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Summary
The urgent need to address sustainability within material science, driven by global 
environmental concerns over pollution, climate change, and resource scarcity, has led to a 
growing interest in bio-based materials. This thesis explores the potential of biopolymers as 
alternatives to non-renewable resources, specifically the ones derived from renewable and 
residual sources. The biomacromolecules can be harvested from plants, algae, 
microorganisms, and animal products; or extracted from the process waste of agricultural and 
urban cycles. In particular, the high stiffness (Young's modulus) exhibited by certain 
biopolymers, often surpassing that of standard engineering polymers, motivates this 
investigation. The biopolymers' uncontrolled chemical structure and morphology still inhibit 
their application in many industries. Inspired by the unique structures, properties, and 
functions found in biological systems, this research aimed to develop (solid-state) structure-
property relationships for relevant biopolymer systems aiming at predicting final material 
properties (physicochemical, thermal, mechanical, barrier). The focus on structure-property 
guidelines is brought about by systematic investigations of the intricate architecture and 
interactions found in biopolymers and bioinspired nanocomposites. The ultimate goal is to 
design bio-based materials with superior performance, such as lightweight, high stiffness and 
strength, and functionality, while at a competitive cost and sustainability. 

Chapter 1 gives a general background to biopolymers, bioinspired (nano)composites, and a 
recent circular economy approach for recovering biopolymers from wastewater treatment 
facilities. We discuss the state-of-the-art of biopolymer properties (from biomass and urban 
waste) and the motivation to develop high-performance materials using bioinspired 
principles. The outline of this thesis is presented. 

The polysaccharide alginate is examined in Chapters 2 and 3 to establish structure-property 
relationships, generating insights into many other biopolymer materials. Chapter 2 
investigates biopolymer film plasticization through the effect on the glass transition 
temperature (Tg). A case-study of Na-alginate-(polyol) mixtures is given, focusing on 
understanding the role of structural composition and plasticizer size. A new thermodynamic 
model was developed to describe heterogeneous polymer mixtures (using plasticizers, blends, 
and co-polymers) and describe Tg variations in (bio)polymer systems, including cases of anti-
plasticization. The linearized Generalized Mean model (GML) was tested for its versatility and 
ability to fit several cases of (heterogeneous) polymeric mixtures. It can describe many 
complex systems by one model constant that can represent partitioning (kGM). Last but not 
least, there is a clear tendency for biopolymer materials toughened by additives or blends to 
present heterogeneous morphological structures. Chapter 3 explores different methods of 
ion-crosslinking alginates, analyzing the behavior and solid-state properties of ion-
crosslinked alginates with various cations (alkali, alkaline earth, transition). We briefly discuss 
the effectiveness of ion-exchange methods: film solvent exchange, acid gel neutralization, and 
dialysis. The study primarily investigates storage modulus, water diffusion, and the sol-gel 
transition of alginate films, providing indirect insights into the structural changes induced by 
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ion crosslinking and its influence on material performance. Through structure-property 
relations, we discuss the hypothesis of forming (large) ionic aggregates from specific ion 
binding. That would lead to a transition from a polyelectrolyte to ionomer behavior in charged 
biopolymers like alginates. In general, monovalent alginates exhibit the typical behavior of a 
polyelectrolyte, while most polyvalent alginates and, indeed, alginic acid form ionomer-like 
hydrogels. By fitting the GML model to this Tg data, we find that plasticized films of alginates 
exhibit higher morphological heterogeneity with clustering phenomena, showing a trend of 
transition metal > alkaline earth metal > alkali metal for the studied alginate composition. The 
water vapor transport properties indicate a moisture-induced alginate chain relaxation, in 
which a delay was observed in crosslinked systems due to restricted regions formed by ion 
aggregates. Hence, specific interactions in ionomer-like alginate films lead to different 
dynamics and structure-property relationships. 

In Chapters 4 and 5, the focus was on fabrication strategies and properties of highly-ordered 
bioinspired nanocomposites, taking as a key example the case of gelatin/montmorillonite 
(gelatin/MMT). Unlike most bioinspired composite works, selecting specific materials was not 
the focus but rather to comprehensively explore the mechanisms for 2D material exfoliation 
and alignment. Chapter 4 presents a theoretical basis for characterizing nacre-like 
nanostructures in 2D platelet/sheet composites. It is well-established that nanoparticle 
exfoliation is imperative to give ultimate anisotropic properties, e.g., thermal, mechanical, and 
barrier properties. The study explores strategies for exfoliating 2D materials through fast 
hydrogelation and investigates possible positional order-disorder transitions with increasing 
nanofiller incorporation. We present an easily attainable strategy for exfoliating 2D materials 
using a hydrogel matrix with rapid network formation, offering controlled all-exfoliated 
systems across a wide loading range (0.4 to 64% MMT volume fraction). The high exfoliation 
of clay platelets enables precise tuning of sample d-spacing through a volumetric rule 
analogous to colloidal swelling. Controlled hydrogelation emerges as a promising alternative 
to laborious processes, such as multilayer deposition and in situ polymerization. However, 
achieving sufficient particle immobilization during the drying phase is essential. System 
properties also depend on initial polymer-particle compatibility, polymer-penetration energy, 
and interfacial interactions. Notably, our investigation uncovers particle order-disorder 
transitions within these nanostructures. We examined the correlation and domain length at 
high filler loadings, from 33 to 64% MMT volume fraction, finding highly ordered phases and 
crystallite sizes of approximately 200 Å. Chapter 5 examines the ordering mechanism in 
bioinspired nanocomposites with great detail via nanostructure analysis, application of 
orientation distribution functions, and effect on the properties. We give an overview of 
current nacre-like fabrication methods and the (in-plane) orientational order mechanisms 
that are possible to occur. We conclude that most waterborne methods seem to utilize either 
mean-field self-assembly or, more frequently, a network affine deformation. We investigated 
a nacre-like nanocomposite system (gelatin/MMT) for achieving the alignment of 
nanoplatelets. The orientation distribution functions were fitted to spectroscopy data to show 
the predominance of the alignment method. We found that this system’s ordering indeed 
follows the modified affine deformation model. Through a comprehensive characterization, 
we establish relationships between alignment mechanism, structure, thermomechanical 
properties, and barrier properties as a function of MMT loading, orientational order, and 
effective aspect ratio. Remarkably, we achieve a high degree of compression (! z) and 
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orientational order (average <P2> order parameter oscillates around 0.7) up to 64 vol.% filler, 
indicating the efficiency of the hydrogel strategy in immobilizing 2D-materials without 
stacking. The study emphasizes the importance of orientational order for obtaining high 
performance. The resulting nanocomposites exhibited enhanced stiffness, even at high relative 
humidity, and showed indications of increased heat resistance and lower gas permeability. 
However, the influence of platelet wrinkling on the effective aspect ratio and reinforcement 
efficiency requires further investigation. The water vapor diffusion studies revealed reduced 
sorption kinetics and diffusion coefficients with increasing filler loading, although 
interactions with the clay component altered the matrix diffusion coefficient. We propose that 
the affine deformation mechanism offers a promising approach for designing nacre-inspired 
nanocomposites (1D or 2D particle morphology), even at very high nanofiller level, with 
controlled orientational order, alignment, and optimized properties, facilitated by the 
scalability of hydrogel affine deformation method. 

The utilization of biomass from agricultural and organic urban waste has gained momentum 
in the fabrication of biodegradable and circular materials. In Chapters 6 and 7, we integrate 
the lessons learned from biopolymers and bionanocomposites with recovering resources from 
urban waste (wastewater). Chapter 6 focuses on the study of Kaumera®, a biopolymer 
extracted from wastewater sludge, for sustainable polymer applications. Characterizing the 
extracted exopolymer substances (EPS) from sludge biofilms poses several challenges due to 
its complex composition based on (glyco)proteins, polysaccharides, lipids, nucleotides, and 
humic substances. Analyzing the composition and structure of Kaumera®, derived from EPS 
in aerobic granular sludge, is particularly difficult. Therefore, a black box approach focusing 
on desired properties was preferred for material development. The research encompassed 
Kaumera® biopolymer(s) physicochemical (predominant functional groups, polyampholyte 
behavior, solubility) and charge characterization (cationic to anionic charge reversal and 
possible complex coacervation), film formation through plasticization and blending, and the 
development of nacre-like MMT nanocomposites and derivative materials. We discuss the 
high potential to develop competitive high-end materials with lightweight characteristics, 
exceptional stiffness, strength, functionality, affordability, and environmental sustainability. 
These materials are derived from bio-based sources, rendering them biodegradable and 
somewhat biocompatible. Through material formulations and processing strategies, the 
fabrication of films, fibers, foams, absorbers, binders, and coatings should be within close 
reach. Understanding structure-property relationships in Kaumera® nanocomposites, 
influenced by polymer structure, nanofiller quantity and type, and intermolecular 
interactions, will guide the selection of commercially-viable polymer characteristics and 
enable the development of nature-inspired designer products from wastewater. Chapter 7 
investigates the recovery of cellulose and nanocellulose from wastewater, specifically exploring 
the extraction of secondary raw cellulose from toilet paper. A facile procedure for cellulose 
extraction and determination of cellulose content in wastewater solids or sludge is 
demonstrated based on alkaline and bleaching treatments. The method shows high specificity 
to the source and can yield pulp with cellulose fractions exceeding 86 wt.%. Controlled acid 
hydrolysis is employed to isolate Cellulose NanoCrystals (CNC) from toilet paper and 
wastewater-derived cellulose, with a feasible process yielding CNC at or above 30% based on 
cellulosic pulp. The CNC suspensions exhibit visible flow birefringence and possess rod-like 
shapes with dimensions around 130 nm in length and 10 nm in width, exhibiting comparable 
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crystallinity (62-68%) to commercial standards. Solvent-cast bio-nanocomposites using 
wastewater-CNC and Na-alginate as a matrix demonstrate high stiffness (18 to 22 GPa), with 
the addition of toilet paper or wastewater-CNC resulting in a remarkable increment in 
stiffness, similar to the commercial product (58%). These findings suggest that the aspect ratio, 
morphology, chemical structure, crystallinity, and reinforcement of wastewater-CNC samples 
closely resemble the current commercial standard, indicating the potential of wastewater as a 
resource for fabricating high-end and circular products. These efforts shown in Chapters 6 
and 7 contribute to developing nature-inspired designer products derived from wastewater 
and allow establishing structure-property relationships, even if from bio-based materials from 
dynamic sources. 

Chapter 8 provides the outlook and concluding remarks of this thesis. Results from the 
previous chapters are summarized, and recommendations for future advanced biopolymer-
based material research are given from the physical chemistry and polymer science 
perspectives. 

The significance of structure-property relationships in tailored material design is underscored 
in this thesis. Such relationships have been successfully explored across various scales, 
encompassing molecular morphology nuances (Chapters 2 and 3) as well as the micro- and 
mesostructures within composites (Chapters 4 to 7). Collectively, attaining a certain degree 
of control over structure-property associations holds the potential to stimulate the utilization 
of biopolymers in high-performance material applications. The study of bionanocomposites 
highlighted the feasibility of designing lightweight and high-performance materials using 
biopolymers, non-toxic fillers, and additives. Substantial enhancements in thermal, 
mechanical, and barrier properties can be achieved by incorporating mechanisms and 
nanostructures inspired by biological systems, which have undergone refinement over 
millions of years of evolution. This demonstrates the potential for developing advanced 
materials with improved performance characteristics based on nature-inspired design 
principles. The integration of resource recovery from wastewater highlights the importance of 
circular economy principles in material science. Future research should continue to 
investigate novel processing techniques, the nano-, and microstructures of bio-based 
polymers and composites, expand understanding of structure-property relationships, and 
explore new avenues for sustainable material development from waste resources. 
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Samenvatting 
 

De dringende behoefte om duurzaamheid aan te pakken binnen de materiaalwetenschappen, 
gedreven door wereldwijde milieuzorgen over vervuiling, klimaatverandering en schaarste 
aan hulpbronnen, heeft geleid tot een groeiende interesse in bio-gebaseerde materialen. Dit 
proefschrift onderzoekt het potentieel van biopolymeren als alternatieven voor niet-
hernieuwbare hulpbronnen, met name die afkomstig zijn uit hernieuwbare en reststromen. 
De biomacromoleculen kunnen worden gewonnen uit planten, algen, micro-organismen en 
dierlijke producten; of geëxtraheerd uit het procesafval van landbouw- en stedelijke 
kringlopen. Met name de hoge stijfheid (Young's modulus) die door bepaalde biopolymeren 
wordt vertoond, vaak hoger dan die van standaard technische polymeren, motiveert dit 
onderzoek. De ongecontroleerde chemische structuur en morfologie van biopolymeren 
belemmeren echter nog steeds hun toepassing in veel industrieën. Geïnspireerd door de 
unieke structuren, eigenschappen en functies die worden gevonden in biologische systemen, 
heeft dit onderzoek tot doel (vaste-stof) structuur-eigenschaprelaties te ontwikkelen voor 
relevante biopolymeersystemen met het oog op uiteindelijke materiaaleigenschappen 
(fysisch-chemisch, thermisch, mechanisch, barrière). De focus op richtlijnen voor structuur-
eigenschap wordt tot stand gebracht door systematisch onderzoek van de complexe 
architectuur en interacties die worden aangetroffen in biopolymeren en bio-geïnspireerde 
nanocomposieten. Het uiteindelijke doel is het ontwerpen van bio-gebaseerde materialen met 
superieure prestaties, zoals lichtgewicht, hoge stijfheid en sterkte, en functionaliteit, tegen een 
concurrerende prijs en duurzaamheid. 

Hoofdstuk 1 geeft een algemene achtergrond van biopolymeren, bio-geïnspireerde 
(nano)composieten, en een recente benadering van de circulaire economie voor het 
terugwinnen van biopolymeren uit afvalwaterzuiveringsinstallaties. We bespreken de stand 
van zaken van de eigenschappen van biopolymeren (uit biomassa en stedelijk afval) en de 
motivatie om hoogwaardige materialen te ontwikkelen met behulp van bio-geïnspireerde 
principes. De opzet van dit proefschrift wordt uiteengezet. 

Het polysaccharide alginaat wordt onderzocht in Hoofdstukken 2 en 3 om structuur-
eigenschaprelaties vast te stellen en inzichten te genereren in vele andere 
biopolymeermaterialen. Hoofdstuk 2 onderzoekt het week maken van biopolymeerfilms door 
het effect op de glasovergangstemperatuur (Tg). Er wordt een casestudy gegeven van Na-
alginaat-(polyol) mengsels, waarbij de nadruk ligt op het begrijpen van de rol van structurele 
samenstelling en plastificeermiddelgrootte. Er is een nieuw thermodynamisch model 
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ontwikkeld om heterogene polymeermengsels (met behulp van plastificeermiddelen, 
mengsels en copolymeren) te beschrijven en Tg-variaties in (bio)polymeersystemen te 
beschrijven, inclusief gevallen van anti-plasticization. Het lineaire Generalized Mean-model 
(GML) is getest op zijn veelzijdigheid en vermogen om verschillende gevallen van 
(heterogene) polymeermengsels te beschrijven. Het kan veel complexe systemen beschrijven 
met behulp van één modelconstante die de partitionering (kGM) kan vertegenwoordigen. Ten 
slotte was er een duidelijke neiging voor biopolymeermaterialen, die versterkt zijn met 
additieven of bestaan uit mengsels, om heterogene morfologische structuren te vertonen. 
Hoofdstuk 3 onderzoekt verschillende methoden voor ionische crosslinking van alginaten en 
analyseert het gedrag en de vaste-stofeigenschappen van ionisch vernette alginaten met daarin 
verschillende kationen (alkali, aardalkali, overgangsmetaal). We bespreken kort de effectiviteit 
van ionenuitwisselingsmethoden: uitwisseling van oplosmiddel voor de film, neutralisatie van 
zuurgel en dialyse. De studie onderzoekt voornamelijk de opslagmodulus, waterdiffusie en de 
sol-gelovergang van alginaatfilms, en geeft indirect inzicht in de structurele veranderingen die 
worden veroorzaakt door ionische vernetting en de invloed ervan op de 
materiaaleigenschappen. Op basis van structuur-eigenschaprelaties bespreken we de 
hypothese van het vormen van (grote) ionische aggregaten door specifieke ionbinding. Dit 
zou leiden tot een overgang van polyelektrolytgedrag naar ionomeergedrag in geladen 
biopolymeren zoals alginaten. Over het algemeen vertoonden mono-valente alginaten het 
typische gedrag van een polyelektrolyt, terwijl de meeste poly-valente alginaten en inderdaad 
algininezuur ionomeerachtige hydrogels vormden. Door het GML-model aan te passen aan 
Tg-gegevens, ontdekten we dat geplastificeerde films van alginaten een hogere morfologische 
heterogeniteit vertonen met clustering, waarbij een trend wordt waargenomen van 
overgangsmetaal > aardalkaliemetaal > alkaliemetaal voor de bestudeerde samenstelling van 
alginaat. De eigenschappen van waterdamptransport duiden op een vochtgeïnduceerde 
relaxatie van de alginaatketen, waarbij een vertraging wordt waargenomen in gecrosslinkede 
systemen als gevolg van beperkte gebieden gevormd door ion-aggregaten. Daarom leiden 
specifieke interacties in ionomeerachtige alginaatfilms tot verschillende dynamiek en 
structuur-eigenschaprelaties. 

In hoofdstukken 4 en 5 ligt de focus op fabricatiestrategieën en eigenschappen van sterk 
geordende bio-geïnspireerde nanocomposieten, waarbij gelatine/montmorilloniet 
(gelatine/MMT) als sleutelvoorbeeld is genomen. In tegenstelling tot het meeste onderzoek 
met bio-geïnspireerde composieten ligt de nadruk niet op het selecteren van specifieke 
materialen, maar eerder op het bestuderen van de mechanismen voor het exfoliëren en 
uitlijnen van 2D-materialen. Hoofdstuk 4 geeft een theoretische basis voor het karakteriseren 
van parelmoer-achtige nanostructuren in 2D-plaatcomposieten. Het is algemeen bekend dat 
het exfoliëren van plaatvormige nanodeeltjes essentieel is voor het verkrijgen van uiteindelijke 
anisotrope eigenschappen, zoals thermische, mechanische en barrière-eigenschappen. Het 
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onderzoek verkent strategieën voor het exfoliëren van 2D-materialen door middel van snelle 
hydrogelvorming en onderzoekt de mogelijke overgangen van positiële orde naar wanorde bij 
toenemende incorporatie van de nanodeeltjes. We presenteren een eenvoudige strategie voor 
het exfoliëren van 2D-materialen met behulp van een hydrogelmatrix met snelle 
netwerkvorming, die gecontroleerde volledig geëxfolieerde systemen mogelijk maakt over een 
breed bereik aan samenstelling (0,4 tot 64% MMT-volumefractie). Het hoge exfoliatiegehalte 
van klei-plaatjes maakte een nauwkeurige afstemming van de d-spacing van de monster 
mogelijk via een volumetrische mengregel die analoog is aan colloïdaal zwellen. 
Gecontroleerde hydrogelvorming komt naar voren als een veelbelovend alternatief voor 
arbeidsintensieve processen zoals meerlaagse depositie en in-situ polymerisatie. Het is echter 
essentieel om voldoende immobilisatie van de deeltjes tijdens het droogproces te bereiken. De 
eigenschappen van het systeem zijn ook afhankelijk van de aanvankelijke polymeer endeeltjes 
compatibiliteit, de polymeer-penetratie-energie en de grensvlakinteracties. Opmerkelijk 
genoeg bracht ons onderzoek orde naar wanorde overgangen van de nanodeeltjes aan het licht 
binnen deze nanostructuren. We onderzochten de correlatie en domeinlengte bij hoge 
vulstofbeladingen, van 33 tot 64% MMT-volumefractie, waarbij sterk geordende fasen en 
kristallietgroottes van ongeveer 200 Å werden gevonden. Hoofdstuk 5 beschrijft het 
ordeningmechanisme in bio-geïnspireerde nanocomposieten met grote nauwkeurigheid via 
nanostructuuranalyse, toepassing van oriëntatieverdelingsfuncties en het effect op de 
eigenschappen. We geven een overzicht van de huidige fabricatiemethoden van parelmoer-
achtige structuren en de (in-vlak) mechanismen voor oriëntatie ontwikkeling die mogelijk 
zijn. We concluderen dat de meeste watergedragen methoden ofwel gemiddeld-veld 
zelfassemblage of – nog vaker – een affiene netwerk vervorming gebruiken. We onderzochten 
een parelmoer-achtig nanocomposietsysteem (gelatine/MMT) om de uitlijning van 
plaatvormige nanodeeltjes te bereiken. De oriëntatieverdelingsfuncties werden aangepast aan 
diffractiegegevens om de overheersende uitlijningsmethode aan te tonen. We constateerden 
dat de ordening in dit systeem inderdaad het gemodificeerde affiene vervormingsmodel volgt. 
Door een uitgebreide karakterisering hebben we verbanden vastgesteld tussen 
uitlijningsmechanisme, structuur, thermomechanische eigenschappen en barrière-
eigenschappen als functie van MMT-belading, oriëntatievolgorde en effectieve asverhouding. 
Opmerkelijk genoeg bereiken we een hoge mate van compressie (! z) en oriëntatiegraad (de 
<P2>-ordeparameter oscilleert rond de 0,7) tot 64 vol.% vulstof, wat duidt op een hoge 
efficiëntie van de hydrogelstrategie voor het immobiliseren van 2D-materialen zonder 
stapeling van de plaatjes. Het onderzoek benadrukt het belang van oriëntatie om een hoge 
performance te bereiken. De resulterende nanocomposieten vertonen verbeterde stijfheid, 
zelfs bij hoge relatieve vochtigheid, en ern zijn aanwijzingen voor voor verbeterde 
hittebestendigheid en lagere gasdoorlaatbaarheid. De invloed van het rimpelen van de plaatjes 
op de effectieve asverhouding en het versterkingsrendement vereist echter verder onderzoek. 
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Bovendien toonden waterdampdiffusiestudies verminderde sorptiekinetiek en lagere 
diffusiecoëfficiënten bij toenemende vulstofbelading, hoewel interacties met het 
kleibestanddeel de diffusiecoëfficiënt van de matrix veranderen. We stellen voor dat het 
affiene vervormingsmechanisme een veelbelovende benadering biedt voor het ontwerpen van 
op parelmoer geïnspireerde nanocomposieten (1D of 2D-deeltjesmorfologie), zelfs bij zeer 
hoge vulgraden, met gecontroleerde oriëntatie, uitlijning en geoptimaliseerde eigenschappen, 
vergemakkelijkt door de schaalbaarheid van de hydrogel affiene vervormingsmethode.  

