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Summary
Nanofibrillated cellulose (NFC) is a relatively new renewable material prepared by disintegration of
different fiber sources like wood, cotton, root vegetables, and tunicate. It is a material of interest,
for instance, in composites, paper and board, adhesives, coatings, sealants, foams, membranes, or
in cosmetics and medicinal applications. Due to the increasing demand for environmental friendly
and biocompatible products, a combination of NFC and layered silicates (LS) is investigated in this
thesis as a new material with optimized permeability and mechanical performance for possible
applications as barrier layers in the paper and board industry.
The compatibility between NFC and layered silicates, however, is challenging as nanofibrillated
cellulose is negatively charged whereas layered silicates contain anionic layers. These two
components repel each other due to their similar charges. To achieve sufficient interactions
between NFC and layered silicates, cellulose was first cationized in an etherification reaction with
chlorocholine

chloride,

and

subsequently

mechanically

disintegrated

to

obtain

trimethylammonium-modified nanofibrillated cellulose (TMA-NFC). The existence of ammonium
groups in TMA-NFC was confirmed by several characterization methods, such as elemental analysis
and X-ray photoelectron spectroscopy (XPS). Subsequently, composites of TMA-NFC with various
layered silicates were prepared by high-shear homogenization followed by pressure filtration and
vacuum hot-pressing. Crystal structures, chemical compositions, cation exchange capacity, specific
surface area, density, and morphologies of the layered silicates (i.e. talc, kaolin, montmorillonite,
vermiculite, and mica) were studied. In particular, the morphology, water vapor barrier and
mechanical properties (E-modulus, tensile strength, strain at break) of the prepared composite
films were investigated. Since it has been shown that cellulose changes its crystal structure after
treatment with liquid ammonia, NFC/LS composite films were finally exposed to liquid ammonia
and subsequently, their mechanical, water vapor permeation and water vapor adsorption
properties were studied.
The results showed that electrostatic attraction of cationic cellulose fibrils and anionic silicate layers
promotes homogeneous distribution of layered silicates in TMA-NFC networks. This interaction
between TMA-NFC and layered silicates was influenced not only by the type of layered silicates, but
also by the preparation method of the composites. Specifically, under high-shear forces, the
layered silicates’ thick stacks were broken down to thinner layers which subsequently attached to
cationic cellulose fibrils by ionic interaction. Furthermore, oriented TMA-NFC/LS composite
5

structures were achieved by application of filtration and hot-pressing processes. In those materials,
layered silicates exerted a pronounced influence on the water vapor barrier and mechanical
properties; however, there was no common trend reflecting the silicate types. Best water vapor
barrier properties were obtained with mica, with its water vapor permeability decreased by a factor
of ca. 3 and 30 compared to blank (TMA-) NFC films (or pristine NFC films with mica) and
commercially used base paper, respectively. Commonly, it is anticipated that permeability of small
molecules through composites is generally reduced according to the “fiber-brick composite”
model. However, the results of this thesis refute this view. Finally, water vapor barrier and
mechanical properties improved significantly when composites were further treated with liquid
ammonia - even for a short time, i.e. 5-10 minutes. These effects appear to originate in the change
in crystal structure of cellulose (transformation of cellulose I to cellulose III) combined with the
impact of clay platelets, and especially the ionic interaction between layered silicate platelets and
cationic cellulose fibrils. As an example, upon liquid ammonia treatment, TMA-NFC/vermiculite
films had a water vapor permeation significantly lower compared to pristine NFC/vermiculite, TMANFC, pristine NFC, and commercially used base paper by roughly 3, 4, 9, and 51 times, respectively.
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Zusammenfassung
Nanofibrillierte Cellulose (NFC) ist ein relativ neues Material, welches durch Aufschluss
verschiedener nachwachsender Fasern aus z.B. Holz, Baumwolle, Wurzelgemüse und Tunikate
hergestellt wird. Das Material ist interessant für Anwendungen in Kompositen, Papier und Karton,
Klebstoffen, Oberflächenbeschichtungen, Dichtstoffen, Schäumen, Membranen, Kosmetika und der
Medizintechnik.

Aufgrund

der

wachsenden

Nachfrage

nach

umweltfreundlichen

und

biokompatiblen Produkten, wird in dieser Doktorarbeit eine Kombination aus NFC und
Schichtsilikaten (LS) als neues Material mit optimierter Permeabilität und mechanischer
Leistungsfähigkeit, für mögliche Anwendung als Barriereschicht in der Verpackungsindustrie
(Papier- und Karton) untersucht.
Die Kompatibilisierung zwischen NFC und Schichtsilikaten ist jedoch eine Herausforderung, da
nanofibrillierte Cellulose negativ geladen ist, während Schichtsilikate anionische Schichten
enthalten. Diese beiden Materialien stossen sich aufgrund ihrer gleichen Ladungen ab. Um
ausreichende Interaktionen zwischen NFC und Schichtsilikaten zu erzielen, wurde die Cellulose
zuerst in einer Veretherungsreaktion mit Chloro-Cholin-Chlorid kationisiert und anschliessend
mechanisch aufgeschlossen, um trimethylammonium-modifizierte nanofibrillierte Cellulose (TMANFC) zu erhalten. Die Existenz von Ammoniumgruppen in TMA-NFC wurde mit mehreren
Charakterisierungsmethoden

bestätigt,

wie

u.a.

Elementanalyse

und

Röntgen-

Photoelektronenspektroskopie (XPS). Des Weiteren wurden Komposite aus TMA-NFC und
verschiedenen Schichtsilikaten durch Hochdruck-Scher-Homogenisierung und nachfolgende
Druckfiltration

und

Vakuum-Heisspressen

hergestellt.

Die

Kristallstruktur,

die

chemische

Zusammensetzung, die Kation-Austauschkapazität, die spezifische Oberfläche, die Dichte sowie die
Morphologie der Schichtsilikate (d.h. Talk, Kaolin, Montmorillonit, Vermiculit und Mica) wurden
charakterisiert. Insbesondere wurden dann die Morphologie, die Wasserdampfbarriere- und die
mechanischen Eigenschaften (Zugfestigkeit, E-Modul, Bruchdehnung) der vorbereiteten Komposite
untersucht. Da gezeigt wurde, dass Cellulose ihre Kristallstruktur nach Behandlung mit FlüssigAmmoniak ändert, wurden die NFC/LS Komposite schlussendlich Flüssig-Ammoniak ausgesetzt
und daraufhin wiederum deren mechanische Eigenschaften, die Wasserdampfdurchlässigkeit und
Wasserdampfadsorption studiert.
Die Ergebnisse zeigen, dass elektrostatische Anziehung zwischen kationischen Fibrillen und
anionischen Silikatschichten eine homogene Verteilung der Schichtsilikate im TMA-NFC Netzwerk
7

fördern. Diese gegenseitige Interaktion zwischen TMA-NFC und Schichtsilikaten wurde nicht nur
durch die Art des eingesetzten Schichtsilikats sondern auch durch die Preparationsmethode der
Komposite beeinflusst. Speziell unter hohen Scherkräften wurden die dicken Schichtsilikatstapel in
dünnere Schichten heruntergebrochen, die dann in der Folge an die kationischen Cellulosefibrillen
durch ionische Interaktion anhafteten. Des Weiteren wurde eine orientierte TMA-NFC/LS
Kompositstruktur durch die Anwendung von Filtration- und Heisspressprozessen erreicht. In diesen
Materialien hatten die Schichtsilikate einen ausgeprägten Einfluss auf die Wasserdampfbarriereund mechanischen Eigenschaften, jedoch ohne deutlichen Trend in Bezug auf die verwendeten
Silikatarten. Die besten Wasserdampfbarriereeigenschaften wurden für eine Mica-Art erzielt, mit
einer um den Faktor 3 bzw. 30 verminderten Wasserdampfpermeabilität verglichen mit reinen
(TMA-)NFC Filmen (oder reinen NFC-Filmen mit Mica) bzw. kommerziell genutztem Rohpapier.
Gewöhnlich wird angenommen, dass die Permeabilität für kleine Moleküle durch Komposite
generell reduziert ist gemäss dem “Fiber-brick composite“ Modell, jedoch widerlegen die
Ergebnisse dieser Arbeit diesen Zusammenhang.
Bemerkenswerterweise

verbesserten

sich

die

Wasserdampfbarriere-

und

mechanischen

Eigenschaften signifikant, wenn die Komposite nachträglich mit Flüssig-Ammoniak – sogar nur für
die kurze Zeitdauer von 5-10 Minuten – behandelt wurden. Diese Effekte werden durch die
Änderung der Kristallstruktur hervorgerufen (Umwandlung von Cellulose I in Cellulose II)
verbunden mit dem Einfluss der Tonpartikel und speziell der ionischen Interaktion zwischen
Schichtsilikatplättchen und kationischen Cellulosefibrillen. Zum Beispiel hatten Flüssig-Ammoniak
behandelte TMA-NFC/Vermiculit Filme eine signifikant geringere Wasserdampfdurchlässigkeit
verglichen mit reinem NFC/Vermiculit, TMA-NFC, reinem NFC und kommerziell genutztem
Rohpapier von jeweils annähernd 3, 4, 9 und 51-fach.
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Background
Cellulose is the most abundant renewable natural polymer on earth. It acts as a dominant
reinforcing constituent in plant structures and makes up almost 50% of wood. Nowadays, cellulose
is broadly used as a main source of textiles (cotton, linen, viscose, and acetate) or in the form of
wood pulp fibers in the paper industry. Due to an increasing demand for environmental-friendly
and biocompatible products in various applications, such as medicine, cosmetics, automotive, or
packaging, many studies deal with cellulose-based materials. However, it is only recently, that
attention has been paid to cellulose isolated out of the cell walls as nanofibrillated cellulose (NFC).
Such materials exhibit a high specific surface area and a high degree of crystallinity, and may
therefore contribute to the improvement of tensile strength and impermeability properties of NFC
composites [1-3].
Different strategies have been proposed to improve the water barrier properties of cellulose or
NFC. The hydrophilic nature of cellulose can be diminished in chemical reactions such as
acetylation [4,5] or silylation [6-8]. Alternatively, cellulose or its derivatives can be mixed with clay
minerals [9-13]. In the latter approach, the compatibility between clay minerals and cellulose has to
be considered, as a homogeneous dispersion of inorganic particles in polymer network is, in
general, very challenging to achieve. Note that good interactions between cellulose and layered
silicates (LS) are necessary to achieve high impermeability [10,14]. In this context, it has often been
anticipated that layered silicates significantly improve the barrier properties of nanocomposites
based on synthetic polymers as a matrix [15-18], because the silicates’ plate-like structure increase
the diffusion paths of the penetrating molecules. Further, the idea of combining NFC with layered
silicates was recently for the enhancement of mechanical (tensile strength) and optical (gloss and
opacity) properties of paper [19,20]. However, the critical role of the interface between NFC and
layered silicates has not been illuminated, and also the impact of layered silicates on barrier
properties (e.g. of water vapor) has not been demonstrated convincingly. These aspects are
addressed in this thesis.
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Nanofibrillated cellulose
Cellulose is a polysaccharide composed of D-anhydroglucopyranose units joined by β-1,4glucosidic links (Fig. 1). In plant cell walls, cellulose exists as a system of fibrils associated by
hydrogen bonds. In cellulose fibrils, highly ordered and disordered regions, namely crystalline and
amorphous phases, are alternately present. Belonging to natural fibers, cellulose has interesting
features such as renewability, biodegradability, non-abrasiveness, and low density [21-23].
Particularly, cellulose is of low cost. Cellulose and its derivatives have many applications in
construction, pulp and paper, cosmetics, pharmaceuticals, automotive, or packaging [24-26].

