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We need acts of restoration, not only for polluted waters and degraded lands, 

but also for our relationship to the world. We need to restore honor to the way 

we live, so that when we walk through the world we don’t have to avert our 

eyes with shame, so that we can hold our heads up high and receive the 

respectful acknowledgment of the rest of the earth’s beings. 

 

– Robin Wall Kimmerer 

Braiding Sweetgrass 
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 Summary 

Plastic pollution is everywhere. We can see the buildup growing in our landfills and oceans 

in the recent decades, but perhaps more dangerous is the micro-sized plastic that we cannot 

see. The resistance of conventional plastics to degradation means that the physical 

breakdown of bulk plastic in the environment leaves behind tiny plastic fragments that are 

mobile and hazardous to ecosystems and human health. It is this same resistance to 

degradation, as well as other favorable physical characteristics, that have made plastics 

indispensable to society. 

The largest consumption of plastic is for single-use, disposable packaging. Alternative 

materials in this sector that would not persist in natural systems, i.e. capable of undergoing 

biodegradation, would mitigate meaningful amounts of plastic waste from accumulating in 

the environment. The challenge is matching the properties of the conventional materials 

with ones that are also susceptible to biodegradation. 

Focusing in on single-use food packaging, the requirements of a suitable material include a 

barrier to gases that cause deteriorative reactions, like oxygen and water vapor, and to be 

mechanically apt for the given application (flexible film vs. rigid container). Moreover, for a 

material to be truly feasible as a replacement to conventional materials, it should be 

processed on a large scale and available at a reasonable cost. 

In this work, the combination of biodegradable polymers with clay nanosheets was explored 

to meet the requirements of a food packaging material without sacrificing rapid 

environmental biodegradation. Nanosheets within a polymer matrix act as impermeable 

obstacles, creating a tortuous path against the diffusion of small molecules through the 

material. Synthetic sodium fluorohectorite (Hec) is particularly adapt for this purpose due 

to its exceptionally high aspect ratio and its rare ability to osmotically swell in water. 

Osmotic swelling allows for near effortless conversion from the bulk clay into individual 

platelets that form a stable, liquid crystalline suspension. A polymer solution can then be 

processed with the clay suspension to create high barrier films. The manuscripts in this 

thesis demonstrate strategies to process clay nanosheets with biodegradable polymers to 

obtain films for food packaging, and the effects that this combination may have on relevant 

film properties beyond barrier. 

The first study sought to improve commercial poly(lactide) (PLA); a biodegradable polymer 

that suffers from poor barrier properties, low flexural strength, and slow biodegradation in 

aqueous environments. The direct combination of this hydrophobic polyester with liquid 

crystalline clay suspensions had been restricted by the requirement of water to achieve 
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osmotic swelling. By the addition of crown ethers to complex interlayer cations and provide 

steric pressure, osmotic delamination of Hec was achieved and finally allowed for solution 

processing of a PLA/Hec nanocomposite. This nanocomposite, prepared from layered slot-

die coating, exhibited excellent barrier to oxygen and resistance to swelling under humid 

conditions, although mechanically brittle. Once immersed in water, the clay tactoids swell, 

physically fragmenting the film. The accelerated biodegradation rate in wastewater 

observed for the PLA/Hec film was in part attributed to the increased surface area after 

fragmentation. 

The following study took a step away from commercial polymers to focus on a promising 

novel polyester for flexible films that exhibited rapid hydrolysis and stretchable mechanical 

performance, however its gas barrier was unsuitable. Rather than the direct combination of 

the polyester with a barrier clay, which would cause embrittlement, a nanocomposite 

coating was applied by spray coating an aqueous glycol chitosan/Hec suspension. The 

nanocomposite coated film maintained the polyethylene-like mechanical behavior and 

rapid biodegradation in wastewater, although slightly slower than the polyester without a 

coating. 

Regardless of polymer choice, the high-quality synthetic Hec imparts steep prices on the 

nanocomposite film. To substitute the expensive synthetic Hec, a natural and abundant 

vermiculite clay was investigated for the production of barrier nanosheets in solution. 

Although vermiculite materials have historically required long procedures to obtain 

osmotically swollen states, by complexation of the interlayer Mg2+ cation with an 

appropriate anion, a quick and sufficient ion exchange is facilitated with yields as high as 

84%. To demonstrate the effectiveness of these nanosheets as a barrier filler, a 

PLA/vermiculite nanocomposite coating was applied to a porous cellulose nanofiber 

substrate. Dramatic increase in the barrier to oxygen and water vapor were obtained and 

the low costs of natural vermiculite bring down the total price of the nanocomposite film. 

Lastly, biodegradable packaging beyond food applications was investigated. Films applied 

for water-soluble packets of single portion detergents, pesticides etc., are typically made 

from poly (vinyl alcohol), despite its poor biodegradation in the intended medium of 

disposal: wastewater. Biopolymers hydroxypropyl methylcellulose and sodium alginate were 

investigated as replacements for this application. Sandwich layered films of each polymer 

were prepared with a simulated roll-to-roll processing scheme. A pure Hec center layer in 

the films acted as an impermeable barrier wall that also provided mechanical reinforcement. 

The layered structure with the barrier filler center did not significantly impede 

biodegradation, although only the alginate-based film exhibited rapid mineralization in 

wastewater. 



Zusammenfassung 

 

 

- 3 - 
 

 Zusammenfassung 

Die Plastikverschmutzung ist allgegenwärtig. Die Anhäufung in unseren Mülldeponien und 

Ozeanen hat in den letzten Jahrzenten drastisch zugenommen, wobei die Gefahr durch 

Mik-roplastik immer deutlicher wird. Der Zersetzungswiderstand herkömmlicher 

Kunststoffe hat zur Folge, dass der physikalische Abbau von Massenkunststoffen in der 

Umwelt winzige, mobile Fragmente zurücklässt, die eine Gefahr für Ökosysteme und die 

menschliche Ge-sundheit darstellen. Genau diese Abbaubeständigkeit sowie andere 

günstige physikalische Eigenschaften machen Kunststoffe für die Gesellschaft 

unverzichtbar. 

Der Großteil des Kunststoffverbrauchs entfällt durch Einwegverpackungen. Alternative 

Kunststoffe, die nicht in natürlichen Systemen verbleiben, d.h. biologisch abbaubar sind, 

würden die Anhäufung von Kunststoffabfällen in der Umwelt erheblich verringern. Die Her-

ausforderung besteht darin, die Eigenschaften der herkömmlichen Materialien mit denen 

der biologisch abbaubaren Materialien in Einklang zu bringen.  

Die Anforderungen an ein geeignetes Material für Einweg-Lebensmittelverpackungen 

umfas-sen die Barriere für Gase wie Sauerstoff und Wasserdampf, die zur 

Nahrungsmittelverderben führen, und eine mechanische Eignung für die jeweilige 

Anwendung (flexible Folie vs. steifer Behälter). Damit ein Material wirklich als Ersatz für 

herkömmliche Materialien in Frage kommt, sollte es großtechnisch und kostengünstig 

verarbeitbar sein. 

In dieser Arbeit wurde die Kombination von biologisch abbaubaren Polymeren mit 

Schichtsil-ikaten erforscht, um die Anforderungen einer Lebensmittelverpackung zu 

erfüllen, ohne die schnelle biologische Abbaubarkeit in der Umwelt zu beeinträchtigen. 

Schichtsilikate in einer Polymermatrix verlängern den Diffusionsweg kleiner Moleküle 

durch die Ausbildung eines gewundenen Pfades. Synthetisches Natriumfluorhektorit (Hec) 

ist aufgrund des außerge-wöhnlich hohen Seitenverhältnisses und seltenen Fähigkeit, in 

Wasser osmotisch zu quellen, für diesen Zweck besonders geeignet. Die osmotische 

Quellung ermöglicht eine nahezu mü-helose Umwandlung des Schichtsilikates in einzelne 

Nanoplättchen, die eine stabile, flüssig-kristalline Suspension bilden. Diese Suspension 

kann dann mit einer Polymerlösung verarbei-tet werden, um Hochbarrierefolien 

herzustellen. Die Manuskripte in dieser Arbeit zeigen Strategien zur Verarbeitung von 

Schichtsilikates-Nanoplättchen mit biologisch abbaubaren Polymeren, um Folien für 

Lebensmittelverpackungen zu erzeugen und dessen Folieneigen-schaften über 

Barriereeigenschaften hinaus zu studieren. 

Handelsübliche Poly(lactid) (PLA) ist ein biologisch abbaubares Polymer, das unter 

schlechten Barriereeigenschaften, geringer Biegefestigkeit und langsamem biologischen Ab-

bau in wässriger Umgebung leidet. Die direkte Kombination dieses hydrophoben Polyesters 

mit flüssigkristallinen Schichtsilikatsuspensionen war zuvor auf wässrige Systeme einge-

schränkt, welches eine Voraussetzung zur osmotischen Quellung war. Durch die Zugabe 

von Kronenethern, die die Zwischenschichtkationen komplexieren und für sterischen 
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Druck sor-gen, wurde die osmotische Delaminierung von Hec erreicht und ermöglichte 

schließlich die Verarbeitung eines PLA/Hec-Nanokomposits in organischer Lösung. Dieses 

Nanokomposit, das aus einer geschichteten Slot-Die-Beschichtung hergestellt wurde, wies 

eine ausgezeich-nete Barriere gegen Sauerstoff und eine hohe Quellbeständigkeit unter 

feuchten Bedingun-gen auf, war jedoch mechanisch spröde. Nach dem Eintauchen in 

Wasser quellen die Sili-kattaktoide auf, wodurch der Film physikalisch fragmentiert wird. 

Die für den PLA/Hec-Film beobachtete beschleunigte biologische Abbaugeschwindigkeit 

im Abwasser wurde auf die vergrößerte Oberfläche nach der Fragmentierung 

zurückgeführt.  

Ein vielversprechender neuartiger Polyester für flexible Folien wies eine schnelle Hydrolyse 

und dehnbare mechanische Eigenschaften auf, die Gasbarriere war jedoch ungeeignet. An-

statt den Polyester direkt mit einem Barrieresilikat zu kombinieren, was zur Versprödung 

führen würde, wurde eine Nanokomposit-Beschichtung durch Aufsprühen einer wässrigen 

Glykol-Chitosan/Hec-Suspension aufgebracht. Die mit dem Nanokomposit beschichtete 

Folie behielt das polyethylenähnliche mechanische Verhalten und die schnelle biologische 

Abbau-barkeit im Abwasser bei, wenn auch etwas langsamer als der Polyester ohne 

Beschichtung.  

Um das teure synthetische Hec zu ersetzen, wurde ein natürlich vorkommendes Vermiculit-

Silikat für die Herstellung von Barriere-Nanoplättchen in Lösung untersucht. Obwohl das 

Vermiculit in der Vergangenheit aufwendige Verfahren erforderte, um einen osmotisch ge-

quollenen Zustand zu erreichen, wird durch die Komplexierung des Mg2+ 

Zwischenschichtka-tions mit einem geeigneten Anion ein schneller und ausreichender 

Ionenaustausch mit Aus-beuten von bis zu 84 % ermöglicht. Um die Wirksamkeit dieser 

Nanoplättchen als Barriere-füller zu demonstrieren, wurde eine PLA/Vermiculit-

Nanokomposit-Beschichtung auf ein poröses Zellulose-Nanofasersubstrat aufgebracht. Es 

wurde eine drastische Verringerung der Sauerstoff- und Wasserdampfpermeabilität erzielt, 

wobei die niedrigen Kosten für natürli-ches Vermiculit den Gesamtpreis der 

Nanokompositfolie senken. 

Folien, die für wasserlösliche Verpackungen von einzelnen Reinigungsmittelkapseln, 

Pestizi-den usw. verwendet werden, bestehen in der Regel aus Polyvinylalkohol, obwohl 

dieser im vorgesehenen Entsorgungsmedium (Abwasser) schlecht biologisch abbaubar ist. 

Die Biopo-lymere Hydroxypropylmethylcellulose und Natriumalginat wurden deshalb als 

Ersatzstoffe für diese Anwendung untersucht. Die Sandwich-Schichtfilme der beiden 

Polymere wurden mit einem simulierten Rolle-zu-Rolle-Verarbeitungsschema hergestellt. 

Eine reine Hec-Mittelschicht in den Filmen diente als undurchlässige Barrierewand, die 

gleichzeitig eine mechanische Verstärkung bot. Die Schichtstruktur mit dem 

Barrierefüllstoff in der Mitte be-hinderte den biologischen Abbau nicht signifikant, wobei 

nur der Film auf Alginatbasis eine schnelle Mineralisierung im Abwasser zeigte.  