Het gebruik van biomassa uit landbouw- en organisch stedelijk afval heeft aan kracht 
gewonnen bij de fabricage van biologisch afbreekbare en circulaire materialen. In 
hoofdstukken 6 en 7 worden de geleerde lessen uit biopolymeren en bionanocomposieten 
geïntegreerd met het terugwinnen van hulpbronnen uit stedelijk afval (afvalwater). 
Hoofdstuk 6 richt zich op de studie van Kaumera®, een biopolymeer dat wordt gewonnen uit 
afvalwaterslib, voor duurzame toepassingen. Het karakteriseren van de geëxtraheerde 
exopolymeerstoffen (EPS) uit slibbiofilms brengt verschillende uitdagingen met zich mee 
vanwege de complexe samenstelling op basis van (glyco)proteïnen, polysacchariden, lipiden, 
nucleotiden en humusstoffen. Het analyseren van de samenstelling en structuur van 
Kaumera®, afgeleid van EPS in aeroob korrelig slib, is bijzonder moeilijk. Daarom werd 
gekozen voor een black box-benadering die zich richt op gewenste eigenschappen voor 
materiaalontwikkeling. Het onderzoek omvatte fysisch-chemische eigenschappen van 
Kaumera® biopolymeer(s) (dominante functionele groepen, polyamfolytisch gedrag, 
oplosbaarheid) en ladingkarakterisering (kationisch naar anionisch ladingomkering en 
mogelijk complexe coacervatie), filmvorming door weekmaken en blending, en de 
ontwikkeling van parelmoer-achtige MMT-nanocomposieten en daaruit afgeleide materialen. 
We bespreken het grote potentieel om concurrerende hoogwaardige materialen te 
ontwikkelen met lichtgewicht eigenschappen, uitzonderlijke stijfheid, sterkte, functionaliteit, 
betaalbaarheid en duurzaamheid. Deze materialen zijn afkomstig van bio-gebaseerde 
bronnen, waardoor ze biologisch afbreekbaar en enigszins biocompatibel zijn. Door middel 
van materiaalformuleringen en verwerkingsstrategieën zou de fabricage van films, vezels, 
schuimen, absorbers, bindmiddelen en coatings binnen handbereik moeten liggen. Het 
begrijpen van de structuur-eigenschaprelaties in Kaumera®-nanocomposieten, beïnvloed door 
polymeerstructuur, hoeveelheid en type nanovuller, en intermoleculaire interacties, zal de 
selectie van commercieel haalbare polymeerkarakteristieken en de ontwikkeling van natuur-
geïnspireerde ontwerpproducten uit afvalwater mogelijk maken. Hoofdstuk 7 beschrijft de 
productie van cellulose en nanocellulose uit afvalwater, waarbij specifiek de extractie van 
secundaire ruwe cellulose uit toiletpapier is onderzocht. Een eenvoudige procedure voor 
cellulose-extractie en bepaling van het cellulosegehalte in afvalwater vaste stoffen of slib wordt 
gedemonstreerd op basis van alkalische en bleekbehandelingen. De methode vertoont een 
hoge specificiteit voor de bron en kan pulp opleveren met cellulosefracties van meer dan 86 
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gew.%. Gecontroleerde zuurhydrolyse wordt toegepast om Cellulose NanoKristallen (CNC) 
te isoleren uit toiletpapier en uit afvalwater afkomstige cellulose, waarbij een haalbaar proces 
CNC oplevert met opbrengsten van 30% of meer gebaseerd op de cellulosepulp fractie. De 
CNC-suspensies vertonen zichtbare stromingsdubbelebreking en bevatten staafachtige 
deeltjes met afmetingen van ongeveer 130 nm lengte en 10 nm breedte, waarbij ze 
vergelijkbare kristalliniteit (62-68%) vertonen als de huidige commerciële producten. Vanuit 
oplosmiddel verwerkte bio-nanocomposieten met daarin afvalwater-CNC en Na-alginaat als 
matrix vertonen een hoge stijfheid (18 tot 22 GPa), waarbij de toevoeging van toiletpapier of 
afvalwater-CNC resulteert in een opmerkelijke toename in stijfheid, vergelijkbaar met het 
commerciële product (58%). Deze bevindingen suggereren dat de asverhouding, morfologie, 
chemische structuur, kristalliniteit en versterking door middel afvalwater-CNC-monsters 
sterk lijkt op de huidige commerciële standaard, dit bewijst het potentieel van afvalwater als 
bron van grondstoffen voor de fabricage van hoogwaardige en circulaire producten. Deze 
resulaten, zoals beschreven in hoofdstukken 6 en 7, dragen bij aan de ontwikkeling van op de 
natuur geïnspireerde producten afgeleid van afvalwater en het daarbij vaststellen van 
structuur-eigenschaprelaties, zelfs als het gaat om bio-gebaseerde materialen uit dynamische 
bronnen.  

Hoofdstuk 8 biedt een overzicht en afsluitende opmerkingen van dit proefschrift. Resultaten 
uit de voorgaande hoofdstukken worden samengevat en aanbevelingen voor toekomstig 
geavanceerd onderzoek naar biopolymeergebaseerde materialen worden gegeven vanuit het 
perspectief van de fysische chemie en polymeerwetenschap.  

De betekenis van structuur-eigenschaprelaties in op maat gemaakte materiaalontwerp wordt 
benadrukt in dit proefschrift. Dergelijke relaties zijn succesvol onderzocht op verschillende 
schaalniveaus, waarbij nuances in moleculaire morfologie (hoofdstukken 2 en 3) evenals 
micro- en mesostructuren binnen composieten (hoofdstukken 4 tot 7) zijn meegenomen. Het 
verkrijgen van een zekere mate van controle over structuur-eigenschap relaties biedt 
perpectief om het gebruik van biopolymeren in hoogwaardige materiaaltoepassingen te 
bevorderen. Het onderzoek naar bionanocomposieten benadrukt de haalbaarheid van het 
ontwerpen van lichtgewicht en hoogwaardige materialen met behulp van biopolymeren, niet-
giftige vulstoffen en additieven. Aanzienlijke verbeteringen in thermische, mechanische en 
barrière-eigenschappen konden worden bereikt door mechanismen en nanostructuren te 
incorporeren die geïnspireerd zijn op biologische systemen, die gedurende miljoenen jaren 
van evolutie verfijnd zijn. Dit toont het potentieel voor de ontwikkeling van geavanceerde 
materialen met verbeterde prestatiekenmerken op basis van ontwerpprincipes geïnspireerd 
door de natuur. De integratie van hulpbrongericht herstel uit afvalwater benadrukt het belang 
van circulaire economieprincipes in de materiaalwetenschappen. Toekomstig onderzoek 
moet doorgaan met het onderzoeken van nieuwe verwerkingstechnieken, de nano- en 
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microstructuren van bio-gebaseerde polymeren en composieten, het uitbreiden van het begrip 
van structuur-eigenschaprelaties en het verkennen van nieuwe mogelijkheden voor duurzame 
materiaalontwikkeling uit afvalbronnen.
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1 1.1. Background 
The globally intensifying environmental concerns over pollution, climate change, and 
resource scarcity became the main drives for addressing sustainability within material 
science.1 This thesis adds to this purpose by exploring the potential of a few bio-based 
materials as an alternative to non-renewable resources. Biomacromolecules, complex 
polymers naturally synthesized by living organisms, offer interesting solutions for 
developing advanced and sustainable materials. The biopolymers can be extracted from 
renewable sources, such as plants, algae, microorganisms, and animal product waste. 
Alongside these advantages comes the general interest in understanding the evolutionary 
mechanisms present in the design of natural materials. The unique structures, properties, 
and functions found in biological systems like nacre, silk, or the human skin has served 
as inspiration for many decades.2,3 More recently, the use of biomass from agricultural 
and organic urban wastes has also increased to fabricate biodegradable and circular 
materials.4–6 Therefore, the nature and processing of bio-based polymers are the subjects 
of our systematic investigations aiming at structure-property relationships. These links 
are fundamental in designing and tailoring (bio)polymeric materials to advanced 
physical, chemical, and mechanical properties. 

 

1.1.1.! The complex nature of biopolymers 
The abundance of biomacromolecules, such as proteins, nucleic acids, and 
polysaccharides found in biomass, offers an extraordinary opportunity to tap into 
nature's repertoire and establish renewable material supply chains. Moreover, the 
inherent biodegradability of bio-based materials ensures a reduced accumulation of non-
recyclable waste, paving the way for circular and sustainable economies and minimizing 
the environmental burden.  

As a signature of evolution, bio-based molecules are versatile and present unique features, 
such as supramolecular structures, self-assembly, responsiveness to stimuli, and high 
mechanical stiffness and strength relative to synthetic polymers. This has enabled a wide 
range of applications across diverse industries like food, cosmetics, medical, packaging, 
and even automotive.7 In the field of medicine, owing to their biocompatibility, bio-based 
and semi-synthetic materials have revolutionized drug delivery systems, tissue 
engineering, and regenerative medicine.8 Similarly, the packaging, textile, and 
engineering fiber industries have long witnessed advancements with the integration of 
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1 bio-based materials.7,9,10 Additionally, sustainable fabrics incorporating bio-based 
materials like cotton, hemp, and flax present improved durability, paving the way for eco-
conscious fashion. Nevertheless, it is noteworthy that the industrial applications of 
biomacromolecules are far from new, and there is only a comeback, e.g., gelatin in 
combination with silver halide has been used in photographic films since the 1920s or 
gramophone vinyl discs that used to made from shellac gum of lac bugs (Figure 1.1). 
Nowadays, it is the emerging need for sustainable products that has been escalating in the 
market. The European Commission estimates a compounded annual growth rate of 
around 20% in bio-based sales in the upcoming years, supported by global and local 
subsidies.11 

 

 

Figure 1.1. Industrial bio-based materials that have been commercialized during the early 
twentieth century. (a) Black and white photograph enabled by using the gelatin silver print process 
of Kodak. The image is developed by exposing a photosensitive paper coated with gelatin 
containing light-sensitive silver halide salts to light. Image credits to photographer Brigman, Anne, 
1869-1950, Public Domain, H116457 U.S. Copyright Office. (b) Red shellac vinyl discs were widely 
used until the late 1950s as a medium for commercial music recordings. Shellac is a natural resin 
secreted by female lac bugs and harvested from tree branches. Public domain image. 

 

An extensive but incomplete list of natural biopolymers includes cellulose and starch 
(amylopectin and amylose) from plants; Arabic gum and shellac resins, respectively, from 
tree and bug exudates; alginate and carrageenan from algae and seaweeds; pectin from 
fruit peels and skin; zein proteins from corn; chitosan from the shells of mollusks, fish, 
fungi and insects; casein and whey proteins extracted from milk; collagen, gelatin, and 
keratin from animal bones and skin; mucin secreted from snails and hagfish; RNA/DNA 
from living organisms, etc. Furthermore, a category of bio-based materials that is usually 
separated are the so-called bioplastics, which are those that can be thermally processed. 
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1 Examples include synthetic polylactic acid, semi-synthetic polymers like cellulose 
triacetate and modified starch, polyhydroxyalkanoates (PHB and PHBV) produced via 
microbial biotechnology, and the natural shellac resin. Even though bioplastics derived 
from biomolecules, e.g., lactic acid, exhibit reduced carbon footprints and decreased 
reliance on petroleum-based polymers, it is important to account that they are not always 
biodegradable (end decay products are CO2 and water). This is another reason for 
synthetic routes to become undesirable and applications restricted. Overall, biopolymers 
and derivatives are present everywhere. However, biomass resources tend to have limited 
availability, depending on harvesting or extraction from residual sources. 

Despite the tremendous potential of bio-based materials, several challenges persist on the 
path to widespread adoption. Hence, the high price and availability have often limited the 
investigation of biopolymers for material applications. The present challenges are 
achieving high extraction and processing yields at a reasonably low cost per unit. Scaling 
up production, ensuring consistent quality, and optimizing performance are crucial 
aspects that require interdisciplinary collaborations and technological advancements.12 
The development of frameworks and supportive policies is essential to incentivize the 
adoption of bio-based materials and promote their integration across industries. 
Continued research and development efforts, bridging academia, industry, and 
policymakers, are vital to address these challenges and progress towards bio-based 
materials for sustainable material science. 

In line with the goals of better processing and quality, it is vital that we develop ways to 
overcome the complex physical and chemical nature of biopolymers, allowing us to 
predict and measure properties for materials science. If we consider the example of 
natural biopolymers, high-end analysis of monomer composition becomes easily out of 
hand. Polysaccharides can have various kinds of (modifiable) monomers. The sugar code 
of polysaccharides consists of more than 50 monomers, each of which can have different 
derivatives and multiple reactive sites for polymerization. For instance, the ubiquitous 
cellulose polymer can be naturally or synthetically modified by replacing the hydroxyl (-
OH) groups on the glucose units and alter the polymer backbone structures. Proteins and 
nucleotides are more tangible to identify, respectively, with only 22 amino-acids and four 
possible bases. Adding to this complexity, the functional groups, degree of chain 
branching, molecular weight distribution, chirality, and crystallinity can considerably 
challenge the interpretation of high-throughput analytical results. In addition, single 
molecules (or mixtures thereof) combining sugars, peptides, and lipids are the very basis 
of many biological systems. Fortunately, the interpretation of many physical and 
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1 chemical phenomena linked to cohesive material properties can often be simplified. One 
way to estimate properties is by employing principles from polymer science and a 
simplified picture of functionalities, chemical and electrostatic interactions, and 
conformational arrangements. Leveraging these attributes and working on structure-
property relationships, researchers can engineer biopolymer-based materials with 
tailored functionalities for a range of applications. 

 

1.1.2.! Structure-property relationships for bio-based materials 
In the field of polymer science, structure-property relationships play a fundamental role 
in designing and tailoring macromolecular materials with desired properties. The 
molecular structure of a polymer, including the type and arrangement of monomers, 
molecular weight, branching, and tacticity, influences its macroscopic properties. For 
example, the crystallinity of a polymer, which is determined by the arrangement of 
polymer chains, directly affects its thermomechanical properties. Experimental 
techniques, such as X-ray diffraction, microscopy, spectroscopy, and thermal analysis, are 
employed to characterize the structure-property of macromolecules at broad length 
scales. Computational modeling and simulations are also used to elucidate the 
relationships between structure and properties. Investigating structure-property 
relationships in macromolecules provides a foundation for tailoring materials with 
specific properties, guiding the design of innovative technologies in materials science, 
polymer chemistry, and engineering. 

The structure-property relationships of many synthetic polymers and composites have 
already been elucidated.13 By systematically studying and manipulating the structure of 
macromolecules, researchers can gain insights into how specific molecular characteristics 
(chemical structure, chirality, molecular weight, supramolecular arrangement, 
crosslinking, crystallinity) translate into material properties. This knowledge is often 
based on properties depending on the materials’ cohesive energy. It allows for the rational 
design of polymeric materials with multiple functions like improved mechanical stiffness, 
strength, and thermal stability. This theoretical background has also been applied to some 
biopolymer and derivative systems, largely in the fields of packaging, food technology, 
and biomedicine.14,15 To the limit of our knowledge, increasing accounts on the design of 
bio-based advanced materials using structure-property relationships have been scarce 
and limited to the past decade.16–18 Especially, there is an increasing need for structure-
property relations of complex hybrid biopolymer materials and their integration to yield 
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1 multiple desired functions. These relationships are crucial for understanding and 
predicting the behavior and performance of materials based on biomacromolecules. 

 

1.1.3.! Bioinspired hierarchical design in (bio)polymer 
nanocomposites 

The course of millions of years of evolution has shaped all living creatures, resulting in 
the development of unique structures and specialized functions that enable them to thrive 
in their respective environments. Nature's diverse species exhibit captivating interfacial 
phenomena, including vivid iridescent colors, distinctive light-response behavior, and 
mechanical and transport properties, among others (Figure 1.2).19–23 These natural 
examples serve as remarkable inspirations for the creation of artificial nano-materials and 
-composites that can emulate similar functionalities. By manipulating chemistry and 
interfacial interactions based on insights from nature, researchers could fabricate 
bioinspired and biomimetic materials with tailored properties. So far, numerous 
bioinspired structures have been successfully engineered, exhibiting exceptional 
properties and functions that can even surpass their natural counterparts.24 Important 
examples include the outstanding mechanical, surface, transport, and optical properties 
observed in plants, trees, bone, nacre, gecko feet, spider silk, butterfly wings, beetle chitin, 
human skin, tooth enamel, and a large set of other biological systems.25 As a result, these 
nature-inspired systems have encouraged research efforts to understand the underlying 
mechanisms across multiple length scales (nano to macro) and to propose new advanced 
materials for emerging applications (optical devices, harvesting solar energy, electrodes, 
oil-water separation, antifouling surfaces, adhesives, etc.). 

In a way, these bioinspired principles are also a set of structure-property relationships. 
Indeed, naturally produced structural materials are durable and can exhibit exceptional 
mechanical properties, combining strength, toughness, and lightweight characteristics 
through intricate hierarchical architectures.16,26 In composites, the properties of 
individual components can be largely improved by incorporating the exceptional features 
of rigid high aspect-ratio materials. For instance, the brick-and-mortar structure of 2D 
aragonite tablets in nacre can impart the normally excluding properties like exceptional 
stiffness and toughness into the composite.17,26 Pioneering studies have reported the 
tensile strength and modulus of nacre along the lamellar direction, revealing impressive 
values of 80-130 MPa and 60-70 GPa, respectively.16 This is extraordinary because nacre 
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1 structures are fabricated at ambient temperature with minimal energy requirements. By 
mimicry or inspiration, several nacre-like materials have been engineered, showing 
similar or enhanced structure-property profiles, altogether with some tunability.23,24 For 
example, our previous works on nacre-like alginate nanocomposites have yielded 
excellent stiffness and reduced water permeability, i.e., an elastic modulus of 26 and 35 
GPa, respectively, for 50 wt.% montmorillonite and 25 wt.% graphene oxide.27,28 Though 
composite bioinspiration and performance have risen, biopolymer-particle interactions 
and nanostructures have yet to be extensively studied. Thus, this topic is open for research 
and innovations, where sophisticated methods and precise manufacturing techniques are 
immediately needed to achieve hierarchical structures down to the nanoscale. 

The synthetic interplay of soft and hard matter found in natural composites is incredibly 
laborious to replicate in detail. Despite that, these materials often comprise common 
subunits like proteins, polysaccharides, and minerals that can be produced in situ, such 
as calcite and aragonites.17 This is encouraging for materials engineering since many 
biopolymers can be readily available for modification and application, e.g., cellulose, 
alginate, chitosan, gelatin, milk proteins, etc. Nanomaterials can now be synthesized in a 
standardized fashion and are also commercially available. The field of nanotechnology 
has been growing rapidly for the last 20 years. Depending on composition and 
fabrication, the desired nanomorphology can be spheres, whiskers, platelets, and sheets. 
On bionanocomposites, there have been many reports on the synergisms between 
biopolymers and nanoparticles based on clay (montmorillonite, laponite, hectorite, 
aragonite, boehmite, gibbsite, etc.) or cellulose (fibers, crystals, TEMPO-oxidized, 
phosphorylated, etc.).29,30 There are, of course, other natural and semi-synthetic 
nanofillers available, to name a few: carbon black, expanded graphite, graphene, and 
(reduced) graphene oxides. At last, the chemical palette of polymers and nanofillers that 
can be harvested from biomass, natural or waste sources is enormous, and, although 
limited by availability, we can expect bionanocomposites to offer many of the required 
materials needed for a sustainable transition. 
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Figure 1.2. A few important examples of aligned microstructures in natural and bioinspired or 
biomimetic artificial materials. (a) Tree trunk shows radial alignment and growth rings. Conifer 
tree trunk cross-sectional microstructure has radially aligned channels. A freeze-casted aerogel 
composite of graphene oxide and boron nitride shows radial and centrosymmetric cross-sectional 
morphology.19 Microscopy images reproduced with permission from ref. 19. Copyright (2020) 
American Chemical Society. (b) The wings of butterfly Morpho peleides display blue structural 
coloring. The wings have a lamellar microstructure with uniformly tilted multilayer nanostructures 
(Bragg stacks) that create a photonic band gap. The replica material is made from alumina via 
atomic layer deposition to create an artificial photonic band gap of similar size.20 Microscopy 
images reprinted from ref. 20. Copyright (2006) American Chemical Society. (c) The fossil shell of 
the mollusk ammonite31 has high stiffness and toughness and shows typical nacre iridescence. A 
similar mollusk shell is that of the nautilus organism, showing the nacre’s brick-and-mortar 
microstructure21. Microscopy image reprinted from ref. 21. Copyright (2021) American Chemical 
Society. Artificial nacre composites can be made from the effective dispersion of mineral clays in a 
polymer matrix. The figure shows polyvinyl alcohol and laponite composite with the typical 
multiscale hierarchical layered structures23. Microscopy image reprinted from ref. 23. Copyright 
(2015) Springer Nature Limited. (d) A scarabaeid beetle showing an iridescent cuticle or elytra32. 
The fibers in the beetle cuticle have a helical Bouligand structure, developing a pitch of the aligned 
layer rotation, and hence reflect differently with circularly polarized light. Man-made chiral 
photonic crystals and structures can be made from mineral oxide nanowires, allowing for 
programmable structure-color control22. Microscopy images reproduced from ref. 22. Copyright 
(2019) John Wiley and Sons. 
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1 1.1.4.! High-performance nanocomposites from wastewater-
recovered biopolymers: towards a circular economy 

Wastewater treatment plants serve the dual purpose of environmental protection and 
water reclamation. However, a major challenge lies in the substantial generation of waste 
streams, such as sludge biomass requiring proper disposal via incineration or land-
filling.5,33 From a circular economy perspective, wastewater treatment should be 
integrated with resource recovery from the waste compounds found in sewage, closing 
the loop in urban areas between waste and raw material.5 In the future, wastewater 
treatment plants are expected to become resource factories. This means facilities will not 
only treat wastewaters to meet legal standards, producing water and energy but will also 
simultaneously recover commercial resources in a cost-efficient manner.5 Recent 
strategies in the Netherlands have been focusing on the recovery of biogas, fertilizers, 
volatile fatty acids, cellulose, and the microbially produced polymers: 
polyhydroxyalkanoates (PHAs) and exopolymer substances (EPS).5,33,34 However, the 
endeavor on circularity needs more than policy and strategy and so relies on scientific 
explorations over the raw material quality and process towards sustainable applications. 