Fig. 1 Cellulose structure

From cellulose fibers in various plants or animal sources, it is possible to isolate nanofibrillated
cellulose (NFC) by chemical, enzymatic or mechanical processes or combinations thereof [2,27-32].
NFC, extracted mechanically from wood pulp and described as microfibrillated cellulose (MFC) for
the first time in the 1980s by Turbak et al. and Herrick et al. [33,34], has been attracted increasing
attention recently. Abe et al. and Iwamoto et al. [30,35] reported a process of chemical treatment
followed by a mechanical procedure (using a grinder). This refining process provides cellulose
nanofibers with a uniform width of 15 nm. However, severe degradation due to chemical treatment
and grinding procedures can occur. Henriksson et al. [29] used a combination of enzymatic
hydrolysis and mechanical homogenization: a reduction of the dimensions of the starting material
was achieved with the enzyme endoglucanase followed by several passes through a high-pressure
homogenizer. This method was considered to be more environmentally friendly due to a reduction
of necessary passes through the homogenizer and therefore lower energy consumption. Otherwise,
it takes long time for the enzyme to work; therefore, this method is considered expensive and
complex. In addition, the cellulose nanofibrils are shortened. Among all isolation procedures, a
solely mechanical treatment using an inline-dispersing system equipped with an ultra-turrax and a
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high-shear homogenizer [1,27] is considered efficient [36]. Despite high energy consumption, it is
sustainable and provides homogeneous and less degraded NFC suspensions compared to the
other methods. Diameters of isolated nanofibrillated cellulose can be below 100 nm with lengths in
the micrometer range. They therefore have aspect ratios of at least 50 to 100 [1,2,27,28,34,37]. The
cellulose fibrils are initially aligned within the cell wall, but after isolation they form network
structures due to strong hydrogen bonding between hydroxyl groups (Fig. 2).

Fig. 2 A simplified scheme of the organization of cellulose fibrils within the wood cell wall [1]

Compared to cellulose fibers, NFC shows in particular a higher grade of homogeneity, higher
tensile strength and modulus, smaller fiber diameter (higher aspect ratio), high reactivity, high
crystallinity levels, and improved transparency [2,21,38]. In polymer composites, NFC can provide
better optical, mechanical and barrier properties [1,28,39-42]. For instance, elasticity moduli of
composites comprising poly(vinyl alcohol) and 10 wt% of NFC or hydroxypropyl cellulose and 5
wt% of NFC are 3 and 5 times that of the related neat polymer [1]. Elongation to rupture of
composites of hydroxypropyl cellulose and 5 wt% of NFC is 5 times higher [1]. Increased stiffness
and decreased damping values were reported for composites of polypropylene and NFC [39]. In
addition, NFC also improved oxygen barrier properties due to relatively high crystallinity [43] in
combination with the ability of NFC to form a dense network [3,44,45].
NFC is already commercially available from a few companies, e.g. Celish from Daicel, Japan; EFTec™
Nanofibrillated Fibers, USA; UPM’s fibril cellulose from UPM-Kymmene Ltd, Finland; and Arbocel
and Vitacel from Rettenmaier und Söhne, Germany. However, the quality of the commercial NFC
grades is often lower (i.e., inhomogeneous) than NFC produced under laboratory conditions.
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Layered silicates
Layered silicates are natural products, composed of two types of layers: octahedral sheets and
tetrahedral sheets (Fig. 3) which are commonly present in a ratio of 1:1 or 2:1 [46]. They are divided
into different groups (smectites, vermiculite, talc, kaolinite, mica) based on their layer type, layer
charge and type of interlayer cations. In 2:1 types, cations such as Na+, K+, Ca2+, and Mg2+ are
located between negatively charged tetrahedral sheets. These cations are exchangeable and their
quantity can be determined as cation exchange capacity (CEC). CEC is generally related to the layer
charge.

Fig. 3 Model of 2:1 layer structure [47]

Layered silicates have various applications in the areas of building materials, ceramics, desiccants,
plastics, paints, cosmetics, pharmaceutics, catalysts, and the paper industry [46,48]. Smectites are a
unique group due to their high swelling capacity [49]. Montmorillonite is a popular clay mineral of
the smectites family. Montmorillonite has 2:1 layer structure consisting of two tetrahedral sheets
14

sandwiching one octahedral sheet. Similar to smectites, vermiculite platelet is a 2:1 layer with
hydrated interlayer cations. Vermiculite silicate layers have higher negative layer charge than
smectites. Kaolin has 1:1 layer structure. In talc structures, the interlayer space is free of ions,
whereas in mica, it is occupied usually by potassium ions. Mica has a 2:1 sheet structure and a
plate-like morphology [50]. While clays are classified as sedimentary originated from weathering of
rocks, micas are minerals formed through recrystallization processes. Muscovite and phlogopite are
the most commonly used micas due to their applications in electrical industry.

Composites of nanofibrillated cellulose and layered silicates
Commonly, cellulose fibers are negatively charged due to the presence of –O– and –COO– groups
[51]. Importantly, the anionic surface charges of cellulose fibers repel anionic surfaces of layered
silicates. Therefore, layered silicates do not disperse optimally in cellulose.
To improve the dispersibility of layered silicates in polymer matrices, the following methods are
commonly used: functionalization of nanoparticles with specific chemistries to render them
compatible with organic polymers [52]; and exfoliation of aggregated nanoparticles using
mechanical stresses [53,54]. In the context of nanoparticle functionalization, some studies reported
increase of the interlayer distance of layered silicate as the approach to allow polymer chains to
enter the layered silicate galleries by treating layered silicate with ammonium salt of dodecylamine
[13] or using trimethyl-stearylammonium-modified montmorillonite [14]. Modifying layered silicate
into organolayered silicate is commonly used in order to enhance the compatibility between the
highly polar ionic surface of layered silicate and apolar polymer matrix, such as polyethylene,
polypropylene or polystyrene [55]. However, these modifications do not address the target of
dispersing layered silicate in the NFC network. The exfoliation mechanism of aggregated layered
silicate particles proposed is that the silicate sheets are peeled off under the shear stress exerted by
the polymer matrix [52-54]. This has been applied so far for the incorporation of such particles in
hydrophobic polymers. At any rate, these modifications are beyond the scope of this study where
the hydrophilic NFC network is used.
In NFC/layered silicate systems, the cationic NFC naturally promotes the dispersion of anionic
layered silicates. Some possibilities of forming ionic groups on cellulose, for instance, by grafting
with hexamethylene diisocyanate and afterwards reacting with amines [56], or attaching quaternary
15

ammonium groups in the reaction with 2,3-epoxypropyl trimethylammonium chloride (EPTMAC)
[57-59] were reported. These modifications yield positive ionic charges but the reaction selectivity
is

uncontrollable.

In

addition,

cellulose

can

be

treated

with

cationic

polyelectrolyte

(polyethylenimine, polydiallyldimethylammonium chloride, or polyallylamine hydrochloride)
followed by ion-exchange with layered silicate [60-62]. Surface modification with surfactants,
however, is more complicated since polyelectrolytes possibly cause agglomeration.
For these reasons, the preparation of NFC/layered silicate systems will be focused on cationization
of the cellulose matrix by means of an etherification reaction with chlorocholine chloride (ClChCl);
undesired side reactions do not occur with ClChCl [63]. In addition, the dispersion of anionic
layered silicate layers into this cationized matrix with the support of mechanical high-shear forces
will be considered.

Objective and Scope
The main objective of this thesis is to improve the water vapor barrier properties of nanofibrillated
cellulose (NFC) by incorporation of layered silicates. This involves not only investigations of those
materials themselves but also characterization of the starting materials (NFC and layered silicates),
and chemical modification of the NFC to improve the compatibility between the nanofibrillated
cellulose networks and anionic layered silicates, Therefore, in chapter II, a cationization reaction of
cellulose with chlorocholine chloride (ClChCl) will be presented. In chapter III, characterization of
different types of layered silicates and processing of composite films of cationized cellulose
nanofibrils and these layered silicates will be reported. Special attention will be given here to the
interactions between both materials. Chapter IV presents water vapor barrier and mechanical
properties of the composites described in the previous chapter. Moreover, it will become evident in
chapter V that a liquid ammonia post-treatment of the NFC/layered silicate composites can
additionally enhance water barrier properties, as well as modify mechanical properties. Finally,
general conclusions and a short outlook will be subject of chapter VI.

This thesis is based on four manuscripts which have been published or planned to be submitted for
publication in scientific journals:
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Chapter II

Ho T, Zimmermann T, Hauert R, Caseri W (2011) Preparation and characterization of

cationic nanofibrillated cellulose from etherification and high-shear disintegration processes.
Cellulose 18 (6):1391-1406.
Chapter III

Ho T, Ko Y, Zimmermann T, Geiger T, Caseri W (2012) Processing and

characterization of nanofibrillated cellulose/layered silicate systems. J. Mater. Sci. 47 (10):43704382.
Chapter IV

Ho T, Zimmermann T, Ohr S, Caseri W (2012) Composites of cationic nanofibrillated

cellulose and layered silicates: Water vapor barrier and mechanical properties. ACS Appl. Mater.
Interfaces 4: 4832-4840.
Chapter V

Ho T, Zimmermann T, Caseri W, Smith P (accepted) Liquid ammonia treatment of

cationic nanofibrillated cellulose/ layered silicates composites. J. Polym. Sci., Part B: Polym. Phys.
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Abstract
Oat straw cellulose pulp was cationized in an etherification reaction with chlorocholine chloride
(ClChCl). The cationized cellulose pulp was then mechanically disintegrated in two process steps to
obtain trimethylammonium-modified nanofibrillated cellulose (TMA-NFC). The materials thus
obtained were analyzed by elemental analysis, X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), scanning electron microscopy (SEM) and other techniques. A higher nitrogen
content of TMA-NFC samples was found by XPS analysis than by elemental analysis, which
indicates that the modification occurred mainly on the surface of cellulose fibrils. XPS also
confirmed the existence of ammonium groups in the samples. SEM provided images of very fine
network structures of TMA-NFC, which affirmed the positive effect of ionic charge on the
mechanical disintegration process. According to XRD and SEM results, no severe degradation of
the cellulose occurred, even at high reaction temperatures. Because of the different properties of
the cationic NFC compared to negatively charged native cellulose fibers, TMA-NFC may find broad
applications in technical areas, for instance in combination with anionic species, such as fillers or
dyes. Indeed, TMA-NFC seems to improve the distribution of clay fillers in NFC matrix.

