

Petro-based commodity polymers, e.g., PET or PE, often used as single-use plastics,12 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 cm3 mm m-2 day-1 bar-1 

at 23 °C and 50% relative humidity (RH),41, 42 and, e.g., low-density PE has a water vapor 

permeability (WVP) of ~ 8 g mm m-2 day-1 bar-1 at 38 °C and 90% RH.43 On the contrary, 

biodegradable polymers generally exhibit weak and underperforming gas barrier properties, a 

significant drawback limiting a wide range of applications.41 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 

~ 61 cm3 mm m-2 day-1 bar-1 at 23 °C and 50% RH,41 and the WVP of biodegradable 

polylactide is as high as ~ 166 g mm m-2 day-1 bar-1 at 38 °C and 90% RH.43 Hence, 

improvements in gas barrier properties are necessary to be compatible with petro-based 

commodity plastics.41 

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.44, 45 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.46 

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. 

 

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 

2.1 Clay Minerals: Structure, classification and economic importance 

Clay minerals, also referred to as layered silicates, belong to the family of phyllosilicates (from 

greek phýllon 'leaf'), predominantly known for their layered crystal structure.47 The 

characteristic building blocks of the layered silicates are SiO4 tetrahedra, where three oxygen 

atoms form the basal plane and one the apex.48 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.49 In an ideal configuration, the basal planes realize a 

hexagonal network, resulting in the least bond strain (Figure 4a).48 The tetrahedral sheet has 

thus a composition of SiO1/1O3/2 = SiO5/2, Si2O5 respectively.50 

 

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.49 In principle, there are two types of 

octahedral sheets where either 2/3 octahedral vacancies (Gibbsite Al(OH)3, BiI3 type) or all 

octahedral vacancies (Brucite Mg(OH)2, CdI2 type) are occupied by cations Mn+.50 These 

structures are referred to as di- or trioctahedral sheets (Figure 4b, c).49 To complete a clay 

mineral layer, defined as clay lamella here, the tetrahedral and octahedral sheets are joined 

together.51 Hereby, the apical oxygen atoms pointing perpendicular to the basal plane of the 

tetrahedral sheets are directly condensed to an octahedral sheet (Figure 4d).52 The joined plane 

is complemented by unshared hydroxyl groups of the octahedral sheets lying at the center of 

each tetrahedral six-fold ring.53 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.49 Moreover, 
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a 2:1 clay mineral is obtained by condensing an additional tetrahedral sheet to the opposite side 

of the octahedral sheet.51 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).49 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.49, 53 

The clay lamella can either be neutral or negatively charged.49 Electric neutrality is given if i) 

the tetrahedral sheet contains Si4+ in all tetrahedral sites, ii) trivalent cations M3+ occupy 2/3 of 

octahedral sites, leaving a vacancy in the third octahedral site, and iii) divalent cations M2+ 

occupy all octahedral sites in the octahedral sheet.49 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.50 

This type of isomorphous substitution results in a negative layer charge.50 For instance, Si4+ can 

be substituted with Al3+ in the tetrahedral sites, or, e.g., the substitution of Al3+ with Zn2+ and 

Mg2+ with Li+ in the octahedral sites can occur.49 The charge balance is realized by interlayer 

cations or positively charged hydroxide sheets between the negatively charged clay lamellae.50 

Based on the layer charge per formula unit x (x = charge per Si4O10), 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).54 

Because of the underlying layered structure, the cohesion between individual clay lamellae is 

weak compared to the in-plane ionic-covalent binding forces.49, 53, 55 Hence, the interlayer space 

is available for various intracrystalline or catalytic reactions.56 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.57 Other 

commercial applications use their inertness and stability.56 Many industrial use cases are based 

on the plasticity of clays and the unique rheological properties of clay and clay mineral 

dispersions.56, 58 

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.59 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.60 In industry, clays are distinguished into four types: i) bentonites, 
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ii) kaolins, iii) fuller's earth, and iv) common clays.61, 62 Bentonites, with their main constituent 

montmorillonite belonging to the smectite group,63, 64 are mainly applied as drilling fluids, 

foundry sand, iron ore pelletizers, pet litters or absorbents in general.64 Worldwide, about 

18 million tons of bentonite are mined each year.59 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.59 The primary commercial application of kaolin is its use as 

paper coating or filler; besides that, it is utilized in paints and ceramics.65 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.59 The constituent palygorskite is also employed as a 

thixotropic and viscosity builder in drilling fluids.66 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.67 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.59 