Introduction 

 

 

- 5 - 
 

 Introduction 

3.1. Plastic Packaging: From Its Origin to Its Pollution 

Polymers constitute some of the most basic building blocks of life: DNA, proteins, 

carbohydrates, and cellulose. It is only in relatively recent history that humankind has 

harnessed the potential of this chemistry to transform daily life. The scarcity of natural 

resources during World War II necessitated the first surge in the production of synthetic 

polymers to produce military gear in the United States. For the first time, nylon was used 

to make ropes, parachutes, body armor, and more. Poly(methyl methacrylate), also known 

as Plexiglass, could replace ceramic glass for aircraft windows. Every single member of 

the U.S. Army received a hygiene kit containing a plastic comb.1 The seemingly endless 

uses of this new material inspired a utopian-like vision of the future: The Plastic Man. In 

their 1941 book entitled ‘Plastics’,2 British 

chemists Victor Yarsley and Edward 

Couzens envisioned a “world of color and 

bright shining surfaces […] in which man, 

like a magician, makes what he wants for 

almost every need.” Man would grow up 

surrounded by unbreakable toys, 

rounded corners, unscuffable walls, 

warpless windows, dirt-proof fabrics, and 

lightweight cars, planes, and boats. Then 

man would grow old with dignity using 

plastic glasses and dentures, eventually to 

be buried “hygienically enclosed in a 

plastic coffin.”  

With a 300% growth in plastic production 

by the end of the war, consumers began to 

reap the benefits of this new inexpensive, 

sanitary, and safe material as demand 

from the military declined. The first 

national Plastics Exposition took place in 

New York in 1946, just a few months after 

 

Figure 1. LIFE Magazine article from August 1st, 
1955. Reproduced with permission. 
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the end of the war, and brought thousands to line up and explore all the new products 

made available by synthetic plastics. Consumption began to ramp up after two decades of 

war-driven scarcity fueled by the public fascination with the futuristic products afforded 

by synthetic polymers; textiles and clothing that could be cleaned with only a damp cloth, 

suitcases light enough to lift with a finger but strong enough to carry one’s weight, clear 

packaging that allowed the shopper to see the food inside.3 Polyester was first introduced 

into the commercial market in 1954 and plastic production only continued to explode. 

Within the next 50 years, it became hard to imagine a life without plastic food containers 

and bags, spandex clothing, polyvinyl chloride (PVC) pipes, casing for electronics, 

automobile dashboards and other parts, squeeze bottles, children’s toys, furniture, and 

disposable cutlery, cups, pens and pencils, lighters, containers for beverages and cleaning 

supplies, toothbrushes, packaging, and medical supplies.  

The ‘throwaway living’ concept (Figure 1), previously exclusive to the wealthy, was now 

affordable for all due to the inexpensive mass production of disposable plastic products. 

Unfortunately, the idyllic vision of a world built with plastics was muddied as concerns 

began to emerge surrounding the dangers and pollution that accompanied the rise of plastic 

products. By 1976, plastic in all its forms became the most used material in the world.4 

Around that same time, the first reports documenting plastic pollution in marine systems 

and its detrimental impacts on a variety of marine life were published.5  

Today, there is mounting evidence of the negative effects that plastic pollution and 

microplastics have on not just terrestrial and aquatic organisms, but also causing blockage 

of drainage and engineering systems that create a breeding ground for disease vectors.6 It 

is estimated that 60% of all plastics ever produced, equivalent to 4,900 metric tons, were 

discarded and are accumulating in landfills or the natural environment. If the current 

global waste management trends continue, 12,000 metric tons of plastic waste would have 

been disposed in landfills or the natural environment by 2050.7 Approximately 40% of 

plastic is consumed for single-use, disposable packaging applications, the most common 

materials for which are polyethylene (PE), polypropylene (PP), and polyethylene 

terephthalate (PET).8 These polymers are stable against chemicals, hydrolysis, temperature, 

light, and microbes, which makes them great for protection of even sensitive materials. This 

superior stability also means that exposure to the environment does little to degrade these 

polymers, leaving them to persist in the environment for thousands of years. Not 
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surprisingly, 85% of collected litter is identified as plastic according to The Marine 

LitterWatch, an international database that has been collecting data since 2013.9  

The commercialization of plastic products forever changed our way of life. There is no 

denying the positive changes that widespread plastic use has brought including the 

increased hygiene practices, fresher and safer food products, higher standard of living from 

access to inexpensive modern consumer goods, and lowered shipping costs and associated 

emissions due to lightweight yet effective packaging.  

The ‘throwaway lifestyle’ of the past is no longer sustainable, which fuels the development 

of alternatives that would provide the indispensable benefits associated with plastics 

without the detrimental side effects and persistence in the environment. In this regard, 

materials with a relatively short functional lifespan but high production volume are of 

highest priority i.e., single-use packaging, particularly food packaging. Recycling of plastics 

is fundamentally a sound idea that directly diverts plastic waste from landfills and reduces 

raw material consumption. In practice, recycling rates are low and processing challenges, 

like isolation from contamination and avoiding deterioration of properties during 

reprocessing and use, has made recycling uneconomical.10 Consumer interest in ‘eco-

friendly’ materials is rising as media and marketing promote ‘save the planet’ strategies. 

Without a sacrifice of attributes such as price and taste, consumers were more inclined to 

prefer environmentally friendly products.11  

Food packaging has a critical role in the preservation and transportation of food products 

through the global market. It should prevent deteriorative reactions that cause nutrient 

losses, color changes, off-flavor development, and microbial growth. Reduction of food 

waste through this mechanism is a top priority for the design of sustainable packaging since 

the environmental impacts of agriculture can, in terms of greenhouse gas emissions and 

water use, dwarf those of plastic production.12,13 Matching the performance of the current 

packaging polymers with materials that would not persist in the environment, i.e. 

biodegradable polymers, has proven to be a technical challenge.  

 

3.2. Biodegradable Polymers 

As we dive into options for addressing the challenges of biodegradable food packaging, it is 

important to note that the goal is not the design of a material to be disposed of by direct 

release into the environment. Rather, the focus is on creating plastics that would not persist 
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in the environment upon accidental release, or would be suitable for disposal into standard 

composting conditions. 

3.2.1. Biodegradation and microplastic formation 

Biodegradation of a polymer in the environment so that it does not contribute to plastic 

pollution of any form will generally follow non-discrete stages (Figure 2). In the initial 

stages of environmental exposure, the polymer surface may oxidize from exposure to ultra-

violet light or water. Some polymers will undergo bulk fragmentation facilitated by various 

mechanical or chemical factors that break the plastic into increasingly smaller pieces. Other 

polymers may undergo surface fragmentation where only the outermost layer of the plastic 

is subject to degradation mechanisms, gradually making the bulk item smaller over time. A 

combination of bulk and surface fragmentation mechanisms can occur in parallel. Most 

polymers on the market today with a C-C or C-heteroarm (e.g., oxygen, nitrogen) backbone, 

can remain in these stages and become increasingly smaller for decades before significant 

breakdown of the chemical structure. For this case, macro-plastics transition into persistent 

micro- and nanoplastics that are impossible to collect and are mobile enough to be found 

everywhere from the deep sea14 to the atmosphere15 and even within our own bodies.16 In the 

case of a biodegradable material, the increased surface area of the plastic allows for further 

functionalization of polymer chains (for certain polymer structures) and ultimately chain 

scission into oligomer-sized pieces. Depending on the polymer and environmental 

conditions, these final stages can occur as a result of several mechanisms including photo-

oxidation and hydrolysis. Once the oligomers are small enough, they may be assimilated 

and mineralized inside microorganisms producing only CO2, CH4, H2O, and biomass.  

Complete degradation of plastic hinges on its availability to chain scission by environmental 

factors. The formation of micro- and nanoplastic may make the plastic invisible to the eye, 

Figure 2. Scheme illustrating the non-discrete stages of polymer biodegradation 
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but if these fragments do not break down at the molecular level, they can have harmful 

effects on organisms of all sizes and habitats. Henceforth, the term ‘microplastic’ will be 

used to encompass all plastic particles smaller than 5 mm, including nanoplastic. In marine 

environments, microplastics are easily accumulated by plankton and other invertebrate 

organisms and then can travel up the food chain. Ingestion of fish and other seafood is just 

one pathway that microplastics can enter humans. Microplastics often contain other 

chemical additives that  improved the properties (e.g. processability, mechanical, UV 

resistance) of the original plastic material, but some of these additives can also cause 

disruption of the endocrine system of vertebrates, such as commonly employed bisphenol 

A and phthalate additives.16 Other research has demonstrated that microplastic particles are 

able to sorb and carry other persistent and toxic organic pollutants, like 

dichlorodiphenyltrichloroethane (DDT), and then desorb the pollutants inside living 

organisms.17 Although a comprehensive risk assessment is still lacking, in vitro studies using 

human cell cultures suggest that inhaled or ingested microplastic particles can cause a 

variety of biological effects, including oxidative stress, cellular damage, inflammatory and 

immune reactions, as well as neurotoxic and metabolic effects.18 Further influences of 

microplastic pollution on terrestrial ecosystems are also of urgent concern, for example, the 

possible consequences of accumulated microplastics on soil texture and structure that could 

lead to a loss in biodiversity are currently being evaluated.19  
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3.2.2. Biodegradable commercial polymers 

It is clear that plastic should not only physically fragment in the environment, but it should 

also undergo molecular fragmentation of polymer backbones in order to avoid dangerous 

environmental and health consequences. Polymers capable of biodegradation are already 

available commercially with a production capacity that is growing yearly.20 This category is 

largely constituted of poly(lactide) (PLA), starch blends, poly(butylene adipate 

terephthalate) (PBAT, or EcoFlex), and poly(butyl succinate) (PBS). These polymers all 

contain ester groups within the backbone that are susceptible to hydrolysis. It is important 

to note that bio-based plastics is a distinct category, yet not mutually exclusive, to 

biodegradable plastics. Bio-based plastics are derived from renewable resources instead of 

the typical hydrocarbon and petroleum sources. Many non-degradable plastics like PET and 

PE can be bio-based, but their monomer feedstock source ultimately does not affect its 

properties or availability to biodegradation. PLA can be produced from corn or sugarcane-

based feedstock, and is also considered to be biodegradable. On the other hand, PBAT is 

biodegradable but produced from nonrenewable resources, and therefore is not considered 

to be bio-based. Bioplastics is the encompassing category for both biodegradable and bio-

based polymers.21  

PLA makes up 18.9% of the global production capacity for all bioplastics in 2021 (Figure 3). 

The market demand of PLA is on trend to double every 3-4 years, although production 

 

Figure 3. Distribution of global production capacity of biopolymers for 2021. Abbreviations: 
PHA - polyhydroxyalkanoates; PA - polyamide; PTT - polytrimethylene terephthalate. 
*Starch blends. Reproduced from reference 20 



Introduction 

 

 

- 11 - 
 

capacity is not expected to keep the same pace.22 This supply shortage, together with the 

relatively small production volumes, keep the prices of PLA well above other traditional 

plastics. As a thermoplastic polyester, PLA can be spun into fibers, stretched into rigid films, 

extruded into sheets for thermoformed packaging, and injected into molds.22 PLA has even 

found its way into biomedical devices as it features zero toxicity and excellent 

biocompatibility.23 The ease of synthesis and relatively high mechanical strength has been 

favorable for some food packaging applications, particularly rigid packaging, although PLA 

is not suitable for long-term storage due to its poor barrier to oxygen permeation. With a 

glass transition temperature (Tg) around 60 °C, its major drawback is poor thermal 

resistance and brittleness. For flexible film applications, PLA must be blended with 

plasticizers or soft biodegradable polymers to improve its flexibility.  

PBAT claims the largest share of the 2021 global production capacity of bioplastics at 19.2%, 

which is projected to grow to 30% by 2026.20 One may also find PBAT under the tradename 

Ecoflex® produced by BASF. Unlike PLA, PBAT exhibits a high elongation at break and is 

very flexible, making it a popular blend component for other biodegradable materials to 

improve flexibility. Likewise, PBAT can be found in applications that favor flexible 

properties like compost bags or mulch films.24 The downside of PBAT is its high price tag 

that keeps applications limited to specialty cases. While increasing production scale would 

provide some remedy, blending of PBAT with starch is a popular strategy to bring down 

prices in the meantime.24  

The classification of PLA, PBAT, as well as other so-called biodegradable polymers as, in 

fact, biodegradable does not come without caveats. Biodegradation is a complex process 

that depends on many material and external factors including crystallinity, hydrophobicity, 

molar mass, pH, oxygen, light, temperature, etc.. It follows that not every biodegradable 

polymer would degrade under all environmental conditions. Many polymers that are 

classified as biodegradable actually require specific conditions and may not degrade at all in 

other relevant mediums. Polyesters, including PLA and PBAT, exhibit very little degradation 

in both fresh and salt-water systems.25 While both of these polymers degrade under 

controlled compost conditions according to ASTM 6400 or EN 13432, their condition-

dependent degradation behavior poses the question as to whether biodegradable polymers 

could also contribute to microplastics if not properly disposed. The breakdown of the 

polymer into water and gases must be rapid enough as to not allow intermediate 

degradation particles enough time to cause damage to the environment or organisms. Any 
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biodegradable packaging film proposed to replace traditional materials must maintain a 

robust and fast degradation across several relevant environmental conditions that it may 

encounter in an ‘accidental release into the environment’ scenario. Such degradation 

behavior has historically been at the sacrifice of mechanical or thermal properties.26 This 

tradeoff constitutes the most challenging hurdle to the widespread implementation of 

biodegradable polymers as a replacement for non-degradable plastics. Not only do the 

inherent physical properties of biodegradable materials need to be strengthened to compete 

with those of PE or PET, but also the availability to biodegradation should be simultaneously 

improved for a more rapid biodegradation in a wider range of conditions.27 There currently 

lacks a material that overcomes the tradeoff between high physical performance and rapid 

biodegradation that would also be suitable for high-volume production at low cost.  