Introduction
Cellulose

is

a

polysaccharide

composed

of

D-anhydroglucopyranose

units

joined

by

β-1,4-glucosidic bonds. It is the most abundant renewable natural polymer on earth which serves
as a primary reinforcing component in plant structures and makes up almost 50% of wood. Due to
an increasing demand for environmental-friendly and biocompatible products in various
applications, such as in medicine, cosmetics, the automotive industry, textiles, or packaging,
cellulose-based materials are in the focus of numerous studies. As cellulose belongs to natural
fibers, it is associated with renewability and biodegradability. Further, it is characterized by nonabrasiveness, low density and low cost [1,2].
In plant cell walls, cellulose exists as a system of fibrils associated by hydrogen bonds. In cellulose
fibrils, highly ordered and disordered regions exist alternately, namely as crystalline and
amorphous phases. By treating the cell walls chemically, enzymatically or mechanically, it is possible
to isolate smaller or wider cellulose fibril aggregates. From such disintegration processes,
nanofibrillated cellulose (NFC) is obtained. Ionic charges of cellulose could facilitate the isolation of
nanofibrillated cellulose [3,4]. Diameters of isolated cellulose fibril aggregates are usually below
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100 nanometers and lengths in the micrometer range. Therefore they exhibit aspect ratios of at
least 50 to 100 [5-8]. The cellulose fibrils are aligned at diverse angles within the cell wall, but after
isolation they form entangled network structures due to strong hydrogen bonding between
hydroxyl groups.
Compared to native cellulose fibers, NFC shows a much higher grade of homogeneity, higher
tensile strength and modulus, smaller fiber sizes (higher aspect ratios), high quantity of reactive
surface –OH groups per mass unit of cellulose due to larger specific surface area, high crystallinity
levels, and higher transparency [9,5,10]. Many studies reported that NFC can act as a reinforcing
component in polymer composites [11,9,5,12-14,10,15-17]. Especially the strength and stiffness of
water-soluble polymers can be increased significantly by addition of NFC. For instance, composites
of poly(vinyl alcohol) and 10% w/w NFC or of hydroxypropyl cellulose and 20% w/w NFC possess
moduli of elasticity which are 3 times higher compared to that of the neat polymer [8]. However,
increased stiffness and decreased damping values were also reported for composites of NFC with
less polar polymers like polypropylene, poly(lactic acid) and poly(caprolactone) [11,14,16]. Further,
NFC could also improve barrier properties due to its relatively high crystallinity [18] in combination
with the ability of NFC to form a dense network [19,20].
Commonly, cellulose fibers are negatively charged due to the presence of –O– and –COO– groups
which arise from deprotonation of alcohol or small amounts of carboxylic acid groups, respectively.
The anionic surface charges of cellulose fibers repel other anionic materials such as inorganic fillers
or anionic dyes which are extensively used in the paper-making or textile industry. Hence,
cationized cellulose is used to facilitate the dispersion of fillers or dyes. In the paper-making
industry, homogeneous dispersion of filler particles, for instance clay platelets, in cellulose fiber
networks is expected to improve the mechanical properties of the composites as well as to provide
end-use functions for paper products. In the textile industry, improvement of dye retention or
cellulose dyeability through cationization of cellulose should help to solve an environmental issue
resulting from otherwise high concentrations of electrolytes needed in dye baths; and, certainly, to
enhance the effectiveness of the dyeing processes. Cationized cellulose is also used to react with
anionic dyes from waste in the dyeing industry [21]. Besides, cationic cellulose is an ideal polymer
used in moisturizers and conditioners in the cosmetics industry [22,23]. Moreover, cationic cellulose
with quaternary ammonium groups has antibacterial properties [24] which could be utilized in food
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packaging or sanitary materials. Due to these important industrial applications, cationized cellulose
is subject of the work described in the following.
Some authors reported the cationization of cellulose; however, the available literature on this topic
is relatively scarce. Cationization by absorption of a cationic polyelectrolyte like polyethylenimine
(PEI), polydiallyldimethylammonium chloride (PDADMAC) or polyallylamine hydrochloride (PAH) on
cellulose [25,26,4] has been employed, but exhibits some disadvantages. For example,
polyelectrolytes possibly bind cellulose fibers together which, in most cases, will cause
agglomeration. Further, polyelectrolytes only physically adsorb on fiber surfaces, which implies that
the interaction between cellulose fibers and polyelectrolyte is probably less sustainable than in the
chemical modifications. There are few ways of introduction of cationic groups in cellulose by
chemical reactions. For instance, attaching quaternary ammonium groups by use of 2,3epoxypropyl trimethylammonium chloride (EPTMAC, Fig. 1) [27-29] or conversion with
hexamethylene diisocyanate followed by reaction with amines [30]. Conversion with EPTMAC
provides positive ionic charges to cellulose but uncontrollable side reactions also occur [28]. This is
as well the case in reactions with diisocyanates, where isocyanate groups react with hydroxyl
groups to form urethane bonds which subsequently react continuously with isocyanates and where
crosslinking can occur due to the bifunctionality of the diisocyanate. In 2006, Abbott et al. [21]
reported a cationization reaction of cotton with chlorocholine chloride (ClChCl, Fig. 1). In contrast
to EPTMAC, undesired side reactions do not happen with ClChCl. Ionic liquids have been used as
solvent and reagent, which is, however, not applicable in industrial conditions because of huge
consumption of the expensive ionic liquids per gram of cellulose. Also, the obtained materials had
not been thoroughly characterized [21].

Fig. 1 Chemical structures of ClChCl and EPTMAC

Most of the above mentioned studies on cationized cellulose were performed with fibers while
nanofibrillated cellulose has hardly been considered. Therefore, in this chapter, a process to
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produce cationized nanofibrillated cellulose is described, by means of ClChCl, notably without
application of ionic liquids. The NFC thus obtained, contains trimethylammonium groups and is
therefore designated as TMA-NFC. These materials were characterized with various methods, and it
is also shown that TMA-NFC improved the dispersibility of clay in cellulose.

Results
Introduction of cationic groups onto cellulose
The process of mechanical disintegration of native cellulose is described in the Experimental
section. Modification of cellulose by reaction with chlorocholine chloride (ClChCl, Fig. 1) according
to Williamson ether synthesis [31] was performed on cellulose pulp before disintegration, which is
schematically depicted in Fig. 2. Note that the production of TMA-NFC was carried out without
prior in-line dispersion process as required for disintegration of non-modified cellulose (see
Experimental section), which saved energy and time.

Fig. 2 Reaction scheme for the preparation of trimethylammonium-modified nanofibrillated cellulose (TMANFC) starting from cellulose pulp and chlorocholine chloride (ClChCl)

The conversion of cellulose with ClChCl was performed in dimethyl sulfoxide (DMSO) as this solvent
is appropriate for the Williamson ether synthesis [31]. DMSO is also a good (non-derivative)
dispersing agent for cellulose and it does not hydrolyze ClChCl. Besides, DMSO can swell cellulose
even two times more than water [32,33]. NaOH was added to convert the alcohol groups of
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cellulose into more reactive alcoholate groups (note that water as a solvent would cause hydrolysis
of chlorocholine chloride at alkaline conditions).

Characterizations of TMA-NFC
Elemental analysis
On the basis of elemental analyses, two reaction temperatures were selected at reaction times of
20 h for more detailed investigations: 97.5 °C, where the discolorations of the resulting materials
were still weak (pale yellow) and 120 °C, where the resulting products were brown but the nitrogen
content, indicative for the cellulose-bound ammonium groups, was considerably higher than after
treatment at 97.5 °C (see Tables 1 and 5).
o

Table 1. Elemental analyses of starting material, non-modified NFC, and TMA-NFC prepared at 97.5 C and
120

o

C, respectively (reaction conditions see Experimental section). Deviations are based on a 95 %

confidence level

Sample

C (% w/w)

H (% w/w)

N (% w/w)

N/C (%)

42.97 ± 0.30

6.19 ± 0.18

0.05 ± 0.03

0.10

42.81 ± 2.56

6.17 ± 0.21

0.04 ± 0.00

TMA-NFC (at T = 97.5 C)

c

43.07 ± 2.28

5.98 ± 0.23

0.13 ± 0.02

0.29

TMA-NFC (at T = 120 oC)

d

44.33 ± 0.70

6.06 ± 0.09

0.27 ± 0.05

0.60

Starting cellulose material
Non-modified NFC

a

b
o

e

0.09

a

Mean value from 2 determinations of starting cellulose material

b

Mean value from 4 determinations of non-modified NFC

c

Mean value from 10 determinations of 5 different TMA-NFC samples prepared at a temperature of 97.5 C

d

Mean value from 10 determinations of 5 different TMA- NFC samples prepared at a temperature of 120 C

e

All four samples provided the same value (0.04 % w/w)

o

o

Compared to other methods used for nitrogen analysis such as the Kjeldahl method [34] or dye
adsorption [21], microelemental analysis requires only small amounts of sample (<20 mg) and
gives rather accurate results. Also, dye adsorption is only an indirect method for nitrogen analysis
and therefore dependent on the reliability of the applied assumptions. Table 1 shows elemental
analysis results of non-modified and modified cellulose samples. It is evident that the nitrogen
contents increased in the ClChCl treated samples statistically significant (95% confidence level) with
increasing reaction temperature, indicating a double quantity of ammonium groups per mass unit
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of cellulose in the samples modified at 120 °C compared to those modified at 97.5 °C. The small
quantity of nitrogen which appears in the non-modified samples was probably due to natural
impurities (e.g. proteins, pectins or wax).
Theoretically, it is also possible to calculate the quantity of bound ammonium groups based on the
content of the counter ion chloride [28]. However, we found that the chloride content was not
stable enough for the determination of the quantity of the chlorine. This could be due to (partial)
exchange of chloride by hydroxide or other ions (impurities) during sample preparation or to the
presence of extra chloride kept in fibers as metal salts which were poorly washed out.

X-ray photoelectron spectroscopy (XPS)
In the XPS spectra, the intensity (or the number of electrons emitted and detected by the analyzer,
in counts per second) is represented as a function of the binding energy (eV) these electrons had in
the bulk. XPS survey spectra of non-modified NFC and TMA-NFC (Fig. 3) show intense O 1s signals
at around 533.2 eV and an intense C 1s peak at around 286.7 eV. Ca peaks are observed in the
spectra of both non-modified and TMA-NFC, which is common for natural celluloses derived from
cotton or straw sources [35]. In addition, in the spectrum of TMA-NFC, weak N and Cl signals
featured. The detection limit is below 1 atomic %.
The XPS detail scans of the N 1s peak of non-modified NFC and TMA-NFC prepared at 120 oC are
presented in the inset of Fig. 3. The N 1s spectrum of NFC without modification shows a weak
signal around 400.2 eV, while the N 1s spectrum measured after the modification exhibits a
dominating additional peak at higher binding energy (402.9 eV). This implies the presence of
quaternary ammonium groups introduced onto the cellulose by the reaction with ClChCl. For
comparison, the measured binding energy of the N 1s electron is comparable to the N 1s position
of 402.1 eV found in poly(4-vinylbenzyltrimethylammonium chloride) [36]. Notably, the C 1s and O
1s signals were charge-compensated so that the O 1s signal is at the reference position of cellulose
(see Experimental section). Without charge-compensating, a N 1s position lower than 403 eV for
cationized cellulose containing other quaternary ammonium chloride groups have been reported
[37,38].

28

o

Fig. 3 XPS survey spectra of non-modified NFC and TMA-NFC prepared at 120 C. Inset: XPS detail spectra of
the N 1s signal

Table 2 shows atomic ratios C/O and N/O at the surface region of non-modified NFC and TMANFC evaluated from XPS detail scans. Generally the values of the two determinations of a TMA-NFC
sample modified at a temperature of 120 oC were in good agreement and indicated much more
nitrogen at the surface region than the non-modified NFC samples, as expected when ammonium
groups have been introduced. Assuming a H:O ratio of 2:1, as in cellulose, and neglecting the small
amounts of detected calcium and chlorine, a nitrogen content of 1.6 % w/w can be estimated in the
surface region of the ClChCl exposed samples.
o

Table 2. Atomic ratios of non-modified NFC and TMA-NFC prepared at 120 C (two different analyses of one
sample), evaluated from XPS after Shirley background subtraction

Sample
Non-modified NFC
TMA-NFC (at T = 120 oC)
o

TMA-NFC (at T = 120 C)
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C/O
1.73

N/O
0.005

1.94

0.045

1.86

0.047

Methylene blue adsorption
Methylene blue (MB) is a cationic dye which was hypothesized to be adsorbed from aqueous phase
on dispersed cellulose by interaction with –OH groups of cellulose via H-bonds [39]. Accordingly,
the MB adsorption capacities of different cellulose samples should represent the number of
available surface –OH groups. Furthermore, it was assumed that the adsorption of MB [21,40,39]
should reflect the amount of cationic groups in cellulose since the cationic MB was supposed to be
repelled when meeting the cationic groups of modified cellulose. It was thus suggested that the
degree of cationization can be determined on the basis that methylene blue is repelled by the
cationic groups of modified cellulose.
Therefore, we exposed various cellulose samples to methylene blue solutions, using always the
same mass of cellulose and the same quantity of methylene blue (for details see Experimental
section). The ratio of adsorbed methylene blue was calculated from the concentration difference of
methylene blue in the aqueous phase before and after adsorption, as measured by UV/Vis
spectroscopy. The amount of adsorbed methylene blue on starting cellulose fibers, NFC (nonmodified) and TMA-NFC (modified at 120 oC) amounted to 56%, 45% and 31%, respectively. Since
the adsorbed quantity of methylene blue is similar for cellulose fibers and NFC in spite of the
manifold larger specific surface area of NFC, methylene blue cannot be suited to provide
information on the outer surface of cellulose fibers, in contrast to opinions in the literature. It
appears that methylene blue has access to the interior of a cellulose fiber due to swelling with
water. The results are, however, consistent with the presence of cationic groups on TMA-NFC which
repel methylene blue.