Table 1. Classification of clay minerals (adapted from Martin et al. 1991).63 

Layer 

structure 

type 

Layer charge (x) 

and interlayer 

material 

Group Octahedral 

type 

Examples 

1:1 None or H2O only 

x ~ 0 

Serpentine-

kaolin 

Tri Lizardite, Amesite 

Di Kaolinite, Dickite 

2:1 None 

x ~ 0 

Talc-

pyrophyllite 

Tri Talc, Willemseite 

Di Pyrophyllite 

Hydrated 

exchangeable cations 

x ~ 0.2-0.6 

Smectite Tri Hectorite, Saponite 

Di Montmorillonite, 

Beidellite 

Hydrated 

exchangeable cations 

x ~ 0.6-0.9 

Vermiculite Tri Tri. Vermiculite 

Di Di. Vermiculite 

Non-hydrated 

monovalent cations 

x ~ 0.6-1.0 

True 

(flexible) 

mica 

Tri Biotite, Lepidolite 

Di Muscovite, Illite 

Non-hydrated 

divalent cations 

x ~ 1.8-2.0 

Brittle mica Tri Clintonite, 

Anandite 

Di Margarite 

Hydroxide sheet 

x ~ variable 

Chlorite Tri Clinochlore 

Di Donbassite 
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Clay minerals are believed to be recognized as the materials of the 21st century due to their 

abundance, inexpensiveness and eco-friendliness.61 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.68-70 Hence, various processing 

steps are often required before allowing specific applications that, on the other hand, generate 

more costs or cause extra chemical waste.71 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,72 this work focuses on the barrier application of a second-generation 

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

2.2 The synthetic clay Sodium Fluorohectorite: Synthesis and main 

properties 

The presented research is based on the synthetic clay sodium fluorohectorite (Hec), with the 

formula [Na0.5]
inter[Mg2.5Li0.5]

oct[Si4]
tetO10F2 that is produced by melt synthesis followed by 

long-term annealing.73, 74 In the following, the already published synthesis is briefly 

summarized: The high-purity reagents of SiO2, 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.74 The pristine Hec powder yields clay stacks of a 

mean lateral diameter of 20 µm (Figure 5a).74 These so-called tactoids are built up by 

individual clay lamellae separated by the basal spacing d001 (also termed d-spacing), 
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representing the periodicity along the stacking direction (Figure 5b).69 Thereby, the d001 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.63, 69 Similarly to 

non-charged talc,75 wherein all octahedral sites are occupied by Mg2+, upon partial isomorphic 

substitution of Mg2+ 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.63 

 

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.74 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 (d001). 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.73 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.69, 76, 77 

The swelling of clay compounds yields first hints about the degree of charge homo- or 

heterogeneities, respectively.69, 78 In general, swelling refers to the incorporation of neutral 

solvent molecules into the interlayer space, consequently leading to an expansion of the 

interlayer space.69, 76 The process mainly depends on the type of interlayer cation,79, 80 layer 

charge,81 and charge homogeneity of the clay mineral.69, 76 Belonging to the group of low-

charged clay minerals, namely smectites, Hec even shows the rare phenomenon of osmotic 

swelling in water.82, 83 By adding pristine Hec powder to bidistilled water, Hec tactoids 



Theory 

12 

 

spontaneously separate into individual Hec lamellae - from now on, termed as Hec nanosheets - 

up to distances of hundreds of nanometers.83, 84 The process of osmotic swelling is 

thermodynamically favored and requires no additional energy input.84-87 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.83 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).83, 84 

 

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).83 

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.83, 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.84 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).74, 84 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).74, 84, 88 In 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.69, 76, 89 

In the crystalline swelling regime, the interaction of adjacent negatively charged Hec 

nanosheets is attractive.84 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.83, 84 

For Hec nanosheets, a threshold of ~ 0.87 nm (difference from d001(3 WL) = 1.83 nm and 

d001(0 WL) = 0.96 nm) must be reached. This corresponds to the three water layer (3 WL) 

structure (d001 ~ 1.83 nm) within the Gouy-Chapman regime.84 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.84 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.74 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.84 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.83 On the contrary, exfoliation 

describes the process of decomposition of large aggregates into smaller particles as defined by 

Lagaly.90 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.83 

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.83 

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).91-94 The addition of various fillers into 

polymers is known and can tune, e.g., the mechanical, thermal, optical or electrical properties.91 