A revolutionary and energy-efficient biological wastewater treatment process employing 
granular sludge, known as the Nereda® technology, has emerged as the new standard for 
sewage treatment. The Nereda® technology1, commercialized worldwide, has already 
reached the important milestone of 100 full-scale granular sludge wastewater treatment 
plants across six continents.35–37 A distinctive characteristic of Nereda® granular sludge 
biofilms is its significant production of gel forming exocellular biopolymers by the 
selected microorganisms. Remarkably, the waste sludge obtained from this technology 
can be benefited for the extraction of structural biopolymers in EPS. In this case, the EPS 
is extracted in a multi-step process of thickening, hot alkaline solubilization reaction, and 
acid-precipitation (Figure 1.3). The gel-like product has been recently named Kaumera®, 
and a considerable amount can be recovered from the sludge (approximately 25-35% of 
granular sludge dry weight). 

Early studies have identified Kaumera® to have some similar properties to the 
polysaccharide alginate38,39, for instance, based on its ability to crosslink with divalent 
counterions. From this viewpoint, one important objective has been to explore potential 
applications for the Kaumera® biopolymer. The extracted EPS is also expected to have 
competitive pricing. This is attributed to the negative value of the raw resource, i.e., the 

 
1 Nereda¨ is a trademark owned by Royal HaskoningDHV. 
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1 excess sludge from Nereda® installations. The annual production of Kaumera® from a 
single intermediate-sized wastewater treatment plant utilizing Nereda® technology is 
estimated to reach 2000 tons annually. Consequently, the anticipated exopolymer 
production is substantially larger, far surpassing the global alginate market (44,481 
tons/year in 202140). Since 2019, there are already two Kaumera® plants in the Netherlands 
(Zutphen and Epe factories), with a combined capacity to produce 450 tons/year of this 
biopolymer.41 Previous interdisciplinary research with biotechnology has unraveled 
unexpected properties of Kaumera®, paving the way for the production and application of 
novel bio-based materials in a circular economy. For instance, initial investigations 
indicate that Kaumera® can be employed as a surface coating material for paper to confer 
water resistance, as a barrier layer on curing concrete to enhance its service life, and as a 
flame-retardant nanocomposite film.27,38,42 In addition, several promising applications for 
the raw material are already being developed, targeting the agriculture, construction, 
textile, and paper industries.43 Thus, the potential to recover Kaumera® and utilize it as a 
resource for developing commercially-viable and high-performance materials is 
immense.  

Establishing structure-property relationships for biopolymer materials shall give valuable 
insights into the requisite polymer characteristics for various Kaumera-based 
applications. The polymer structure significantly influences the properties of the final 
(nanocomposite) material, e.g., stiffness, strength, and toughness, enabling more 
innovative technological applications. In this sense, one of the main challenges is to 
sufficiently characterize the extracted EPS44 while overcoming the influence of the sludge 
composition as a dynamic substrate. EPS is considered to be a complex mixture of 
multiple compounds, including (glyco)proteins, polysaccharides, lipids, nucleotides, and 
humic substances. This pool of possible monomers makes the analysis of actual Kaumera® 
composition and structure very challenging.39 Therefore, the preferred approach for 
material development is a black box, in which we focus on the final desired properties. 
With this rationale, there are hopes not only to valorize the waste sludge but also to create 
a space for advanced material properties by defining and tuning its unique functionalities. 
In addition, the properties of Kaumera® nanocomposites should be influenced by 
parameters such as polymer structure, nanofiller quantity and type, and intermolecular 
interactions. The elucidation of structure-property relationships in these bio-based 
materials will also guide the selection of commercially-viable polymer characteristics, 
facilitating the development of nature-inspired designer products derived from 
wastewater. 
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Figure 1.3. The process line of Kaumera® biopolymer extraction factory in Zutphen, the 
Netherlands. (1) A buffer tank stocks excess sludge from the aerobic granular sludge technology; 
(2) the sludge is passed through a conveyor belt thickener after a polyelectrolyte flocculant addition; 
(3) the thickened sludge is heated to 80 °C by heat exchangers, and afterward base is added until 
pH 9-11; (4) in the extraction reactor, the alkaline mixture is digested for about 2 hours; (5) the 
sludge is cooled down to room temperature; (6) a decanter centrifuge separates de alkaline soluble 
and insoluble phases and acid is added to the solution until pH 2-4; (7) a disc centrifuge is used to 
collect the acidic gel product; (8) the H-Kaumera® gel is stored in silo prior to distribution. Figure 
based on an illustration by Ron de Haer (2019) and made available at Kaumera® official website41,45. 

 

1.2. Central theme and objective of the thesis 
The background information above underlines the importance of systematic 
investigations of biopolymer and bionanocomposite structure-property relationships. 
The main goal of this thesis is to develop structure-property links for widely and 
commercially available biopolymers and derivatives. This should also prove useful for 
wastewater-recovered polymers, such as the Kaumera® EPS. 

Another important aspect of the thesis is the particular focus on the solid state of 
biopolymers and composites, as this state has not been underexplored using modern 
techniques. It is essential to provide insights into the control for thermal, mechanical, and 
barrier properties. In fact, the high Youngs modulus of a subset of biopolymers motivates 
this work. We have noticed that charged polymers, such as alginates, can attain moduli 
up to 13 GPa, surpassing standard engineering polymers typically at 3 GPa without 
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1 additives. In addition, due to the above-mentioned uncontrolled structure of 
biopolymers, our focus was on global structural changes in composition and their 
correlation with final material properties. 

In essence, this thesis addresses the missing links to the design of ultimate material 
properties using bio-based and natural components. This should allow for understanding 
and tuning of bionanocomposites, for instance, with respect to the actual nanostructures, 
mechanics, and permeability. 

Moreover, our investigation extends to the development of advanced materials derived 
from waste streams, particularly focusing on exploring the properties of biopolymers 
recovered from wastewater aerobic granular sludge (Kaumera® EPS) and their potential 
applications in bionanocomposite materials. The indications are that competitive high 
materials performance can be obtained, making use of detailed insight into 
macromolecule physics, control of interactions, and explicit use of non-equilibrium 
structure formation processes. We aim at competitive high-end materials that are 
lightweight, with high stiffness and strength, functional, low-cost, and environmentally 
friendly (bio-based, bio-compatible, bio-degradable). Promising avenues for fabrication 
include films, fibers, foams, absorbers, binders, and coatings through an intelligent design 
of material formulations and processing strategies. 

 

1.3. Thesis outline 
Chapters 2 and 3. In these chapters, the polysaccharide alginate is explored for structure-
property relations. Chapter 2 provides data on film plasticization via the casting of Na-
alginate-(polyol). We explore how the Na-alginate property of glass transition (Tg) 
changes with material composition and increasing size of plasticizer molecule. This study 
is expanded to several (bio)polymer systems, considering common plasticizer 
incorporation or (co)-polymer blending cases. A novel model to describe and, at times, 
predict the variations in Tg with the composition of the mixture is developed. A short 
review of significant cases for Tg modeling is given. Interestingly, there are systems in 
which anti-plasticization occurs, and a transition to the plasticized regime appears only 
at higher concentrations. This work highlights the importance of heterogenous structures 
in materials made with biopolymers. Alginate is well-known for showing a crosslinking 
phenomenon with polyvalent cations. Chapter 3 explores diverse methods for counterion 
exchange in alginates, such as solvent exchange, neutralization, and dialysis. The focus is 
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1 on the behavior and solid-state properties of ion-crosslinked alginates. Series of cations 
of monovalent alkali metals and di/trivalent alkaline-earth and transition metals are 
compared. The properties of storage modulus and water diffusion are discussed. In 
addition, glycerol-plasticized films are studied for plasticizing profile via Tg. The alginate 
sol/gel transition is described from the viewpoint of a shift from soluble polyelectrolyte 
to an ionomer-type of hydrogel, where the clustering of ionic pairs is the major structural 
feature. The presence of these ionic aggregates reflects on the solid-state performance of 
neat and plasticized alginates. 

Chapters 4 and 5. In these chapters, bioinspired composites composed of 
gelatin/montmorillonite are investigated. Unlike most bioinspired works, materials 
screening and chemical composition are not the focus. Here, the main aim is to explore 
strategies and methods for attaining multiscale (nano to macro) and highly ordered 
nacre-like nanostructures in (bio)nanocomposites. In Chapter 4, gives a theoretical 
framework, elucidating all the possible 2D nanostructures combining orientational and 
positional order in platelet/sheet composites. A strategy to promote 2D material 
exfoliation by fast hydrogelation is investigated through X-ray diffraction of 
gelatin/montmorillonite samples. Remarkably, these samples show nearly perfect 
exfoliation, following a volumetric rule or colloidal swelling with nanoparticle loading. 
We report the possibility of incorporating high filler loadings by rapid hydrogelation, 
studied up to 64% volume fraction. In addition, particle order-disorder transitions were 
found in sample nanostructures with increasing nanofiller incorporation. Thus, the 
correlation or domain length in high filler loadings is investigated. Chapter 5 takes this 
study further by looking at the alignment mechanism and resulting properties in nacre-
like gelatin/montmorillonite samples. Again, we systematically explore a method that 
influences nanostructuring by performing a case study. Common composite fabrication 
processes are discussed over the development of orientational order, as this is crucial to 
obtain high performance. The central hypothesis tested is whether an affine deformation 
mechanism can be tuned to result in highly-ordered nanostructures in 2D material 
composites prepared via solvent evaporation. Orientation distribution functions are 
explained and fitted to spectroscopy data to show the predominance of the alignment 
method. The level of in-plane orientation is monitored through the calculated order 
parameter. A high level of order was present for the wide filler concentration regime 
ranging from 0.4 to 64 vol.%. This motivated us to investigate the mechanical and water 
vapor barrier properties in these composites, with the additional goal of indirectly 
monitoring the nanoparticle aspect ratio. Finally, the affine deformation method is 
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1 discussed for developing next-generation advanced materials with tailored properties 
even at (very) high filler loadings. 

Chapters 6 and 7. In these chapters, materials science and examples of urban waste 
resource recovery are integrated. In Chapter 6, a novel biopolymer material that can be 
extracted from wastewater sludge, Kaumera®, is studied for sustainable applications. The 
study is subdivided into multiple assays over (i) physicochemical and charge 
characterization, (ii) film plasticization and blending, (iii) nacre-like nanocomposites, 
and (iv) outlook towards applications. In general, the complex polymer mixture is briefly 
examined - from the perspective of a black box - for functionalities, 
polyelectrolyte/polyampholyte behavior, solubility and coacervation, and composite 
assembly and nanostructure alignment. In Chapter 7, wastewater is investigated for 
cellulose and nanocellulose resource recovery. Secondary raw cellulose originating from 
toilet paper can be mined from wastewater sieving solids, return sludge, or excess sludge. 
A cellulose extraction method is developed and used to monitor the relative yield of 
cellulose in each wastewater stream. Based on the high quality of recovered fiber, closely 
resembling pristine cellulose, the wastewater-derived fibrous material is analyzed to 
synthesize cellulose nanocrystals. A synthetic hydrolysis route for producing 
nanocellulose from the recovered fibers is given. The yield and quality of the cellulose 
nanocrystals isolated from recovered fibers are investigated through various techniques. 
The incorporation of recovered nanorods is tested in bionanocomposites using Na-
alginate as a matrix. To conclude, we discuss the fabrication of high-end and circular 
products from wastewater. 

Chapter 8. !This chapter aims to give a general outlook on biopolymer and 
bionanocomposite structure-property relations from the point of view of physical 
chemistry and polymer science. 

 

!  
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The glass transition 
temperature of 
heterogeneous biopolymer 
systems 
 

 

 

“We are not to tell nature what she’s gotta be...  

She's always got better imagination than we have.” 

 – Richard P. Feynman 

 

 

This chapter was published as: 

Espíndola, S. P., Norder, B., Koper, G. J., & Picken, S. J. (2023). The Glass Transition 
Temperature of Heterogeneous Biopolymer Systems. Biomacromolecules, 24, 4, 1627–
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Abstract  

Biopolymers are abundant, renewable, and biodegradable resources. However, bio-based 
materials often require toughening additives, like (co)polymers or small plasticizing 
molecules. Plasticisation is monitored via the glass transition temperature versus diluent 
content. To describe this, several thermodynamic models exist; nevertheless, most 
expressions are phenomenological and lead to over-parametrisation. They also fail to 
describe the influence of sample history and the degree of miscibility via structure-property 
relationships. We propose a new model to deal with semi-compatible systems: the 
Generalised Mean model, which can classify diluent segregation or partitioning. When the 
constant kGM is below unity, the addition of plasticisers has hardly any effect, and in some 
cases, even anti-plasticisation is observed. On the other hand, when kGM is above unity, the 
system is highly plasticised even for a small addition of the plasticiser compound, which 
indicates the plasticiser locally has a higher concentration. To showcase the model, we 
studied Na-Alginate films with increasing sizes of sugar alcohols. Our kGM analysis showed 
blends have properties that depend on specific polymer interactions and morphological size 
effects. Finally, we also modelled other plasticised (bio)polymer systems from literature, 
concluding they all tend to have heterogeneous nature. 
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2.1. Introduction 
Global concerns over climate change, plastic pollution, and scarcity of resources have 
made several industries actively look for alternative and sustainable materials sources. 
Biopolymers are a great alternative with many applications already developed in food, 
agriculture, biomedical, and composite fields1–3. However, solid-state materials consisting 
of polysaccharides and proteins are often too brittle and not workable4. This is a classical 
materials design dilemma, where films are either (too) stiff and brittle or tough and (too) 
ductile. A common alternative for toughening polymeric materials is blending them with 
a diluent5–7. This includes both (co)polymers and small non-volatile molecules, which can 
be added to decrease the polymer's glass transition temperature (Tg). Therefore, further 
exploring our understanding of polymer-polymer and polymer-diluent systems is 
fundamental for developing improved biodegradable and sustainable biopolymer-based 
applications. 

Biopolymer blends are frequently required because they can combine the specific 
properties of different materials in one. Often small molecules are applied to plasticise 
the biopolymer, which provides better toughness and avoids catastrophic brittle failure. 
The ideal plasticiser for such biopolymer-based materials must be non-toxic, 
biodegradable, and preferably derived from natural sources4. For instance, there are many 
reports of materials composed of polyols, oligosaccharides, citrates, lactates, vegetable 
oils, and tannins as natural additives8–10. Even though the literature using bio-based 
materials and plasticiser agents is growing, their application is often investigated by trial 
and error. Furthermore, very few research studies exist on how to select a plasticiser, with 
most of them being phenomenological and case-specific. In addition, sample history, 
miscibility, and the extent of (local) phase separation are ignored. Therefore, how 
component compatibility affects the barrier, thermal and mechanical properties of 
biopolymers is poorly addressed. As a side note, it is probably fair to say that living tissues, 
materials in nature with structural and mechanical functions, such as teeth, bones, wood, 
wool, and silk, obtain their sometimes excellent properties by virtue of components that 
bring about the required amount of mobility. 

 

Glass transition model proposal 
Polymer blend miscibility is often studied via the determination of Tg, in which a single 
measured transition temperature identifies compatible systems11. In truth, due to chain 
connectivity, even in miscible systems the components will effectively experience distinct 
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levels of mobility or relaxation times associated to a glass transition12. For binary systems, 
several thermodynamical models for predicting the averaged Tg have been proposed, for 
instance, using the Gordon-Taylor and Couchman-Karasz expressions7,13–15. In product 
engineering, the Fox equation6 is frequently applied, which also appears as a limiting form 
of the Couchman-Karasz expression. Nevertheless, it is seldom mentioned that these 
theories are only intended for the case of full compatibility. This is far from the general 
case of (bio)polymer mixtures, which may have a complex chemical composition, might 
show multiple conformations, and variable levels of polydispersity. Due to this molecular 
complexity, the nanostructures that evolve from mixing biomacromolecules and diluents 
are expected to be locally heterogeneous in composition. On a supramolecular scale, there 
is a local organization of mixed components, i.e., a certain level of segregation or 
partitioning may be recognised (Chart 2.1). Experimentally, the Tg of such heterogeneous 
blends is identified by one broad transition. The prediction of the Tg, even in binary 
systems, will also be difficult due to possible component interactions16. As a result of 
concentration fluctuations17 and specific interactions, data can show negative or positive 
deviations from the usual rule of mixing for Tg. 

Not surprisingly, there have been plenty of reports on how models based on the 
Couchman-Karasz expression fail to describe systems lacking true miscibility15,18,19. 
Consequently, data from inhomogeneous mixtures are usually fitted by including 
additional correction terms to these equations. This leads to phenomenological 
expressions and over-parameterisation. To work with semi-compatible systems, we 
propose an alternative working model, the Generalised Mean (Linear) or GM(L). Within 
this framework, the conventional Fox equation becomes a particular case of our model, 
that of a homogeneous miscible system. It is based on the rather obvious idea that Tg is 
connected to interactions (enthalpy) and degrees of freedom (entropy) using a second-
order phase transition-like framework, where the enthalpy and entropy type terms are 
averaged as a function of composition. 
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Chart 2.1. The morphology classification of polymer systems we propose for glass transition (Tg) 
modelling, based on the degree of miscibility. Images inside boxes and circles relate to the 
microscale and nanoscale, respectively 

 

 

Model case study with alginate-polyols 
To showcase the use of the GM(L) model, we have performed a systematic study on the 
general plasticisation effects of Na-Alginate with polyols. We have selected sugar alcohols 
as polyols because they provide for a series of increasing H-bonded interactions and sizes. 
Then, we investigated if a single master curve of plasticisation occurs based on a 
plasticiser's mass fraction or molar density of the interacting functional group. 
Additionally, we used this system to investigate interactions and the degree of miscibility 
based on our Tg modelling. 

Finally, we demonstrate how the GM(L) model can be applied to an extensive list of Tg 
datasets from the literature. We explore the general understanding of static heterogeneity 
in (bio)polymer mixtures by evaluating the model's constant kGM. Special attention is 
given to complex, multicomponent biopolymer systems since we believe the current 
theoretical background on Tg for this class of materials has yet to be adequately addressed. 
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2.2. Materials and Methods 

2.2.1. Materials 
Sodium alginate (high ratio of mannuronic: guluronic acid, Mw ~12-40 kDa), Ethylene 
glycol, Glycerol, meso-Erythritol, D-(+)-Arabitol, D-Mannitol, and D-Sorbitol were 
purchased from Sigma–Aldrich. 

 

2.2.2. Methods for Na-alginate-(sugar alcohol) films 
Plasticisation and film casting 
The alginate-polyol films were prepared by the solution-casting method. Different sugar 
alcohols ((CHOH)nH2, where n is varying) with increasing chain length were tested to 
investigate the plasticising effect on the developed films. Namely, Ethylene glycol (C2), 
Glycerol (C3), Erythritol (C4), Arabitol (C5), Sorbitol (C6), and Mannitol (C6) were used 
as plasticisers. The film preparation procedure is described as follows: a 5 wt % stock 
solution of Na-alginate in demineralised water was prepared. Afterwards, an appropriate 
amount of dissolved plasticiser (5 wt %, in demineralised water) was added into separate 
film-forming solutions at a final dry mass of 0 to 50 wt % plasticiser (alginate basis, pH 
8). The film-forming solutions with different plasticiser content were carefully 
homogenised with a glass rod, avoiding bubble formation until uniform blending, and 
cast into polystyrene petri-dishes. The exact weight was calculated separately for each 
plasticiser to result in films with a thickness of about 0.15 mm. The freshly cast films were 
placed in ambient conditions (at 50 RH and RT), and different drying environments were 
tested. After around 3 to 5 days of drying, the free-standing films were peeled from the 
casting surfaces for analysis. Water is a natural plasticiser for hygroscopic alginate films, 
and sorption/desorption phenomena occur depending on the ambient conditions. 
Hence, to evaluate only the effects of polyol addition to the films, the cut film specimens 
were vacuum dried for one day at 40 °C and kept in a desiccator containing silica gel until 
immediately before analysis. For glycerol and sorbitol, the humid films (ambient, ~50% 
RH) were also analysed for comparison. 

 

Thermogravimetric analysis (TGA) 
It was possible to add C2 to alginate and cast thin films. However, vacuum drying also 
removed part of this plasticiser from the matrix since it is too volatile. Hence, to measure 
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the exact C2 content in the dried films, Thermogravimetric Analysis (TGA) was carried 
out on a PerkinElmer TGA 8000. The measurements were performed on samples of about 
5 mg, placed in a corundum crucible, from 30 – 300 °C at a heating rate of 5 °C min-1, 
under a nitrogen atmosphere, with an isothermal step at 90 °C for 30 min. TGA was also 
used for determining the water content in films of C3 and C6 equilibrated to ambient 
relative humidity using similar scans. 

 

Dynamic mechanical thermal analysis (DMTA) 
Dynamic Mechanical Thermal Analysis (DMTA) was performed on a PerkinElmer 
DMA-7e. DMTA experiments on the plasticised films were performed in a tensile mode 
at a frequency of 1 Hz from -100 to 180 °C temperature range at a heat rate of 5 °C min-1, 
with film dimensions of roughly 20.0 x 3.0 x 0.1 mm. The thickness of the films was 
measured with the aid of a digital micrometer. The resulting glass transition was observed 
by the abrupt change in storage modulus slope and corresponding loss modulus 
maximum. This event is often called a polymer's alpha relaxation. When possible, Tg was 
estimated from duplicate measurements. 

 

Glass transition modelling 
To this experimental data, models were applied based on a Tg rule of mixing of polymer 
and plasticiser contributions. For convention, Tg 1 and Tg 2 are expressed as polymer and 
diluent components, respectively, with high and low Tg values. We chose to fit the often-
applied Fox model6: 
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 where xi and Tgi denote the molar fraction and glass transition of components 1 and 2, 
respectively. 
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Further, we also fitted our model of interest, the Generalised Mean Linear (GM(L)): 
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 where ϕi and Tgi denote the volume fraction and glass transition of components 1 and 2, 
respectively, and kGM denotes the model constant. A full description of the Fox model and 
the GM(L) models we propose here can be found in Appendix A (Supporting 
Information). Curve fitting using nonlinear least squares was performed for all the 
studied plasticisers using a Python code and the function scipy.optimise.curve_fit, which 
employs a trust region reflective algorithm20. The Tg values for alginate-polyol were 
optimised case by case but allowed to range from -200 to 200 °C. In addition, the Tg of 
alginate was not initially constrained to be the same in all systems. No initialisation values 
were given. The goodness-of-fit of models was evaluated by the total sum of squares 
(TSS), p-value, and standard error of the regression, S. 