X-ray diffraction (XRD)
XRD patterns of TMA-NFC, non-modified NFC and starting cellulose material (Fig. 4) always show
four typical diffraction peaks of cellulose I at 2θ of 14.8, 16.6, 22.3, and 34.4o. These peaks correlate
respectively with 1 1 0, 110, 020, and 004 lattice planes [41]. A narrow peak at 22.3o (020) and a
diffuse peak between 13 and 18o (1 1 0, 110) reveal a quite high degree-of-order structure. The
appearance of a small shoulder in the pattern of TMA-NFC at 2θ = 20.6o on the lower side of the
(020)-plane might indicate the presence of cellulose II [42]. However, this shoulder can also be
assigned to the (102)-plane [41,43].
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Fig. 4 XRD spectra of starting cellulose material, non-modified NFC and TMA-NFC prepared at different
temperatures

Table 3. Crystallinity ratios (CR) of cellulose pulp used as a starting material and disintegrated materials
(non-cationized NFC and TMA-NFC), calculated from the intensity minimum I 1 and the intensity maximum I2
of XRD patterns, see text

Sample
Starting cellulose material
Non-modified NFC

I1
2849
3129

I2
9627
8715

CR (%)
70
64

TMA-NFC (at T = 97.5 oC)

3273

8750

63

3455

9024

62

o

TMA-NFC (at T = 120 C)

The resulting crystallinity ratios calculation from XRD patterns (see Experimental) of starting
cellulose material, non-modified and TMA-NFC samples are shown in Table 3. The degree of
crystallinity of the starting material (70 %) was above that of the nanofibrillated cellulose including
TMA-NFC (62-64 %). Therefore, the impact of chemical modification on the crystallinity of the
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cellulose fibers was not significant, even for samples modified with ClChCl at 120 oC. In summary,
the original pattern of cellulose I was clearly observed also in the TMA-NFC samples, indicating that
most of the crystalline structure was preserved.

Viscosity measurements
Viscosity measurements were conducted to estimate the degree of polymerization (DP) of the
cellulose samples. The DP values of the starting cellulose material, non-modified NFC and TMANFC modified at two different temperatures are presented in Table 4. Obviously, the disintegration
process did not affect the DP considerably as the values for cellulose fibers and NFC (nonmodified) were similar. However, the chemical modification with ClChCl of cellulose led to a
decrease of DP, which was substantially more pronounced when the modification was performed at
a temperature of 120 °C than at 97.5 °C.
Table 4. Degrees of polymerization calculated from viscosity measurements of the starting material cellulose
pulp and of disintegrated materials (non-modified NFC and TMA-NFC)

Sample
Starting cellulose material
Non-modified NFC
TMA-NFC (at T = 97.5 oC)
TMA-NFC (at T = 120 oC)

DP
1494 ±
1296 ±
718 ±
322 ±

30
56
36
4

The mean values are based on 3 determinations and the deviations on a 95 % confidence level

Scanning electron microscopy (SEM)
The morphology of cellulose fibers before and after reaction with ClChCl was investigated with
scanning electron microscopy (SEM). It is clearly evident from Fig. 5 that the disintegration process
was successful since the structures in original cellulose pulp are much coarser than those observed
in the NFC samples. Fig. 5a shows that the starting material, cellulose pulp, consists of fibers with
typical diameters of 10-25 µm and lengths around 300 µm. While the fiber diameters of NFC could
readily be measured, it was impossible to determine their lengths since the network structure of
NFC was totally entangled. The diameters of ClChCl-treated and non-modified NFC fibrils lay
typically in the range of ca. 50 – 100 nm (Figs. 5b, 5c, 5d). Interestingly, TMA-NFC prepared at 120
°C yields a much finer and more homogeneous, uniform network structure compared to the non-
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modified NFC. The TMA-NFC prepared at 97.5 °C (Fig. 5c) seems to have a less dense and less
entangled network than TMA-NFC prepared at 120 °C (Fig. 5d). In the latter case, the fibrils formed
structures which are similar to those of foams. Finally, there was no direct indication for
pronounced degradation of NFC fibers by treatment with ClChCl.

a

b

c

d

Fig. 5 SEM micrographs of (a) cellulose pulp fibers used as starting material for the preparation of TMA-NFC,
o

o

(b) non-modified NFC, (c) TMA-NFC prepared at 97.5 C, (d) TMA-NFC prepared at 120 C. Inset: enlarged
image
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Films of NFCs and NFC/Clay composite
Films of non-modified NFC and of TMA-NFC modified at 97.5 oC and 120 oC, respectively, were
prepared by hot-pressing at 105 oC and 150 bar. Photographs of such films are shown in Fig. 6. The
TMA-NFC films seem to be more transparent than the film with non-modified NFC, with the latter
showing clearly some opacity. Films with NFC modified at 97.5 oC are pale yellow while films with
NFC modified at 120 oC are brownish but not opaque. The dark colour of the film of TMA-NFC
modified at 120 oC is probably a result of chromophore formation in cellulose by oxidation [44],
especially at high temperature in DMSO [45]; note that already a small fraction of chromophores
can cause a pronounced colour.

Blank NFC

TMA-NFC

TMA-NFC

(T= 97.5 oC)

(T= 120 oC)

2 cm

o

Fig. 6 From left to right: Photographs of films of non-modified NFC and TMA-NFC prepared at 97.5 C and
o

120 C, respectively. The scale bar refers only to the films, not the SEM image background

Composite films of cellulose and 10 % w/w montmorillonite were also prepared by the hotpressing method. The composite films with clay are uniform and still translucent (Fig. 7).
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Fig. 7 Photographs of composite films containing 10 % w/w montmorillonite and (from left to right) nono

o

modified NFC, TMA-NFC prepared at 97.5 C and at 120 C, respectively

Films modified with ClChCl appear more homogeneous to the eye than films of non-modified NFC,
which are cloudy. This indicates that the clay is probably dispersed better in TMA-NFC than in nonmodified NFC. The good dispersion of anionic silicate layers throughout the modified NFC network
is likely to be caused by ionic interactions between anionic clay layers and cationic groups in
modified NFC.

Discussion
Cationic modification of NFC
The present study has highlighted a new approach for cationic-modified nanofibrillated cellulose
production making use of ClChCl, which is basically applicable on an industrial scale.
In order to estimate the available fraction of surface hydroxyl groups of cellulose, we defined f as
the ratio of surface hydroxyl groups to those in the bulk:

f=

=

(1)

For definitions of r and R see Fig. 8; here r is the inner radius of the cellulose fiber or microfibril
without the outer layer of glucose units. The values of r for fibers were derived from morphological
SEM investigations (Fig. 5a), in which the cellulose pulp fibers featured diameters in the range of 10
to 25 µm. Values of r for microfibrils were taken from reported literature [46]. R is the radius of the
glucose units on the surface of the fiber or fibril, with R = 8.35·10-10m [47].
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Fig. 8 Schematic illustration of the hierarchical structure of a cellulose fiber including a cross-section of a
cellulose microfibril. A cross-section of a cellulose fiber can be expressed in the same way as for a cellulose
microfibril, only with a different value of the radius r

Note that in formula (1), only one half of the –OH groups of the outer layer cellulose chains is
assumed to be accessible for reaction. As evident from the schematic cross-section of a cellulose
microfibril in Fig. 8, in 2 glucose molecules (one repeating unit of a cellulose chain), there are 3
hydroxyl groups on one and 3 on the opposite side of the molecules. Therefore, (r+R) is the radius
of the fiber or microfibril without considering the surface of the outermost cellulose chains.
The cross-section of a cellulose fiber can be expressed in the same way as for a cellulose microfibril,
only with a different value of r.
Thus in case of a fiber with radius r = 7.5·10-6 m, f becomes 2.22·10-4. The molar amount of -OH
groups in bulk cellulose, n-OH bulk, is
n-OH bulk=

= 0.0185 mol/g
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where one glucose unit has three –OH groups and a molecular mass of 162.1406 g/mol.
Hence, the available quantity of –OH groups on the surface of cellulose fibers (with possible
swelling effects of the solvent neglected) is
n-OH surface = f · n-OH bulk = 2.22·10-4·0.0185 mol/g = 4.1·10-6 mol/g
If each surface –OH group of cellulose reacted with ClChCl, in 1g cellulose, the maximum molar
amount of trimethyl ammonium groups is 4.1·10-6 mol. This amount is equivalent to a maximum
nitrogen content of Nmax of 0.0058 % w/w. This is, however, much less than the N contents of 0.13%
and 0.27% found after reaction at 97.5 oC and 120 oC (see Table 1) which are 24 and 50 times
higher than the estimated maximum nitrogen content at the fiber surface. Therefore, it appears
that the swelling ability of DMSO [32,33] enabled the reactants to enter inside the fiber and the
reaction with ClChCl also took place at the surfaces of the fibrillar level.
When considering a microfibril with a radius r = 5·10-9m [46], n-OH

surface

becomes 4.3·10-3 mol/g,

equivalent to Nmax of 6.08 % w/w. This value comes close to that estimated for the ammonium
groups in the surface region by XPS, which amounted to around 1.6 % w/w in the surface region.
This indicates that the modification with ammonium groups indeed occurred predominantly at the
surfaces of the microfibrils, at relatively high conversion of the fibrils’ surface –OH groups.
The nitrogen contents (0.27 % w/w in the bulk and 1.6 % w/w in the surface region) are much
higher than those reported for related modified cellulose fibers [21], which were estimated on the
basis of methylene blue adsorption. However, as indicated above in the section Results,
quantitative calculations of surface –OH conversions at cellulose fibers by means of methylene blue
adsorption have to be taken with care. Note in this context that methylene blue could also adsorb
by exchange with cations [48], e.g. with the calcium ions detected by XPS.
In a pre-test, modification of cellulose by reaction with ClChCl was also performed after
disintegration. However, this method was less successful than modification before disintegration,
apparently since the fibrils had been modified in-situ with ammonium groups which caused
repelling of the positively charged fibrils. This is in agreement with SEM images displaying
cationized NFC fibrils with finer and more homogeneous fibril networks and less agglomerates
than non-modifed NFC fibrils (Fig 5). Analogous results were reported for cellulose modified with
anionic groups [3].

When two routes with interchanged sequence of carboxymethylation of

cellulose and mechanical disintegration were applied, samples that were first carboxymethylated
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and then disintegrated provided better homogeneity and as a consequence better waterredispersibility. Probably, also in this case the electrostatic repulsion between fibrils of alike charges
rendered the disintegration process more efficient [3,4].