The challenge of high-performing biodegradable materials is exemplified particularly well 

in the following literature studies. Cross-linking or co-polymerization of PLA with flexible 

polymers is a logical path towards improving the toughness and stretchability of PLA as it 

creates a robust polymer network. Hu and coworkers employed benzoyl peroxide as a 

crosslinking agent for PLA/PBS blends.28 With just 1% crosslinking agent and 20% PBS, the 

elongation of PLA increased to nearly 400% – a 40-fold improvement. However, the group 

also found that the physically cross-linked structure inhibited the diffusion of the degrading 

enzyme, proteinase K, into the bulk material, slowing its degradation kinetics relative to 

neat PLA. The opposite trend was observed for blends of PBAT with starch. As mentioned 

above, the addition of starch reduces the overall material costs and positively influences 

biodegradation kinetics in aqueous environments.29 These improvement come at a sacrifice 

to the excellent stretchability of PBAT, with 30 wt% of starch in PBAT reducing elongation 

at break by more than 30-fold. Such property tradeoffs that plague this class of polymers 

prompts creative solutions from polymer chemists and material scientists in order for 

biodegradable plastics to be able to provide a meaningful reduction in plastic pollution.  
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3.2.3. Addressing the drawbacks of biodegradable polymers 

One promising approach to improving the properties of 

biodegradable materials is through blending rigid and soft 

biodegradable polymers. With this strategy, synergetic 

improvements in mechanical properties and degradation can be 

achieved with simple processing. For example, Ecovio® is a 

commercial blend of PBAT and PLA that improves on the poor 

mechanical properties of PLA by incorporation of the flexible PBAT, 

and maintains rapid degradability in terrestrial systems.30,31 Blending PLA with PBAT 

requires a compatibilizer,32 which creates concerns around leaching of these smaller 

molecules into the environment or food items. An even simpler strategy to improve the 

physical and degradation properties of PLA without compatibilization additives is by 

optimizing the crystallinity of PLA. PLA (Figure 4) can be produced by the ring-opening 

polymerization of lactide, which is available in three different stereoisomers. As a result, 

three major variations of PLA exist: poly(ʟ-lactide) (PLLA) and poly(ᴅ-lactide) (PDLA) 

which are semicrystalline, and poly(ᴅʟ-lactide) (PDLLA) which is amorphous. Due to the 

different crystallinities, mechanical properties and degradation of PLA exist on a 

spectrum.33-35 While crystalline regions impart mechanical toughness,36 amorphous regions 

are generally more susceptible to degradation.34 Through blending of PDLLA with PLLA, the 

Agarwal group has shown that the bulk crystallinity of PLA can be tailored to optimize the 

mechanical and degradation performance tradeoff.37 They found that a blend of 

PLLA:PDLLA at a 30:70 weight ratio exhibited the fastest degradation kinetics under 

enzymatic conditions and the second fastest degradation in compost (with only pure PDLLA 

being faster) after a reduction in crystallinity to 13% from 25% of pure PLLA. Additionally, 

the mechanical performance of the blend films showed tensile strength and elongation at 

break in between the more brittle PLLA and the more flexible PDLLA.37  

 

Figure 4. Chemical 
structure of PLA 
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Another approach to new 

degradable polymer systems 

with suitable physical properties 

is through a synthesis route. The 

chemical structure of a polymer 

chain can be altered in order to 

optimize properties and ensure 

degradation. Consider the 

aliphatic PBS (Figure 5), which 

readily undergoes hydrolysis of 

its backbone ester group, 

however it exhibits low 

mechanical strength. Compare 

PBS to another polyester, poly(butylene terephthalate) (PBT), which contains an aromatic 

backbone group that gives it mechanical strength and chemical resistance (non-

biodegradable). The inertness of PBT comes from the delocalization of electron density 

away from the ester group by the aromatic unit, making the carbonyl carbon less 

electrophilic and thus less susceptible to hydrolysis. An aromatic monomer unit could be 

incorporated into a copolymer with other monomer units that are susceptible to hydrolysis, 

as is the case with PBAT. However, as mentioned above, PBAT lacks universal degradability, 

which can be attributed to delocalized electron density provided by the aromatic group in 

the same way that makes PBT resistant to biodegradation. The Agarwal group investigated 

the synthesis of poly(benzenedimethylene succinate) (PBDMS) as an alternative to PBS due 

to its interesting structure.38 The aromatic unit in the backbone is separated from the 

carbonyl carbon with a methylene group, which makes the delocalization of electrons by 

resonance not possible. By adding 1,4-butanediol as a comonomer, high yields of PBxBDMyS 

polyesters (x = molar ratio of 1,4-butanediol; y = molar ratio of 1,4-benzenedimethanol in 

the monomer feed) were obtained that were thermally processable under mild conditions. 

Tuning of monomer ratios gave suitable mechanical properties for food packaging while 

also maintaining rapid hydrolysis, with some formulations being even more rapid than PBS. 

Smart and simple solutions like this are critical in making improvements to biodegradable 

polymer systems without complex processing or synthesis strategies.  

 

 

Figure 5. Chemical structures of several biodegradable 
and non-biodegradable polymers. 
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3.3. Polymer Clay Nanocomposites 

3.3.1. Polymer barrier 

Possible components that can be added to a given biodegradable polymer is not limited to 

polymers and other organic additives. While these components impart positive changes on 

the bulk mechanical and thermal properties, they fall short when considering other critical 

physical properties like gas barrier. Packaged food items need a barrier to gasses to prolong 

shelf life and prevent contamination. Unfortunately, gas barrier is another property in which 

traditional packaging materials consistently outperform the current commercial 

biodegradable polymers.39 

Without sufficient gas barrier, 

shelf-stable or vacuum 

packaging applications are out 

of reach for biodegradable 

polymers, even if suitable 

mechanical properties are met. 

Before we look at the numbers, 

let us first review the physical 

origin of polymer barrier.  

The barrier of a polymer is its 

ability to resist transfer of a 

permeant through it. For food 

packaging, the most relevant permeants are water vapor and oxygen as they promote 

deteriorative reactions and microbial growth (Figure 6)40,41. Gases transition from an area 

of low concentration to high concentration through a film in three steps: sorption to the 

polymer, diffusion, and desorption from the polymer.42 The transmission rate (TR) defines 

the amount of gas that permeates per unit of area and time for a given film. Since this term 

does not account for film thickness, which can greatly influence the TR, the permeability 

coefficient can be used to compare barrier properties across varying film dimensions. The 

permeability coefficient is the rate of a quantity of permeant that passes through a polymer 

in a unit of time with a unit surface area having unit thickness with a unit pressure difference 

on both sides of the film.42 In this work, the TR and permeability units that will be used are 

cm3 m-2 day-1 bar-1 and cm3 µm m-2 day-1 bar-1, respectively. Permeability (P) of a polymer is a 

product of the diffusion (D) and solubility (S) coefficients.  

 
Figure 6. Oxygen and water vapor transmission rate 
ranges for various food packaging applications 
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𝑃 = 𝐷 ∗ 𝑆 

D describes the kinetic movement of permeates through the polymer matrix and can be 

determined from Fick’s first or second law. The movement of small molecules through the 

polymer can be driven by a concentration gradient. Fick’s first law applies with the 

assumption that the concentration gradient is linear: 

𝐹 =  −𝐷
𝜕𝐶

𝜕𝑥
=  

𝑄

𝐴𝑡
 

Where Q represents the amount of permeate moving through unit area A, and F is the rate 

of mass transfer, i.e., flux. If the diffusion coefficient is independent to the concentration of 

the permeate (C), distance (x), or time (t), then Fick’s second law applies:39  

𝜕𝐹

𝜕𝑥
=  

𝜕𝐶

𝜕𝑡
= 𝐷

𝜕2𝐶

𝜕𝑥2
 

The solubility coefficient, S, represents how readily a permeant dissolves in a polymer, which 

is defined as the ratio between the equilibrium concentration of the permeate in the 

polymer (C) and the partial pressure of the permeant in the gas phase (p). This relationship 

can be expressed by Henry’s law as: 

𝐶 = 𝑆 ∗ 𝑝 

It becomes evident that the permeability of a material will heavily depend on the 

environmental temperature and humidity, as well as material properties like hydrophilicity 

and crystallinity. Of course, these models represent only a simplified description of the 

complex interaction of a permeate with a polymer matrix. In practice, several other factors 

contribute to the true permeability of a given material. These factors include swelling of the 

polymer with the permeate (or other substances), which induces a nonlinear concentration 

gradient, additional driving forces like chemical potential or the redistribution of free 

volume in the polymer matrix, and interactions between the polymer chains and the 

permeate.39 To gain a deeper understanding of these influencing factors and why they vary 

from polymer to polymer, let us first consider the cohesive energy density. The cohesive 

energy density of a substance is defined as the increase in internal energy per mole of 

substance if all the intermolecular forces are eliminated.43 For polymers, this is estimated by 

additive contribution models that consider which chemical units make up the polymer 

chain, the strength of interaction between these units, and how this interaction changes 

when a different chemical unit is added to the polymer chain. The cohesive energy density 
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also represents the square of the solubility parameter. In other words, a high intermolecular 

cohesion, like in PVC due to its hydrogen bonding, will generally be more resistive to 

permeation compared to PE, which has relatively little intermolecular interaction.44 

Swelling of the polymer with moisture will negatively impact its cohesive strength, and by 

consequence, negatively influence barrier properties as well. It follows that despite PE 

having a poor barrier to gasses, its olefinic hydrophobic character makes it a better barrier 

to water compared to the water-soluble and highly cohesive poly(vinyl alcohol) (PVOH). 

The free volume of a polymer is another factor that influences barrier properties as 

permeates readily travel through ‘microcavities’ within the polymer matrix. While related 

to the cohesive energy density, the free volume of a polymer is also derived from its thermal 

history, Tg, crystallinity, and conformational order.43 Crystallinity is a particularly 

interesting factor to consider within the scope of high-barrier biodegradable polymers since 

this characteristic, depending on the polymer, can be readily tailored using thermal 

treatments or minor structural changes, as exemplified above by the blending of amorphous 

PDLLA and semicrystalline PLLA. Experimental evidence shows that crystalline regions 

within a polymer matrix are impermeable to transport of most low molecular weight 

permeants, leaving only the amorphous phase available for diffusion.42 Within the 

amorphous phase, permeates must travel a tortuous path around the impermeable 

crystallites, slowing the overall transport kinetics.  

Polymer crystallinity is certainty one path towards increasing the barrier of biodegradable 

polymers, as has been demonstrated several times in literature with PLA.45 By varying the 

crystalline fraction, the oxygen permeability of PLA could be varied from 15,000 to 

3,500 cm3 µm m-2 day-1 bar-1 at 23°C and 50% relative humidity (RH). However, this 

performance is still sub-par to even a low-end barrier standard like PET, which, under the 

same conditions, exhibits an oxygen permeability between 1,000 and 5,000 

cm3 µm m-2 day-1 bar-1. A high performance material like poly(vinylidene chloride) (PVDC) 

featuring oxygen permeability between 10 and 300 cm3 µm m-2 day-1 bar-1 reflects 

applicability in long-term food storage to oxygen-sensitive items like coffee grinds. One goal 

of this work is to achieve high-performance, competitive barrier using biodegradable 

materials.  
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3.3.2. Clay as a barrier filler 

As increasing polymer crystallinity alone cannot achieve competitive barrier properties, and 

changes to the polymer chain composition itself could reduce availability to biodegradation, 

then exploration of further methods to improve the poor barrier properties of biodegradable 

polymers is required. Following a similar concept to the impermeable crystalline regions 

within a polymer matrix, impermeable inorganic fillers have been used to impart significant 

barrier enhancement within several polymers used for packaging, including nylon-6, PET, 

PE, PVC, and PVOH.46-49 Namely, 2:1 phyllosilicate-type clay materials are particularly 

attractive filler materials due to their layered structure consisting of strong in-plane covalent 

bonding, but weak out-of-plane bonding that can be disrupted to produce single-layer 

(impermeable) silicate nanosheets. The class of so-called layered crystals includes 

montmorillonite, synthetic mica, vermiculite, and hectorite. Their 2:1 layers consist of two 

tetrahedral SiO4 sheets in an edge-sharing conformation with a single octahedral plane, the 

composition of which depends on the type of clay. These layers are stacked together with 

cohesive, charge-balancing ions like Na+, Mg2+, Li+, Al3+, etc., located in the centers of the 

octrahedra.50 The aspect ratio is defined as the ratio of a platelet diameter to its thickness, 

where silicate nanosheets from layered crystals are typically 1 nm thick with a diameter that 

can range from 30 nm to over 20 microns.  