In 1985, the first clay-based polymer nanocomposites were invented by Toyota, which 

introduced a new concept of polymer nanocomposites at that time.95 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.44, 91 For instance, incorporating clay particles can reduce flammability or 

enhance mechanical strength and gas barrier properties.44 

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.91 Hereby, relatively low filler contents are 

applied (< 10 wt%).44 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.91 The third type is the intercalated structure, where 

polymers are intercalated into the interlayer space as molecular layers between two clay 

nanosheets.91 

 

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 d001 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.91 
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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.91 Usually, this is achieved by clay surface 

modifications for increased attractive interactions between polymers and clay fillers.91 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 

d001 determined via X-ray diffraction (XRD).91 Consequently, the extent of intercalated polymer 

in the interlayer space between two adjacent clay nanosheets (dinter) can be calculated from the 

d001, 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.84 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.77, 84 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.96 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).45, 97-100 In both 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.44, 91 

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.101 The quantitative evaluation of the gas 

barrier properties of a film generally uses the permeability (P) of the applied material.101 In 

literature, P is defined as the quantification of permeate (gas molecule) transmission through a 

resisting material.101, 102 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 

(Figure 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. 

 

Figure 8: General gas permeation mechanism (green) through a polymer film (blue) with permeate partial 

pressure p1 > p2 and permeate concentration c1 > c2. Adapted from Siracusa.101 

The gas permeation is driven by the difference in partial pressure (Δp) of the permeate 

(p1 > p2).
78, 101, 106 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).
101 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):103 

Combining Fick's first law of diffusion and Henry's law of solubility yields the overall equation 

for the permeation of small gas permeates.103 For 1D diffusion through a polymer film and in 

steady-state, Ficks’ first law can be written as (Eq. 2):101 

𝑃 = 𝐷 ∙ 𝑆 (Eq. 1) 

𝐽 = −𝐷 ∙
Δ𝑐

𝑙
 (Eq. 2) 
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Where J is the diffusion/permeate flux, Δc the concentration difference across the film, and l is 

the thickness of the film.101 At steady-state, the equilibrium concentration (c) and partial 

pressure (p) of the gas obey Henry’s law and, therefore, Δc can be replaced (Eq. 3):101 

Consequently, by inserting Eq. 3 into Eq. 2, J becomes (Eq. 4):101 

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

(Eq. 5):101 

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):103 

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.105 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.105 Since S is a thermodynamic factor related to the interactions 

between the polymer matrix, and the gas permeates,105 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.78 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.78, 97, 105, 107 In 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.101 

Δ𝑐 = 𝑆 ∙ Δ𝑝 (Eq. 3) 

𝐽 = −𝐷 ∙
𝑆 ∙ Δ𝑝

𝑙
 (Eq. 4) 

𝑃 = −
𝐽 ∙ 𝑙

Δ𝑝
= 𝐷 ∙ 𝑆 (Eq. 5) 

1

𝑃
=∑

𝑙𝑖
𝑃𝑖

𝑛

𝑖=1

 (Eq. 6) 
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Alternatively, impermeable clay nanoplatelets (fillers) can be incorporated into the polymer 

matrix to decrease the permeability of a polymer film.44, 105 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).105 

 

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.44 

Consequently, this results in the following changes for S and D (Eq. 7, 8):105 

Where S0 and D0 are the coefficients of the neat polymer matrix without filler. Φ is the volume 

content of the platy filler, and τ 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):105 

Where l′ is the elongated diffusion pathway (tortuous path) for a diffusing gas permeate in the 

nanocomposite film, and l is the thickness of the neat polymer film equivalent to the diffusion 

pathway of a gas permeate in the neat polymer film.105 Inserting Eq. 7 and Eq. 8 into Eq. 1 

results in (Eq. 10):105 

𝑆 = 𝑆0 ∙ (1 − 𝛷) (Eq. 7) 

𝐷 =
𝐷0
𝜏

 (Eq. 8) 

𝜏 =
𝑙′

𝑙
 (Eq. 9) 

𝑃composite

𝑃0
=
1 − 𝛷

𝜏
 (Eq. 10) 
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Where Pcomposite is the permeability of the nanocomposite film, and P0 is the permeability of the 

neat polymer film.105 The elongated diffusion pathway (l′) 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.105 Since each 

nanoplatelet elongates the diffusion pathway by L/2 on average, l′ can be expressed as (Eq. 