Degradation of TMA-NFC
The NFC itself (i.e. without ClChCl treatment) appears to undergo little degradation upon
disintegration. The crystalline fraction and the degree of polymerization decreased only slightly
(Table 3 and 4). Yet the color changes (pale yellow and brown, respectively, for TMA-NFC prepared
at 97.5 °C and 120 °C) indicate some degradation of cellulose under the action of the chemical
treatment. However, as mentioned above, already small amounts of degradation products might
cause pronounced colorations. The degree of polymerization (Table 4) became lower with
increasing color intensity of the TMA-NFC. Under the applied modification conditions, a possible
oxidation reaction with cellulose may take place through a process causing a shortening in chain
length. On the other hand, the crystallinity ratio of NFC did not change significantly upon chemical
modification. No relevant relationships between crystallinity and degree of polymerization was also
found in other reports [49]. Finally, there was no evidence from SEM images (Figs. 5b, 5c, 6d) or
elemental analyses (Table 1) for massive degradation of cellulose, considering the confidence level
of the elemental analyses and the fact that the carbon content of cellulose is expected to increase
upon reaction with ClChCl. In summary, the above results show that degradation upon treatment
with ClChCl resulted in materials which still can be attributed to the class of nanofibrillated
cellulose.
The mechanical performance of TMA-NFC is expected not to be affected strikingly within the
magnitude of the observed decrease in degree of polymerization [50], since mechanical properties
of NFC are related primarily to the network forming ability of NFC. This view is supported by the
preservation of the crystallinity ratio upon chemical modification [51].

Films
Clays belong to the chemical class of layered silicates, whereat the thickness of the individual
silicate layers amounts to the order of 1 nm. When the thickness of such particles embedded in a
polymer matrix is well below the wavelength of light, the transmission of light or the translucence
of the resulting films becomes higher. This is also the case when the cellulose units become finer.
Therefore, because of the finer nanofibril dimensions of TMA-NFC (from SEM observations), non38

modified NFC appeared more opaque to the eyes than TMA-NFC. In addition, TMA-NFC films were
more homogeneous than films of non-modified NFC. With the addition of clay particles, the
transparency of the materials decreased. In particular, the films with non-modified NFC became
cloudy, in contrast to the films of TMA-NFC. This indicates the presence of clay agglomerates in the
films based on non-modified NFC composites. In composite films of TMA-NFC, the clay appeared
to be better dispersed; interactions between cationic groups in cationized NFC and the negatively
charged clay surfaces might cause a dissociation of aggregates of clay and a good distribution of
clay throughout the modified NFC network.

Conclusions
Nanofibrillated cellulose modified with quaternary ammonium groups (TMA-NFC) can be prepared
by conversion of cellulose pulp with chlorocholine chloride (ClChCl), followed by a mechanical
disintegration process. Due to swelling of the cellulose fibers by the solvent applied for the
chemical reaction (DMSO), chlorocholine chloride had also access to the fibrils in the interior of the
fibers, and a relatively high degree of surface –OH groups of the fibrils was converted. Degradation
of cellulose induced by the chemical treatment was moderate, in spite of yellowish or brown
discolorations of the resulting materials. The TMA-NFC featured a finer network structure and
formed more transparent films than the non-modified materials. Also, clay (montmorillonite)
dispersed better in TMA-NFC than in non-modified nanofibrillated cellulose.

Experimental
Materials
Cellulose pulp powder produced from oat straw with a hemicellulose content of 22.6% and 0.2%
rest lignin (Jelucel OF300, Rosenberg, Germany) was used as starting raw material. Chlorocholine
chloride (ClChCl) was supplied by Zhengzhou Nongda Biochemical Products Plant (China). Sodium
hydroxide (NaOH) was purchased from Fluka (Switzerland). Cellulose pulp powder, ClChCl and
NaOH were dried over vacuum at 0.18 mbar overnight at room temperature prior to further
processing. Dimethyl sulfoxide (DMSO) was bought from Roth (Switzerland) and dried over 4A
molecular sieve for 2 days just before use, ethylacetate from Merck (Germany), methanol (MeOH)
from

Thommen-Furler

AG

(Switzerland)

and

methylene

bisdimethylaminophenazothionium chloride) (MB) from Fluka (Switzerland).
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(3,9-

The applied clay was montmorillonite EXM 1246 from Süd-Chemie AG (Germany) with a cation
exchange capacity of 106 milliequivalents/100 g. The employed water was of deionized quality.
Chemical modification
In a typical experiment, 5 g of cellulose pulp and 200 ml of DMSO were introduced in a 500 ml
three-necked round-bottomed flask equipped with an air condenser and a mechanical stirrer (RW
16 basic, IKA Werke). The mixture was stirred under N2 atmosphere for 11 h to swell the cellulose.
Different amounts of NaOH and ClChCl, as well as various temperatures and reaction times were
explored. The NaOH content was varied from 2 to 7 hydroxide ions per alcohol group of cellulose,
the ClChCl content also from 2 to 7 ClChCl molecules per alcohol group of cellulose, the
temperature from 60 to 120 °C and the reaction time from 8 to 28 h. The products from two
reaction conditions (see Table 5) were chosen for further characterization and processing steps.
Table 5. Reaction conditions applied for the chemical modification of cellulose

Reaction

Reaction

temperature 97.5 oC temperature 120 oC
ChClCh a (ratio c)

4.5

4.6

NaOH b (ratio c)
Time (h)

5

2

20

20

a

ClChCl was dispersed in DMSO (stock solution ca. 30 g of ClChCl in 100 ml of DMSO)

b

NaOH was dispersed in DMSO (stock solution ca. 10 g of NaOH in 50 ml of DMSO)

c

The ratios refer to the equivalents of the respective compound to –OH groups in cellulose pulp

The respective quantities of NaOH and ClChCl were dispersed in DMSO (see also Table 5),
respectively, by using a homogenizer (Ultra-turrax T25 digital, IKA Werke). First, the NaOH/ DMSO
suspension was transferred under stirring into the reaction flask containing the cellulose
pulp/DMSO suspension. Thereafter, the ClChCl/DMSO suspension was added and the reaction
mixture was heated subsequently to the respective temperatures (Table 5) for 20 h. After cooling to
room temperature, the reaction mixture was centrifuged (Hettich Laborapparate, Switzerland) in
order to separate excess DMSO. The sediment was washed with ethylacetate to remove DMSO.
Subsequently, MeOH and MeOH/H2O (10/9 v/v) were used in order to extract the by-product
choline chloride. Finally, the product was washed 3 times with deionized water to remove NaCl and
40

traces of other used solvents. 200 ml of solvent was used for each washing step. The resulting
modified cellulose was stored in 500 ml of water, and subsequently disintegrated to obtain
modified NFC suspensions.
Mechanical disintegration
The disintegration process of NFC from the cellulose pulp powder is the combination of two
mechanical treatment processes using an inline dispersing system (Megatron MT 3000, Kinematica
AG, Switzerland) for pre-treatment and a high pressure homogenizer (lab-scale Microfluidizer type
M-110Y, Microfluidics Corporation, USA) for disintegration of the cellulose material.

Fig. 9 Apparatus for cellulose disintegration, consisting of a reactor coupled to an inline disperser (left) and a
high-shear homogenizer (right). (A) Ten-liter thermo-static reactor. (B) Ultra turrax. (C) Inline dispersing
system. (D) Air pump. (E) Fixed-geometry interaction chambers (Y or Z morphology). (F) Container for NFC
suspension

In the first process step, 80 g of starting material cellulose pulp powder was dispersed in 8 liters of
water in a 10-l thermo-static reactor (swollen for at least 5 days). After this time, the swollen
cellulose suspension was passed through a closed inline dispersing system equipped with an ultra
turrax (see Fig. 9, left). During this process, the fibers were divided into smaller parts. The resulting
suspension was treated in a high pressure homogenizer (see Fig. 9, right) by pumping with high
velocities through fixed-geometry interaction chambers (Y or Z morphology) with diameters of 400
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µm, 200 µm and 75 µm. Through an E230Z

400 µm

and a H30Z 200 µm chamber, the suspension passed

13 times. Afterwards, the suspension cycled for 12 passes through an E230Z

400 µm

and a F20Y

75 µm

chamber, respectively. Pressures up to 1000 bar were applied to generate high shear-stresses to
the cellulose fibers [8]. The concentration of resulting suspension was only 1.84% w/w or lower due
to a high viscosity increase during the isolation procedure. Thus, in one 8-liter batch, the dry
content of cellulose was 80-150 g. Remarkably, dissimilar to untreated cellulose pulp fibers, the
cationized fibers did not need the pre-treatment step in the inline disperser and could be
processed directly in the high-shear homogenizer.
NFC films and composites with clay films preparation
A NFC 0.3% w/w suspension from mechanical disintegration process described above was filtered.
In case of composite film preparation with clay, the NFC suspension was mixed with an aqueous
5% w/w clay slurry prior to filtration. The dewatered NFC cakes (with and without clay) were then
sandwiched between blotting-papers and dried in a hot press under loading of 15 MPa at 105 oC
for 25 min.
Characterization
Elemental analysis
In order to isolate NFC powders from NFC suspensions (non-cationized NFC and TMA-NFC,
respectively), these suspensions were dried in an oven at 40 oC with occasional stirring until
powders were left. Subsequently, the powders were further dried in an oven overnight at 105 oC.
Microelemental analyses of C, H, and N were performed by the microelemental laboratory of ETH
Zürich on a LECO CHN-900 instrument (Leco Corporation, St. Joseph, MI, USA) for both noncationized (starting material cellulose pulp and disintegrated materials) and TMA-NFC samples.
Acetanilide and caffeine were used as calibration substances. The combustion products CO2 and
H2O were analyzed quantitatively by infrared spectroscopy in order to determine the content of
carbon and hydrogen, respectively, in the samples. Nitrogen (N2) was determined with a thermal
conductivity detector.
X-ray photoelectron spectroscopy (XPS)
The elements C, O, and N from non-modified and TMA-NFC films treated at 120 oC (see Table 5)
were investigated with X-ray photoelectron spectroscopy. Those films were produced by drying the
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suspensions of NFC on aluminium substrates in a vacuum drying oven overnight at 0.48 mbar and
40 oC.
The spectra were acquired on a Physical Electronics (PHI) Quantum 2000 photoelectron
spectrometer using monochromated Al-Kα radiation generated from an electron beam operating
at 15 kV and 25 W. The X-ray beam diameter on the sample specimen was 100 µm. Electrons
photo-emitted from cellulose samples in ultra high vacuum (UHV) were collected and analyzed by
a hemispherical capacitor electron-energy analyzer equipped with a channel plate and a positionsensitive detector. These electrons were discriminated based on their kinetic energy. The binding
energy scale was calibrated for the Au 4f