In comparison to a conventional polymer-clay composite that consists of aggregated clay 

tactoids (i.e., silicate nanosheets stacked together having an appreciable thickness), a 

polymer clay nanocomposite that contains thin silicate nanosheets dispersed throughout 

the polymer matrix has a tremendously larger interfacial surface area that allows for greater 

influence on bulk properties. In terms of barrier properties, the model proposed by E.L. 

Cussler in 1987 has provided an accurate description of the influence that a platy filler has 

on the permeability of a polymer.51 P is the measured permeability of the nanocomposite, 

and P0 is the measured permeability of the neat polymer. The ratio of these two values give 

the relative permeability of the nanocomposite, Prel, and the inverse of Prel describes the 

barrier improvement factor (BIF). 

𝑃𝑟𝑒𝑙 =  
𝑃

𝑃0
=  (1 + µ (

𝛼2𝜙2

1 − 𝜙
))

−1

  

Here, α is the aspect ratio of the filler, ϕ  is the volume content of the filler in the polymer, 

and µ is a geometric factor that is equal to 4/9 for nanosheets. This equation generously 
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assumes that the nanosheets are oriented perfectly parallel to each other and perpendicular 

to the direction of diffusion. From this equation, we derive a nonlinear correlation between 

decreasing permeability of the nanocomposite and an increasing filler aspect ratio at a given 

filler content. In other words, the ideal filler geometry is atomically thin platelets of infinite 

width (Figure 7). An impermeable filler of such geometry within a polymer matrix creates 

a dramatically convoluted maze in which permeates must navigate in order to travel 

through, also known as the tortuous path.  

To maximize the barrier 

improving power of a clay 

filler, it should be delaminated 

into the thinnest possible 

individual nanosheets, while 

maintaining the large 

diameter inherent to the 

pristine material. Note that 

the delamination of clay 

tactoids specifically describes 

the complete separation into 

single-layer nanosheets, while 

exfoliation is the breakdown of 

tactoids into thinner stacks with non-uniform thickness.52 The latter being accessible to a 

wider range of layered clays, although producing lower quality particles of smaller aspect 

ratio. Exfoliation of clay nanosheets is most commonly achieved by exerting strong shear 

forces, e.g., with ultrasonification, on a liquid suspension to thin the cohesively bound 

stacks. Dispersions of clays produced this way contain single, double, and multilayer stacks 

of nanosheets.53 Platelets may even be broken perpendicular to the stacking direction as a 

result of the high forces required, further reducing the aspect ratio.53 A common strategy to 

attempt to control liquid phase exfoliation and improve the yield of single nanosheets from 

ionic layered materials is the exchange of the interlayer ion with a bulkier one to increase 

the separation distance of the sheets, i.e. d-spacing, thus weakening the cohesive forces. 

Similarly, solvation of the interlayer ions can also increase the d-spacing and shear lability. 

This phenomenon is termed crystalline swelling and will be described in more detail shortly. 

Figure 7. Ideal nanofiller for barrier reinforcement by 
formation of tortuous path (left). Poor barrier 
reinforcement due to exfoliation only into tactoids, 
using small aspect ratio platelets, and platelets with 
poor orientation within polymer matrix (right). 
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Nevertheless, external energy input is still thermodynamically required to exfoliate after ion 

exchange in most cases and complete delamination is unattainable.50  

Although liquid phase exfoliation doesn’t extract the full potential of layered crystals, a small 

number of materials are capable of the phenomenon termed osmotic swelling, which does 

not require mechanical force and can give quantitative delamination into single nanosheets. 

Osmotic swelling of layered materials occurs when the charge carried by the individual 

layers is compensated by solvation of the counter ions with solvent molecules that allow 

gentle and complete separation. This thermodynamically allowed process requires a 

uniform charge density in order to be capable of uniform delayering. Such requirement is 

generally unfavorable towards natural minerals as synthesis temperatures below 1000 K give 

non-uniform charge density due to clustering of cations in the differently charged 

domains.54 Moreover, natural minerals lack phase purity that must be remedied prior to 

osmotic delamination.  

Not only does poor delamination of layered clays impose limits on possible barrier 

improvements, but the addition of inhomogeneities to a polymer matrix also impairs the 

mechanical performance of the nanocomposite. Clay fillers can readily impart brittleness to 

a polymer when interfacial adhesion is poor, for example. This trend is most apparent within 

the literature for PLA nanocomposites prepared by melt intercalation methods, which are 

favored due to being solvent-free. Melt intercalation relies on shear forces within extrusion 

dies to break apart clay tactoids and disperse them within the polymer matrix. Combination 

by force of clay into PLA has resulted in embrittlement of the nanocomposite starting at 

filler contents as low as 3 wt%.55-57 In some reports, nanocomposites with clay contents of 

less than 2 wt% have higher percent elongation at break compared to pure PLA, but this 

improvement disappears as clay content is further increased.57-59 PLA nanocomposites with 

such low filler contents have not displayed enough improvement in reported barrier 

properties due to an insufficient tortuous path to claim competitive, high-performance 

properties.56,58,60 Therefore, a focus on high aspect ratio fillers should be made to most 

efficiently improve barrier performance while keeping filler content low. 

3.3.3. Synthetic hectorite and osmotic swelling 

Synthetic layered crystals, like the synthetic sodium fluorohectorite (Hec) produced by Breu 

and colleagues, are advantageous for the production of high-quality barrier nanosheets as 

they possess superior phase purity that does not require additional purification steps and 
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large platelet diameters (~ 18,000 nm) (Figure 8a).61 Hec is produced by combining melt 

synthesis with subsequent long-term annealing at temperatures well above 1000 K, giving a 

unit cell composition of [Na0.5]inter[Mg2.5Li0.5]oct[Si4]tetO10F2.62 In a non-hydrated state at 0% 

RH, the interlayer sodium is fully coordinated to an oxygen atom within the highly charged 

silicate layer from both above and below, giving a d-spacing of 0.96 nm. The osmotic 

delamination of Hec occurs in the following stages (Figure 8b). First, crystalline swelling 

begins by exposure to humidity. Below 75% RH, a one water layer (WL) state forms where 

three water molecules are coordinated to the sodium cation in one direction, and at the 

same time, form hydrogen bonds with oxygen atoms of the opposite silicate layer. In this 

stage, the sodium remains coordinated to one of the silicate layers and is identified by an 

increase in the d-spacing to 1.25 nm. Further increasing moisture content to a 2-WL 

structure, the sodium cation is coordinated by six water molecules that are now forming 

hydrogen bonds with the silicate layers on both sides, which increases the d-spacing to 1.55 

nm. Within this crystalline swelling regime, there remains attractive electrostatic forces that 

keep the silicate layers at discrete separation distances. The transition from crystalline 

swelling into repulsive osmotic swelling involves further hydration, i.e., immersing into 

water, in which the remaining short-range attractive forces are overcome, leaving repulsive 

interactions between the ionic layers to dominate. Osmotic pressure between adjacent 

platelets pushes the platelets to increasingly large distances with further addition of water.54 

The homogeneous and gentle nature of this process preserves the large diameter inherent 

to pristine Hec in a quantitative conversion into nanosheets. With a diameter of 18 µm and 

a thickness of 0.96 nm, the rotation of the negatively charged platelets in suspension is 

sterically hindered, forming a liquid crystalline nematic phase even in dilute conditions 

(< 1 vol%) with platelets being separated by more than 55 nm.54   

When combined with an aqueous polymer dispersion, the liquid crystalline phase of Hec 

nanosheets separated to the largest allowed distance grants polymer intercalation of the 

interlayer space. Assuming that the polymer chains remain within the nanosheets upon 

removal of solvent, a highly ordered nanocomposite may be obtained where the individual 

Hec nanosheets are separated by regions of polymer. The intercalated structure of a 

polymer-clay nanocomposite forms a dramatically tortuous path to gas diffusion that can 

improve the barrier properties by orders of magnitude relative to the neat polymer. In 

practice, some degree of phase separation is thermodynamically driven. For example, a 

poly(ethylene glycol) (PEG)/Hec nanocoposite was prepared with different weight ratios.63 
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Upon drying, it was discovered that independent of clay content (20-75 wt% clay was 

evaluated), the d-spacing remained at 1.77 nm. Microscopic images confirmed the existence 

of two phases within the nanocomposite: an intercalated crystalline region that contained 

75 wt% Hec, and a segregated polymer region. The growth of the polymer domains is limited 

as polymer mobility is hindered with removal of solvent and formation of the tortuous path.  

Further studies on PVOH/Hec nanocomposites have demonstrated that drying 

nanocomposites at 20 °C improves polymer intercalation, and therefore the barrier 

properties and moisture sensitivity of the resulting nanocomposite compared to a drying 

temperature of 50 °C.64 This study also observed that the d-spacing within the highly filled 

crystalline regions, also termed hybrid Bragg stacks, was measured to be smaller than the 

radius of gyration of the intercalating PVOH polymer. The same observation was made 

when using polyvinylpyrrolidone (PVP) as the polymer matrix. By careful control of the 

PVP/Hec ratio, Schilling et al. demonstrated that this severe confinement imposed on 

polymer chains contributes to further improvement of the nanocomposite barrier 

performance beyond what is predicted by the Cussler equation.65 The excellent structural 

order of PVP/Hec hybrid stacks are observable with transmission electron microscopy 

(TEM) imaging (Figure 8c). Severe polymer confinement within nanosheets has been 

reported to influence additional properties like Tg
66 and segment mobility.67 Highly loaded 

PEG/Hec nanocomposites have exhibited an extraordinary Young’s modulus of up to 162 

GPa in the direction parallel to clay nanosheets within hybrid Bragg stacks, suggesting ideal 

 
Figure 8. (a) SEM image of a single synthetic fluorohectorite platelet produced at the Breu 
research group. (b) Schematic of the osmotic swelling process of Hec. Reproduced from 
reference 56. (c) Cross-sectional TEM image of intercalated PVP/Hec nanocomposite 
containing 31 vol% Hec. [Reprinted (adapted) with permission from T. Schilling, C. Habel, S. Rosenfeldt, M. 

Röhrl, J. Breu, ACS Applied Polymer Materials 2020, 2, 3010. Copyright 2020 American Chemical Society (ref 67).] 

(a) (b) (c)
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stress transfer.68 The brittleness of Hec nanocomposites with clay loadings above 10 wt% 

remains a challenge.  

3.3.4. Biodegradable polymer-Hec nanocomposites 

The high-quality liquid crystalline suspensions generated through the osmotic delamination 

of Hec has been used within the Breu group to 

produce waterborne polymer-clay nanocomposites 

coatings of superior barrier performance.65,69-71 With 

the application of food packaging in mind, a 

biodegradable glycol chitosan (GlyChit) and Hec 

nanocomposite was spray coated onto a commercial 

PLA substrate.72 The GlyChit matrix provided the 

added benefit of anti-microbial properties. A 1.4 µm 

thick nanocomposite coating imparted a barrier 

improvement factor of 104 even at a RH of 75%, 

which additionally indicates a reduced tendency to swell in humid conditions.72  

With PLA being not soluble in water and thus unable to directly combine with Hec in 

solution, more creative means to mechanically reinforce PLA with Hec were developed.73 In 

the work presented by Zhu et al., a solution of Hec with the water-soluble PVP was filtered 

through an electrospun PLA fiber mat. These bilayers could then be melt-pressed together 

to make multilayer films having alternating PLA and Hec/PVP layers (Figure 9).  This film 

had improved tensile strength by 94% compared to neat PLA while maintaining flexibility 

as evaluated by the absence of cracks forming during a 100-cycle bending test. Oxygen 

transmission rate (OTR) was reduced by 98.9% to 6.05 cm3 m-2 day-1 bar-1 even at an elevated 

humidity of 75%. Most interestingly, the degradation performance of PLA was enhanced by 

the delayering of the Hec/PVP structure, which was attributed to swelling of Hec regions 

that increased the surface area exposed to the degradation medium. This effect was observed 

during both enzymatic and compost degradation mediums.74 

 

Figure 9. Cross-sectional SEM image of 
PLA/PVP-Hec layered composite film. 
Reprinted with permission from reference 56 
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Unfortunately, the application of a barrier coating onto a mechanically weak polymer, or 

the lengthy electrospinning/filter-through film preparation, amongst other work-arounds, 

is not enough to make PLA competitive to the traditional materials. Casting from a single 

solution of hydrophobic polymer and filler would allow for a simplified processing method, 

potential intercalation related swelling resistance, and more efficient mechanical 

reinforcement. Top choices of 

biodegradable polymers like PLA, 

PBAT, and PBS are all polyesters, 

which thanks to their aliphatic ester 

units that make them susceptible to 

hydrolysis, also means they are 

hydrophobic and require organic 

solvents to dissolve. Although 

polymer/clay suspensions is a well-

researched concept that has been 

successfully implemented in water-

soluble polymers to improve their 

barrier, the same method was 

previously not translatable into 

organic solvents. In cases where clay 

exfoliation can be adequately achieved in organic solvents, the bulky surface modifiers 

required are so large that the clay content becomes limited by high viscosity to  contents 

below what would be needed for a high-performance material.75,76  

3.3.5. Osmotic swelling extended into organic solvents  

As it was clear that achieving osmotic swelling in organic solvents could unlock truly 

competitive barrier films made from biodegradable polymers, a high priority within the Breu 

research group was given to the investigation of such systems. Starting with solvent blends, 

acetonitrile/water mixtures were the first step towards a fully organic solvent dispersion. Up 

to 65 vol% acetonitrile could be used with water to achieve osmotic swelling of Hec.77 This 

was shortly followed by a study on ternary solvent mixtures with methanol, acetonitrile, and 

water, which when mixed at 35 vol%, 55 vol%, and 10 vol%, respectively, still allowed for 

osmotic swelling of Hec.78 However, this 10 vol% water content was still too much to allow 

for the dissolution of commercial degradable polyesters.  