 

2.2.3. Modelling (bio)polymer mixtures from literature 
Fox and GM(L) models, eqs 2.1 and 2.2, were also tested to an extended dataset of 
(bio)polymer blends carefully gathered from the literature. For completion, the full GM 
model was also investigated, with alpha and beta values set to be positive (Supporting 
Information, Figure S2.1, and Table S2.2), as this constraint on the exponents is required 
to ensure convergence. 

 

2.3. Results and Discussion 

2.3.1. Blends of Na-alginate-(sugar alcohol) 
The glass transition temperature is a dynamic property with great current interest, since 
it is tied to thermal, mechanical, and vibrational properties. For instance, it is used not 
only to determine operational and processing temperature ranges but also influences 
mechanical properties like stiffness, tensile strength, toughness, hardness, and impact 
resistance4,5. Besides standard thermomechanical factors, it has been related to materials’ 
adhesive and healing mechanisms 21–23. Indirectly, Tg will also affect electrical, optical, 
diffusion and barrier properties, physical ageing, and environmental stability. The Tg of 
polymers can conventionally be assessed through thermal analysis, i.e., evaluating the 
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dependence of specific volume, jump in heat capacity, or change in modulus over 
temperature. 

We chose to study the Tg of alginate-polyols by DMTA due to the high sensitivity of this 
method to polymer relaxations. The onset of the primary relaxation (alpha) corresponds 
to the mobility of the main chain, which happens only at Tg. Figure 2.1 shows examples 
of alpha relaxation identification from highly plasticised alginate films. In a polymer 
blend, the presence of one major relaxation is a sign of miscibility. DMTA showed 
primarily one main relaxation for dried samples, while samples left to ambient relative 
humidity resulted in the appearance of additional relaxations (Supporting Information). 
After the Tg event, the magnitude of the rubber plateau in alginate blends varied with the 
type and size of added sugar alcohol. 

 

 

Figure 2.1. DMTA analysis of Na-alginate-(sugar alcohol) films containing 50 wt % glycerol (C3) 
or sorbitol (C6). The higher and lower curves show respectively the temperature dependence of 
storage (E’) and loss (E”) modulus. The dashed lines demonstrate how to estimate the temperature 
of a glass transition relaxation on a logarithmic modulus scale. 

 

In Figure 2.2, the obtained Tg values of dry blends are plotted against the diluent's mass 
or equivalent molar fractions. Irrespective of the way the plasticiser content is evaluated, 
one cannot find a master curve of Tg versus plasticiser. This is surprising since sugar 
alcohols have the same generic chemical formula: (CHOH)nH2. Even if we reduce all 
polyol concentrations to [CHOH] equivalents, as shown in the inset graph of Figure 2B, 
there is no obvious universal Tg pattern. This strong argument supports that, even though 
miscible, the sugar alcohols do not interact in the same way with the alginate chains. 



The glass transition temperature of heterogeneous biopolymer systems 

 

28 

2 

Similar findings of a plasticiser-dependent interaction and compatibility limit have 
previously been reported for the systems of alginate and C3 and C6 polyols24,25. 

 

 

Figure 2.2. Glass transition temperature (Tg) of mixtures of Na-alginate and sugar alcohol 
plasticisers in mass (A) or molar (B) fractions. The sugar alcohols are depicted from C2 to C6, based 
on the general formula (CHOH)nH2. Inset: Tg over plasticiser fractions translated to CHOH molar 
equivalents. Error bars indicate standard deviation.  

 

We have performed model curve fitting to evaluate this Tg data (Figure 2.3). The widely 
applied Fox model is a simple harmonic mean of Tg contributions. We observe that this 
model does not fit the data of most sugar alcohol mixtures well. Even though the data fit 
for C3 and C5 are statistically accurate (p < 0.05, S < 31 °C), the values of Tg are poorly 
predicted (Table 2.1). Alternatively, the linearization of the generalised mean model, 
GML, shows an excellent prediction of datasets (p < 0.01, S < 15 °C). In addition, the GML 
goodness-of-fit is equivalent to that obtained via the analogous Gordon-Taylor equation. 
However, when possible, the Tg of individual components should also be experimentally 
obtained prior to model fitting. Hence, Table 2.1 values are to be taken as a likelihood of 
Tg within the mixture. We also note that setting appropriate boundary conditions for the 
individual Tg contributions was necessary for a good quality GML fit. 
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Figure 2.3. Experimental and calculated values of glass transition temperature (Tg) for Na-alginate-
(sugar alcohols). A) Fox model (FOX); B) Generalised Mean Linear model (GML). Curve-fitting 
was allowed using appropriate boundary values for the individual Tg parameters. 
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Table 2.1. Glass transition parameters and statistics obtained from curve fitting Fox or Generalised 
Mean Linear (GML) model to Na-alginate-(sugar alcohol) datasets 

Polyol Model Tg 1 (°C) Tg 2 (°C) 

Model 
constant, k 

(fit ± st. 
error) 

TSS P-value S (°C) 

C2 
Fox 100* -200* 1 7781 0.0173 31.27 

GML 200* -196 1.93 ± 8.08 5665 0.0071 14.64 

C3 
Fox 115 -122 1 17436 0.0006 16.30 

GML 153 -61 3.92 ± 1.31 17432 0.0002 8.31 

C4 
Fox 100* -122 1 954 0.0374 4.25 

GML 150* -67 3.30 ± N/A 954 N/A N/A 

C5 
Fox 50* -80 1 2944 0.0009 8.10 

GML 60 -37 3.75 ± 2.01 2944 0.0008 5.19 

C6 
Fox 69 -14 1 1077 0.0252 4.12 

GML 79 10 3.32 ± 0.00 1077 1.96E-14 6.62E-13 

TSS: total sum of squares from the regression model 
S: standard error of regression coefficient 
N/A: not applicable due to zero degree of freedom 
* Value corresponded to the used boundaries for the parameter 
 

Another advantage of Tg models is that they can be used to indirectly determine the 
(virtual) transition of a glassy polymer by extrapolation to zero diluent concentration. 
Like many biopolymers26, the Tg of pristine Na-alginate cannot be determined since 
thermal decomposition is observed before the transition. From Figure 2.3, all alginate-
polyol datasets point towards a virtual Na-alginate Tg, or Tg 1, between 60 to 180 °C. 
Russo et al.27 have previously reported a Tg of 133 °C for Na-alginate based on differential 
scanning calorimetry of relatively dry specimens. This seems a reasonable estimate of M-
rich alginate with remaining tightly bound water. We can use this as a unified value for 
the Na-alginate-(sugar alcohols) data and retrofit it to the GML model (Figure 2.4). The 
approximated value of 133 °C does seem to fit well with most datasets except for C6 (p > 
0.05). That can be explained by the fact that the estimated Tg of Na-Alginate is not an 
actual material property but an apparent one, with a plasticiser changing the internal 
structure. For C5 and C6 polyols, both studied models result in a lower Tg estimated for 
the neat alginate. It might be that the addition of a larger H-bonding plasticiser partially 
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disrupted the semi-crystallinity of this block-copolymer. Evidence of semi-crystallinity 
was also found in powder XRD, haziness of alginate-polyol films, and a high modulus 
rubber plateau in DMTA results (Supporting Information). Additionally, the plasticiser 
itself also showed a tendency to crystallise, as in the case of films with high content of C4 
or another C6 compound (mannitol). 

Nevertheless, the new GML fits described all datasets well as a physical model (S < 25 °C) 
(Table 2.2). The fit values obtained for polyol Tg were in good agreement with literature 
(Supporting Information, Table S2.1). The retrofit allows us to appropriately compare the 
alginate Tg over increasing plasticiser fraction. For small-size polyols, C2 and C3, the Tg 
of the blend decreases rapidly with more polyol until a plateau is reached. For larger 
polyols, C5 and C6, we observe a Tg plateau already at a relatively lower polyol fraction. 
The GML model introduces a new constant, kGM, which can be interpreted to arise from 
the static partitioning of the polymer/plasticiser fractions. From Table 2.2, the positive 
kGM values for all Na-Alginate-(sugar alcohols) indicate a substantial deviation from the 
case of miscibility (kGM = 1, analogous to the Fox model). This kGM value > 1 means that 
the effective plasticiser concentration appears to be higher than expected, resulting in 
lower Tg at lower plasticiser content due to partitioning. The most significant deviations 
were observed for C5 and C6 alcohols, which might be explained by their size, causing 
substantial steric interaction-driven partitioning in a semi-crystalline matrix. We 
envision that a smaller plasticiser, such as C2 polyol, would better penetrate and fill the 
free volume of the amorphous domains in contrast to C5 and C6 (Figure 2.4B), which 
would not be able to penetrate into the amorphous phase adjacent to the crystalline 
regions. In fact, it should be noticed that a certain level of semi-crystallinity will always 
result in kGM > 1, as the concentration of diluent in the amorphous matrix regions will 
effectively be higher than expected from the overall composition because the crystalline 
regions are not (or much less) available. 

The actual extent of semi-crystalline/amorphous fractions and domain sizes is 
experimentally challenging to be obtained. In theory, it might have been resolved by X-
ray scattering and analysis of the crystalline peak width using the Scherrer equation. For 
the case of alginate semi-crystallinity, the measured crystalline degree would also serve to 
estimate the amorphous phase that is available for the plasticizer. Thus, this amorphous 
space would be equivalent to the length of heterogeneity. This rationale obviously 
assumes the plasticizer to be amorphous in the resulting mixture. Nevertheless, getting 
good information on this from scattering techniques is very challenging and would 
constitute an entire additional study. One advantage of the GML model is that the 
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quantification of any crystalline or immobile fraction is not necessary to fit Tg data over 
composition and identify levels of heterogeneity, therefore, it might serve to better 
determine heterogeneity from structural analysis as it provides an expectation value. 

Indeed, only the GML model the GML model resulted in good descriptive curves for the 
Tg of alginate-(sugar alcohols). We believe this can only be due to partial miscibility or, 
to put it in another way, local heterogeneity of polymer and plasticiser distribution in 
such blends. In some cases, the components' specific interactions might cause this 
phenomenon, i.e., semi-crystallinity, H-bonding, and chirality. In fact, H-bonds are well 
known to affect the final semi-crystallinity of polymers28–30. Another influence might be 
the chirality of C4 to C6 sugar alcohols, causing preferential sites in the plasticiser 
distribution. In general, the case of alginate blends is a good example that specific 
interaction contributions and partitioning need to be considered. The Fox model neglects 
such interactions, as it is based solely on the entropic contributions of components in a 
fully miscible blend. However, fully and partially miscible blends can be described with 
GML, where the constant kGM acts as a factor representing the heterogeneity. Regarding 
thermodynamics, kGM can also be interpreted as a convoluted factor of both (second 
order) enthalpic and entropic contributions. 

 

!  
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Figure 2.4. A) Experimental and calculated values of glass transition temperature (Tg) for Na-
alginate-(sugar alcohols). Generalised Mean Linear (GML) model was fitted by assuming a fixed 
glassy polymer Tg (star) and appropriate boundary values for the plasticiser Tg. B) Illustration 
showing the difference in steric partitioning of a small or big plasticiser in a semi-crystalline 
polymer. 

Table 2.2. Glass transition parameters and statistics obtained after curve fitting Generalised Mean 
Linear (GML) model on Na-alginate-(sugar alcohol) datasets using a unified Tg for the glassy 
polymer 

Polyol Tg 1 (°C) Tg 2 (°C) 
Boundaries 

Tg 2 (°C) 

kGM 

(fit ± st. 
error) 

TSS P-value S (°C) 

C2 133* -130 -100 ± 30 5.37 ± 42.85 5675 0.0432 24.96 

C3 133* -70 -79 ± 30 2.83 ± 1.23 17439 0.0005 10.06 

C4 133* -40 -10 ± 30 5.19 ± N/A 956 N/A N/A 

C5 133* -22 -22 ± 30 14.90 ± 14.65 2945 0.0003 7.89 

C6 133* 2 -28 ± 30 8.71 ± 20.26 1109 0.2949 20.84 

TSS: total sum of squares from the regression model 
S: standard error of regression coefficient 
N/A: not applicable due to zero degree of freedom 
* Assumed value for neat Na-alginate as found by Russo and co-workers27 



The glass transition temperature of heterogeneous biopolymer systems

34 

2 

2.3.2. Heterogeneity constant 
Other situations can cause static heterogeneity (kGM ≠ 1) of a diluent distribution within 
a glassy polymer matrix. A link to the Tg property can easily be interpreted if coupled 
with the free volume theory. For comparison purposes, one could classify heterogeneous 
blends resulting in kGM below or above unity, as illustrated in Chart 2.2. Both semi-
crystallinity and crosslinking density variations can result in Tg values lower than 
predicted by the Fox model (kGM > 1). In the first case, as shown here with alginate-
(polyols), steric partitioning effects can happen if the glassy matrix forms some crystalline 
or densely packed domains. With regards to crosslinking, a densely packed polymer-
polymer network can also effectively create irregular boundaries to plasticiser clusters7, 
even though crosslinking generically increases Tg the plasticiser would be at a higher 
concentration in the available regions (Chart 2.2). 

A few examples, usually in a low diluent content regime, can lead to Tg values higher than 
predicted by the Fox model (0 < kGM < 1). For instance, often at lower volume fractions, a 
plasticiser with a tendency for segregation can result in the free volume cavities of the 
polymer being filled with plasticiser, e.g., the anti-plasticisation effect. It can also happen 
that interactions between diluent/plasticiser and stiff polymer chains will enhance the 
level of polymer packing31. This is analogous to the anti-solvent polymer packing effect32. 

In both cases, further diluent clustering will frequently lead to microscopic phase 
separation of a blend, which is often observed in the form of opacity and coarsening of 
the phase-separated structure. Further, the diluent phase will either exudate out of the 
solid matrix, forming a binary or ternary-phased system, or even locally crystallise, 
thereby removing plasticiser from the polymer matrix entirely. These two events are 
macroscopic. From a thermodynamic perspective, the kGM factor can also characterise 
blends from miscible to immiscible states as it deviates away from unity. 

It is interesting to note that the proposed local heterogeneity is not necessarily an 
undesirable phenomenon on a micro- or nanoscopic level. Heterogeneous plasticisation 
will create zones of local plasticisation and lubrication of amorphous polymer chains, 
resulting in mobility, pliability, and increased toughness. Simultaneously, the material's 
structural integrity or tenacity is still provided by the regions of low plasticiser content, 
preventing creep and flow. In other words, good plasticisers should not be too compatible 
with the polymer. It should be enough to mobilise but without solubilising the whole 
system. 
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Within the context of binary polymer blends, it might be helpful to consider the self-
concentration approach proposed by Lodge and McLeish (2000) for blends with large Tgi 
difference12. The theory states that the average composition of the local environment 
around a certain component must be enriched by itself, because of chain connectivity. 
Therefore, even for homogeneous blends, each polymer will effectively experience its own 
composition dependent dynamics and effective Tg. This unavoidable segregation 
happens at the level of the chain Kuhn length and can get further exacerbated by the 
above-mentioned specific interactions and clustering/segregation phenomena. The kGM 
constant is obtained assuming a mixture’s single or averaged Tg, where the product kGMϕ2 
is an estimation of the (anti)plasticiser phase. Therefore, kGM is also a convoluted 
expression of local heterogeneity from multiple length scales: at chain segment and 
cluster levels. A theoretical relationship between the effective self-concentrations of a 
polymer/diluent in a blend and the GM(L) model constant is still lacking, which shall be 
considered in future work. 



The glass transition temperature of heterogeneous biopolymer systems

36 

2 

Chart 2.2. Illustrations of a homogeneously distributed (kGM = 1) or partitioned diluent (kGM ≠ 1) 
in a glassy polymer host. Boxes: microscale; circles: nanoscale 

2.3.3. General application to heterogeneous mixtures 
In this section, we demonstrate the versatility of the GML model for polymer blends of 
synthetic and biological origin. The goal is to show via partitioning factor kGM how easily 
systems fall outside true miscibility and simple rule of mixing theory, especially when 
biopolymers are used. These peculiar states of miscibility can arise from strong specific 
molecular interactions, steric effects, and conformational changes (morphology), 
depending strongly on sample history. It also makes sense to present this data 
compilation to connect our current work to general plasticisation and anti-plasticisation 
phenomena. 
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Figure 2.5 displays datasets with a greater decrease of Tg with diluent content (kGM > 1) in 
contrast to what was predicted by Fox's theory. We can interpret those results with the 
main rationale that the effective diluent volumetric fraction in a polymer matrix is higher 
than initially expected. In Figure 2.5A, the synthetic polymer blend of Phenoxy resin, or 
poly(hydroxy ether of bisphenol-A), with an aliphatic polyester of succinate (PDPS), 
shows decreased Tg values in comparison with those predicted by entropic contributions 
(Fox theory)31. It is common knowledge in polymer processing that a physical blending 
of polymers needs strong specific interactions to result in miscibility. In this case, H-
bonding between carbonyl groups of succinate ester and hydroxyl of Phenoxy should 
overcome intramolecular cohesion and favour miscibility. However, the Tg curve gives 
us additional information that there must be competing energetic interactions since kGM 
> 1. We speculate this makes sense, since while Phenoxy is a blocky and amphiphilic
polymer, the succinate polyester is polar, which might cause a more loosely packed
structure, thus, affecting the free volume of the blend.

The plasticised mixture of tapioca starch-(glycerol/water) also follows a kGM > 1 trend 
(Figure 2.5). The difference between Fox and GML curves is subtle, as seen in Table 2.3. 
However, this becomes relevant if we know that the films formed a semi-crystalline 
matrix upon drying33, possibly resulting in plasticiser partitioning. In starches, the 
recrystallisation of amylose and sometimes amylopectin can fundamentally influence 
properties, e.g., water vapour permeability and toughness. Water from moisture can 
further change Tg considerably34,35. Consequently, the effect of water in crystalline 
biopolymer blends should always be evaluated or excluded. 

Continuing on Figure 2.5B, the system of maltodextrin-glucose15 is interesting because 
the polymer is a polydisperse derivative of starch. The maltodextrin analysed did not 
show crystallite sites; nevertheless, again, we find that kGM > 1. This can maybe be 
explained by the strong H-bonding interactions between glucose and maltodextrin, 
creating plasticiser-polymer and polymer-polymer domains with possible steric effects15. 
One could consider evaluating the extent of blending steric effects by systematically 
increasing the plasticiser size, for instance, from smaller polyols to different chain length 
polyethylene glycols36. 

Complexes of guest-host chemistry and crosslinking will also impact Tg values and 
trends. In Figure 2.5B, a blend between a methylated polymer of β-cyclodextrin (polyβ-
cyclodextrin) and mannitol37 shows a significant divergence from Fox's prediction. The 
polymer cyclodextrin can form hydrophobic-core inclusion complexes for drug delivery. 
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The degree of di-ester crosslinking of the polymer with citrate is also essential to this 
application and Tg determination. The 36 wt.% crosslinked and plasticised material was 
produced via a melting process. We could relate the Tg divergence from the ideal rule of 
mixing theory to the increased free volume of heterogeneous crosslinking of the sample, 
influencing molecular packing, along with mannitol's resistance to filling in the 
hydrophilic core of cyclodextrin inclusions. 

Figure 2.5. Experimental and calculated values of glass transition temperature (Tg) for several 
datasets displaying a greater-than-expected decrease with a plasticiser (or kGM > 1). A) Synthetic 
polymer blend of Polyhydroxyether of bisphenol A (PHENOXY) and Poly(2,2-dimethyl-1,3-
propylene succinate) (PDPS). B) Biopolymer-(plasticiser) mixtures. FOX: Fox model (dotted lines); 
GM Linear: Generalised Mean Linear model (solid lines). Curve-fitting was performed using fixed 
values for the individual Tg parameters for demonstrative purposes. Data from Schneider, 199731; 
Chang, 200633; Linnenkugel et al., 202115; Tabary et al., 201637. 

A good plasticiser will result in pliable and durable materials that are easy to process by 
increasing the mixture's free volume or lowering the Tg. In turn, the mixed material 
should be tougher than the initial glassy polymer. In Figure 2.6, datasets show an increase 
of Tg with polymer or plasticiser content. This increase deviates completely from Fox 
theory; for GML, it represents the case of 0 < kGM < 1 (Table 2.3). In fact, the synthetic 
blend of polybenzimidazole with commercial polyetherimide (Ultem)31 resulted in anti-
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plasticisation. This phenomenon happens when we observe an increase in overall specific 
density with diluent addition5. In extreme cases, even phase separation can occur. Within 
the partial miscibility region, anti-plasticisation can be desired if a material's performance 
needs to be improved. However, a slowly decreasing Tg or even a plateau with increasing 
diluent content often seems counterintuitive. Polybenzimidazoles (PBIAz) are high-
performance engineering thermoplastics with a very stiff aromatic polymer core and high 
Tg values (> 400 °C). In Figure 2.6A, we propose that the strong H-bonding interaction 
of PBIAz with Ultem via amine groups may cause additional stiffness via chain 
confinement. Hence, in this case, the favourable interactions between the chains cause 
the Tg to hardly decreases, giving rise to anti-plasticisation. 

For sugar palm starch-(glycerol) plasticised films, data in Figure 2.6B, strong H-bonding 
interactions between glycerol and amylose/amylopectin resulted in high Tg values38,39. In 
particular for starches, processing can be crucial. Starch samples often must be gelatinised 
at high temperatures (> 130 °C) to obtain thermoplastic behaviour. This could result in 
plasticiser affecting the formation of crystalline domains from starch moieties. Similarly, 
systems of chitosan-polyols can also show significantly different properties depending on 
the strength of H-bonding interaction with the polymer backbone and overall moisture 
content (Figure 2.6). The chitosan data shown is with respect to hydroxyl groups of sugar 
alcohols40. It is important to note that with further diluent addition, ageing, or the 
increment of water from moisture, systems can dramatically move from the anti-
plasticised to plasticised regime41–43. This can be observed both in Tg and in mechanical 
performance. The plasticisation shift will depend on how strong the energetic 
interactions (enthalpy-driven) are and how favourable the increase of free volume 
(entropy-driven) is. In polymer blends and plasticized systems with large ΔTgi, this has 
been early on reported as a break (or cusp) in Tg-composition curves11,44. The phenomena 
have mostly been attributed to a critical temperature, where a change in (strong) specific 
interactions with diluent fraction is observed. 