7/2

electrons to be at 84.0 ± 0.1 eV. The electron take-off

angle was 45° and the analyzer was operated in the constant pass energy mode of 117.4 eV
(calibrated to a total analyzer energy resolution of 1.62 eV for Ag 3d electrons) for survey scans.
The detail scans of the C 1s, O 1s and N 1s signals were measured at an analyzer pass energy of
58.7 eV resulting in a spectrometer resolution of 1.05 eV. Compensation of surface charging during
spectra acquisition was obtained by simultaneous operation of an electron and an argon ion
neutralizer.
Analysis of the XPS spectra was performed using the MultiPak 6.1A software provided by the
instruments manufacturer, Physical Electronics. A Shirley background subtraction was used to
compute the peak intensities. The atomic concentrations were then calculated using the predefined
sensitivity factors in the MultiPak 6.1A software.
In cellulose, the O 1s peaks are expected to be at 533.2 eV [36]. This energy shift was originating
from slight sample surface charging, which was occurring during XPS analysis of electrically
insulating samples. To compensate for this surface charging, the binding energies of all spectra
were shifted (by about 2.7 eV) so that the O 1s signal is at 533.2 eV, the reference position for
cellulose.
Methylene blue adsorption
Adsorption of methylene blue (MB) was carried out on starting material cellulose pulp powder and
disintegrated material suspensions (non-modified NFC and TMA-NFC from reaction at 120 oC). In
order to prevent the hornification during drying of suspension to powder form [3,16] which would
cause reduction of cellulose fibrils surface, the disintegrated material for this test was used in-situ
as suspension. In the experiments, 39 g of distilled water and 1 ml of methylene blue solution were
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added to 0.016 g of cellulose. The MB solution was prepared from 0.0163 g of MB (water content
15.5% w/w) in 100 ml of distilled water. In case of NFC suspension, the amount of added water was
recalculated in order to maintain the same amount of water (39 g), cellulose (0.016 g) and
methylene blue (1 ml) in all samples. The mixtures were then continuously shaken at 25 oC at 300
rpm for 24 h. Afterwards, the suspensions were centrifuged. After centrifugation, the optical
absorbance of the supernatant liquids was measured in a CamSpec M302 spectrophotometer
(Spectronic Camspec Ltd., United Kingdom) at a wavelength of λmax = 664 nm, employing a 1-cm
path length polystyrene cuvette. Two replicates were performed for each type of sample. After 5
days, the measurements were repeated for all samples in order to assure that the adsorption
process was complete.
X-ray diffraction (XRD)
Cellulose pulp and disintegrated materials (non-modified NFC and TMA-NFC) in powder form
(obtained from oven-drying as described in Elemental analysis) were pressed to form pellets. The
powder pellets were analyzed with a PANalytical (Almelo, Netherlands) X’ Pert Pro diffractometer.
The diffractometer was equipped with a copper anode (Cu Kα) operating at a wavelength λ =
1.5418 Å. Cu-Kα radiation was generated at 45 kV and 40 mA and a Ge (111) monochromator. All
XRD spectra were recorded in the interval 5o < 2θ < 40o with a step size of 0.033o. The reflected
intensities were determined as function of the diffraction angle 2θ.
The XRD patterns allowed the calculation of the crystallinity ratio (CR) [52,53,43]:

CR  1 

I1
I2

(2)

where I1 is the intensity of diffraction at the minimum between 2θ = 18o and 19o and I2 the
intensity of the crystalline peak at the maximum between 2θ = 22o and 23o.
Viscosity measurements
In general, the cellulose materials in powder form were dried in an oven for 24 h at 50 oC. A defined
amount of cellulose material (m) was dissolved in cupriethylenediamine (CED) solution. The flow
time of this mixture (t) through a marked distance of a capillary-tube viscometer was recorded. The
intrinsic viscosity was calculated based on m and t parameters, according to ISO 5351 (2004) which
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has been used previously for the calculation of the degree of polymerization (DP) [50]. The intrinsic
viscosity, [η] (ml/g), is related to DP via the Staudinger–Mark–Houwink equation:

   K * DP a

(3)

where K and a depend on the polymer-solvent system. For cellulose dissolved in CED solution, two
different regimes were found because of formation of superstructures at a DP of ca. 950 [54].
Accordingly, K = 2.28 and a = 0.76 were determined for DP above ca. 950 and K = 0.42 and a = 1
for DP below ca. 950.
Scanning electron microscopy (SEM)
Two different ways to prepare the samples for SEM investigations were employed. For sample
preparation of the starting material, a small amount of dry cellulose pulp was sprinkled on carbon
adhesive tape fixed on a specimen holder. For preparing samples of disintegrated materials, a drop
of a diluted and ultra-turrax treated aqueous NFC suspension (0.05 % w/w) was placed on a
specimen holder. All samples were sputter-coated directly with a platinum layer of about 8 nm
(BAL-TEC MED 020 Modular High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein) in Ar as a
carrier gas at 5*10-2 mbar. SEM was carried out using a FEI Nova NanoSEM 230 instrument (FEI,
Hillsboro, Oregon, USA). SEM images were recorded with an accelerating voltage of 5 kV and at a
working distance of 5 mm.
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Abstract
Recently, nanofibrillated cellulose (NFC) with cationic functional groups was created. This
trimethylammonium-modified nanofibrillated cellulose (TMA-NFC) was employed in this study for
the preparation of composites with various layered silicates. The latter belong to the groups of
montmorillonite, kaolin, talc, vermiculite, and mica. The respective composites were prepared by
high-shear homogenization followed by filtration and hot-pressing. Data on crystal structures,
chemical compositions, cation exchange capacity, specific surface area, density, and morphology of
all clays and micas themselves as well as structure information of the corresponding composites
were collected. Possible microstructural features responsible for the composite appearances were
tentatively identified. Principally, the interactions between TMA-NFC and the layered silicates were
pronounced, due to electrostatic attraction of cationic cellulose fibrils and anionic silicate layers.
This mutual interaction between TMA-NFC and layered silicate, however, was influenced not only
by layered silicate properties, but also by the composite preparation method, as discussed in this
study.

Introduction
Clay minerals are natural products, which are used in a number of different commodities, such as
building materials, ceramics, paper, paints, cosmetics, pharmaceutics and geological products [1,2].
In many applications, clay minerals are combined with polymers. The presence of clay can
significantly improve the thermal stability [3], tensile properties [3], or barrier properties against gas
and vapor transmissions [4,5] of the polymer matrix. When the clay particles are present in a highly
delaminated state in the polymer matrix, the corresponding materials are attributed to the class of
nanocomposites.
Clay minerals belong to the class of layered silicates which is divided in various groups (e.g. kaolin,
talc, mica, smectite, and vermiculite) which possess different structural characteristics. The structure
of clays and micas is based on two types of layers: One tetrahedral sheet is bonded to one
octahedral sheet in 1:1 layers structures, while in 2:1 layers, an octahedral sheet is sandwiched
between two tetrahedral sheets [2,1]. Kaolin consists of 1:1 dioctahedral layers. It is one of the most
widely used pigments in paper industry and is well-known for providing gloss in coating
applications. In the structure of talc, the interlayer space is free of ions, whereas in mica it is
occupied usually by potassium ions [6]. Muscovite and phlogopite are the most common micas
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due to their commercial importance (e.g. the electrical industry). However, compared to other types
of layered silicates, especially to smectite, there are relatively few reports on micas in composites
[7], although mica platelets possess high aspect ratio. The interlayer space of smectite and
vermiculite (2:1 layer structure) contains alkaline metal or alkaline-earth metal cations such as Na+,
K+, Ca2+, or Mg2+, together with water molecules. Smectite and vermiculite silicate layers have a
smaller negative layer charge than mica. Smectites represent an interesting group due to their high
swelling capacity in water [1] which renders them suitable for many applications such as artificial
geological barrier layers, absorbent in the food industry or as thickener [8]. A popular clay mineral
of the smectite family is montmorillonite which is frequently used as a component in
nanocomposites [9,10].
Research on classical polymer/clay nanocomposites has predominantly been carried out using
synthetic polymers as a matrix, for instance polyimides [4], polymethacrylates [11,12], polyethylene
[13] or polystyrene [14,11]. However, the environmental impact of petroleum-based polymers, in
particular in packaging industry, has stimulated efforts to replace them by sustainable,
biodegradable and environmentally friendly polymers in composites with clays [15], for example
potato starch/montmorillonite [16] or poly(lactic acid) (PLA)/montmorillonite [17]. Cellulose fibers
belong to the first choices when sustainable bio-materials are to be used [18], due to particular
features such as renewability, biodegradability, non-abrasiveness, low density and low cost [19,20].
Systems of natural cellulose fibers and clays, however, have considerable drawbacks. Since natural
cellulose fibers with diameters of 10-25 micrometers [21] provide very little specific surface area,
the interface between clay and a matrix of cellulose fibers is small and their interactions, if possible
at all, are limited. A reduction in fiber dimension, especially fiber diameter, would result in a much
larger contact surface area with incorporated particles.
Consequently, nanofibrillated cellulose (NFC) is expected to be particularly suited as a matrix for
composites with clays. The fiber diameters of NFC are below 100 nm and their lengths are in the
micrometer range. NFC has been obtained from cellulose fibers by combinations of chemical,
enzymatic and mechanical treatments [22-24]. In fact, compared to native cellulose fibers, NFC
possesses smaller fiber sizes (higher aspect ratio), and, therefore, a higher quantity of reactive
surface –OH groups per mass unit of cellulose (due to larger specific surface area). NFC
nanocomposites thus show a much higher grade of homogeneity, higher tensile strength and
modulus,

higher

transparency

[25-27]

than
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composites

of

cellulose

fibers.

Recently,

nanocomposites of polymers and NFC as a reinforcing component have been developed [28,29],
and a few communications on NFC/clay composites (so-called nanopaper) have been published
lately [30,31]. However, no study is available which deals with interactions between NFC and clay or
mica. Furthermore, montmorillonite was the only clay applied in so-called nanopaper [31,30], even
though there is large variety of clays and micas in nature.
Regarding interactions between NFC and clays or micas, it has to be considered in all systems that
cellulose is negatively charged due to the presence of –O- and –COO- groups, and those groups
basically repel the negatively charged silicate layers of clays and micas. This discrepancy leads to a
lack of compatibility or adhesion at the interface between cellulose fibers and clay or mica
platelets. However, optimum compatibility between cellulose and layered silicates is indispensable
to address properties of ensuing composite materials like impermeability and high thermal stability
[32,33]. For these reasons, it is necessary to modify either the silicates or the cellulose fibers in
order to improve the compatibility between the two components. Cationic groups at the cellulose
surface are expected to be particularly suited to enhance the ionic interactions with the negatively
charged silicate layers of clays and micas. Indeed, we have reported recently the preparation of
cationized nanofibrillated cellulose (TMA-NFC) for better ionic interaction with negatively charged
montmorillonite clay layers [21] (see Fig. 7). However, in order to obtain homogeneous materials,
the processing protocol of the two component system is also pivotal.
Therefore, we investigated the processing parameters and interaction of different kinds of layered
silicates (clays and micas) with TMA-NFC in this study. For simplicity, TMA-NFC/ layered silicate
systems are denoted TMA-NFC/LS. Composites with well-characterized TMA-NFC [21] and layered
silicates were produced by high-shear homogenization, filtration and hot-press processes. In order
to understand the interaction between cellulose fibrils and layered silicates, the morphology in
both wet (suspension) and dry (film) systems were studied.

53

Results and discussion
Clay and mica characteristics
Crystal structure
Fig. 1 shows X-ray diffraction patterns of the clays montmorillonite, kaolin, talc, vermiculite, and
two kinds of mica, phlogopite and muscovite used in this study.

Fig. 1 XRD spectra of montmorillonite, kaolin, talc, vermiculite, and 2 kinds of mica: phlogopite (PW30) and
muscovite (R120). The spectra of other grades of muscovite are similar to that of mica R120 and are therefore
not shown

According to literature [34], the interplanar spacing d(001) of montmorillonite, kaolin, talc,
vermiculite and mica (both muscovite and phlogopite) amounts to around 11.8, 7.2, 9.35, 14.3, and
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10 Å, respectively. The diffraction angle 2 can be recorded and converted to the interplanar
spacing d based on Bragg’s equation, n*2∙d∙sin[34]. The XRD patterns in Fig. 1 show peaks at
2 of 7.4, 12.3, 9.4, 6.2, and 8.8o for montmorillonite, kaolin, talc, vermiculite, and mica, respectively.
These angles agree with the above mentioned interplanar spacings d(001). The findings imply that
the respective layered silicates are at least the main component in the used samples. Of course,
certain structural defects have to be expected since all used minerals are natural products.
The absence of sharp peaks in the montmorillonite pattern should be noted. The broad peaks in
XRD patterns of this type of clay indicate that the crystallites are small or that crystal defects are
considerable. Other layered silicates like kaolin, talc, vermiculite and mica indicate well-crystallized
structures as evidenced by sharper diffraction peaks. In fact, SEM investigations (see below)
disclose that the particle size of montmorillonite is smaller (compare Fig. 3) than in the other
layered silicates, while the deviations of the elemental contents from the idealized composition of
the montmorillonite are in the range of the other layered silicates investigated here (see below).
Therefore, we attribute the broadness of the XRD pattern of montmorillonite to a small crystallite
size rather than an uncommon deviation in the chemical composition.