 

Figure 10. Schematic illustrating swelling behavior of 
synthetic fluorohectorite in organic solvent and water, 
and with or without crown ether-interlayer sodium 
complex. Separation of platelets to 19 and 50 nm 
represents crystalline and osmotic swelling, 
respectively [Reprinted (adapted) with permission from V. 

Dudko, K. Ottermann, S. Rosenfeldt, G. Papastavrou, J. Breu, 
Langmuir 2021, 37, 461. Copyright 2021 American Chemical Society 
(ref. 81).] 
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A huge breakthrough came with the publication of Dudko et al. where delamination of Hec 

was achieved in completely organic solvent systems.79 Through the use of crown ethers that 

complex interlayer cations and render the platelet surface more hydrophobic, steric pressure 

is exerted on the sheets which aids in reaching the separation threshold required to trigger 

osmotic swelling (Figure 10). Water-free delamination was achieved in aprotic solvents 

including N-methylformamide (NMF) and N-methylacetamide. The direct combination of 

osmotically delaminated Hec and polyesters is now possible and will be explored later in 

this work.80  

 

3.4. Relevant Characterization Methods 

3.4.1. X-Ray scattering and diffraction  

To evaluate a suspension 

of delaminated Hec 

platelets, small-angle X-

ray scattering (SAXS) is 

applied. Scattering 

patterns of Hec contain a 

rational series of 00l-

reflections as a 

consequence of its 

coherent cofacial 

arrangement with large 

platelet separation 

distances (Figure 11a). 

Reflections as high as the 

8th order have been observed, highlighting the excellent positional order of adjacent silicate 

layers.54 Scaling of the reflection curves following q-2 is consistent with two-dimensional 

scattering objects. Incomplete osmotic swelling can be identified by the presence of 

additional peaks at high q values that correspond to crystalline swelling phases.78  

Similarly, powder x-ray diffraction (XRD) is used to evaluate the one-dimensional crystalline 

order of Hec platelets within a polymer nanocomposite (Figure 11b). The periodic 

arrangement of nanosheets is confirmed with the observation of a rational series of 00l-

 

Figure 11. (a) SAXS of a concentrated Hec-PVP suspension 
illustrating the rational 00l-reflections and an absence of 
restacked platelets in the crystalline swelling regime. (b) 
XRD of the resulting nanocomposite containing 31 vol% Hec 
that also shows 00l-reflections. [Reprinted (adapted) with 

permission from T. Schilling, C. Habel, S. Rosenfeldt, M. Röhrl, J. Breu, 
ACS Applied Polymer Materials 2020, 2, 3010. Copyright 2020 American 
Chemical Society (ref. 67).]  
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reflections. Under dry conditions, deviations from the inherent d-spacing of Hec (0.96 nm) 

indicate long range intercalation of polymer in between nanosheets.81  

3.4.2. Gas barrier measurements 

Several standardized testing methods exist for the measurement of gas barrier, the choice 

of which may depend on the type of measurement sample, the range of expected barrier 

values, and the choice of permeant. For the testing of food packaging films for high-

performance oxygen permeation in this work, a coulometric method is applied following 

ASTM D3985. The patented coulometric sensor (COULOX®) applied in the MOCON 

measurement devices from AMETEK GmbH is absolute, providing high precision, 

sensitivity, and repeatability. During testing, the sample film is exposed to a flow high-purity 

oxygen gas on one side and a flow of nitrogen as a carrier gas on the other side. Any 

permeation of oxygen through the film and into the carrier gas is detected as gas flows 

through the coulometric sensor, where oxygen is converted into electrical energy. The 

quantity of oxygen permeation is obtained through conversion of the electrical signal 

strength. This method allows for the analysis of 100% of the carrier gas, therefore detection 

limits are as low as 5 x 10-4 cm3 m-2 day-1 for the device employed in this work, and even lower 

in more advanced models.82 

3.4.3. Biodegradation testing 

The comprehensive biodegradation behavior of a given polymer requires testing under 

several conditions. In this work, three mediums will be employed. Since degradation rates 

are influenced by variations in soil conditions, temperature, water source, light, and oxygen, 

the degradation tests will be carried out under strictly controlled laboratory conditions 

defined by standardized methodologies. Enzymatic degradation under controlled 

conditions provide a basic understanding of how readily a polymer may undergo hydrolysis 

catalyzed by microorganisms. Enzymes like proteinase K and lipase are specific for polyester 

degradation. Following the weight loss of the sample by gravimetric analysis provides 

insights into bulk fragmentation kinetics, while additional analysis methods are required 

for determining if chain scission has occurred. These methods include, but are not limited 

to, gel permeation chromatography (GPC) for following changes in the molecular weight 

distribution, dynamic scanning calorimetry (DSC) to monitor changes in crystallinity 

related to degradation, and nuclear magnetic resonance (NMR) for observing changes in the 

chemical composition. Images produced with scanning electron microscopy (SEM) may 
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supplement these methods to observe changes to the sample surface as degradation 

progresses.37,38 

Compost degradation testing provides conditions closer to those that a biodegradable 

polymer may encounter in its life cycle compared to the idealized enzymatic testing, 

although analysis is more challenging. During this test, samples are buried in locally-

sourced industrial compost and stored in climate-controlled conditions following DIN EN 

ISO 20200 standards. Film samples are removed at specified time intervals and washed as 

carefully as possible. Analysis is only possible on degradation products that are collected by 

hand or with certain extraction techniques, and the interpretation of weight loss data and 

further analysis by GPC, DCS, and NMR should consider this limitation.83 

CO2 evolution testing is the highest standard biodegradation test available because of its 

ability to quantify the amount of carbon that is transformed into the smallest possible 

degradation products (methane, CO2). Testing procedures follow the standardized method 

DIN 14851:2019 with aniline as the positive standard. The current degradation medium for 

this test is wastewater that is obtained from the wastewater treatment plants of Bayreuth, 

DE for this work. Micro-Oxymax respirometers from Columbus Instruments International 

that were used and operate with a sensitivity of up to 0.2 µL h-1 due to its closed-loop 

measuring with a nondispersive infrared detector.83,84 

3.5. Preparation of Nanocomposite Coatings and Films 

In this work, three different methods for preparation of coating and films were employed: 

spray coating, doctor blading, and slot-die coating. All of these methods involve casting 

from solution, as is required when working with delaminated Hec or nanosheet suspensions. 

Each method has their own benefits and limitations that will be discussed in the following 

sections.  

3.5.1. Spray coating 

The spray coating of a substrate uses a pressurized airbrush to distribute a fine spray of 

suspension across a substrate that is adhered to a moving conveyor belt. The Breu research 

group uses a fully automated SATA 4000 LAB HVLP 1.0 mm spray gun (SATA GmbH & Co. 

KG, Germany) with adjustable droplet size and coating area. The spraying cycle is followed 

by a timed drying cycle under heat lamps. The process is repeated until a specified number 

of cycles is completed, or desired thickness is obtained. Creation of a fine spray gives the 

most uniform coating, necessitating the use of dilute suspensions (< 1 wt% solid content), 
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especially for the viscous nematic suspensions of clay nanosheets. Several high-performance 

and waterborne barrier coatings have been produced from the spray coating device in the 

Breu research group.65,68-70,72,81 The spraying process has proven to create near perfect texture 

of platelets onto the substrate due to the preference for parallel positions above the 

substrate and the mobility afforded by the dilute suspensions.69 In the current setup, only 

water-based solutions are spray coated because of the concern regarding aerosolized 

particles of organic solvents. Nevertheless, spray coating has been particularly beneficial to 

overcome dewetting problems in the application of the water-based suspensions of Hec onto 

hydrophobic substrates, attributed to the gradual buildup of quickly dried, thin wet-layers.72 

A single spraying cycle, depending on suspension solid content, may apply 5-10 nm at a time, 

requiring >200 spray/drying cycles that can total several hours. Consequently, this method 

is not considered scalable to industrial level and is therefore only applied when other 

methods of coating give unsatisfactory results.  

3.5.2. Doctor blade 

A doctor blade applies a defined wet-layer thickness by dragging a suspension across a fixed 

substrate. In the Breu research group, an automated device (Zehntner ZAA 2300, Zehntner 

GmbH Testing Instruments, Switzerland) is used for the movement of the doctor blade, and 

the substrate is fixed by a vacuum plate with adjustable temperature. While solution 

viscosity is a consideration, a much larger range of acceptable values can be applied. The 

solid content of the suspension can be adjusted to achieve a desired coating thickness. It 

should be noted that with increasing wet layer thickness or solid content, drying becomes 

increasingly difficult, especially in samples containing barrier nanosheets. A report from the 

Breu group established that doctor blading does not achieve the same degree of texture that 

spray coating can in the preparation of Hec nanocomposite coatings, but barrier 

improvement achievable with this method is nevertheless substantial.81 Organic solvent-

based suspensions can be coated with this method, and sequential layer addition to produce 

thick coatings or self-standing films is also possible, although such procedures are less 

favorable for large-scale production.  

3.5.3. Slot-die coating 

Preparation of highly precise coatings on the industrial scale can be done using slot-die 

coating devices. In this method, the suspension is delivered to the substrate from the die 

head with a fixed gap distance to the substrate. Up and downstream menisci, i.e., the coating 
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bead, form in the gap between the die head and the substrate, which is then dragged over 

the substrate during coating. Formation of a stable coating bead is essential to prevent 

coating defects. Solution delivery is metered and the speed of the moving substrate is 

controlled, which gives a very uniform coating thickness. The high precision allowed with 

slot-die coating has found applications in coatings of photographic films, paperboard, 

lithium-ion batteries, flexible electronics, and solar cells.85 For each solution to be coated, 

operating parameters must be established, including coating speed, coating gap, solution 

viscosity, and surface tension. Determination of the operating limits for each solution can 

be a complex and time-consuming process, unlike the more intuitive doctor blading 

methods.  

While being fed through the die head, the coating solution in a slot-die coating process is 

subjected to high shear rates. The Breu research group has demonstrated that this high 

shear enables flow-alignment of nematic Hec suspensions during coating with a laboratory-

scale TSE Table Coater with a 1-Layer Slot Die 300 mm, AAA (TSE Troller AG,Switzerland).86 

This flow alignment and shear thinning of nanosheets in suspension facilitates the coating 

process and positively influences nanocomposite texture to produce highly effective barrier 

coatings. The customizable nature of the processing parameters allow for coating a wide 

range of velocities and organic solvent-based mixtures. Drying of the wet layer can be 

facilitated by the temperature-controlled substrate plate. Utilization of the slot-die coater 

device to produce self-standing and layered films will be demonstrated in later sections.  
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 Synopsis 

This thesis contains three publications and one manuscript regarding the preparation of 

biodegradable nanocomposite films as a packaging material. The work was performed in the 

context of the collaborative research center (Sonderforschungsbereiche, SFB) 1357 funded 

by the German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) in 2019. SFB 

1357 ‘Mikroplastik’ has the overarching aim to study the formation and transport, biological 

effects, and interactions of microplastics in different ecosystems and organisms. The role of 

subproject C02 (part of this thesis) was to produce a high-performing alternative to the 

single-use food packaging materials that produce microplastic. This aim was to be achieved 

with a two front strategy: by the design and synthesis of novel polymer materials with 

desired properties and by the processing of these polymers, as well as commercial polymers, 

into high performance nanocomposite films. The work reported here encompasses results 

from the latter focus.  

 

Figure 12. Schematic summary of the results from this thesis in comparison to 
commercially available materials. 
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General suitability as a high-performance biodegradable food packaging material involves 

considerations from five factors (Figure 12). Of course, the film should not form persistent 

microplastics in terrestrial and aqueous environments. The qualification as high-

performance was summarized as high oxygen barrier and strong mechanical performance. 

For this high-volume application, low costs and capability of large scale processing are also 

critical factors.  