11):105 

Where 〈𝑁〉 is estimated from the thickness of the film (l), the volume content (Φ) and the 

thickness (H) of an individual nanoplatelet (Eq. 12):105 

By inserting Eq. 12 into Eq. 11 and combining it with Eq. 9, the tortuosity factor becomes (Eq. 

13):105 

It can be said that fully delaminated nanocomposites, which, for instance, is the case for Hec, 

display a higher tortuosity (τ) and maximum aspect ratio (𝛼) compared to only partially 

exfoliated nanocomposites.105 Considering 𝛼 = 𝐿/𝐻 and inserting Eq. 13 in Eq. 10, the 

derivation after Nielsen yields (Eq. 14):105, 108 

The equation shows that Pcomposite can be decreased with increasing 𝛷 and α. However, for 𝛷 ≥

10 vol%, the Model of Nielsen becomes inaccurate.105 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.105, 109 Therefore, Cussler’s 

model most accurately describes half-diluted polymer clay nanocomposite systems with clay 

fillers exhibiting high aspect ratios.109 In contrast to Nielsen, the Cussler model already predicts 

a rapid reduction of the permeability at small volume contents 𝛷.105 The Cussler equation can 

be expressed as follows (Eq. 15):105, 109 

𝑙′ = 𝑙 + 〈𝑁〉 ∙
𝐿

2
 (Eq. 11) 

〈𝑁〉 = 𝑙 ∙
𝛷

𝐻
 (Eq. 12) 

𝜏 = 1 +
𝛷

2

𝐿

𝐻
 (Eq. 13) 

𝑃composite

𝑃0
=

1 − 𝛷

1 +
𝛼
2 ∙ 𝛷

 (Eq. 14) 
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Where Prel is the relative permeability, and µ 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.44, 105 

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.44 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.106, 110, 111 The latter involves methods such as 

solution-casting, layer-by-layer assembly, Langmuir-Blodgett technique or spin-coating.112, 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).44, 83, 105 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.105, 114 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.69, 78 

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 

𝑃rel =
𝑃composite

𝑃0
= (1 + 𝜇 (

𝛼2𝛷2

1 − 𝛷
))

−1

 (Eq. 15) 
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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.115, 116 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. 

 

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,117 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.118 

Spray coating: 

Another solution-casting method is to spray a dilute nematic Hec suspension onto a substrate 

surface (Figure 10b). 45, 119 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.120 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.78 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.78 

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.78, 118 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.42 

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.122 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):122 

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.122 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.122 Outside of the coating window, defects can occur, including air entrainment or break 

lines.122, 123 

𝑙wet =
𝑄

𝑈 ∙ 𝐶𝑊
 (Eq. 16) 
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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.124 The Hec nanosheets remain in this position upon drying, and remarkable oxygen 

barrier properties have been obtained.124 

2.5 Principle of a water vapor barrier measurement 

 

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.125 

Gas barrier properties are demanded in low-tech areas, e.g., as introduced for food packaging,35 

and high-tech areas, e.g., encapsulation of oxygen- and moisture-sensitive solar cells and 

organic light-emitting diodes.78 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 

F1249.125 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.125 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).125 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-2 day-1.125 

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 (l) and considering the water 

vapor partial pressure difference (Δp) on both film sides, the WVP can be calculated by (Eq. 

17):103 

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.119, 126 

  

𝑊𝑉𝑃 =
𝑊𝑉𝑇𝑅 ∙ 𝑙

Δ𝑝
 (Eq. 17) 
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3. Synopsis 

In commercial practice, the barrier properties of plastics are generally enhanced by coatings or 

lamination processes.36, 41 Impermeable aluminum foils or metalized coatings provide excellent 

gas barrier properties owing to the metallic crystal structure and low porosity.36 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.36 Alternatively, if transparency is 

desired, thin ceramic Al2O3 or glass-like SiOx coatings can be applied by vapor deposition, 

forming high water vapor and oxygen barriers.34, 127, 128 But such thin inorganic coatings suffer 

from brittleness and poor flex and crack resistance, consequently generating pinholes and 

destroying the barrier integrity.34, 36 The high cost of these materials and the vulnerability to 

mechanical stress renders the plastic laminate only suitable for special applications.34, 36 

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 cm3 mm m-2 day-1 bar-1 at 23 °C and dry conditions (0% RH).34 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.129 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.130 EVOH is transparent and flexible, accessible in large 

amounts, and provides good OP at the relevant 65% RH.130, 131 However, it is known to be not 

degradable, and EVOH-correlated microplastics were found in seafood, drinking water and 

beach sediments.132-134 

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.34-36, 41 Especially the latter is a promising approach involving materials such 

as graphene oxide, cellulose nanomaterials, and clays.35, 36, 41 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. 