Chemical composition
In order to evaluate the purity of the supplied samples, WD-XRF measurements were conducted to
analyze the chemical composition.
Table 1 Chemical composition (in weight percent) of clays and micas determined by WD-XRF spectroscopy
Name
Montmorillonite EXM1246
Kaolin Barrisurf HX
Talc
Vermiculite grade 4
Mica PW30
Mica R180
Micavor 20
Mica MU-M 2/1
Mica SYA 31R
Mica Sublime 325
Rona Flair Silk Mica
Mica SX400
Mica R120

Na
3.90 (3.70)
0.07

0.63
0.18
0.24
0.54
0.45
0.61
0.42
0.36

Mg
3.70 (3.92)
19.79 (19.23)
12.24 (14.55)
15.23 (17.48)
0.49
0.47
0.48
0.73
0.48
0.27
0.38
0.42

Al
10.00 (10.14)
24.01 (20.90)
0.22
7.78 (7.91)
5.63 (6.47)
18.19 (20.32)
18.25 (20.32)
17.76 (20.32)
18.91 (20.32)
18.16 (20.32)
20.25 (20.32)
17.80 (20.32)
18.03 (20.32)

Si
30.00
24.39
30.14
18.76
19.67
22.12
23.96
24.65
22.20
22.07
22.15
24.73
21.63

(30.16)
(21.76)
(29.62)
(19.22)
(20.19)
(21.16)
(21.16)
(21.16)
(21.16)
(21.16)
(21.16)
(21.16)
(21.16)

K
0.37
0.45
3.59
8.75
8.88
8.02
7.79
8.91
9.07
8.75
7.28
9.20

(9.37)
(9.82)
(9.82)
(9.82)
(9.82)
(9.82)
(9.82)
(9.82)
(9.82)

Ca
1.50
0.01
0.07
1.82
0.46
0.08
<0.01
0.01
0.03
0.05
0.08
0.02

Fe
2.90
0.45
1.46
10.17 (10.92)
7.17
3.57
1.85
1.49
1.92
3.44
1.34
1.83
4.30

In round brackets values of chemical composition of the respective layered silicates calculated from their
suggested formulae (see Table 3)
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Table 1 shows the obtained values for Na, Mg, Al, Si, K, Ca and Fe, which were then compared to
the compositions derived from idealized formulae. Other elements, for instance Ti or Cl, were found
only in minor quantities and are therefore not presented in Table 1.
Since clays and micas are natural products, variations of the chemical compositions can occur,
which was actually evident from the analyses. Fe, Ca, Mg and Na were frequently present as
impurities. This leads to a difference in the quantity of the basic metal cations relative to their ideal
compositions.
The chemical composition of mica PW30 fitted to phlogopite formula while the other micas had
compositions in agreement with muscovite. Notably, we observed 7.2% of Fe in phlogopite (PW30).
Therefore, the dark colour of PW30 can be explained by the presence of this element. This was also
the case for vermiculite, where the Fe content was 10.2%. Observably, there were similarities in the
content of the impurities Fe regarding mica R180, mica Sublime 325 and mica R120.

Cation exchange capacity, specific surface area, density and morphology
Table 2 displays the cation exchange capacity (CEC), specific surface area, and density values of
clays and micas. Densities were measured to allow the calculation of volume fractions from mass
fractions in composites. The densities were between 2600 and 3000 kg/m3, i.e. in a common range
for clays and micas. Most of the mica types have slightly higher densities compared to the other
clay types. This might cause higher compactness of the composites when including these layered
silicates as fillers.
Table 2 Cation exchange capacity, specific surface area and density values of clays and micas
Name

CEC (mEq/100g)

Specific surface

Density (kg/m3)

2

Montmorillonite EXM1246
Kaolin Barrisurf HX
Talc
Vermiculite grade 4
Mica PW30
Mica R180
Micavor 20
Mica MU-M 2/1
Mica SYA 31R
Mica Sublime 325
Rona Flair Silk Mica
Mica SX400
Mica R120

area (m /g)
42.99
9.54
8.71
14.50
7.88
4.60
5.31
5.44
5.62
3.62
2.29
5.99
7.19

101.50
2.53
2.60
23.45
2.79
1.33
1.27
1.48
1.03
0.99
0.44
2.92
1.67
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2681
2626
2803
2782
3005
2954
2824
2861
2921
3000
2936
2814
2928

The CEC of the layered silicates was measured in aqueous suspension while the specific surface
area was determined by the BET method using layered silicates in the solid state. Note that the
specific surface area in aqueous dispersion would be considerably higher than detected by the BET
method, as a part of the particles are expected to pack so densely upon drying that the nitrogen
molecules employed in the BET method will typically not have access to all the particle interfaces.
Thus, the values determined here by the BET method are considered as the minimum specific
surface areas with regard to the dispersed state in aqueous suspension.
Montmorillonite and vermiculite had respectively the highest and the second highest CEC and
specific surface areas, as shown in Table 2. The CEC of montmorillonite was 102
milliequivalents/100 g of clay (compared to 106 milliequivalents/100 g indicated by the supplier),
vermiculite followed with a value of 23 milliequivalents/100 g. The other clays and micas exhibited
very low values of between 0.5-3 milliequivalents /100 g. The specific surface area for
montmorillonite was 43 m2/g followed by vermiculite with 15 m2/g; the values of the other layered
silicates were in the range of 2.3 – 9.5 m2/g. Among all mica types, PW30 and R120 showed the
highest specific surface areas in the dry state.
Having the highest values of CEC as well as specific surface area, montmorillonite and vermiculite
are expected to show highest ionic interactions with cationic fibrils compared to other layered
silicates. CEC value of vermiculite is much lower than literature value; however, the used copper
complex method is much more simple and rapid compared to ammonium acetate method [35].
Remarkably, kaolin and talc are expected from the ideal structures to possess almost neutral layer
charges (around 0 charge per [O10(OH)2] formula unit); this in contrast to micas (layer charges of
around 1 charge per [O10(OH)2] formula unit) [34]. In general, the distribution of the exchange
cations in the interlayer space should be connected with the charges on the silicate sheet which
they neutralize. The layers of mica, however, are firmly held to each other by the potassium
interlayer cations. Normally, the interlayer cations of mica are not exchangeable. Similarly,
vermiculite has interlayer cations which are only partial exchangeable with copper ions. This results
in low CEC values of micas and lower CEC value of vermiculite. NB the existence of impurities such
as Na+, K+, Mg2+, Ca2+, etc. ions should also be taken into account when evaluating CEC of layered
silicates [36,37].
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Fig. 2 SEM images of as-received clay and mica powders. (a) montmorillonite EXM1246, (b) kaolin Barrisurf
HX, (c) talc, (d) vermiculite grade 4, (e) mica PW30, (f) mica R120

The potential interaction of layered silicates with TMA-NFC is expected to increase with increasing
number of exchangeable cations per unit surface area. This number, however, cannot be
determined reliably from the specific surface areas obtained with the BET method and the CEC
because the former does not represent the specific surface area in suspension (see above). In
addition, it is possible that high shear forces in the homogenization process could help to split the
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layers and therefore to increase the ionic interactions of negative charged clay or mica layers with
positive charged cellulose fibrils.
Most of the investigations are conducted in the dry-state (powder) of clay or mica, and therefore
the behavior of clay or mica can differ in those systems from that in the wet state (suspension).
SEM images of as-received materials (Fig. 2) provide information on the morphology and, roughly,
the size of the different clays and mica particles. The surfaces of the montmorillonite particles are
rougher than those of other clays and micas. From Fig. 2, it is clearly visible that as-received layered
silicates are in fact the agglomerates of smaller particles. The high roughness and irregular shape of
montmorillonite particles, containing pits and holes, may indicate that they are composed of
particularly small particles not resolved in the image (Fig. 2a). This is confirmed upon the dispersion
of the particles in water (see Fig. 3). Comparing the layered silicate particle sizes, it is obvious that
the largest montmorillonite platelets are much smaller than the largest mica platelets. Further, also
from images of layered silicate suspensions shown in Fig. 3, montmorillonite has irregular flake-like
shape whereas mica particles have plate-like shapes and smoother surfaces. It was also noted from
the previous section that the broad peaks in the montmorillonite XRD pattern (Fig. 1) are in
agreement with the small crystallite sizes in montmorillonite. When the clay anionic platelets are
flexible (in particular montmorillonite), they can cover the cationic NFC fibrils because of good
enough contacts.

Fig. 3 SEM images of dried suspensions of montmorillonite EXM1246 (left) and mica R120 (right)

59

Processing and film preparation
The TMA-NFC/LS film preparation process employed in this work is summarized in Fig. 4. To the
best of our knowledge, high-shear homogenization method has not yet been used in NFC/clay
composite processing. Under the high-shearing forces, the layered silicates disintegrated into
thinner layers. In addition, these layers were broken into smaller particles which had diameters less
than 75 µm in order to pass through the 75 µm interaction chamber.

Fig. 4 NFC/LS film preparation scheme. At the end of the scheme, the layer structure of the vacuum bag
assembly is displayed

Regarding film preparation time, solvent casting generally required longer periods; for example
from 5 days [38] to 1 month at room temperature [39]. In addition, the advantage of a pressure
filter compared with the traditional vacuum filter used in other studies [40] was a high flow rate of
filtrates through the sieve (twilled dutch weave metal filter cloth), which resulted in short filtration
times, i.e. in the range of 20- 90 min. In addition, by application of metal filter cloth instead of filter
paper, we could easily separate the dried NFC/LS film after hot-pressing from the filter cloth. With
respect of hot-pressing conditions, 105 oC and 150 bar and a vacuum bag were applied in order to
generate the dried and well-packed films.
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Fig. 5 SEM images of dried suspensions of NFC/layered silicates diluted to 0.05 wt% followed by evaporation
of the water. In all systems, the fraction of clay or mica is 50 wt% with respect to NFC. (a) TMANFC/montmorillonite, (b) TMA-NFC/kaolin, (c) TMA-NFC/talc, (d) TMA-NFC/vermiculite, (e) TMA-NFC/mica
R120, (f) non-modified NFC/mica R120. Insets: images at higher magnification for further observations of
interactions between cellulose fibrils and silicate layers
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Morphology and structure of TMA-NFC/layered silicate systems
The morphology and structure of NFC/LS systems were examined with SEM. Such composites with
TMA-NFC were prepared and investigated with 13 layered silicates and some representative
examples are displayed in Figs. 5 and 6. The quantity of the clays and micas was always 50 wt%
with respect to NFC.