Each of the enclosed manuscripts report an approach to the creation of a material that 

would fulfill all of these five requirements, with a varying degree of success. Section 6.1 

presents the first PLA nanocomposite film obtained from the osmotic swelling of Hec in 

organic solvents through complexing with crown ethers. The self-standing nanocomposite 

film exhibited accelerated degradation of commercial PLA due to triggered bulk 

fragmentation in water from swelling of clay tactoids, which acted additionally as an 

effective barrier to oxygen even in humid air. However, the film was quite brittle, and despite 

its scalable preparation with the slot die coater, the use of NMF as solvent and crown ethers 

detract from its feasibility in terms of price. 

Section 6.2 utilized a novel polyester with rapid hydrolysis and stretchable mechanical 

performance as a substrate for a waterborne Hec nanocomposite coating. With the barrier 

coating, the film maintained rapid degradation and strong, PE-like mechanics, although 

coating adhesion should be improved in future work. The substrate itself is thermally 

processable under mild conditions and the addition of the nanocomposite by aqueous spray 

coating of the polymer-Hec suspension is benign, but not scalable. Overall, the coated film 

exhibited great physical properties, however the novelty of the polymer employed as a 

substrate, the specialty of GlyChit as the nanocomposite matrix, as well as the inherently 

expensive synthetic Hec give this film a hefty price tag. 

Section 6.3 proposes vermiculite as the preferred nanosheet source due to its naturally 

abundant supply and inherently high aspect ratio. The cost of vermiculite per kg is often 

cheaper than that of polymers, bringing down the total cost of the system. A new and more 

effective delamination process was proposed that gives superior yield of single nanosheets 

in organic solvents. PLA was used as the polymer matrix for a vermiculite nanocomposite 

coating on a cellulose nanofiber substrate to demonstrate the barrier improving power of 

this natural clay. The coating process benefited from the porous nature of the cellulose 

nanofibers to remove the high boiling point solvent from both the surface and underside of 

the wet layer. Cellulose nanofiber substrates are inherently brittle, which the addition of the 



Synopsis 

 

 

- 32 - 
 

nanocomposite did not improve. In future works, the choice of a stronger substrate or 

matrix material could improve the mechanical performance of vermiculite nanocomposites. 

Lastly, Section 6.4 explores a polymer/Hec/polymer sandwich-structured film rather than 

a dispersed nanocomposite for the application of single-use water-soluble packaging. 

Poly(vinyl alcohol) is the current material of choice for such applications, despite its slow 

degradation in its intended medium of disposal: wastewater. Biopolymers (hydroxypropyl 

methylcellulose and alginate) were evaluated as replacement polymers. By incorporating a 

collapsed nematic suspension of clay platelets as the inner barrier layer, common setbacks 

like high processing viscosities, embrittlement, and impedance of biodegradation are 

avoided while high barrier even in humid conditions is ensured. Processing is scalable to 

roll-to-roll systems and conditions are tunable for application specific requirements.  

 

4.1. High Barrier Nanocomposite Film with Accelerated 
Biodegradation by Clay Swelling Induced Fragmentation 

Commercialized ‘biodegradable’ polymers like PLA suffer from poor degradation in relevant 

environmental media, particularly aqueous environments, as introduced in more detail in 

Section 3.2.2. In this work, we aimed to improve the aqueous biodegradation kinetics of 

PLA by employing clay filler with a dual purpose.84 Hec has demonstrated its powerful 

barrier improving abilities due to its high aspect ratio and osmotic swelling (Section 3.3.2 

and 3.3.3). PLA desperately needs such massive improvements in barrier to be applicable 

for more demanding 

packaging applications. 

At the same time, clay 

distributed through the 

PLA matrix may swell 

upon submersion in 

water, which fragments 

the film in its entirety. 

The resulting increase in 

the surface area exposed 

to the degradation 

 

Figure 13. Schematic illustrating the water-triggered 
fragmentation of 18C6Hec/PLA films. Reprinted with permission 

from reference 86 
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medium accelerates the transition from bulk fragmentation to polymer chain scission 

(Figure 13).87  

The direct combination of PLA with osmotically delaminated Hec was allowed for the first 

time by crown ethers, as revealed in Section 3.3.5. PLA dissolved in NMF can be directly 

added to a suspension of Hec with 18-crown-6.  Casting of the film involved sequential 

layering using the industrially scalable slot-die coating device that allows high-precision wet 

layer deposition. Upon drying, approximately 120 nm thick clay tactoids were generated in-

situ and separated by regions of pure PLA. The clay tactoids formed by offset stacking of 

single platelets, creating impermeable, through-thickness walls giving a 99.3% reduction in 

the oxygen permeability of PLA to 124 cm3 m-2 day-1 bar-1 at 65% relative humidity. An XRD 

study demonstrated that the tactoids are resistant to swelling even under high humidity 

conditions. However, the film fragmented within one hour when submerged in water, 

increasing its surface area by 2500%. Biodegradation of the nanocomposite film exhibited 

faster biodegradation relative to neat PLA under controlled enzymatic conditions and 

during CO2 evolution testing in wastewater sludge. The starting molecular weight of the 

PLA in the nanocomposite was found to be lower than in the neat PLA, attributed to the 

high temperature dissolution in NMF. This factor may have also influenced biodegradation 

rate of the nanocomposite.  

 

4.2. Stretchable and Fast Composting Polyester Films with 

High-Performance Oxygen Barrier 

Synthetic routes to rapid biodegradation of polymers with strong mechanical performance 

by tailoring backbone structure was introduced in Section 3.2.3. The Agarwal group had 

explored the poly(1,4-benzenedimethylene succinate) (PBDMS) structure, which is a 

constitutional isomer of the chemically resistant poly(1,4-butylene terephthalate), but is 

more available to biodegradation due to separation of the ester carbonyl carbon from the 

aromatic unit to limit delocalization of electron density through resonance structures.38 By 

preparation of PBDMS copolymers with 1,4-butanediol, highly stretchable (polyethylene-

like) and rapidly hydrolysable PBxBDMyS polyester (x = molar ratio of 1,4-butanediol; y = 

molar ratio of 1,4-benzenedimethanol in the monomer feed) films were prepared with gentle 

thermal processing.  
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The PB64BDM36S polyester alone suffered from poor gas barrier, which is required to be 

relevant for food packaging applications. The effects of a barrier coating beyond 

improvement of barrier properties was evaluated. In this work, an aqueous nematic 

suspension of Hec and the biodegradable glycol chitosan (GlyChit) was spray coated onto 

PB64BDM36S as well as commercial PBS and PBAT (Figure 14). The highly ordered 3-µm 

thick nanocomposite coating dramatically reduced the oxygen barrier of all substrates more 

than 200 times. Mechanical properties of the coated substrates remained highly stretchable. 

Biodegradation rates in compost of coated films were slightly delayed compared to uncoated 

films but nevertheless fell within the optimal time frame (< 8 weeks). The GlyChit-Hec 

coated PB64BDM36S exhibited excellent performance in mechanical, barrier and 

biodegradation aspects.  

  

 

Figure 14. (a) Schematic of spray coating. (b) Cross-section of PB64M36S coated with 
GlyChitHec and (c) close up of coating. (d) Elongation at break for and (e) OTR of PBS, 
PBSA, and PB64M36S films with and without GlyChitHec coating. OTR compared to 
commercial packaging films at 65% RH and 23 C. [Reprinted (adapted) with permission from E. 

Sehl, R. L. Timmins, D. Ghosh, J. Breu, S. Agarwal, ACS Applied Polymer Materials 2022, 4, 6675. Copyright 
2021 American Chemical Society.] 
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4.3. Spontaneous Delamination of Affordable Natural 

Vermiculite as a High Barrier Filler for Biodegradable 

Food Packaging 

Up to this point, synthetic flourhectorite has been the clay filler of choice due to its 

exceptionally high aspect ratio and ability to osmotically delaminate. The benefits of such 

traits for the preparation of nanocomposite barrier layers were discussed extensively in 

Section 3.3.2 and 3.3.3. When considering the applications of food packaging, the high cost 

to produce such a pristine synthetic clay raises concerns as to whether consumers are willing 

to pay a higher price for environmentally friendly packaging. 

Natural vermiculites 

are another type of 2:1 

layered silicates that 

are very abundant and 

have inherently large 

aspect ratios. 

Unfortunately, they 

are difficult to 

delaminate due to the 

high layer charge and 

the divalent interlayer 

Mg2+ cation. In this 

paper (Figure 15), a 

one-step ion-exchange 

is presented for the 

osmotic delamination 

of natural vermiculite in N-methylformamide (NMF) and its mixtures with other organic 

solvents. A delamination yield as high as 84% was attributed to the use of butylammonium 

citrate. The citrate anion complexes the Mg2+ so that butylamine may favorably replace Mg2+ 

as the interlayer cation. A sufficient ion exchange with butylamine allows vermiculite to 

osmotically delaminate into single layer platelets with an aspect ratio of approximately 

4,000. 

The relevancy of these nanosheets as a barrier filler in inexpensive and biodegradable 

packaging was demonstrated by the preparation of a stable, delaminated vermiculite/PLA 

Figure 15. (a) SEM photo of vermiculite nanosheets on a Si 
wafer. Inset: particle size distribution measured from the SEM 
image indicating a mean size of 4 ± 1 μm. (b) Topographic AFM 
image of vermiculite nanosheets and height profile from the 
single nanosheets indicating a height of ~1.2 nm. (c) Photos of 
nematic suspensions of vermiculite in various solvents obtained 
by diluting a vermiculite/NMF gel, viewed under cross-
polarized light. 

(a) (b)

(c)
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suspension in a NMF/gamma-butyrolactone mixture. The suspension was doctor bladed 

onto a porous cellulose nanofiber substrate. The nanocomposite coated foil exhibited an 

oxygen transmission rate of 1.30 cm3 m-2 day-1 bar-1, which competes with high-end, non-

degradable poly(vinylidene dichloride) films. The cost of vermiculite is relatively lower than 

that of PLA, reducing the overall cost of the system. 

4.4. Biodegradation in Wastewater of Water-Soluble 

Polymer/Clay Barrier Films from Green and Scalable 

Processing 

Water-soluble packaging films are designed to encapsulate a single portion of dishwasher 

or laundry detergent, pesticides, dyes, etc. to conveniently be added as a whole to the given 

application. The dissolved packaging is then to be released into the environment, 

particularly into wastewater streams. Poly(vinyl alcohol) is the most commonly employed 

polymer for this application, however its biodegradation in water requires acclimated 

microorganism that are not found in common wastewater treatment facilities.88 Water-

soluble bio-polymers could replace PVOH in responsibly designed packaging if their barrier 

and mechanical properties are improved, and biodegradation in their intended disposal 

medium is ensured. The high filler content (>10 wt%) that is required to obtain a suitable 

gas barrier of moisture-sensitive biopolymers would cause severe embrittlement if directly 

combined. Instead of nanocomposite formulation, creative process-based solutions were 

applied using the industrially scalable slot-die coater introduced in Section 3.5.3 to prepare 

high-performance and biodegradable films.  

 

Figure 16. (a) 3D model of the proposed roll-to-roll processing for high-performance, 
water-soluble barrier films. (b) SEM image (PVOH-based film) and schematic of cross-
section of sandwich-layered structure of polymer/Hec/polymer films with a tortuous path 

(a) (b)
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In this work, sandwich-layered films (polymer/Hec/polymer) using either plasticized 

PVOH, hydroxypropyl methylcellulose (HPMC), or sodium alginate (alg) were prepared 

using the slot-die coater to mimic a large-scale roll-to-roll process (Figure 16). Isolation of 

the Hec and polymer solutions removes previous filler content restrictions due to high 

processing velocity of combined suspensions. The center layer consisting of a collapsed 

nematic Hec suspension created a band-like barrier wall that drastically improved barrier 

performance of all polymers. Inter-diffusion during processing gave a 1-µm thick interfacial 

nanocomposite, ensuring strong layer adhesion. The Hec layer also acted as mechanical 

reinforcement, strengthening the biopolymer foils while leaving the outer polymer layers 

accessible to biodegradation. From monitoring CO2 evolution of the films in wastewater for 

33 days, only the alg-based film was capable of significant biodegradation, while PVOH and 

HPMC-based films did not degrade beyond the plasticizer content.    
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Cussler’s theory for permeability [1]: 

𝑃𝑟𝑒𝑙 =  
𝑃

𝑃0
=  (1 + µ (

𝛼2𝜙2

1−𝜙
))

−1

=  
1

𝐵𝐼𝐹
   Equation S1 

Where P is the permeability of the nanocomposite, P0 is the permeability of the neat 

polymer, ϕ is the filler content (volume fraction), α is the aspect ratio of the filler, µ is a 

geometrical factor dependent on filler shape, and BIF is barrier improvement factor. 