 In Chapter 3.1, the publication “Shear orientation of nematic phases of clay nanosheets: 

processing of barrier coatings” (Chapter 6.1) is presented.124 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. 

 In Chapter 3.2, the publication “Green and scalable processing of water-soluble, 

biodegradable polymer/clay barrier films” (Chapter 6.2) is presented.135 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. 

 In Chapter 3.3, the publication “New Functional Polymer Materials via Click 

Chemistry-Based Modification of Cellulose Acetate” (Chapter 6.3) is presented.117 

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.120 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.97 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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3.1 Shear 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.136 Texturing via shear forces has been effectively applied for 

fabricating composite films with nanosheet fillers.137-139 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.138 As highlighted by Cussler's theory of the tortuous path,109 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).114 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.124 Slot dies exerting high 

shear fields already during the coating procedure seem promising for this task. 

 

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), 1.5 wt% (gray) and 0.75 wt% (blue). Reprinted with permission (Open 

access).124 

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 µm 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.34 An OP as low as 

2.2 cm3 µm m-2 day-1 bar-1 at 23 °C and 50% RH was obtained, orders of magnitude lower than 

the OP of commodity polymers, making it promising for the application as food packaging. For 

instance, PET exhibits an OP of approximately 1000 cm3 µm m-2 day-1 bar-1 at the same 

conditions.34 

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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3.2 Green 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.140 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.141 Natural renewable and water-soluble 

biopolymers, including whey protein, cellulose, or alginate,142, 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.144, 145 

 

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).135 

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.146 

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 µm) and inner Hec barrier (6 µm), 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 cm3 mm m-2 day-1 bar-1 (23 °C 

and 65% RH) and 53.8 g mm m-2 day-1 bar-1 (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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3.3 New 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.117 CA can be seen as a promising substitute for petro-based polymers since the 

degradation by several mild methods is known.147 However, the kinetics of degradation strongly 

depends on the degree of substitution and environmental conditions,147, 148 and approaches for 

accelerated degradation of CA are a matter of research.147 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.149, 150 

Incorporating Hec nanosheets seems to be a promising concept to improve barrier properties of 

CA,117 which has previously been reported in a similar approach on PLA and also did not harm 

the degradability of PLA.146 

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 ISO 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 m-2 day-1 and 0.16 cm3 mm m-2 day-1 atm-1, respectively. The WVP of neat 

CAAS18 of 24.8 g mm m-2 day-1 could be reduced by 99.6%. 

 

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).117 

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 d001 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.96, 146 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 

CAAS18 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.146 

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.35, 151, 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 Al2O3 or glass-like SiOx coatings.127, 128 However, these thin inorganic layers tend to 

be brittle and mechanical stress will inevitably cause pinholes detrimental to the barrier.41 Since 

a wide range of applications requires stretching up to 10% or more,153 these brittle laminates 

become impractical as, e.g., a vapor-deposited SiOx coating on a PET foil tolerates 

deformations up to only 4%.34 A promising approach to reconciling the high gas barrier 

properties of inorganic layers with the flexibility of polymers applies polymer Hec 

nanocomposites.120 

 

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. (c) 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.120 
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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 

7c). 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 m-2 day-1bar-1, 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.45 
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3.5 Disorder-order transition – Improving the moisture sensitivity of 

waterborne nanocomposite barriers 

PVOH is a commercially affordable and water-soluble polymer allowing eco-friendly 

waterborne processing.154-156 Moreover, PVOH is approved for food contact by the Food and 

Drug Administration in the US,155 can be biodegraded under specific conditions (Chapter 6.2) 

and possesses excellent oxygen barrier properties with an OP as low as 

0.02 cm3 mm m-2 day-1 bar-1 at 23 °C and dry conditions.34 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.129 To address the issue of moisture-induced 

OP deterioration, copolymerized EVOH is commonly used instead.157 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.130, 158 As mentioned before, EVOH is not biodegradable, and EVOH-correlated 

microplastics have been found in seafood, drinking water, and beach sediments.132-134 

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.97 

 

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.97 

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 (PVOH/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 (d001 = 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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