Trends in multicomponent systems can also be interpreted similarly via kGM. A 1:1 
starch/chitosan blend was produced by micro-fluidization45. This blend was plasticised 
by glycerol and water, showing high anti-plasticisation (0 < kGM < 1) through strong H-
bonding between plasticiser and macromolecules. Previous works have only presented 
explicit thermodynamic solutions for multicomponent systems of polysaccharides, 
polyols, and water8,15; by working with Flory Huggins's free volume theory and extending 
the Couchman-Karasz expression for Tg. 
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Locally heterogenous mixtures are ubiquitous in materials based on (bio)polymers, 
showing complex thermodynamic behaviour. We have observed that kGM can be a helpful 
tool to investigate (bio)polymer-diluent miscibility and possibly derive insights into 
structure-property relationships. We note that the linearised GML model is intended only 
for systems in a continuum, i.e., with no phase separation, crystallisation, or phase 
inversion. Alternatively, the original GM model can adopt complex shapes (Supporting 
Information, Figure S2.1). Yet we do not recommend modelling immiscible systems 
instead of splitting the developed phases. Overall, this study is another example that the 
topic of glass transition is a complicated part of polymer science46. For example, it is often 
very challenging to determine the Tg of neat and biopolymers mixtures because the 
thermal transitions are found above degradation, increasing with the strength of 
electrostatic interactions, crosslinks, and branching. Nowadays, this topic has become 
even more relevant with the rapid pursuit of tailored biodegradable and sustainable 
materials. 
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Figure 2.6. Experimental and calculated values of glass transition temperature (Tg) for several 
datasets displaying lower than expected decrease with a plasticiser (or 0 < kGM < 1). A) Synthetic 
polymer blend of Polybenzimidazole (PBIAz) and Ultem Polyetherimide (Ultem). B) Biopolymer-
(plasticiser) mixtures. FOX: Fox model (dotted lines); GM Linear: Generalised Mean Linear model 
(solid lines). Curve-fitting was performed using fixed values for the individual Tg parameters for 
demonstration purposes. Data from Schneider 199731; Sahari et al., 201338; Ma et al., 201940; Liu et 
al., 201345. 
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Table 2.3. Glass transition parameters and statistics obtained from curve fitting Fox and 
Generalised Mean Linear (GML) model for datasets showing deviations from the rule of mixing 

System 
Tg 1 
(°C) 

Tg 2 
(°C) 

Model 

Model 
constant, k 

(fit ± st. error) 

TSS P-value S (°C) References

PHENOXY - 

(PDPS) 
87* -18*

Fox 1 11167 N/A 18.92 Schneider,
199731 GML 3.18 ± 0.53 10183 2.52E-6 5.31 

Tapioca starch - 

(glycerol/water) 
225** -79**

Fox 1 15759 N/A 28.57 
Chang, 200633 

GML 1.41 ± 0.19 10615 0.0009 24.24 

Maltodextrin DE 6 - 

(glucose) 
150** 36* 

Fox 1 5107 N/A 13.07 Linnenkugel
et al., 202115 GML 1.91 ± 0.72 3779 0.0024 9.44 

Poly-cyclodextrin - 

(mannitol) 
317* 10* 

Fox 1 61190 N/A 67.79 Tabary et al.,
201637 GML 5.60 ± 0.57 9984 6.95E-7 5.56 

PBIAz - 

(ULTEM) 
427* 217* 

Fox 1 112615 N/A 30.08 Schneider 
199731 GML 0.38 ± 0.04 98908 6.04E-13 12.88 

Sugar palm starch - 

(glycerol) 
238* -79**

Fox 1 41787 N/A 96.51 Sahari et al., 
20133838 GML 0.14 ± 0.01 2526 0.0005 4.96 

Chitosan - 

(polyols) 
125* -79**

Fox 1 8196 N/A 54.83 Ma et al., 
201940 GML 0.09 ± 48.92 1124 0.7109 18.82 

Corn 
starch/Chitosan - 

(glycerol/water) 

90** -79** 

Fox 1 10514 N/A 52.92 
Liu et al., 

201345 GML 0.11 ± 0.19 250 0.3069 11.35 

* Values used to fit models were extracted from the original data source 
** Values used to fit models were absent and, thus, estimated by this study for illustrative purposes

2.4. Summary and Conclusions 
The Generalised Mean Linear model, GML, works as a versatile model for studying the 
glass transition of polymer blends and plasticised systems. The model can be seen as a 
natural extension of the widely used Fox model (1956). In GML, if the constant kGM is not 
1, the system is not fully homogeneous - or Fox-like - and there is obvious evidence of 
heterogeneity or local de-mixing on a nanoscale. This can be explored via systematic 
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studies to reveal structure-property relationships of blends and to elect a suitable and 
stable plasticiser for a specific application. To deal with strong interactions and 
heterogeneity, previous models have been proposed and modified, like Couchman-
Karasz equations. However, the adopted solutions are often case-specific, 
phenomenological, and lead to over-parametrisation, failing to describe the overall 
picture of (partial) miscibility. 

This study showcases our GML model applied to predict the Tg of Na-alginate and polyols 
as plasticising molecules. The experimental data on Tg clearly does not follow the Fox 
equation, while only the GML model can fit the results. This indicates that heterogeneity 
is important in alginate-polyol, as is also substantiated by the observed size effect of the 
type of polyol on Tg curves. This proposed heterogeneity indeed becomes apparent at 
higher plasticiser content from the overall sample appearance and via microscopy. Hence, 
sample processing history also becomes important. This heterogeneous plasticiser 
distribution is presumably caused by regio-specific interactions in the alginate-polyol 
system, such as the semi-crystallinity of the polymer matrix and steric effects in 
amorphous domains, as is apparent from our results. In addition, the GML model can 
easily describe the heterogeneity present in a wide range of diverse (bio)polymer blends, 
demonstrating its utility in analysing complex polymer materials and even anti-
plasticisation phenomena. 

Based on the above and considering the heterogeneous nature of biopolymers, research 
on bio-based systems can benefit from the GML approach. Living organisms produce 
biopolymers that are designed to be complex in structure and interactions, containing 
chiral macromolecular arrangements taking the form of helices, sheets, or even showing 
semi-crystallinity. The already present structural heterogeneity is often amplified by 
extraction and (re)processing conditions. In the case of solvent-based processes, the scale 
of heterogeneity can be large, especially, if elevated temperatures are used. The chemical 
structure, therefore, is not so well controlled. In addition, electrostatic interactions are 
nearly always present, which adds additional specific interactions not customarily found 
in fossil-based polymers. In summary, one could say the molecular morphology of 
materials based on biopolymers and natural plasticisers is intrinsically heterogeneous. 
Hence, such systems should nearly always fall outside the commonly used rules of mixing 
for the thermal properties of polymer blends.!
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Supporting information 
The complete supporting information is available at DOI: 10.1021/acs.biomac.2c01356 

Appendix A 
In this section, we give a short summary of the glass transition theory of mixtures and 
show how the Generalised Mean model can be derived from a quasi-second order 
thermodynamic transition.  

Glass transition modelling 
Couchman and Karasz (1978) demonstrated an interesting model for the effect of the 
composition of binary mixtures on Tg13. The model was successful for compatible 
polymer-polymers blends and also polymer-diluent systems7,15. The model derivation was 
based on writing that Tg is not a first-order thermodynamic transition; more specifically, 
on the property of continuity of a system's specific entropy at Tg. Hence, the integration 
of Δ$( of a polymer blend results in the following simplified expression: 

%! & '$(!
) ( $(!

# )* +, -"#
"#!

" %* & '$(*
) ( $(*

# )* +, - "#.+,$/"#
"#"

! 0 (S2.1) 

 where x, Tg, $(, l, g denote molar (or volume) fraction, glass transition, specific heat, 
supercooled liquid and glassy states of pure components 1 and 2, respectively. Originally, 
the authors were also careful to mention that the commonly neglected entropic terms just 

above and below the transition (.+,$/ ! #.1+,$
) ( #.1+,$

# ), should be included if there
are excess entropy changes upon mixing (conformational, thermal, etc.). From the 
perspective of Gibbs free energy, it is true that an enthalpic relationship of eq S2.1 also 
holds. Irrespective of the form (entropy or volume continuity conditions), note that for 
most systems the $( property of components undergoes a finite discontinuity at the 

transition. 

All models derived from eq S2.1 have the activation or mobility of chain units as a 
fundamental principle, corrected through Δ$( values. Another ubiquitous Tg model is 
the expression earlier proposed by Gordon and Taylor (1953)14, which can also be 
rearranged into another simplification of eq S2.1. To derive this relationship, we must 
rewrite Δ$(*/Δ$(! into a constant, kGT, so that: 
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-2 ! $!"#!%')*$""#"
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 (S2.2) 

In fact, the thermodynamic parameter kGT is related to a constant coefficient of expansion 
(volume) during the transition. However, this phenomenological solution was conceived 
for ideally mixed copolymers. Thus, a simplification (kGT = 1) results in a linear averaging 
of the Tg, which to our knowledge never occurs. 

The most frequently used equation for the change in Tg is the phenomenological Fox 
(1956) expression6,30,47,48: 

!
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! $!
"#!

" $"
"#"

(S2.3) 

From equation (S1), it assumes that Δ$(**Tg1/Δ$(! is a constant. This way, the predicted 

Tg becomes a simple rule of mixing of the entropic contributions of the pure components. 
Hence, simply put, it assumes no effect from enthalpic interactions upon mixing. 

However, when we analyse Tg changes with an x2 component, a large portion of 
experimental results show large deviations from those ideal mixture predictions. The 
most used forms of the discussed models either neglect excess thermodynamic property 
from mixing or make it elusive to work around such values since Δ$( corrections are not 
straightforward to interpret. Several other models have been proposed to tackle this, such 
as the models of Kwei (1984)49, additional terms expanding Couchman-Karasz (eq 
3)15,19,50,51, and models based on virial coefficients31. Yet most of these approaches can
easily result in over-parameterisation, and outcomes are hard to interpret.

Generalised mean model 
Inspired by the simple harmonic mean expression proposed by Fox, we have developed a 
new working model for the Tg property in blends. Similar to previous studies, we assume 
Tg is a quasi-second-order transition according to the Ehrenfest classification. Thus, it 

can be written as -# ! -+./
-+.0

, where ∂H and ∂S are, respectively, second or nth-term partial 

derivatives of enthalpy and entropy at transition. If we further expand on this equality, 
we can take the relation in thermodynamic properties to be weighted in the form of a 
generalised or power mean instead of the Fox-like harmonic mean. It follows that the 
Generalised Mean (GM) model becomes: 
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where ϕi,, α, β are volume or mass fraction of components 1 or 2, entropy exponential, 
and enthalpy exponential, respectively. 

The expression S2.4 can be further arranged if we couple some of the partial derivative 
terms into a constant, kGM. For convenience, kGM is obtained by substituting the ratio of 
partial derivative enthalpies ∂H of components (33∂Hi). However, a similar output could 
have been obtained by using ∂S. Considering that the Tg of each component is 
33∂Hi/33∂Si and that kGM can be expressed as 33∂H2/33∂H1, the full GM equation can be 
manipulated into the applicable form: 

-2 ! 1&!"#!
,%&"1"#!''(2,2!-,

1&!%&"1
$%!&'(

$%"
2.2!-.

(S2.4a) 

where ϕi, Tgi, kGM, α, β are volume or mass fraction of components 1 or 2, glass transition 
of components 1 or 2, model constant, entropy exponential, and enthalpy exponential, 
respectively. This model has five degrees of freedom and can resolve into nontrivial 
parabola or S-shaped curves by tuning the α and β exponents. Previously, such S-shaped 
data have been previously modelled using virial Tg models, e.g., for tetramethyl 
bisphenol-A polycarbonate-(polystyrene) blend31. Nevertheless, we noticed that most 
data take a simple form, and we can do a linearisation (α, β = 1). Hence, the linearised 
Generalised Mean model (GML) becomes: 
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(S2.5) 

From this form, the model can also revert to the Fox equation (eq S2.3) if kGM is 1, which 
explains our choice for defining kGM from the enthalpy ratio. The constant kGM can also 
be interpreted as a partitioning factor correcting the volume fraction of diluent (ϕ2). 
Hence, it is a static measure of system partitioning or heterogeneity. The GML version 
resolves most nonlinear cases and is mathematically analogous to the Gordon-Taylor 
model (appears from assuming a ratio of partial derivative entropies ∂S). Moreover, GML 
is useful because excess property and possible structural changes can be easily monitored 
with one factor, kGM. 

The values and morphological states implied from fitting the GM(L) model are heavily 
influenced by sample history. Hence, drying and cooling rates will likely influence the 
assessed diluent partitioning. In particular, the cooling rate effect on sample history 
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should be accounted for, since quenching can suppress the difference in Tg(s). It is also 
worth underlining that sensible experimental kinetic rates should be used for determining 
the thermal transition. The experiment observation times should obviously be probing 
the relaxation times of system components. Furthermore, the Tg property is known to 
broaden and increase logarithmically with the quench rate52. Although the time-
dependent effects are not explored, the model is able to fit accordingly the Tg curves over 
composition, irrespective of the studied fabrication method or experimental rates 
employed. 

Reliable Tg measurements are crucial for the findings of GML model fit to be valid. This 
should be ensured by selecting a sensitive enough technique, for instance DMTA, 
dielectric spectroscopy and modulated differential scanning calorimetry. These methods 
are less affected by broadening effects at transition17. Yet Tg variations among 
methodologies as high as 20 °C are normally expected. In addition, adequate machine 
calibration and experimental conditions (environment, rate, strain, oscillatory 
parameters) need to be explored. Lastly, the data analysis step should be well reported for 
there are multiple standard ways to obtain Tg. 

Summary of thermodynamic relations  
The Gibbs energy G(T, P, {n}) is a continuous function of its natural variables 
temperature T, pressure P, and composition, {n}, and has as derivatives over temperature 

entropy 1 ! ( .4
."

and enthalpy 4 ! (-* .4 "5

."
. In the Ehrenfest sense, at a first-order 

transition, the Gibbs function is continuously differentiable everywhere except at the 
phase transition temperature, where the slope changes, so that S and H have jump-values, 
ΔS and ΔH, respectively. The jump values differ by a factor equal to the transition 

temperature, i.e.: -6 ! -//
-/0

, where the subscript t denotes that the values are to be taken at

the transition. 

The entropy and enthalpy are continuous, except at first-order phase transitions, and 

their derivatives with temperature are related to the specific heat as: .0
."

!
70

"
 and ./

."
! $(.

At a second order transition, the enthalpy and entropy are continuously differentiable 
everywhere except at the phase transition, where the slope changes so that the heat 

capacity has a jump value such that: -3 !
-+

12
1$

-+
13
1$

, where the subscript s denotes that the 
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values are to be taken at the secondary transition. If a material's glass transition is assumed 
to be a (pseudo) second order phase transition, the same relation should apply to the 
jump-values of ∂H and ∂S. Nevertheless, the relationships mentioned above do not work 
for systems with $( close to infinity at transition, i.e., lambda transitions, as is the case of 

systems with order-disorder evolution. 

The blending of components will also involve thermodynamic mixing functions, i.e., the 
entropy of mixing ΔmixS and enthalpy of mixing ΔmixH. For ideal miscible mixtures, the 
enthalpy of mixing is zero, and the entropy of mixing is positive from increased disorder. 
We can imagine entropy as the main driving force arising from the dispersion of 
components. Real mixtures often contain excess interaction of any of the pairs of 
components. This specific interaction(s) might result in enthalpy changes or additional 
entropy upon mixing, for instance, from molecular clustering. Depending on the 
magnitude of the enthalpy step from energetic interactions or adverse entropy, the total 
Gibbs energy becomes positive, and the system phase separates spontaneously. This 
would cause miscibility up to a certain composition (partial miscibility) or full immiscibly 
in a polymer blend. Excess functions can be calculated as the difference between ΔmixS (or 
ΔmixH) of real and ideal solutions to investigate nonideal cases.  
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Supporting Figures and Tables 

Sugar alcohol glass transition temperature 

Table S2.1. Sugar alcohol glass transition temperature from literature and comparison to values 
from curve fitting Generalised Mean Linear (GML) model using a unified Tg for the glassy polymer 

Polyol 
Literature 

Tg 2 (°C) 
Reference Tg 1 (°C) 

Boundaries 
Tg 2 (°C) 

GML 

Tg 2 (°C) 
|ΔTg 2| (°C) 

C2 -113
Nagoe and Oguni 

(2008)53 
133* -100 ± 30 -130 17 

C3 -84 Huang et al.  (2018)54 133* -79 ± 30 -70 14 

C4 -60 Fujii et al. (2015)55 133* -10 ± 30 -40 20 

C5 -13 Huang et al.  (2018)54 133* -22 ± 30 -22 9 

C6 -4 Huang et al.  (2018)54 133* -28 ± 30 2 6 

* Assumed value for neat Na-alginate as found by Russo and co-workers27 
|ΔTg 2|: absolute difference between literature and curve-fit values of Tg 2
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Full GM model applied to datasets from literature 

Figure S2.1. Experimental and calculated values of glass transition temperature (Tg) for several 
datasets displaying complex deviations from rules of mixing (or α GM, βGM ≠1 in eq S2.4a). A) A 
synthetic polymer blend of Polycarbonate (PC) and Polystyrene (PS). B) Biopolymer-(plasticizer) 
mixtures of cellulose acetate (CA) and a blend of plasticized Starch/PVA. FOX: Fox model (dotted 
lines); GML: Generalised Mean Linear model (dot-dashed line); GM: Generalised Mean model 
(solid lines). For demonstrative purposes, FOX and GML curve-fitting was performed using fixed 
values for the individual Tg parameters. Data from Schneider 199731; Decroix et al. 202030; Kahvand 
et al., 201956. 

!, " # 1
A B
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Table S2.2. Glass transition parameters and statistics obtained after curve fitting a Fox model and 
Generalised Mean models for datasets showing complex immiscibility 

System 
Tg 1 
(°C) 

Tg 2 
(°C) 

Model 

Model 
constant, k 

(fit ± st. 
error) 

α  

(fit ± st. 
error) 

β  

(fit ± st. 
error) 

TSS P-value S (°C) Ref. 

PC - 

(PS) 

197 97 Fox 1 1 1 12195 N/A 9.33 
Schneider 

199731 197 97 GM 0.87 ± 0.03 
-15.94 ± 

17.62 
-37.59 ± 

24.26 
11297 3.53E-12 2.87 

CA - 

(octanoic 
acid) 

194 7* Fox 1 1 1 41492 N/A 63.14 
Decroix et 
al., 202030 194 241 GM 2.25 ± 0.21 

7.68 ± 
2.70 

2.94 ± 
0.82 

19264 2.12E-12 4.19 

CA - 

(ethyl 
lactate) 

194 -83* Fox 1 1 1 61010 N/A 32.81 
Decroix et 
al., 202030 

194 -83 GM 0.78 ± 0.15 
-1.03 ± 

0.82 
-30.87 ± 

66.74 
55949 4.07E-7 20.93 

Starch/ 

glycerol- 

(PVA) 

55 0 Fox 1 1 1 4296 N/A 15.19 

Kahvand et 
al., 201956 

55 0 GM 
89.13 ± 

264056215.1
6 

3.91 ± 
2611662.

85 

6.54 ± 
7315596.

32 
4271 6.27E-5 6.30 

* Values used to fit models were estimated by this study for illustrative purposes
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Abstract 

The alginate sol/gel transition can be described as a shift from soluble polyelectrolyte to an 
ionomer-type of hydrogel. This gelation is apparently cation dependent. This work 
investigates how the solid-state properties of alginate systems are influenced by the 
counterion inclusion. Several cation-alginate films were fabricated via solvent ion-
exchange, neutralization, and dialysis methods. Furthermore, the influence of plasticizer 
addition was investigated. Monovalent alginates exhibit the behavior of a polyelectrolyte, 
whereas most polyvalent alginates and indeed alginic acid form ionomer-like hydrogels. 
This means that the physical properties of crosslinked alginates can be discussed based on 
clustering of ionic pairs. The elastic modulus (E’) decreases with crosslinking, a 
phenomenon not fully understood but likely related to a lower effective charge density due 
to ionic aggregation. For the plasticized films, the glass transition temperature data also 
show a higher morphological heterogeneity according to the clustering sequence: transition 
metal > alkaline earth metal > alkali metal. In comparison, the modulus of polyelectrolyte 
alginates can be resolved to effects in ionic radius (Li+ >> Cs+), however, the trend is not 
monotonic. The water uptake behavior in these monovalent alginates is gradual and 
kinetics scale with radius. For both types of alginate films, the water transport properties 
exhibit a moisture-induced chain relaxation. However, this is largely delayed in the 
crosslinked systems due to restricted regions formed by the ion aggregates. The additional 
specific interactions in ionomer-like alginate films might elucidate the different observed 
dynamics and structure-property relationships. 
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3.1. Introduction 
In the recent years, there has been increased demand for the implementation and 
tuning of materials derived from biomass, particularly, in the EU.1 Alginate is a widely 
commercial polysaccharide containing a high fraction of anionic pendant groups, 
which can be extracted from the cell wall of brown algae or bacterial biofilms.2 Many 
applications have been developed based on the gelling properties of alginates, such as 
in drug delivery, food technology, liquid absorbing media, 3D-printing, textile 
industry, sensors and microelectronics, etc.2–5 The chemical structure of the alginate is 
based on a linear block-copolymer of β-(1–4)-linked uronic acids: mannuronic acid 
(M-residue) and guluronic acid (G-residue). The ratio and sequence of M/G blocks is 
source dependent and can significantly modify the polymer physiochemical properties, 
e.g., solubility and viscosity.2 Alginates can form physically crosslinked hydrogels by
lowering of pH below the pKa of uronic acids or by metal-ions binding to the carboxylic
anions in neighboring chains, an effect usually observed by polyvalent cations.6 It has
been shown that both the amount and length of G-units are predominantly responsible
for the cooperative interactions with cations; working as ionic bridges between the
alginate chains.4,7

The ionically crosslinked systems are composed of ion-pair aggregates which form due 
to strong cooperative associations between the multivalent cations and chain segments. 
Many theories have been used to describe the specific binding in cation-alginates, such 
as the formation of “egg-box” chain associations through G-blocks for Ca-alginate, 
lateral associations, or the concept of ionic junction zones.4,8 These are all possible and 
clearly dependent on the specific block-copolymer structure, but it remains rather 
unclear how the counterion type and interactions play a role. Different cation-
polyelectrolyte affinity has been reported, for instance, via calorimetric and mechanical 
tests. However, there is large variation between the reported binding strengths and 
apparent network morphology for similar alginates (low or high in G-residues).2,7–9 
Furthermore, the actual degree of ion coordination, complexation and possible 
chelation with the macromolecule is hardly ever investigated. 