To calculate theoretical barrier improvement factor for the PLA/18C6Hec nanocomposite: 

µ is 4/9, aspect ratio is 166 (approximated using height of 120 nm for clay tactoids and the 

width for NaHec platelets of 20,000 nm), and filler content is 8.5 vol%. 
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Sample 
Thickness 

(µm) 
OTR                        

(cm3 m-2 day-1 atm-1) 
Permeability                      

(cm3 µm m-2 day-1 atm-1) 

PLA 25 711 17 775 

PLA/18C6Hec 59 2.10 124 

Figure S1. XRD spectra of PLA/18C6Hec films at different humidities 
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Table S1. Oxygen transmission rates (OTR) and permeability for PLA and PLA 

nanocomposite films at 23 °C and 65 % RH 



Results 

 

 

- 56 - 
 

  

a b c d 

Figure S2. Film samples immersed in buffer solution for 1 hour at 37°C for a, PLA/18C6  

without enzyme b, PLA without enzyme c, PLA/18C6 with enzyme d, PLA with enzyme. 
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Figure S3. Raman spectra of PLA, NaHec, and PLA/18C6Hec nanocomposite after day 0 

(initial), day 3, day 5, and day 11 after enzymatic degradation 
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Sample 
Tg 

(°C) 
Tm 

(°C) 
ΔHm (J 

g-1) 
ΔHc 

(J g-1) 
Wt% 
PLA 

χ (%) 

PLA 60 150 29 n.d. 100 31 

PLA-                   post 
degradation (day 8) 

59 147 33 n.d. 100 35 

PLA/18C6Hec n.d 130 33 n.d. 66 53 

PLA/18C6Hec- post 
degradation       

(day 3) 
n.d. 129 22 n.d. n.d. n.d. 

PLA/18C6Hec- post 
degradation       

(day 5) 
n.d. n.d n.d n.d. n/a n/a 

Table S2. DSC data for PLA and PLA/18C6Hec films pre and post enzymatic degradation 

testing  

n.d. = not determined 
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Sample 
Tg 

(°C) 
Tm 

(°C) 
ΔHm (J 

g-1) 
ΔHc 

(J g-1) 
Wt% 
PLA 

χ (%) 

PLA 60 150 29 n.d. 100 31 

PLA-                   post 
degradation 

59 148 35 n.d. 100 37 

PLA/18C6Hec n.d 130 33 n.d. 66 53 

PLA/18C6Hec- post 
degradation 

n.d. 141 44 n.d. n.d. n.d. 
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B 

Figure S4. 1H-NMR spectra of PLA/18C6Hec film, pre- and post-enzymatic degradation 

testing period of 5 days 

Table S3. DSC data for PLA and PLA/18C6Hec films pre- and post-degradation 

testing in activated sludge for 45 days 

n.d. = not determined 
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Calculation of % Crystallinity: 

%𝜒 (Norm. ) =
∆H𝑚−∆H𝑐𝑐

∆H°𝑓
×

100

𝑤
     Equation S2 

Where ΔHm is the observed enthalpy of fusion obtained from the first heating process of 

DSC measurement, ΔHcc is the enthalpy of crystallization, ΔH°f is the enthalpy of fusion of 

the completely crystalline materials and the 𝑤 is the PLLA weight ratio in polymer blends. 

Here, ΔH°f is 93 J/g for PLA.[2]  

  

 

 

  

Figure S5. Gel-permeation chromatography traces of PLA (cast from MeCN) and 

PLA/18C6Hec films before and after degradation in activated sludge wastewater medium  
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Sample 
Elastic 

Modulus 
(GPa) 

Tensile Strength                       
(MPa) 

Elongation at break                      
(%) 

PLA 1.43 63.3 9.7 

PLA/18C6Hec 1.14 26.1 3.5 

Table S4. Mechanical testing data for PLA and PLA/18C6Hec films  
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Figure S1. Nonlinear multiple peak fit of the XRD patterns of (a) PBSA and (b) 

PB44BDM56S using the program Origin Pro 9.1 (Gaussian method). Peak numbering for 

crystalline peaks starting at small angles. 
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Figure S2. Rate determination of enzymatic hydrolysis of the uncoated polyester 

films. 
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Figure S3: Normalized elution volumes of the polyester films PBSA, PBS, PBxBDMyS, 

and PBDMS, taken at different intervals of the enzymatic degradation (CHCl3, 23 °C, 

PS-standard). Residue mass of the measured films is stated in parenthesis. 
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Figure S4. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PBS. 

 

Figure S5. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PBSA. 
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Figure S6. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PB83BDM17S. 

 

Figure S7. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PB54BDM46S. 
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Figure S8. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PB44BDM56S. 

 

Figure S9. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PB20BDM80S. 
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Figure S10. 1H NMR spectra of pristine films and films at different stages of the enzymatic 

hydrolysis of PB44BDM56S. 
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Figure S11. SEM images of the pristine (1st column) and eroded films of uncoated 

PBxBDMyS, PBDMS, PBS and PBSA before and at different intervals of the enzymatic 

hydrolysis. Residual mass of the measured film is stated in each image. The scale bar is 50 

µm.   



Results 

 

 

- 83 - 
 

2 4 6 8 10 12

N
o
rm

a
liz

e
d
 i
n
te

n
s
it
y
 [
a
.u

.]

2 theta [°]

 PBSA+Hec

 PBS+Hec

 PB
64

BDM
36

S+Hec

 

Figure S12. XRD of the GlyChitHec coating on PB64BDM36S, PBS and PBSA.  
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Table S1. TGA and DSC data of pristine and Hec coated PB64BDM36S, PBS and PBSA. 

polyester 

TGA DSC 

synthetic air  1st heatingd coolingd 2nd heatingd 

Tonset
a 

[°C] 

m1100
b

 

[%] 

Tg
c 

[°C] 

Tm 

[°C] 

Hm 

[J∙g−1] 

Tc 

[°C] 

Hc 

[J∙g−1] 

Tm 

[°C] 

Hm 

[J∙g−1] 

PBS 369 −0.14 -32 115 75e 74 −66 114 75f 

PBSA 366 −0.05 -45 88 59 43 −46 87 57 

PB64BDM36S 354 0.01 −21 43/68 45 - - - - 

PBS+Hec 368 1.68 -32 117 74 g 74 −63 115 73h 

PBSA+Hec 372 2.23 −45 87 58 42 −48 87 58 

PB64BDM36S+Hec 355 1.99 −21 43/70 44 - - - - 

aTonset is the extrapolated onset temperature according to ISO 11358-1. bResidue mass 

at 1100 °C. cGlass transition temperature taken from 2nd heating cycle at a rate of 

10 K∙min−1. dMelting temperature (Tm), crystallization temperature (Tc), melting 

enthalpy (Hm) and crystallization enthalpy (Hc) at a rate of ± 10 K∙min−1. 

eHc = −9 J∙g−1 was added to Hm (Tc = 91 °C). fHc = −7 J∙g−1 was added to Hm 

(Tc = 99 °C). gHc = −6 J∙g−1 was added to Hm (Tc = 92 °C). hHc = −2 J∙g−1 was added 

to Hm (Tc = 99 °C).  
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Figure S13. TGA curves of PBSA, PBS and PB64BDM36S films (a) uncoated and (b) Hec 

coated under synthetic air. 
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Figure S14. DSC curves of the uncoated and GlyChitHec coated polyesters films of 

PB64BDM36S, PBSA, and PBS showing (a,b) the 1st heating and cooling curve and (c,d) 

the 2nd cooling curve. 
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Table S2. Mechanical properties of the uncoated and hectorite coated PB64BDM36S, PBS 

and PBSA. 

polyester 
elastic modulus 

[MPa] 

tensile strength 

[MPa] 

elongation at break 

[%] 

PBSa 683 ± 15 37 ± 3 244 ± 33 

PBSAa 295 ± 11 20 ± 2 290 ± 92 

PB64BDM36S
a 150 ± 8 20 ± 2 581 ± 46 

PBS+Hec 1110 ± 168 28 ± 1 88 ± 54 

PBSA+Hec 474 ± 52 19 ± 3 326 ± 98 

PB64BDM36S+Hec 834 ± 210 15 ± 1 342 ± 32 

aValues from reference.1 
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Figure S15. Stress-strain curve of the hectorite coated polyester films. The phenomenon of 

the sawtooth type curve of PBS and PBSA is described in the literature.1 
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Figure S16. Rate determination of enzymatic hydrolysis of the coated polyester films. 
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Figure S17. Normalized elution volumes of the hectorite coated polyester films 

PB64BDM36S+Hec and PBSA+Hec taken at different intervals of the enzymatic 

degradation (CHCl3, 23 °C, PS-standard). Residue mass of the measured films is stated in 

parenthesis. 

 

Figure S18. SEM images of the pristine (1st column) and eroded films of Hec-coated 

PB64BDM36S and PBSA before and at different intervals of the enzymatic hydrolysis. 

Residual mass of the measured film is stated in each image.  
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Figure S19. 1H NMR spectra of pristine films and films at different stages of the 

enzymatic hydrolysis of PB64BDM36S+Hec. 

 

Figure S20. 1H NMR spectra of pristine films and films at different stages of the 

enzymatic hydrolysis of PBSA+Hec. 
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Figure S21. Calculated percentage of biodegradation from carbon dioxide produced after 

28 days in aerobic wastewater sludge according to the process in DIN EN ISO 14852. 

 

 

 

 

Figure S22. SEM images of PB64BDM36S before and after 28 d of degradation in aerobic 

wastewater sludge using the Micro-Oxymax respirometer. 
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Origin and analytics of the compost: 

The compost was collected from the compost plant Veolia Umweltservice Süd GmbH & 

Co. KG in Pegnitz, Germany.  

The compost contains household biowaste (50 vol%) and green waste (50 vol%), acting as 

structural material, from the month of July 2021. The compost piles were rearranged and 

watered once a week. The material was taken from the core of the pile two months after the 

start of the intensive rotting in open composting. The core temperature profile during this 

time is shown in Figure S23. The compost was sieved with a 10 mm and 4 mm sieve. 

Photographs of the material structure after sieving are shown in Figure S24. The compost 

parameters are in good agreement with the requirements according DIN EN ISO 14855, 

DIN EN ISO 20200, DIN EN 14045 or ASTM D5338. The important parameters are stated 

in Table S3. Before the start of the composting experiment, deionized water was added 

under mixing to reach a dry solid content of 50%. 

The cellulose reference showed similar signs of degradation in every sampling interval of 

thermophilic composting, ensuring that each compost batch is active (Figure S26). The low 

density polyethylene reference was unaffected in every case (Figure S27). 
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Table S3. Analytics of the compost material <4 mm.  

 Compost 

pHa 7.4 ± 0.2 

dry solid contentb [wt%] 58.3 ± 0.2 

ash content [wt%]c 32.6 ± 0.2 

C/N rationd 10.4 ± 0.7 

total C contentd [%] 16 ± 2 

total N contentd [%] 1.6 ± 0.4 

aCompost (100 g) and distilled water 1:5 (w/w) were mixed. The pH was measured with 

pH-indicator strips in triplicate. The error was given according to the accuracy of the 

stripes. 

bDry solid content was measured as the weight ratio from the sample heated to 105 °C 

until constant weight and the initial weight (~100 g). The statistical average of five 

samples is given as a result. 

cAsh content was measured as the weight ratio from the sample calcinated at 550 °C for 

24 h under air and the initial weight (~100 g). The statistical average of five samples is 

given as a result. 

dThe C/N ration was determined by elemental analysis (CHNS elemental analyser vario 

EL cube [Elementar Analysensysteme GmbH]). The statistical average of five samples 

is given as a result. 
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Figure S23. Core temperature profile of the compost in open composting under aerobic 

conditions at the compost plant in Pegnitz, Germany. 
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Figure S24. Compost sieved to <10 mm (left) and <4 mm (right). 
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Figure S25. Scheme of a 250 mL sample box used for composting. The frames with the 

sample, the low density polyethylene reference (LDPE), and cellulose reference (Cell) are 

placed in the compost (brown) as shown. 

 

Figure S26. Cellulose (Cell) reference in pristine state and after 4 and 8 weeks of 

thermophilic compost incubation. 

 

 

Figure S27. Low density polyethylene (LDPE) reference in pristine state and after 4 and 8 

weeks of thermophilic compost incubation. 
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Table S4. Peak elution volume after different compost incubation times. 

polyester 

peak elution volume 

[ml] 

0 wks 2 wks 4 wks 5 wks 6 wks 7 wks 8 wks 

PBS 8.54 8.66 8.77 8.86 n.d. 9.04 9.13 

PBSA 8.54 8.67 8.75 n.d. 8.92 n.d. n.d. 

PB64BDM36S 8.69 8.71 8.97 n.d. n.d. n.d. n.d. 

PBS+Hec 8.51 8.63 8.74 8.82 n.d. 8.98 9.08 

PBSA+Hec 8.59 8.67 8.77 n.d. 8.98 n.d. n.d. 

PB64BDM36S+Hec 8.76 8.86 9.11 n.d. 9.21 n.d. 9.49 

n.d. = not determined. 