The alginate sol/gel transition can be described as a temperature-independent 
macromolecular shift from soluble polyelectrolyte to an ionomer-type of hydrogel. This 
gelation transition is apparently dependent on the nature of the counterion.6 In general, 
polymers containing ionic groups can be classified as ionomers or polyelectrolytes. 
Polyelectrolytes are known for the (long-range) Coulombic forces that operate between 
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covalently attached ionically charged functional groups and counterions, in which 
omni-directional electrostatic interactions will govern the material properties.10 In 
contrast, ionomers are polymers where the bulk properties are defined by the ionic 
interactions that occur in discrete regions or localized clusters.10 The aggregation of the 
ion-pairs, strengthened by dipole-dipole interactions11, happens largely due to the 
lower dielectric constant with respect to the solvent. This ionic aggregation makes the 
material more heterogenous, since segment mobility can be restricted by (higher-order) 
stiff zones.12 Therefore, the ionomer-like alginate gels should have a distinct polymer 
morphology and should reveal the associated heterogenous dynamics.8,13,14 

The precise effect of a certain alginate metal counterion appears to depend on the ligand 
formation. It is thus of fundamental interest to design ion-exchange experiments on 
the properties of alginate containing different counterions and valences. 

The goal of this study was to explore how the solid-state physical properties 
(thermomechanical and transport properties) of alginate transition from 
polyelectrolyte to ionomer-like systems as a function of counterion inclusion. The 
effect of ions on gel formation and apparent degree of crosslinking, film mechanics, 
plasticization, and water vapor sorption are of interest for systematic investigation. 
With this research, we aim to better understand how the cation radius, the valency and 
the type of interactions will influence the physical properties of alginate materials. 

3.2. Materials and Methods 

3.2.1. Materials 
Chemical grade Sodium Alginate (high ratio of mannuronic: guluronic acid, Mw ~12-40 
kDa, Sigma Aldrich), Glycerol (Sigma Aldrich), Lithium hydroxide (Sigma Aldrich), 
Sodium hydroxide (Fluka), Potassium hydroxide (Fluka), Rubidium hydroxide (Sigma 
Aldrich), Cesium hydroxide (Sigma Aldrich), Ammonium hydroxide (Sigma Aldrich), 
Guanidinium chloride (Sigma Aldrich), Magnesium(II) sulfate heptahydrate (Fluka), 
Calcium(II) chloride (Sigma Aldrich), Barium(II) chloride (Sigma Aldrich), Iron(II) 
sulfate heptahydrate (Sigma Aldrich), Cobalt(II) chloride anhydrous (Sigma Aldrich), 
Copper(II) sulfate (Sigma Aldrich), Zinc(II) nitrate hexahydrate (Sigma Aldrich), 
Aluminum(III) nitrate nonahydrate (Sigma Aldrich), Iron(III) chloride (Sigma Aldrich), 
and Hydrochloric acid (Sigma Aldrich) were purchased and used as received. 
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3.2.2. Ion-exchange methods and film fabrication 
First, the possibility and conditions for hydrogelation of alginate starting with a 3 wt.% 
solution in the sodium-form were tested. This was done at a 1:1 volumetric ratio with 
concentrated metal salt solutions, starting from 100 mM, which were designed to be at 
least twice the necessary molar equivalent for the counterion-exchange reaction in water 
(Table S3.1). Next, metal-alginate films were fabricated using different strategies, such as: 
(i) solution ion-exchange of Na-alginate film, (ii) synthesis from alginic acid and alkaline
base, and (iii) dialysis of Na-alginate solution.

For method (i), Na-alginate films of thickness in range of 150 µm were prepared by 
solvent-casting from a 3 wt.% aqueous solution. Similar films were produced containing 
a percentage of glycerol as plasticizer (20 or 50 wt.% on an alginate basis). The Na-alginate 
films were immersed into a bath containing the dissolved concentrated metal salt (Table 
S3.1) and allowed to exchange for a studied amount of reaction time. To reduce swelling 
of the alginate hydrogels crosslinked with multivalent ions, either ethanol or glycerol were 
added as a co-solvent. It was necessary to carefully investigate the time of exchange 
reaction, solvent quality (balance between salt dissolution and polymer swelling) and 
rinsing step. In general, it took about 4h to 12h for hydrogel exchange to happen in a 25 
v/v% ethanol: water solvent mixture (dielectric constant of 66). Method (i) was used to 
fabricate ionic alginates composed of Ca2+, Ba2+, Cu2+, Co2+, Fe2+/3+, Zn2+, Al3+ counterions. 
The neutral form alginic acid was also studied by film solvent-exchange with 1N 
hydrochloric acid (HCl). The rising step was done with Milli-Q ultrapure water and the 
hydrogel films were set to dry under ambient conditions. To improve the flatness of the 
films, aluminum clamps were custom-made to keep the hydrogel films flat during 
exchange and drying steps (Supporting Text S3.2, Figure S3.1). Method (i) was also used 
to form glycerol plasticized alginate films of the respective metal-ions: Ca2+, Ba2+, Mg2+, 
Cu2+, Co2+, Fe2+/3+, Zn2+, Al3+. 

Synthesis based on alginic acid was possible via neutralization, method (ii), using the 
hydroxide of Li+, K+, Rb+, Cs+, NH4

+. A Na-alginate solution was acid-precipitated (HCl) 
and washed with ultrapure water to avoid excess inorganic salt formation. The 
corresponding monovalent base was slowly added to the acidified polymer until pH 9 to 
11 was reached. The monovalent cation alginate films were obtained by solvent-casting 
the prepared 3 wt.% solution. 
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Dialysis of Na-alginate solution, method (iii), was possible with the use of cellulose 
membranes (10kDa molecular weight cut-off, Sigma-Aldrich). A 3 wt.% Na-alginate 
solution was dialyzed against optimized amounts of MgSO4 or Guanidinium Chloride 
salt solutions for 3-4 days. The final step was a dialysis against ultrapure water. The Mg-
alginate and Guanidium-alginate films were solvent-cast to produce thin films. 

All these ion-exchange procedures were optimized for reaction time, solvents, and the 
used metal salt solutions (Supporting Texts S3.1 and S3.2). The successful film specimens 
are discussed and reported in the complete supporting information. From these films, 
rectangular specimens were cut and vacuum dried for one day at 40 °C and kept in a 
desiccator containing silica gel until immediately before analysis. 

3.2.3. Characterization analyses 
Scanning electron microscopy - Energy-dispersive X-ray spectroscopy 
(SEM-EDS) 
Surface morphology of the exchanged alginate films was examined with a JSM-6010LA 
JEOL (JEOL Ltd, Tokyo, Japan) scanning electron microscope (SEM) coupled with X-ray 
energy dispersive spectroscopy (SD detector with a 133 eV @ MnKα resolution). For EDS 
detection, the analysis of uncoated samples was performed in low vacuum mode (40 Pa) 
with an accelerating voltage of 20 kV. 

Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (TGA) was carried out using a Perkin-Elmer TGA 8000 
(Perkin-Elmer, USA). The measurements were performed on cut-out samples of about 3 
to 5 mg, placed in corundum crucibles, from 30 – 950 °C, at nominal heating rate of 10 
°C min-1 and oxidative atmosphere (air, 40 mL/min). To remove water, an isothermal 
step at 105 °C for 30 min was used as a programmed pre-step. Another isothermal was 
set at 250 °C in order to monitor the end of glycerol decomposition step in the plasticized 
films as a means of quantification. 
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Dynamic mechanical thermal analysis (DMTA) 
Dynamic Mechanical Thermal Analysis (DMTA) was performed on a PerkinElmer 
DMA-7e (Perkin-Elmer, USA). DMTA experiments of the ion-exchanged films were 
performed in a tensile mode at a frequency of 1 Hz from -100 to 180 °C temperature range 
at a heat rate of 5 °C min-1, with film dimensions of roughly 10.0 x 3.0 x 0.1 mm. For the 
films containing glycerol, the glass transition was observed by the abrupt change in 
storage modulus slope and corresponding loss modulus maximum (alpha relaxation). If 
identified, the Tg was estimated from duplicate measurements by calculating the onset of 
the storage modulus decline (log scale). 

Further analysis of Na+, Co2+, and Al3+ ion-exchanged samples, dynamic mechanical 
analysis was also performed at constant temperature (30 °C) but with varying relative 
humidity, using a DMA Q800 (TA Instruments, USA) with a controlled humidity 
chamber accessory (HumiSys, InstruQuest Inc., USA). This allowed to monitor the 
moduli of alginates at different frequencies and varying water activity, aw = 0.01 to 0.80. 

Dynamic water vapor sorption (DVS) 
The effect of ion-exchange on water vapor capacity and kinetics of alginate films were 
studied by dynamic water vapor sorption (DVS). Only the films without plasticizer were 
evaluated. DVS was performed in a TA Instruments Q5000 SA (TA Instruments, USA) 
by measuring the increment in mass from water vapor of the alginate films. The methods 
were designed to slowly saturate the initially dry films by applying a constant relative 
humidity of 80% RH until a plateau is reached. 

3.3. Results and Discussion 

3.3.1. Thermomechanical properties 
Figure 3.1 displays the obtained mechanical properties for all studied alginate systems. In 
general, the DMTA analysis was very challenging without plasticizer due to excessive 
sample thickness, curvature, and embrittlement. The storage modulus (E’) of alginic acid, 
the neutral form of the polymer, was measured 6.3 GPa. For the charged alginates, the 
effect of counterion radius and valency on E’ is not straightforward (Figure 3.1a). For 
monovalent ions, we expected a clear trend in the storage modulus with changing ionic 
radii. This property fundamentally scales with the effective charge density in the material, 
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since charged units will impose an omni-directional Coulombic force to the material, 
thus, resisting material deformation. In theory, the ionic radius is inversely proportional 
to the Coulombic electrostatic potential (Ue) experienced by the material. So, one should 
expect the E’ values in monovalent alginates to decrease with increasing ionic radius. 
However, the monovalent data shows that even though there is some global trend (E’ of 
Li-alginate >> Guanidinium-alginate), there must be other factors coming into play 
(coordinated interactions, steric effects on ionic affinity, semi-crystallinity, 
polymorphism, ion shell compressibility, etc.). In fact, the unexpected E’ sequence of Na+ 
> Li+ > K+ does match the XPS-resolved affinity for -COO- ligand formation in amino-
acids and acetates.15 In these compounds, Na+ outperforms because it matches best the
hydration enthalpy of -COO- (aq). This steric affinity effect might play a role in alkali
alginates. Meanwhile, for polyvalent ions the effect of radius is spread widely and seems
ill-defined. If we interpret most ionically crosslinked systems to be fully ionomer-like, a
lower radius should also increase E’ from stronger dipole-dipole interactions (Keesom
energy). It is important to realize that although alginate semi-crystallinity should change
with counterions, in the case of the elastic storage modulus below Tg this cannot explain
the large differences obtained.

Altogether, the di/trivalent cation alginates show a general decrease in modulus in 
contrast to the monovalent ones. This result is curious from a physical perspective, since 
more crosslinking points should make for higher resistance to deformation due to 
decreased network mobility. However, this is in agreement with previously reported 
values of Young’s modulus for ionically crosslinked alginates.7,16 The ability of each 
counterion to form multiple ligand structures with the carboxylic groups in alginate 
might partially explain these results. To estimate possible additional interactions of 
cations, we have also plotted E’ over the coordination number of acetate salts, as they can 
serve as reference for interaction with a carboxyl group (Figure 3.1b). This coordination 
number reflects the number of probable (poly)atomic neighbors. Unfortunately, there is 
no obvious trend with acetate-based coordination numbers, i.e., there can be as much as 

!E’ = 5 GPa within alkaline earth and transition metal ions for a six-ligand coordination. 
However, this interpretation excludes specific binding (complex formation) and the 
ability of cations to form H-bonds with alginate chains, a feature expected for transition 
metal ions like Cu2+ and Co2+. Ca-alginate might also be a particular case due to the 
formation of lateral associations of M-blocks and rod-like nanostructures4,8. Resolving 
the actual coordination states formed in each metal-ion alginate would require 
demanding small-angle X-ray experiments and possibly computer modelling2,4,8. 
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Specific binding in the form of complexation or chelation of the counterion is expected 
to be present for the ionomer-like alginates. With the rationale that E’ modulus primarily 
scales with the effective charge density in the charged polymer material, we speculate on 
the effect of specific binding to the acting Coulombic forces. Based on a force field 
perspective, the E’ should scale according to the effective pairs of Coulombic interactions 
which is governed by the electrostatic potential, Ue. However, if these charges are 
complexed or chelated, we propose that this might create nanostructures that will not 
have a major influence on the E’, analogous to the (series) contribution of spatially 
confined spheres or inclusions in composite materials (Figure 3.2). This tertiary structure 
from metal-coordination could develop from specific binding complexation and steric 
hindrance (related to the size of the oppositely charged species). Previous research using 
molecular dynamics has elucidated some of the probable nano and micro-structural 
aspects8, however, to date there is no consensus or validation on the mechanisms of 
counter-ion association, i.e., egg-box model, dimerization, zipper mechanism, etc.4 It is 
also uncertain how blockyness of the copolymer would influence such (meta)structures 
in the hydrogel or solid states. We propose this concept of complex formation could be 
further verified by systematic investiation of polyM and polyG homo-polymers, where 
gel particle size (hydrodynamic radius from light scattering) and solid-state structure 
(small angle X-ray scattering) could be better resolved. 

From a fundamental perspective, the effective charge density should be modulated by 
specific coordination through Ue. The intensity of Coulombic force in soft matter is not 
the same as in ionic crystals. The potential Ue is less far reaching due to screening from 
neutral organic matter. This decreases the modulus exponentially as charges get 
“deactivated”, effectively, it is as if the charge density decreased. Ionomeric coordinated 
clusters in the extreme case will then give the effect of a neutral salt filler. These filler 
particles will not contribute to the Coulombic potential experienced by the material 
during mechanical loading. According to the Born-Landé lattice expression (second term 
of eq S3.1, Supporting Text S3.1), the attractive and repulsive terms in Ue will be changing, 
respectively, via the Madelung constant and the Born exponent. One would expect a 
lower influence of the Born exponent for soft matter, as the ions will get closer together 
under deformation but the neutral organic material surrounding ions will screen 
repulsive interactions. The Madelung constant, however, is roughly a measure of the 
short- and long-range geometrical facets comprising the attractive forces between 
interacting ions. For polymers, this is quite relevant since short-range interactions can 
include π-π interactions, H-bonding, and van der Waals interactions. The clustering of 
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ions in the unit cell, with specific ion-pairing or coordination (closely packed ions), could 
lower this constant considerably. For organic salts, a tightly bound ion pair that behaves 
in isolation among a large neutral cloud from neighboring pairs can have a low Madelung 
constant that approximates to 1.17 Similarly, this constant changes with structural factors, 
i.e., the locally different arrangement of the “point-like” charges. Nevertheless, a
dedicated overview of the influence of ionic macromolecular structure to a Madelung-
like constant and the resulting electrostatic potential is required.

From DMTA, we could also obtain the glass transition temperature (Tg) of some of the 
plasticized metal-alginates (Figure 3.1d). The Tg values for divalent metal-alginates were 
relatively lower than that of the monovalent Na-alginate. This is unusual since 
crosslinked polymers often have decreased mobility and therefore a slightly elevated Tg. 
The changes in alginate physical properties can be to some extent linked to an increase in 
free volume upon ionomer-like crosslinking.7 The relationship of Tg with plasticizer 
concentration was modelled using the Generalized Mean model (GML).18 We observe 
that the trends from divalent metal-alginates show plasticizer partitioning (heterogeneity 
constant kGM > 1), indicating that they have a heterogenous structure. Higher 
heterogeneity constant was found in the order: transition > alkaline earth > alkali metals. 
Although data is limited, we also observe a decrease in Tg trends with higher valency 
(alkali vs. alkaline earth) and coordination states (alkaline earth vs. transition). This is 
also substantiated by the higher ability of alkaline earth films to retain glycerol (Figure 
3.1c), in contrast to transition metal alginates. These findings support the idea of 
ionomer-like systems, containing fractions of stiff ionic aggregates and flexible regions of 
unrestricted mobility.11 Indeed, multiple sources provide evidence of rigid nano- and 
microstructures to occur in crosslinked alginates, e.g., Ouwerx et al. (1998) described Cu-
alginate as a rough association of independent microgels, and Agulhon et al. (2012) 
showed a type of alginic acid consisting of large aggregates (50 Å).8,16 

Eisenberg (1970) has described three distinct regions within ionomers: multiplets or 
aggregates of ions; non mobile or restricted regions near the multiplets; and nonrestricted 
regions sufficiently far from the multiplets.12 Only the latter will participate in the 
hydrogel dynamics and glass transition phenomena. Additionally, a significant decrease 
in polarity will induce the ion-pair associations, forming permanent dipoles, and likely a 
progressive aggregation of the surrounding pairs. This phenomenon can also be linked to 
the Oosawa/Manning theory of charge condensation13, where the formation of 
condensed ion pairs lowers the electrostatic potential and effective charge density of the 
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system at the penalty of translational entropy. In sum, both theories seem fitting for the 
case of ionomer-like alginates. 

Figure 3.1. Storage modulus, E’, of ethanol solvent-exchanged alginate films versus counter-ion 
ionic radius (a.b). The ions can be clustered by valency (a) or assumed coordination state based on 
acetate salts (b). (c) The glycerol plasticizer uptake in solvent-exchanged alginate films. (d) The 
glass transition temperature (Tg) over plasticizer concentration for the viable ion-exchanged films, 
to which the predictive model Generalized Mean Linear (GML) was fitted. The glycerol content of 
samples Fe3+, and Al3+ was not estimated due to possible sample hydrolysis (pH < 3.5). 
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Figure 3.2. A proposed scheme of possible polymer and cation interactions leading to free bonds 
or coordinated complexed states. The coordinated ions form an ionomer-type system, in which 
specific binding of ions (e.g., from geometric factors) changes the range of Coulombic interactions. 
This ionomer inclusion effect on available Coulombic force (from the total electrostatic potential) 
is indirectly measured by a mechanical test (tensile force). The micro-inclusions can form from 
multiple ion-pairs and behave as particulate material in a composite and their contribution to 
modulus will be analogous to a series model like average of the soluble polymer (matrix) and the 
inclusion sphere (filler). 

3.3.2. Water diffusion properties 
The results on water vapor sorption also point towards ion-specific cases (Figure 3.3). 
The film water uptake capacity should scale with the alginate film free volume. All else 
being equal, e.g., the degree of semi-crystallinity, we can assume the free volume in 
polyelectrolyte-like samples to systematically change with the counterion radius. For the 
monovalent alginates, we see that water capacity increased with the ionic radius of 
monovalent ions (Li+ > Cs+) (Figure 3.3c). This interpretation also holds if using the actual 
hydrodynamic or Stokes radius; and is the reason why Mg-alginate also showed high 
water capacity. For the remaining multivalent cations, this percentage is likely scaling 
with the marked change in free volume from crosslinking. This is also true for the neutral 
form, alginic acid, which had 15% water uptake. In fact, the uptake capacity is in concert 
with the findings in Tg, where higher heterogeneity from ionic aggregates was found for 
alginate bound to transition metal counterions. 
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The water diffusion isotherms are more difficult to compare since they cover a large 
humidity variation, from 1 to 80% RH (Figure 3.3a and b). For instance, note that they 
show a two-stage behavior for the multivalent and neutral systems. A model was derived 
to fit these kinetic curves of alginate films (eq S3.5, Supporting Text S3.3). The 
Penetrating Shell model (Pen. Model) deals with the diffusion case where a hydration shell 
is advancing at constant velocity towards a dry particle core. For monovalent alginates 
this model gave excellent description of the diffusion profiles (Efron’s pseudo R2 > 0.99) 
(Figure 3.3a). Thus, we observe a gradual water uptake for the monovalent systems, as 
expected from polyelectrolyte behavior. The uptake velocity in these films was 
analogously increasing with radius (lower electrostatic interaction) (Figure 3.3d). The 
ionomer type of alginates shows distinct two-stage water vapor sorption kinetics (Figure 
3.3b). Hence, the Pen. Model could only be fitted until a time equivalent to half of total 
mass uptake (t50) (Efron’s pseudo R2 > 0.97). Theoretically, the ionomer-like alginates 
could form systems of multiplets and higher-order aggregates. Water works as a 
plasticizer and facilitates the mobilization step of the flexible regions within the 
heterogenous structure. The higher the degree of ionomer-like complexation, the more 
regions of restricted mobility would compose the material until sufficient moisture-
induced plasticization is achieved. Thus, the first kinetic event corresponds to water 
adsorption (Langmuir or multiple hydrogen bonding) and it is followed by network 
plasticization and saturation, which shows a non-Fickian diffusion. 

Interestingly, an apparent increase in sorption is observed at different times for each 
counterion system. This is easier observed using the first derivative of sorption curves 
(Figure 3.4a and b). The kinetic event could be interpreted as chain relaxation 
phenomena, such as a glass transition induced by moisture. This relaxation was observed 
for the complex coordinated Al-alginate via dynamic mechanical analysis using a 
controlled humidity chamber (Figure 3.4c). A similar relaxation time (τrel) was also found 
for Co-alginate. For comparison, the time to relaxation of Na-alginate was much smaller 
(τrel = 4000 s). As a rule, we propose this relaxation transition is revealing how strongly 
bound the ionomer-polymer system is. This would mean that the transient crosslinks are 
(partially) loosened during the transition, however this needs further investigation. Even 
so, in our case, τrel indicates that the linear alginate seems to be specifically binding 
according to Zn2+ < Co2+ = Al3+ < Ca2+ < Ba2+ < Acid. The same diffusion series is also 
observed with the Pen. Model via the calculated membrane uptake velocity (Figure 3.3d). 
The diffusion velocity in (non-ionic) alginic acid was 5e-9 m/s. 
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Figure 3.3. Water vapor sorption kinetics of films of alginate salts with monovalent charge and 
increasing ionic radii (a) and multiple valency and/or coordination states (b) at 25 °C, under 
atmospheric conditions, from 1 to 80% humidity. A kinetic model assuming a Penetrating Shell 
(Pen. Model) was fitted to the curves in the appropriate region. The model can describe the 
monovalent salts profile (a) but is limited to the first phase of likely complex coordinated alginate 
salts (b). The equilibrium water uptake capacity versus ionic radius (c). The Pen. model velocities 
from curve-fitting for each salt data (d). 
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Figure 3.4. First derivative of water vapor sorption kinetics of films of alginate salts with 
monovalent charge and increasing ionic radii (a) and multiple valency and/or coordination states 
(b) at 25 °C, under atmospheric conditions, from 1 to 80% humidity. The derivative is assumed to 
correlate with the system relaxation time. For the Al3+ alginate salt, the dynamic mechanical analysis 
at 30 °C and similar humidity profile (c) also shows a relaxation transition step for multiple 
frequencies.