 

 

 

 

 

Figure S28: SEM image of PB64BDM36S films a one, two and three weeks of thermophilic 

compost incubation.  
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Figure S29: PBS+Hec film after 8 weeks of compost incubation. Hec side is shown. 

 

Figure S30. PBSA+Hec film after 4 weeks of compost incubation. Hec side is shown. 
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Figure S1. Comparison of the delamination yield depending on concentration of the 

cation. 
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CHN analysis 

Table S1. Experimental wt% of C and N in exchanged organoclays 
 

C4 Cl- Na to C4 Cl- C4 Ac2- 

C, wt % 3.9 4.78 7.6 

N, wt % 1.08 1.31 2.21 

 

C4 Cl-  is the sample prepared via single exchange using butylammonium cation and 

chlorine as a counter anion. 

Na to C4 Cl- denotes the two step sequential exchange with sodium and then with C4 Cl- . 

C4 Ac2- denotes the single exchange using the butylammonium cation and citrate as a 

counter anion. 

  

Figure S2. Topographic AFM image of a single nanosheet from an aqueous suspension with 

the height profile  
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Cussler’s theory for permeability: 

𝑃𝑟𝑒𝑙 =   𝑃/𝑃0  = (1 + µ (
𝛼2 𝜙2

1−𝜙
))−1    Equation S1 

Where P is the permeability of the nanocomposite, P0 is the permeability of the neat 

polymer, ϕ is the filler content (volume fraction), α is the aspect ratio of the filler, µ is a 

geometrical factor dependent on filler shape (in case of platelet shape filler it is 4/9)1 

To calculate theoretical improvement factor for different nanosheet sizes: µ is 4/9, aspect 

ratio is 30 for Laponite, 150 for Montmorillonite, 4000 for Vermiculite. 

Figure S3. Improvement based on different aspect ratio nanosheets. The vertical line 

corresponds to a filler content as applied in the PLA-verm/CNF foil stressing the 

superiority of the vermiculite nanosheets compared to more common clay fillers. 
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Figure S4. Photos of flocculated vermiculite samples in different solvents 
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Table S2. Summary of the solvent properties of the solvents used in the studies of natural 

vermiculite swelling  

Solvents 

Relative 

dielectric 

constant2 

Dipole 

moment, 

D2 

δD3 

[𝑴𝒑𝒂𝟏/𝟐]  

δP

 [𝑴𝒑𝒂𝟏/𝟐] 

δH 

[𝑴𝒑𝒂𝟏/𝟐] 
Swelling 

Ethanol 24.5 1.66 15.8 8.80 19.4 yes 

Methanol 32.6 2.87 14.7 12.3 22.3 yes 

DMac 37.8 3.72 16.8 11.5 9.40 yes 

DMSO 46.7 4.10 18.4 16.4 10.2 yes 

NMF 1714 3.83 17.4 18.8 15.9 yes 

Water 80.1 1.87 15.5 16.0 42.3 yes 

N-methyl-

acetamaide 
1794 4.12 16.9 17.0 13.0 yes 

FA 111 3.71 17.2 26.2 19.0 yes 

γ-BL 41.0 4.27 18 16.6 7.40 yes 

Propylene 

carbonate 
64.95 4.94 20 18.0 4.10 yes 

NMP 32.2 4.09 18 12.3 7.20 yes 

DMF 36.7 3.79 17.4 13.7 11.3 yes 

Isopropanol 19.9 1.59 15.8 6.10 16.4 no 

Cyclohexane 1.88 0 16.8 0 0.20 no 

Pyridine 12.5 2.37 19.0 8.80 5.90 no 

Acetonitrile 38.8 3.44 15.3 18.0 6.10 no 

Methylethyl 

ketone 
18.5 2.78 16.0 9.00 5.10 no 

Acetone 21.4 2.69 15.5 10.4 7.00 no 

Toluene 2.38 0.31 18.0 1.4 2.00 no 

Chloroform 4.81 1.15 17.8 3.1 5.70 no 

Dichloro- 

methane 
8.93 1.14 17.0 7.3 7.10 no 

Tetra-

hydrofuran 
7.58 1.69 16.8 5.7 8.00 no 

Ethylacetate 6.40 1.88 15.8 5.3 7.20 no 

DMac-Dimethylacetamide, DMSO- Dimethyl sulfoxide, NMF- N-Methylformamide, FA-

Formamide, 

γ-BL- gamma-Butyrolactone, NMP- N-Methyl-2-pyrrolidone, DMF- Dimethylformamide, δD 

dispersive, δP polar, δH hydrogen bond component of Hansen parameters. 
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Figure S5. SAXS pattern of the vermiculite in gamma-bl (black) and vermiculite + 

PLA in gamma-bl (red), showing the 001 oscillation in similar positon of q, 

showing that addition of PLA to vermiculite suspension do not compromise the 

colloidal stability of nanosheets. Insert shows the q range from 0.005 to 0.05 Å-1 

with higher magnifications. 
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Figure S7. XRD pattern of the C4 exchanged vermiculite, CNF foil and PLA-

verm/CNF nanocomposite.  
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Figure S6. SEM photo of PLA-verm/CNF foil cross section. Marked bar denotes 

the thickness of the coating 

 

5.3 μm
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Figure S8. Optical properties (transmittance, haze, clarity) of the neat CNF 

substrate and CNF/Verm foil. 
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Figure S9. Thermal gravametric analysis of CNF substrate (black), CNF 

coated with PLA (red), and CNF coated with PLA-verm nanocomposite (blue) 
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Calculation for barrier improvement factor 

The OTRs for the coatings can calculated by; 

𝑂𝑇𝑅𝑐𝑜𝑎𝑡𝑖𝑛𝑔 =  
1

1
𝑂𝑇𝑅𝑡𝑜𝑡𝑎𝑙

−  
1

𝑂𝑇𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

 

Permeability (P) of both the neat polymer coating and the nanocomposite coating are calculated 

using their respective thicknesses (d); 

𝑃 = 𝑂𝑇𝑅 ∗ 𝑑 

For water vapor permeability, the water vapor partial pressure (Δp) must be considered. At 100% 

RH and 23°C, Δp is 0.0277 atm, which corresponds to Δp = 0.020775 atm at 75% RH and 23 °C. 

The new equation is; 

𝑃 =
𝑂𝑇𝑅 ∗ 𝑑

∆𝑝
 

Barrier improvement factor (BIF) is the ratio of the permeability of the neat polymer coating 

(Pneat) to the permeability of the nanocomposite coating (Pnc); 

𝐵𝐼𝐹 =  
𝑃𝑛𝑒𝑎𝑡

𝑃𝑛𝑐
      Equation S2 
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Calculation for theoretical shelf life6: 

For 500 g of powder material that is 2 wt% water content, 

𝑤𝑒𝑖𝑔ℎ𝑡𝑑𝑟𝑦 = 500 ∗ 0.98 = 490 𝑔 

𝑤𝑒𝑖𝑔ℎ𝑡𝑤𝑎𝑡𝑒𝑟 = 500 ∗ 0.02 = 10 𝑔 

For a critical moisture content of 8 wt%, the final weight of water in the powder is, 

𝑤𝑒𝑖𝑔ℎ𝑡𝑚𝑎𝑥 =
490

0.92
− 490 = 42.6 𝑔 

The weight of water to permeate into the powder is, 

42.6 − 10 = 32.6 𝑔 

For a rectangular package of dimensions 3 x 15 x 10 cm, the surface area is 0.045 m2  

The amount of water permeating into the package per day is  

𝑤𝑒𝑖𝑔ℎ𝑡𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑑𝑎𝑦 = 0.045 𝑚2 ∗ 𝑂𝑇𝑅 

The time to reach the critical moisture content (i.e. shelf life) is,  

𝑠ℎ𝑒𝑙𝑓 𝑙𝑖𝑓𝑒 =  
32.6 𝑔

𝑤𝑒𝑖𝑔ℎ𝑡𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑑𝑎𝑦
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1. Film Fabrication 

 

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

For PVOH-based films, the drying temperature was set to 60 °C. The first water-soluble 

polymer layer was coated from a 30 wt% PVOH solution on a poly(lactide) (PLA) film. 

The coating gap was adjusted to 205 µm, and the pump flow rate was set to 2.52 ml min-1 

and the table speed to 0.1 m min-1 accordingly. The film was dried for 15 min. The 

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

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec 

suspension. The coating gap was adjusted to 385 µm, and the pump flow rate was set to 

4.6 ml min-1 and the table speed to 0.1 m min-1 accordingly. The film was removed from 

the table and dried for 7 days under ambient conditions. The composition of the dry 

nanosheet layer was 100% Hec. 

A second single water-soluble polymer layer was coated from a 30 wt% PVOH solution on 

top of the Hec barrier layer. The coating gap was adjusted to 250 µm, and the pump flow 

rate was set to 2.52 ml min-1 and the table speed to 0.1 m min-1 accordingly. The film was 

dried for 30 min, and the composition of the dry film was 80% PVOH, 10% glycerol, and 

10% sorbitol. 

 

1.2 Hydroxypropyl methylcellulose (HPMC)-based water-soluble film 

For HPMC-based films, the drying temperature was set to 20 °C. The first water-soluble 

polymer layer was coated from a 20 wt% HPMC solution on a PLA film. The coating gap 

was adjusted to 450 µm, and the pump flow rate was set to 5.9 ml min-1 and the table speed 

to 0.1 m min-1 accordingly. The film was dried for 1 h, and the composition of the dry film 

was 80% HPMC, 10% glycerol, and 10% sorbitol. 

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec 

suspension. The coating gap was adjusted to 385 µm, and the pump flow rate was set to 

4.6 ml min-1 and the table speed to 0.1 m min-1 accordingly. The film was removed from 

the table and dried for 7 days under ambient conditions. The composition of the dry 

nanosheet layer was 100% Hec. 

A second single water-soluble polymer layer was coated from a 20 wt% HPMC solution 

on top of the Hec barrier layer. The coating gap was adjusted to 480 µm, and the pump 

flow rate was set to 5.9 ml min-1 and the table speed to 0.1 m min-1 accordingly. The film 
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was dried for 2 h, and the composition of the dry film was 80% HPMC, 10% glycerol, and 

10% sorbitol. 

 

1.3 NaAlginate-based water-soluble film 

For alginate-based films, the drying temperature was set to 20 °C. Prior to slot die coating, 

the alginate suspension and the slot die were heated using a heat gun. The first water-soluble 

polymer layer was coated from a heated 15 wt% Alginate solution on a PLA film. The 

coating gap was adjusted to 475 µm, and the pump flow rate was set to 1.92 ml min-1 and 

the table speed to 0.03 m min-1 accordingly. The film was dried for 1 h, and the composition 

of the dry film was 80% Alginate, 10% glycerol, and 10% sorbitol. 

The water-dispersible nanosheet layer was then added on top by coating a 6 wt% Hec 

suspension. The coating gap was adjusted to 385 µm, and the pump flow rate was set to 

4.6 ml min-1 and the table speed to 0.1 m min-1 accordingly. The film was removed from 

the table and dried for 7 days under room conditions. The composition of the dry nanosheet 

layer was 100% Hec. 

A second single water-soluble polymer layer was coated from a heated 15 wt% Alginate 

solution on top of the Hec barrier layer. The coating gap was adjusted to 500 µm, and the 

pump flow rate was set to 1.92 ml min-1 and the table speed to 0.03 m min-1 accordingly. 

The film was dried for 2 h, and the composition of the dry film was 80% Alginate, 10% 

glycerol, and 10% sorbitol. 
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Figure S1. TGA curves of water-soluble films. The mass loss corresponds to the 

degradation of the polymer layers. The solid residue can be assigned to neat Hec minus the 

residue from corresponding neat plasticized polymer films (dotted lines). The water-soluble 

films are made of approximately 21 wt% Hec for the PVOH, 22 wt% Hec for HPMC, and 

40 wt% for the Alginate case. 
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Figure S2. SEM cross-sections of the foils. a) PVOH/Hec/PVOH, b) HPMC/Hec/HPMC 

and c) Alginate/Hec/Alginate. The respective right images show the elemental 

distribution of Si (cyan) and C (red) via EDX spectroscopy. 
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Figure S3. XRD pattern of water-soluble films. The d001 corresponds to a two-water layer 

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

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

pattern. 

 

 

 

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

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

glycerol) and their layered films with Hec. Values are a statistical average from measuring 

at least 6 runs. 

  

Sample: PVOH 

PVOH/ 

Hec/ 

PVOH 

HPMC 

HPMC/ 

Hec/ 

HPMC 

Alginate 

Alginate/ 

Hec/ 

Alginate 

Tensile 

Strength 

(MPa) 
5.6 27 15 43 23 35 

Elongation 

at break 

(%) 
260 71 8.1 14 12 5.0 

Elastic 

Modulus 

(MPa) 
21 570 790 970 390 1100 
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Figure S5. Biodegradation measured in terms of conversion to CO2 for plasticized polymer 

films (10 wt% glycerol, 10 wt% sorbitol), the plasticized polymers as a layered film with 

Hec, the neat plasticizers, and aniline as the internal positive standard. 
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