3.4. Conclusions 
As many ionically crosslinked alginate materials are being engineered, the current 
understanding on network structural binding and linked properties needs a 
comprehensive approach. Experimental efforts have been extensive but different findings 
in properties and diverging theories add complexity to the effective alginate state. In this 
study, the physical crosslinking phenomena attributed to alginates and counter-ion 
ligands is systematically investigated for its effect on the solid-state properties. 

The alginate gelation can generically be viewed as a transitional shift from the 
polyelectrolyte state to ionomer-like state. Monovalent alginates behave as soluble 
polyelectrolytes, whereas most polyvalent alginates form insoluble hydrogels that are 
ionomeric. 
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For polyelectrolytes, the mechanical property of elastic modulus, E’, showed good 
correlation with the electrostatic potential energy. In general, we observe that the storage 
modulus decreases with ionic radii (Li-alginate >> Cs-alginate). However, there is no E’ 
decreasing series with radius, and other factors are possibly interfering such as 
coordination number (also H-bonding), steric effects and the extent of semi-crystallinity. 
Likewise, for Na-alginate, the data on Tg over glycerol concentration was also reflecting 
a charged, but slightly heterogeneous structure. We have also explored the water vapor 
diffusion of polyelectrolyte alginate films (alkali cations and the polyatomic NH4

+ and 
Guanidinium+). The uptake capacity can largely be explained by an increasing trend in 
the hydrodynamic radius (free volume). The water diffusion kinetics over a broad change 
in humidity (1-80% RH) shows convoluted phenomena. However, the sorption profile of 
polyelectrolytes can be modelled by assuming a material with a hydrated shell and dry 
core, in which the penetrating humid shell intrudes at a continuous velocity (Penetrating 
Shell model). Even though there was gradual diffusion, we note the appearance of an ion-
specific inflection point, which can be related to the lowering of the glass transition 
temperature by moisture uptake. As expected, for polyelectrolytes the polymer relaxation 
time was seemingly decreasing with counterion radius. This was also observed in the 
averaged water-diffusion uptake velocity. 

Alginates with multivalent counterions clearly showed changes in the mechanical and 
water barrier properties corresponding to ionomer-like systems. The data is better 
understood assuming the idea of ionic aggregation (ion-pair associations and the 
aggregation of pairs). The mechanical and water-diffusion properties were not marked 
by changes in radius and valency of polyvalent cations. Instead, they showed indications 
of specific nano- and microstructures arising from ion-macromolecule complex ligand 
interactions. Trends in E’ are not clear but might be understood by exploring the idea of 
a lower effective charge density arising from spherical ionic clusters. Following this 
rationale, the role of the range of Coulombic electrostatic interactions should be further 
investigated. We propose this theory for charged polymers to be explored through 
analogy with the ionic lattice energy (Born-Landé expression). For the plasticized films, 
the groups of alkaline earth and transition metals both showed lower Tg values, which 
was more pronounced for the latter. The descriptive Tg fits, via the Generalized Mean 
linear model, also suggest higher morphological heterogeneity for transition > alkaline 
earth > alkali metals. The idea of ionic aggregate inclusions is further supported by water 
vapor diffusion since moisture-induced relaxation is more inhibited in the crosslinked 
systems. Additional ion-specific interactions might explain the dynamics found in 
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ionomer-like alginate films. The ionomeric systems need more dedicated studies to 
elucidate on the nature, strength, and extent of counterion ligand complexation in 
alginates from the nano to the microscale.!  
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Supporting information 
The complete supporting information is available at DOI: 10.5281/zenodo.8078037 

 

Supporting Text S3.1. Film synthesis and solvation theory 
In the synthesis of ion-exchanged alginate films, the required conditions for the exchange 
reaction were explored. For polyvalent ions, the key parameters were the used metal salt, 
solvent dielectric constant, and reaction time. During reaction, there was an optimum 
between the dissociation of the used metal salt and hydration and swelling of the polymer. 
Thus, the ion-exchange greatly depended on the dielectric constant of solvent (ε), ionic 
salt lattice energy, and the swelling of the hydrogel. The ion-exchange solvent seemingly 
defined the rate of counterion exchange. Too high solvent polarity caused the hydrated 
film to partially solubilize, wrinkle and thickness became uneven. Too low solvent 
polarity has led to insolubility of the inorganic salt and virtually no polymer swelling or 
ion-exchange. For the plasticized films, the solvent dielectric constant was equality 
important, not only for good film formation, but to minimize the appearance of cavities 
and delamination as glycerol moved in- and out-side of the alginate membrane. In 
general, a dielectric constant of 66 or higher was necessary in the coagulation bath for the 
static ion-exchange of Na-alginate to happen (after ~4h). This working methodology is 
valid with some reservation since salt solvation and exchange conditions are in principle 
ligand specific. 

The ionic salt lattice energy is relevant since this binding energy will determine the 
enthalpy of solvation. This concerns to the energetic balance between breaking of the 
crystal lattice over the hydration of the ions. The thermodynamic value can help explain 
the observed differences in solubility and relates to the extent of reaction time to fully 
ion-exchange the fabricated hydrogels. The model proposed by Born-Landé-Ephraim-
Fajans-Bjerrum20 for enthalpy of solution scales with the radius and charge of ions 
composing the lattice according to: 
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where NA is Avogadro’s number, e the electron charge, Z+ and Z- the charges of the cation 
and anion, respectively, r+, and r- the radii of the cation and the anion, respectively, ε the 
medium electric constant, A the structural constant of Madelung constant, and n the Born 
coefficient. 
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This expression links the solvation energy of the ions in a dielectric medium (first term) 
and the ionic network reticular energy (second term) from Born-Landé theory21. This is 
useful to understand the metal salt dissolution and the ion pairing in alginate-
counterions, even though omitting entropic factors.20 For instance, note that the water 
solubility of the monovalent NaCl is lower than trivalent FeCl3, while the values of lattice 
energy are NaCl: - 760 to 790 kJ/mol and FeCl3: - 5364 to 5436 kJ/mol. 

 

Supporting Text S3.2. Film fabrication methods and 
appearance 
Ultimately, a good quality alginate film is hereby defined by a high or complete degree of 
ion-exchange, maintenance of film dimensions, and flatness. The achieved ion-exchange 
was monitored via SEM-EDS and TGA analyses (complete supporting information). 
However, the formation of wrinkles and hydrogel shrinking made some of the fabricated 
films impossible for tensile mechanical analysis (thick and brittle samples). To deal with 
polymer swelling effects, the practical solution was to lower the solvent quality (and 
exchange rate)22 using either ethanol or glycerol to a ε dielectric constant baseline value 
around 60 to 70. Parallel to that, custom-made clamps were used to fixate the film during 
the reaction time (Figure S3.1). Even so, the films with multivalent ions (alkaline earth, 
transition, post-transition) still showed some degree of wrinkling and high shrinking 
levels (around 15 to 40%) (Figure S3.2). This has made the mechanical analysis 
challenging. Furthermore, the fabricated Fe(II)-alginate films showed a color change 
approaching that characteristic of Fe(III)-alginate (complete supporting information). It 
is possible that pH and light exposure changed part of the iron species in these samples.5 
For alkali alginates, neutralization of the alginic acid was the preferred working method. 
Overall, this method gave good film quality, with a few samples showing excess neutral 
salt crystallization (K+ and Rb+). The dialysis methodology also has produced high-quality 
films of Mg-alginate and Guanidinium-alginate.  

The degree of plasticizer incorporation varied considerably for the films of multivalent 
ions (complete supporting information). This is likely a combined effect from the chosen 
ion-exchange procedure and crosslinked material properties. Even though there was 
obvious glycerol movement from the initial membranes, it was necessary to start with 
plasticized Na-alginate films to retain higher concentrations. In those, the osmotic flow 
of glycerol unfortunately often caused cavities and delamination in the final films. 
Furthermore, not all plasticized films retained detectable amounts of the small molecule, 
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e.g., for Fe(III)-alginate. Post-plasticization generally produced better films but was 
possible only for a few alginate-counterion systems with sufficient swelling. Curiously, 
the retained percentage of glycerol, respective to the fixed mass in coagulation bath, 
followed an almost linear trend for alkaline earth metals, while for transition ions this 
amount decreased. This observation can be attributed to a characteristic alginate network 
formed in each type of complexed ligand, for which the hydrogel mesh dimensions and 
mobility between junctions are ion-specific. 

 

Fabrication of flattened films 
Custom-made Teflon-coated metallic clamps were used to keep the initial Na-alginate 
film as flat as possible during the exchange time with 25 v/v% ethanol/water solvent ion-
exchange (Figure S3.1). This was applied to cation-alginate films from the metals Ca2+, 
Ba2+, Fe2+, Co2+, Cu2+, Zn2+, Al3+, and Fe3+. This step was not deemed necessary for glycerol 
ion-exchanged films. 

 

 

Figure S3.1. A Na-alginate film is straightened inside Teflon-coated metallic clamps (left-side). As 
prepared cation-alginate films – Co2+, Cu2+, Al3+ – made by ethanol/water solvent ion-exchange 
from a Na-alginate film (right-side). The metal clamp inner diameter was 5.5 cm. 
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Film shrinking 

Figure S3.2. Cu-alginate films after 25 v/v% ethanol/water (a, b) and 35 v/v% glycerol/water (c, d) 
solvent ion-exchange processing starting with films of Na-alginate and Na-alginate-(35 wt.% 
glycerol), respectively. The films on the left-side are still humid and right-side shows the appearance 
after drying at ambient conditions. 

Supporting Text S3.3. Penetrating shell model for water 
sorption 
The water vapor diffusion through a thin film can be simplified to the case of a spherical 
particle in which the shell gets wetted from the outside. The dry shell on the inside does 
not experience any effect of the wet shell on the outside. Therefore, the water vapor 
diffusion only depends only on the (constant) velocity of the diffusing water through the 
hydrated shell layer. The model is referred to as Penetrating Shell model. 

Penetrating shell model derivation 

First, let’s assume the material of interest to be a sphere of volume 53(89:9 ! ;
<

67<. The 

extent of the dry matter is contained within a radius 7 ! 8 ( %, where a and x are the 
radius of entire particle and of dry core respectively. 
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This expression can be further simplified to: 
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Figure S3.3. Schematic of the Penetrating shell model for diffusion into a sphere, with Mt as the 
diffusing mass, v as the velocity, and a as the average particle radius. 
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Supporting Figures and Tables 
 

Metal salt solutions 
Table S3.1. Metal salt solutions used in the Na-alginate ion-exchange experiments 

Counter cation Metal salt solution Concentration (wt.%) 

Ca2+ CaCl2 1.54 

Al3+ Al(NO3)3.9H2O 3.48 

Zn2+ ZnNO3.7H2O 4.10 

Cu2+ CuCl2 1.87 

Fe2+ FeSO4.7H2O 3.86 

Fe3+ FeCl3.6H2O 3.76 

Mg2+ MgSO4.7H2O 3.42 

Ba2+ BaCl2. 2H2O 3.39 

NH4+ NH4OH 29.00 

Ag+ AgNO3 4.71 

Co2+ CoCl2 1.80 
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Abstract 
High-performance bioinspired materials have shown rapid development over the last 
decade. Examples are brick-and-mortar hierarchical structures, which are often achieved 
via solvent evaporation. Although good properties are claimed, most systems are composed 
of stacked or intercalated platelets. Exfoliation is a crucial step to give ultimate anisotropic 
properties, e.g., thermal, mechanical and barrier properties. We propose a general 
framework for all the various types of micro-scale structures that should be distinguished 
for 2D-filler nanocomposites. In particular, the exfoliated state is systematically explored 
by the immobilization of montmorillonite platelets via (gelatin) hydrogelation. Scattering 
techniques were used to evaluate this strategy at the level of the particle dispersion and the 
regularity of spatial arrangement. The gelatin/montmorillonite exfoliated nanostructures 
are fully controlled by the filler volume fraction since the observed gallery d-spacings 
perfectly fall onto the predicted values. Surprisingly, X-ray analysis also revealed short- and 
quasi long-range arrangement of the MMT at high loading. 
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4.1. Introduction 
Natural materials are intriguing as they can display complex, highly regular nano- to 
macro-architectures, which are fabricated at ambient conditions.1 A common example is 
the “brick-and-mortar” micro-structure of nacre, which inspired the design of polymer 
composites for the past decades.2 In essence, the hybrid nacre-like materials consist of 
highly ordered inorganic platelets which are bound in a lamellar manner. Several mimetic 
and bioinspired materials have been constructed either from suspension/melt mixing 
(top-down) or in-situ techniques (bottom-up).2–4 The design of hierarchically structured 
composites from 2D nanoparticles has already been extended to clay silicates, (reduced) 
graphene oxide, boron nitride, MXenes, dichalcogenides, among others.5–8 In general, the 
anisotropic materials show desired thermal, mechanical, conductive, and barrier 
properties. For instance, they combine excellent stiffness and toughness.4,9,10 Nevertheless, 
in order to achieve tailored structural properties, the right choice of building blocks and 
fabrication strategy become important. 

Processing conditions can dramatically influence the obtained hierarchical structure. 
Several processes have been reported, such as suspension casting, doctor blading, 
vacuum-assisted self-assembly, melt compounding, in-situ polymerization, etc.2,11 About 
a decade ago, bioinspired polymer nanocomposites saw much advance with water-based 
and large-scale methodologies, akin to paper-making.9,10,12,13 Since then, the focus has 
shifted to the optimization of polymeric core-shell particles, followed by solvent 
removal.5,6,14 The ideal conditions to realize aligned assemblies have been extensively 
adjusted. Nevertheless, these often are formed by intercalated structures, with restacking 
still observed at higher filler concentrations.2,15–20 Above all, these efforts have led to a 
great number of mechanisms being proposed for polymer-particle association and 
(re)organization. 

The main drive behind new technologies is the same: surpassing the limits of measured 
anisotropic properties over the in-plane arrangement. As a strategy, the logical approach 
should be to keep the high aspect ratio of 2D filler (exfoliated state) and, if feasible, aim 
for high loadings. This would ensure the nanoscale properties, and functionalities, to be 
translated as much as possible to the bulk material. However, as previously discussed, 
composites do not frequently achieve the formation of exfoliated nanostructures, with 
limited polymer insertion in between the particles, although an exception might be made 
for samples from Layer-by-Layer or multilayer deposition approaches21,22, which however 
are mainly of scientific interest. Furthermore, many applied studies exclusively 
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investigate whether there is polymer intercalation onto the integral layers of the 2D filler, 
which is accompanied by a synergetic improvement of properties. High filler contents, 
i.e., above 20 wt.%, are equally unexplored. Thus, the quality of (nano)dispersion needs 
more systematic evaluation, guiding the way to better methods and ultimate properties 
from all exfoliated samples. 

Finally, there is still lack of consensus about the classification of composite micro-
structures, where the difference between intercalated and exfoliated states remains 
elusive. For instance, highly interlocked systems can also show a certain level of regularity 
due to the particles’ flat geometry. In other words, there can be a positional order-disorder 
transition with filler concentration. So far, we have seen not seen a complete overview of 
the combined effects of the level of 2D material dispersion and associated positional order 
to the (nano)structure. In Chart 4.1, we illustrate how this coupling (dispersion and 
regularity) will lead to many more composite nano- to meso-phases. The orientational 
order of dispersed phase is for now ignored, even though alignment will clearly have an 
influence on the anisotropic properties. Thus, we introduce a general framework on all 
the possible phases of dispersion and positional order present in polymer/platelet 
composites. 

 

4.1.1. Nanostructure classification based on 2D particle 
dispersion and positional order 
 

Particle dispersion 
Depending on the level of initial dispersion and system compatibility, 2D materials 
(platelets or sheets) can yield exfoliated (E), intercalated (C) or stacked (S) composite 
structures. Restacking into aggregates, or tactoids, is one of the most frequently addressed 
issues in nanocomposite preparation and processing.23–26 When platelets are stacked (S) 
they are phase separated from the polymer matrix, indicating chains do not diffuse in 
between the individual layers, which remain immiscible. In X-ray diffraction, the gallery 
d-spacing, d001, corresponds to the initial bulk material. In the specific case of sheets, 
additional phenomena such as wrinkling and fold-overs also come into play.27 Further 
on, when the 2D-filler is considered intercalated (C), there is still aggregation, but an 
increase in the d-spacing between integral layers is observed. This is attributed to polymer 



4.1. Introduction 

 

83 

4 

diffusion or expansion of the gallery. The distance between 2D units is enlarged and, most 
importantly, fixed. In the case of exfoliation (E), sometimes also called delamination, 
there is not a fixed length between the single layers but an average spacing value. This also 
means the net interparticle force between the individual colloids is repulsive. A point 
often overlooked is that the truly dispersed state, E, only happens when there is 
homogeneous distribution of the 2D material in the polymer matrix. Therefore, the mean 
spacing of 2D units must be dictated by the total volume of separated particles. In this 
context a criterion for exfoliation based on some required distance is not appropriate, as 
the distance depends on the filler volume fraction. 

 

Positional order-disorder 
In addition to the dispersion, nacre-like composites with high aspect ratio particles can 
also develop a degree of periodicity. Considering samples from suspension or melt 
mixing, this is rare in contrast to the commonly attainable orientational order of 
anisotropic particles. Nevertheless, regularity can happen in a few systems, especially if 
there are self-assembling molecules and particularly towards higher 2D-filler fractions. 
When a structure is disordered (d), there is no regular correlation between the position 
of individual 2D particles, however delaminated or within a stack. Short-range ordered 
(r) systems will show some localized structural positioning. The extent of periodicity is 
determined by a correlation length, calculated from fitting a Lorentz-type function over 
scattering profile. This length is distinct from the platelet gallery spacing (dispersion). For 
the special cases of (quasi) long-range order (l), the materials’ structure will resemble that 
of a 1D crystal. In practice, these long range ordered structures will have a finite size or 
have a finite correlation length domain length, representing the extent of periodicity of a 
pile of regularly spaced platelets. The finite domain length is commonly fitted to a 
Gaussian distribution function. In X-ray diffraction, short- and (quasi) long-range order 
can also be studied from the shape of the peak width of multiple {00l} reflections in the 
scattered intensity profile.28 The more narrow these peaks are, the higher is the probability 
of finding a scatterer at a position that matches that of a crystal lattice plane. Regardless 
of the degree of order in the system (d, r, l), it is imperative to notice that this distinction 
is relevant irrespective of the dispersion quality (E, C, S). 

 



Systematic study of the nanostructures of exfoliated polymer 
nanocomposites 

 

84 

4 

Chart 4.1. The structure classification of polymer nanocomposites based on level of 2D-filler 
dispersion and positional order-disorder. The length of 2D materials is typically between 100 and 
5000 nm and exfoliated thickness around 1 to 10 nm 

 

 

In the field of high-performance nacreous materials, the mechanisms to actively achieve 
nanoparticle exfoliation and hierarchical structure features are still missing. Therefore, 
the focus herein is on a strategy to fabricate exfoliated nanostructures, even at high 
loading, by preventing reaggregation. We hypothesize that an earlier immobilization of 
platelets would enable us to preserve, initially, the exfoliated system. To test this, we have 
investigated a water-based system using montmorillonite clay (MMT), up to a high 
fraction of 80 wt.% on composite basis, in a thermo-reversible gelatin network. The fast-
gelling reaction should immobilize the platelets early enough to ensure less or no virtual 
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stacking during solvent evaporation. Therefore, a network formation that prevents filler 
relaxation would result in exfoliated structures and keep the MMT high aspect-ratio. The 
study is a systematic investigation of the evolving structures from exfoliated platelets 
locked in a hydrogel matrix. The underlying goals are two-fold: to reiterate the 
importance of achieving exfoliated nanostructures (level of dispersion) in the design of 
functional, nacre-like composites; and to clarify the nomenclature of 2D material 
organization. We refrain from addressing particle alignment here since this topic shall be 
discussed more extensively in Chapter 5. 

 

4.2. Materials and Methods 

4.2.1. Materials 
Gelatin from porcine skin (Type A, 78-80 mM free COOH/100 g protein, 50,000−100,000 
Da, gel strength 300, relative density 1.3 g cm-3) was obtained from Sigma Aldrich and 
used as received. Sodium montmorillonite (Na-MMT), CLOISITE-Na+, with D50 particle 
size <25 μm, basal spacing d001 of 11.7 Å, and density 2.86 g cm-3 was supplied by BYK 
Chemie GmbH, Germany, and used without further purification or surface treatment. 
The aspect ratio length over thickness) of the dispersed Na-MMT is typically reported as 
ranging from 10 to 1000 nm. All chemicals used were of analytical grade. 

 

4.2.2. Gel suspensions and film casting 
A gelatin stock solution (3 w/v % solids content) was initially prepared by dissolving the 
powder in deionized water at 50 °C for 1 h using a magnetic stirrer. The pH of gelatin 
solution was 5.2 ± 0.1 at 50 °C, which is below its reported isoelectric point of 7 – 9.5. Na-
MMT was mixed in deionized water under vigorous stirring for at least 24 h to achieve a 
3 w/v % delaminated dispersion. The pH of Na-MMT suspension was 8.2 ± 0.1 at 50 °C. 

Film-forming suspensions of protein/clay were prepared by carefully mixing (pre-
calculated) wet ratios of the gelatin stock solution and Na-MMT suspension at 70 °C. This 
thermal treatment to the Na-MMT slurry was necessary to avoid lumps and re-
agglomeration in the mixtures with protein due to temperature influence on its 
solubility.39 All the Na-MMT was dispersed, without any remaining visual agglomerates. 
The protein/MMT suspensions were further mixed at 400 rpm for 2 hours at 70 °C to 
allow for gelatin-clay interaction. The pH at 50 °C of the casting gel suspensions ranged 
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from 5.4 up to 7.7, increasing in value with higher Na-MMT addition. The hot dispersion 
was carefully poured into a 9 x 2 cm polystyrene petri dish and dried at ambient 
conditions (20 °C, 50% RH) to form a thin film. The drying step lasted around 4 days and 
free-standing films were obtained by peeling off the new layer. Subsequently, the films 
were vacuum-dried at 40 °C for 1 day to remove excess humidity. The final thickness was 
designed to be in the range of 200 μm, what was confirmed using a digital micrometer at 
five random locations. 

The study aimed at a wide range of filler loadings ranging from 1 to 80 wt. % Na-MMT, 
on the composite weight basis. In solid-state, this should be equivalent to up to 65 vol.% 
Na-MMT. Two replicates were performed for samples in region of interest, containing 
high clay content, where we aimed to achieve 30 and 60 vol. % MMT. The MMT content 
was later confirmed via thermal gravimetric analysis (TGA) (Supporting Text S4.1). 
Throughout this study, the composite clay content is expressed as volume percentage 
(vol. %). The samples are denoted as XMMT, where X is the volumetric MMT fraction 
percentage in the composite. 

For the following characterization analyses, the films were additionally conditioned for a 
week in a desiccator containing silica gel at room temperature. This step was necessary to 
ensure there was absence of freely bound water, as the gelatin polymer has a hydrophilic 
nature. 

 

4.2.3. Focused ion beam scanning electron microscopy (FIB-
SEM) 
Focused ion beam scanning electron microscopy (FIB–SEM) experiments were 
performed in FEI Helios G4 CX microscope. A conductive thin layer of Au (~10 nm 
thickness) and a protective thin layer of W (0.3 μm thickness) were deposited on the 
cross-sectional surface of specimens using a sputter coater and gas injection system 
respectively. The focused beam was operated at 30 kV and 2.5/0.24 nA used respectively 
to carve a trench and perform slicing up to a nominal depth of 10 μm. After correcting 
for the tilt angle between specimen and SEM detector, a series of micrographs were 
recorded of the polished cross-sections exposed, with a secondary electron detector 
operated at 10 kV. When possible, the average filler size and inclination of around 50 filler 
particles were identified and measured (Supporting Text S4.2). The technique allowed to 
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investigate micro-arrangement of MMT particles within the gelatin matrix. Image 
enhancement was needed, i.e. solving for “curtaining” effect in the milling direction and 
resolution, which was possible with the polishEM software tool40. Measurements and 
analysis of the micrographs were performed by Gwyddion software. 

 

4.2.4. Wide-angle (WAXS) and Bragg-Brentano X-ray 
scattering  
Wide-angle X-ray scattering (WAXS) was used to determine the composite 
nanostructure. Transmission mode X-ray diffraction was performed using a Bruker AXS 
D8 Discover with a VÅNTEC 2D detector and using Cu Kα radiation (λ = 1.54184 Å) at 
50 kV and 1 mA. A point collimator of 0.3 mm was used, and the sample−detector 
distance was 30 cm parallel (incident beam at a glancing angle) and perpendicular to the 
film surface. Additional measurements were done with the detector shifted by 2θ = 11.5° 
in order to obtain 2D patterns at higher angles while avoiding background noise. 

Experiments were also conducted with a Bruker D8 Advance diffractometer (2theta-theta 
scan, often called Bragg-Brentano or focusing geometry) with Co Kα source (λ = 1.7889 
Å, 35 kV and 40 mA) with Lynxeye position sensitive detector. The measurement range 
on a motorized varied divergent slit was set from 4 to 50 degrees with step size of 0.02 
mm. A measuring time of 0.1 second per step was employed. For basic interpretation and 
data curation of the X-ray diffraction (XRD), Bruker software (DiffracSuite.EVA version 
5.1, Bruker, USA) was used. 

To normalize for the different X-ray sources (B), the XRD data is shown over the 
scattering vector q = (4π/#B) sin θ, where 2θ is the scattering angle. The layer d-spacing 
was calculated from Bragg’s law. 

 

4.2.5. Correlation or Domain length 
In general, information on the size of ordered domains in composites can be extracted 
from the line shape of X-ray peaks. If we consider crystals with a three-dimensional 
lattice, the probability to find the center of mass of a molecule at a position r with respect 
to a test molecule (r = 0) can be described by a distribution function D(r). True 
dimensional positional order results in a series of Dirac delta functions along the r values. 
However, for quasi long-range and short-range order systems, such as nanocomposites, 
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this distribution displays an algebraic decay with distance r, e.g., C'7) #D # 7GH or C'7) #D

#EG9
:. The Fourier transform of the exponential decay corresponds to a Lorentzian 

expression, which is one of the distribution functions commonly fitted to the radially 
integrated X-ray profiles.28 

In our case, the nanoplatelets will show a high aspect ratio if exfoliated, what favors the 
development of 1D ordered systems upon drying. Hence, distribution functions also can 
be fitted to estimate a correlation or domain length (F or L) as a measure for the degree 
of positional order.41 To calculate this length, we applied the Scherrer equation, which is 
originally derived for a 1D finite stack of lattice planes: 

F#G7#H ! # IJK
LM/BJ NOP Q

  (S4.1) 

where F or L are the average correlation length or domain size, I is the wavelength of X-
ray source, FWHM is the peaks’ full width at half maxima and J the diffraction angle 
(radians), respectively. The empirical proportionality factor (K) was assumed to be 0.89. 
A Gaussian fit was chosen to obtain the FWHM, since we observed quasi long-range 
order and possible convoluted instrumental broadening of the scattered image. The 
Gaussian statistical goodness-of-fit was estimated by the probabilistic parameter of 
Efron’s pseudo-R2. The equivalent number of platelets within the period was estimated 
from the relationship: length over 00l d-spacing. 

 

4.2.6. Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) experiments were performed to characterize the 
thermal behavior of gelatin/MMT composites. First, snippets from the film samples were 
acclimated to a 33% relative humidity environment using MgCl2 saturated salt solution. 
The water uptake capacity at the end of two weeks was measured gravimetrically. The 
DSC method consisted of heating the sample from 223 to 425 K, at rate of 3 K min-1, on 
a PerkinElmer Pyris diamond instrument with two 1 g furnaces and calibrated with 
indium. Nitrogen gas was used to purge the thermal analyzer at 50 mLmin-1. Stainless 
steel pans with o-ring seals were used for hermetically encapsulating the equilibrated 
samples (20 mg). An identical empty reference pan was used. The pans were sealed 
according to supplier instructions (PerkinElmer). Data visualization was carried out by 
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Python, in which the y-axis refers to endothermic transitions. Each thermogram was 
analyzed for the melting (or denaturation) event. 

4.3. Results and Discussion 

4.3.1. Quality of dispersion 
The gelatin A/MMT bionanocomposites were prepared by solvent casting 3% solids 
suspensions at RT. The formation of an unfragmented hard gel network, like in pristine 
gelatin, was visually observed in hybrids up to a 20 wt.% MMT content (Figure S4.4). The 
final filler mass was determined by thermogravimetric analysis (TGA, Supporting Text 
S4.1). and converted to a composite volume fraction percentage X, herein denoted as 
XMMT. Curiously, the obtained films showed high translucency up to sample 11MMT, 
while volume fractions above 33 to 64% had increasing haziness (Figure S4.5). Because 
the aligned nanostructures are less scattering the visible light, transparency is often taken 
as an identifying feature of a homogeneous and well-dispersed phase. It is true 
transparency that can indicate the absence of 2D-filler aggregation but at times 
homogenous systems, for instance locally crystalline (spherulites in semicrystalline 
polymers) or anisotropic arrangements (nematic fluids), can show opacity. 

We further examined the gelatin/MMT samples with focused ion beam scattering 
electron microscopy (FIB-SEM). Because of the large difference between soft/hard 
phases, the ion milling step was slightly uneven in the vertical direction and image 
treatment was necessary (Supporting Text S4.2). The obtained micrographs allow for 
inspecting the morphology of film cross-section. All the bionanocomposite samples 
showed the expected in-plane orientation. No large-scale aggregation or restacking was 
observed up to 64MMT. In Figure 4.1, we show a very diluted sample, containing only 
0.4% MMT in volume. At this unique regime we could see MMT platelets separately and 
measure their lateral dimension, of roughly 130 to 270 nm. To investigate the 2D material 
thickness, electron scattering techniques should not be relied upon, due to charge density 
and contrast blurring effects. However, they can provide for a qualitative estimation of 
particle width, degree of separation, and extent of exfoliation.29 The 0.4MMT sample can 
be classified as exfoliated disordered (Ed), because homogeneous spreading of nanosized 
particles is observed, but without any observable periodicity. Only a global evaluation the 
particle dispersion could be done for higher platelet fractions, 11MMT and 64MMT, 
because charging effects hindered discrete particle visualization (Figure S4.2). In general, 
we note the absence of clay aggregates based on uniform scattering. For these samples, 
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exfoliated or intercalated phases are probable, considering the uniform distribution of 
densely layered structures. 

 

 

Figure 4.1. FIB-SEM cross sectional image of Gelatin/0.4MMT composite (a) and its representative 
nanostructure (b), classified as exfoliated disordered (Ed). 

 

Wide angle X-ray scattering (WAXS) was used to investigate the basal spacing of MMT 
(Figure 4.2). The patterns were obtained with the incident beam at a glancing angle 
parallel to the film surface, as shown in Figure 4.2a. The angle applied was iterated to 
ensure the scattering vector properly intersects the Ewald sphere. This transmission mode 
is very sensitive to the local 2D material arrangement and the rather high level of in-plane 
orientation. We could observe distinct trends between sample groups 0.4 to 11MMT and 
33 to 64MMT. A clear streak was observed up to 5MMT, while for 11MMT an ill-defined 
wedge shape appeared. At higher filler volume fractions, from 33MMT, there were clear 
equatorial arcs, typical of anisotropic MMT layers. The first detection of a basal 001 
reflection was at 11MMT, corresponding to an average spacing of d001 = 120 Å. 
Remarkably, a gradual change in the peak position of clay reflection was observed with 
increasing clay content (Figure 4.2b). With this, the corresponding d-spacings decreased 
down to 18 Å. These distances are larger than the back calculated pure MMT basal 
spacing of 12 Å (Figure 4.2c), which confirms that there was gelatin intercalation into the 
clay galleries for all samples. Additionally, the orientation seen in the pristine Na-MMT 
film likely developed from flocculation (edge-face attraction), yielding an arrangement 
like in a random pile of cards.30 

In a defined two-dimensional space, if we consider perfectly aligned 2D nanoparticles 
that are not allowed to interact, the volume fraction can be defined by the summed 
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thickness of all particles over the determined space length. By analogy, the concentration 
of particles should be proportional to the thickness of particles over the inter-particle 
spacing (Figure 4.2d). For this reason, the apparent d-spacing is inversely proportional to 
the MMT volumetric content, decreasing with filler concentration. This volumetric rule 
is what truly defines an exfoliated structure and is valid to any form of 2D platelet/sheet 
nanocomposite. Within the realm of colloid science, the progression of the mean 
interparticle separation in correlation with the volume fraction is named the swelling (or 
dilution) law. Therefore, all the studied concentrations for gelatin/MMT seemed to follow 
the exfoliated regime. From 11MMT up to 64MMT, there is an excellent agreement 
between experimental and theoretical exfoliated d-spacings derived from the integrated 
001 reflections (R2 = 0.993). Despite unusually high clay fractions, there is virtually no re-
stacking and phase separation over a wide concentration range (up to 64 vol.%). This is 
encouraging because examples of perfect exfoliation are limited, with often high 
temperature and pressure required.26 In comparison, other successful 2D silicate 
bionanocomposites have been reported, usually at lower loadings, and, even so, fall inside 
the intercalated regime (Figure 3.2c).18,31 

 

!  
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Figure 4.2. a) 2D transmission X-ray scattering images of gelatin/MMT samples with varying 
volumetric MMT composite content at beam inclination parallel to the plane of the films (90.5 to 
94° range of glancing angle). The scattering patterns reveal anisotropy and a progressive change in 
basal reflections with increasing clay loadings. b) Wide-angle X-ray diffractograms depict a peak 
shift of d001 MMT reflections towards higher angles starting from sample 11MMT. c) Comparison 
between experimental and calculated d-spacings derived from the d001 MMT reflection. The 
thickness of a delaminated Na-MMT platelet was obtained by reciprocal fit of d001 lengths and 
extrapolating to origin (virtual zero concentration). Alginate and carboxymethyl cellulose (CMC) 
composite data respectively from Zlopasa et al.31 and Ebina and Mizukami18. d) Illustration 
depicting the theoretical basis for calculating d-spacing, where a reciprocal volumetric rule of 
concentration of MMT is assumed; tMMT is the thickness of a single platelet and dspacing is the platelet 
interspace. 
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4.3.2. Level of order 
The WAXS diffraction patterns were also obtained at higher q scattering vectors by 
moving the detection setup (Figure 4.3a). Interestingly, for neat gelatin the scan showed 
structural arrangement that is derived from the crystallization of collagen-like helices (q 
0.05 nm-1) and a broad peak related to the peptide bonds.32 The WAXS patterns showed 
that samples 33MMT and higher have additional reflection peaks (also broad [002] and 
[003] features), corresponding to higher orders of the MMT lamellar planes (Figure S4.7). 
Surprisingly, the sample 64MMT showed many additional reflections, all the way up to 
[006]. To investigate this further the layered bionanocomposites could also be studied in 
X-ray analysis in Bragg-Brentano geometry, allowing for higher intensity levels (Figure 
4.3b). The 1D diffractograms are used to better detect the presence of higher order clay 
reflections [00l]. Additional lattice reflections ([002], [003]) were confirmed for samples 
33MMT and higher around q range 0.05 – 0.20 nm-1, which can be interpreted as evidence 
of improved layer regularity. The sample 64MMT showed remarkable quasi long-range 
order and six reflection peaks. However, due to polydispersity in the particle’s width, this 
should not be confused with a real one-dimensional lattice. The periodic systems were 
modelled by a Gaussian distribution function over q. The correlation length or 
(para)crystal domain size were calculated via the Scherrer equation33 for both 001 and 003 
reflections, which were observed using different scattering geometries (Table 4.1). In the 
case of gelatin/MMT composites, the length L translates into the relative extent of short- 
or long-range positional order. We note that the platelet arrangements might be 
paracrystalline, since ξ seemed to depend on the X-ray reflection. For 64MMT, a 
substantial length of L = 198 Å is found for the d001 reflection (18 Å d-spacing). In other 
words, the 64MMT sample had a 001 polymer/clay (para)crystallite of L ~200 Å, of which 
around 11 platelets were inside. This unexpected regularity at high particle content 
supports the findings of a closely packed lamellar structure. 

Altogether, the various gelatin/MMT compositions resulted in exfoliated structures of 
different lamellar spatial arrangement (regularity), as previously illustrated in Chart 4.1. 
We could identify exfoliated disordered (up to 33MMT), short-range ordered (up to 
44MMT), quasi long-range ordered at 64MMT (Figure 4.3b). Furthermore, the calculated 
equivalent number of platelets within periodic length (n) increased from the short-range 
to quasi long-range ordered composites – regardless of the scattering geometry (Table 1). 
This regularity is highly unexpected, since water-based polymer composites reinforced 
with high aspect ratio nanoparticles can easily present long-range orientational order 
(high orientation factor or <P2> value), but seldom show a significant degree of positional 
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order. In fact, to the best of our knowledge, positional order has been only reported in 
silicates modified by quaternary ammonium cations and host-guest additives.26  

 

4.3.3. Hydrogel strategy 
Our exfoliation strategy depends on the formation of a continuous network to immobilize 
the 2D material and develop yield stress. However, the extent of gelation or network 
density seemed to decrease with higher MMT loadings. The thermo-reversible gelation 
process is not a percolative one but it is caused by aggregation of helices into a collective 
fibrous network.34 In the X-ray diffractions, we observed the appearance of equatorial 
diffraction arcs up to 5MMT at q 0.06 nm-1, which were from the gelatin component 
(Figure 4.2 and 4.3). This nanoscale organization comes from the aggregation of 
renatured supramolecular helices. The crystallization was evidently hampered at elevated 
MMT content32,35,36, above 11 vol%, in which additions also slowly increased the pH of 
the system closer to the protein isoelectric point. Clay negative interference on 
renaturation was also supported by differential scanning calorimetry (Figure S4.8). This 
can be linked to the macroscopic breakdown of the gelatin-based physical network in the 
casting of gels (Figure S4.4). It is plausible that strong electrostatic and H-bonding 
interactions36,37 and, particularly, the decreased amount of loose chain ends disturbed the 
cooperative joining of helices. At elevated MMT fractions, the macroscopic gelatin cross-
linking was heavily suppressed. We speculate that by introducing the clay, there is gelatin 
absorption on the clay surface, thereby preventing thermal gelation. Despite the 
formation of weaker gels, the network in these MMT samples was apparently sufficient 
to avoid clay stacking and phase separation. 

Curiously, the fact that the samples at elevated filler content show quasi long-range order 
could be linked to a platelet-driven nanoconfinement of gelatin chains. As the system 
settles from water evaporation, the mobility of gelatin decorated MMT is reduced. The 
locked gelatin molecules will progressively get confined in the interlayers and lose the 
ability to form secondary structures. One could consider the typical length of gelatin 
random coil as a radius of gyration (Rg) in the order of 50 to 100 Å38, coming from the 
rough estimate that Rg ~ aN1/2 ~ (10 Å)(100 units)1/2. This radius range is reasonably close 
to the increment in d-spacing at 58 to 64 vol.% MMT, indicating protein confinement. 
We propose that the gelatin specific binding is sufficient to prevent clay restacking and 
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instead we observe colloid positional order caused by steric repulsion from the confined 
gelatin coils. 

 

 

Figure 4.3. a) 2D transmission X-ray scattering images at higher scattering vectors q of 
gelatin/MMT samples with varying volumetric MMT composite content at beam inclination 
parallel to the plane of the films (90.5 to 94° range of glancing angle). b) Bragg-Brentano X-ray 
diffractograms on films show a decrease in gelatin renaturation and appearance of multiple MMT 
reflections with increasing loading fractions. Multiple reflections are key to identify regularity 
(positional order). 

!  
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Table 4.1. Equivalent correlation (7) or domain length (L) and number of platelets (n) estimated 
using the 1D Scherrer equation on 001 (from WAXS) and 003 (from Bragg-Brentano) basal 
reflections of gelatin/MMT composites. 

Sample 

001 003 

q 

(1/nm) 

a 
(Å) 

Length 
(Å) 

n 
(L/a) 

Efron’s 
pseudo-

R2 

gaussian 

q 

(1/nm) 

a 
(Å) 

Length 
(Å) 

n 
(L/a) 

Efron’s 
pseudo-

R2 

gaussian 

33MMT 0.017 37.5 216.8 5.8 0.996 0.051 12.2 42.1 3.4 0.935 

44MMT 0.023 27.8 156.7 5.6 0.992 0.056 11.2 50.6 4.5 0.820 

64MMT 0.035 18.2 197.6 10.9 0.990 0.107 5.9 87.5 14.9 0.970 

q: center of basal reflection; a: periodicity estimated from q; !  or L: equivalent correlation or domain length: n: 
equivalent number of platelets within periodic length; Efron’s pseudo-R2 gaussian: the Efron’s pseudo-R2 
estimated for the Gaussian fit used to obtain full width at half maxima.  
 

4.4. Conclusions 
In conclusion, we hereby report on an easily attainable 2D material exfoliation strategy 
by implementing a hydrogel matrix with rapid network formation. If applied to solvent-
based processes, this rationale can lead to controlled all-exfoliated systems for a wide 
loading range, as opposed to most reported results on nacre-like composites. For the 
thermo-reversible gelatin/MMT nanocomposites, we report filler loadings as high as 64% 
volume fraction. In addition, controlled hydrogelation becomes a suitable alternative to 
laborious processes such as multilayer deposition, in situ polymerization, external field 
alignment, etc. The high level of exfoliation and alignment of the clay platelets allows for 
precise tuning of the sample d-spacing through the hereby described volumetric rule. 
Nevertheless, the extent of gelation needs to provide enough particle immobilization 
during the drying phase. The locking mechanism needs to sustain time scales higher than 
that of filler relaxation. Hence, the strategy should be applied to other systems on a case-
by-case basis. Another reason for this is that the system properties are still dependent on 
initial polymer-particle compatibility, polymer-penetration energy, and interfacial 
interactions. Remarkably, particle order-disorder transitions were found to develop from 
these nanostructures, which requires further attention. For instance, the composites 
33MMT to 64MMT were found to form very ordered phases, with crystallite sizes about 
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200 Å long. The next chapter shall explore the proposed hydrogelation strategy with 
regards to the platelet orientation mechanism and its effect on anisotropic properties.!  



Systematic study of the nanostructures of exfoliated polymer 
nanocomposites 

 

98 

4 

Supporting information 
 

Supporting Text S4.1. Thermogravimetric Analysis 
The composite samples were cut to snippets and analyzed using a thermogravimetric 
analyzer (TGA 8000, Perkin Elmer, USA) from 30 to 900 °C using a heating rate of 10 °C 
min-1. The sample weight was in the range of 4 to 6 mg. Corundum crucibles were used 
and air as a purge gas at a flow rate of 20 mL min-1. The method included isothermal steps 
at 105 and 900 °C for water removal and final weight equilibration, respectively. 

In Figure S4.1, the thermal mass loss of gelatin, clay, and hybrids samples casted from 3 
w/v % mixtures are shown. The first gelatin weight loss occurs at 270 °C, due to gelatin 
decomposition, and the second one around 500 °C region, due to combustion of residual 
organics. For the nanocomposite samples up to 5MMT, it can be clearly observed that the 
secondary onset thermal decomposition of the composites, around 530 to 610 °C, is 
higher than that of the neat protein. It can also be noted that the thermal rate of 
decomposition of hybrids is obviously reduced with clay concentration, specially at 
higher MMT loadings (> 11MMT). Thus, the well-dispersed clay inhibited the weight loss 
of gelatin, effectively acting as a barrier element, and because of its high thermal 
decomposition. Due to the usage of oxidative environment and negligible ash content of 
gelatin, the final residue represents the weight percentage of MMT. These concentrations 
were later converted into vol. % MMT, as presented in caption of Figure S4.1, ranging 
from 0.4 to 64%. 

 




















































































































































































































