Suspensions
Fig. 5 shows SEM images of dried suspensions of TMA-NFC/LS (see Experimental section) typical
for each group of layered silicates. For comparison, SEM images of non-modified NFC and mica
R120 are shown in Fig. 5f. It is obvious that the mica platelets are not well distributed in the nonmodified NFC network. Remarkably, although the mica concentration is 50 wt%, only a few,
randomly distributed mica platelets are visible in the NFC network. This indicates that there is no
significant interaction of silicate platelets and non-modifed NFC fibrils, probably as a result of
electrostatic repulsion between the negatively charged silicate layers and the negatively charged
surfaces of the NFC fibrils.
By contrast, for all systems of cationic NFC and anionic layered charged clays or micas, the SEM
images generally indicate good adhesion of clay or mica surfaces to TMA-NFC fibrils, as indicated
by the good distribution of the layered silicates in the NFC network. This is most likely due to ion
exchange of ammonium groups in TMA-NFC and the resulting electrostatic attraction with the
negatively charged surfaces of the silicate layers. Notably, homogeneous distribution of clay or
mica throughout the TMA-NFC network was achieved, even at a very high clay or mica
concentration of 50 wt%, as used in this study. Normally, the percentage of clay used as filler in
polymer/clay nanocomposites is less than about 5 wt% [10,41].
In the suspensions of TMA-NFC and kaolin or talc (Figs. 5b and 5c), many large stacks of clays
which are not well distributed in the NFC networks are visible. Let us remind that kaolin and talc are
composed of octahedral sheets with almost no charge on their layer surface. This, of course,
renders kaolin or talc platelets less susceptible to ionic interactions with cationic TMA-NFC fibrils.
Interestingly, the sponge-like shaped structure of montmorillonite, which are bent and folded and
do not have a specific alignment (see above), are flexible enough to cover the TMA-NFC fibrils and
thus forming a coherent composite network. However, they do not cover the voids between the
NFC fibrils (compare Fig. 5a). Although a dense and even structure was formed from TMA-NFC and
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montmorillonite, the irregular shapes of montmorillonite are assumed to limit the formation of
close or sealed contacts between trims or boundaries of clay flakes. On the contrary, the relatively
flat and smooth vermiculite or mica platelets are supposed to be more suitable to seal voids or
gaps in the composite systems. In fact, the platelets of vermiculite or mica show strong interactions
with TMA-NFC and are therefore attached to fibrils in NFC networks (see insets from Figs. 5d and
5e). It is also visible from Figs. 5d and 5e that they are able to cover the voids. Note that all the SEM
images were taken from highly diluted suspensions, i.e. 0.05 wt% (total weight content in water).
When considering a specific area of clay or mica surfaces in TMA-NFC/LS suspension, for example 4
µm2, derived from high magnification SEM images, it was possible to estimate the number of
contacts between fibrils and layered silicates. Since the TMA-NFC fibrils were coved by
montmorillonite (Fig. 5a), this rough counting was only applied for kaolin, talc, vermiculite or mica
systems. Very few “contacts” (2 to 6) were seen in suspensions of kaolin, talc with TMA-NFC or mica
with non-modified NFC (Figs. 5b, 5c and 5f), whereas 35 till 45 “contacts” were observed in TMANFC/vermiculite and TMA-NFC/mica R120, respectively (Figs. 5d and 5e).
It should be noted that flocculation was observed when clay minerals were added to TMA-NFC
suspensions. This flocculation problem was diminished after passing the mixtures through a highpressure homogenizer. This flocculation is probably caused by ionic attraction between cationic
fibrils and anionic silicate layers and is, therefore, regarded as a qualitative indication of
interactions between TMA-NFC and layered silicates.

Composites
The TMA-NFC/LS composite films were prepared as described in the Experimental section and as
illustrated in Fig. 4.
Fig. 6 presents SEM images of cross sections of freeze-fractured composite films from the same
TMA-NFC/LS systems described previously. Remarkably, all the NFC/LS composite films show a
layered structure with clay or mica platelets oriented in-plane with the cellulose matrix. For
comparison, a SEM image of non-modified NFC and mica R120 is shown in Fig. 6f.
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Fig. 6 SEM images of TMA-NFC/layered silicate film cross sections of freeze-fractured surfaces. In all
composites, the layered silicate concentration is 50 wt% (i.e. approximately 16-26 vol%). (a) TMANFC/montmorillonite, (b) TMA-NFC/kaolin, (c) TMA-NFC/talc, (d) TMA-NFC/vermiculite, (e) TMA-NFC/mica
R120, (f) non-modified NFC/mica R120

The structure of the TMA-NFC/montmorillonite film seems to be slightly denser compared to the
other composites, although the applied layered silicate concentrations were the same for all films
(50 wt%). Again, it is evident that the montmorillonite particles are finer than the other layered
silicates as the former cannot really be distinguished in the respective SEM image (Fig. 6a). Mica
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and vermiculite composites (Figs. 6d and 6e) show clear and thin layered structures where silicate
platelets can be easily recognized. These layers do not interpenetrate each other as opposed to
layers of montmorillonite composites. Interestingly, micas of all grades interacted with TMA-NFC
similarly to vermiculite with TMA-NFC, but with slightly higher level or denser contacts. If only
based on SEM investigations, the differences between micas regarding the interactions with TMANFC cannot be clearly differentiated. Further studies on platelet dimensions and aspect ratio of
micas are necessary to make substantiated claims. Platelet dimensions of clays and micas before
(as-received) and after (in combination with TMA-NFC) homogenization, however, can be
qualitatively compared from Figs. 2 and 5. The starting materials have diameters of 2-120 µm (Fig.
2) while the homogenized materials have dimensions in the range of ca. 0.25-10 µm (Fig. 5). Many
thick clay or mica stack aggregations are detectable in the composite films of kaolin or talc with
TMA-NFC, or mica R120 with non-modified NFC (Figs. 6b, 6c, and 6f). These findings are in
accordance with those described in previous section, derived from the images shown in Fig. 5.
Thus, the oriented multi-layer structure has been achieved by high-shear homogenization, filtration
and hot-pressing processes, which up to now has been only achieved when using the more timeconsuming layer-by-layer deposition techniques [42,43]. There are two important factors like
applied shearing forces and cationization of cellulose fibrils when discussing interactions between
cellulose fibrils and clay or mica layers. The applied shearing forces during the high-pressure
homogenization process caused delamination of layered silicate particles into thinner stacks or
lamellae which were subsequently attached to the positively charged fibril surfaces due to ionic
interactions or cationic exchange mechanisms. In other words, both cationization of cellulose fibrils
and high-shear homogenization may be optimal to initiate good interactions between TMA-NFC
and layered silicates.
However, there were still minor silicate layer stacks in the system of cationic NFC and anionic
silicate layers; i.e. the clays were not completely delaminated into single silicate layers and not fullydispersed into the NFC network (complete delamination is not expected for the micas due to the
larger attraction of the silicate layers by the interlayer cations, see above).

Conclusions
The study has given an overview of ionic interactions between NFC and different families of layered
silicates. Thirteen types of layered silicates which belong to smectite, kaolin, talc, vermiculite, and
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mica groups were used to produce composites with cationic nanofibrillated cellulose (TMA-NFC)
using a process of high-shear homogenization, filtration and hot-pressing. Montmorillonite and
vermiculite had higher cation exchange capacities and specific surface areas compared to other
layered silicates. Montmorillonite had smaller crystallite size, smaller platelet dimensions, and
rougher platelet surface. Thus, montmorillonite clay interacts differently with cationic fibrils
compared to vermiculite, mica, kaolin and talc. While montmorillonite clay layers covered cationic
cellulose fibrils, vermiculite and mica platelets were rather attached on TMA-NFC networks, as
indicated by respective suspensions after drying. There were no significant interactions observed
between kaolin or talc and TMA-NFC. This resulted in the visible larger stacks of kaolin and talc in
the systems with TMA-NFC. Experiments with non-modified NFC were also performed for
comparison. The interactions of modified NFC and non-modified NFC with layered silicates also
showed dissimilarities: There were no significant interactions between non-modified NFC and mica,
in contrast to systems with the cationic TMA-NFC. This was also evident in parallel oriented
multilayered structures of hot-pressed composite films of NFC and layered silicates (LS) as
montmorillonite formed particularly dense composite structures with TMA-NFC, while other TMANFC/LS composite films had clearer and more distinguishable layered structures.
These findings were explained based on different interaction types, i.e. electrostatic attraction or
repulsion in NFC/LS systems. In any case, the cationic functional trimethylammonium groups of
nanofibrillated cellulose are essential in this study for compatibility of NFC and layered silicates. In
addition, the NFC/LS composite processing method, especially with the application of high-shear
homogenization, possibly impacted the distribution of layered silicates in the NFC networks.
Systems of montmorillonite clay and TMA-NFC displayed the best interaction level, where the clay
flakes covered the cationic cellulose fibrils and formed dense structures. Vermiculite and mica, due
to the flat morphologies, however, exhibited a high tendency of voids coverage.
The mechanical and barrier properties of NFC-LS composites will be evaluated in the next chapter
to understand further the interactions between these components, as well as to explore further
possible applications for NFC/layered silicate composites.
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Experimental
Materials
TMA-NFC
Trimethylammonium-modified nanofibrillated cellulose (TMA-NFC) was prepared at a temperature
of 97.5 oC as described earlier [21]. The available cationic groups in TMA-NFC were estimated
based on the nitrogen content of trimethylammonium groups [21]. Cellulose pulp powder
produced from oat straw (Jelucel OF300, Rosenberg, Germany) was used as starting raw material
for the preparation of non-modified NFC and TMA-NFC.

Fig. 7 Section of the structure of trimethylammonium-modified nanofibrillated cellulose (TMA-NFC)
illustrating the modifying unit

Layered silicates
Thirteen different types of clays and micas were applied. Information about their suppliers as well
as idealized chemical formulae is displayed in Table 3.
Table 3 Suppliers and suggested idealized formulae of layered silicates
Name

Supplier

Suggested formula

Reference

Montmorillonite EXM1246
Kaolin Barrisurf HX
Talc

Süd-Chemie AG (Germany)
Imerys (France)
Erne-Chemie Dällikon (Switzerland)

Si4Al2-yMgyO10(OH)2,yM+·nH2O
Al2Si2O5(OH)4
Mg3Si4O10(OH)2

[1], y=0.6
Supplier
[6]

Vermiculite grade 4
Mica PW30
Mica R180
Micavor 20
Mica MU-M 2/1
Mica SYA 31R
Mica Sublime 325
Rona Flair Silk Mica
Mica SX400
Mica R120

Virginia Vermiculite Limited (USA)
Minelco (UK)
Microfine Minerals (UK)
Kaolins d’Arvor (France)
Imerys (USA)
Alberto Luisoni AG (Switzerland)
Alberto Luisoni AG (Switzerland)
Merck KGaA (Germany)
Minelco (UK)
Minelco (UK)

Si4-xAlxMg3-yMy3+O10(OH)2,((x-y)/2)Mg 2+
KMg3Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2
KAl2Si3AlO10(OH)2

[1], x=1.2 and y=0.8
[6]
[6]
[6]
[6]
[6]
[6]
Supplier
[6]
[6]

The formulae were taken from the literature or from declaration by the suppliers
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Film processing
Homogenization, filtration and hot-pressing
For the preparation of all films of TMA-NFC and different types of clay or mica (Table 3), a total
mass of 4.41 g was always employed. Thus, in the case of a 1:1 weight ratio, in the first step, 2.205 g
of TMA-NFC (scaled according to the dry content of TMA-NFC suspension) and 2.205 g of clay or
mica were put into separate flasks. Water was then added to the TMA-NFC until the total mass of
the suspension reached 500 g. After that, this TMA-NFC suspension was transferred to a highpressure homogenizer (lab-scale microfluidizer type M-110Y, Microfluidics Corporation, USA, see
[44]) and subsequently pumped at high velocities through fixed-geometry interaction chambers (Y
or Z morphology) with diameters of 200 μm (H30Z200

μm)

and 75 μm (F20Y75

μm).

Water was also

added to the clay or mica, until the concentration in water reached 5 wt% solids. While TMA-NFC
suspension was pumping in the homogenizer, the clay or mica suspension was added at a rate of 5
ml/min. The applied pressure was always 1000 bar to generate the high shear forces necessary to
disintegrate and homogenize the NFC and layered silicate materials. The final suspension was left
to pass through the chambers for 20 passes to homogenize the dispersion. Meanwhile, 200 ml of
water had been added to the suspension, because NFC and clay or mica residues had to be
collected from the flasks and the suspension container walls. The final concentration of TMANFC/LS in water was about 0.6 wt%.
The suspension was then transferred into a pressure filter, containing a twilled dutch weave metal
filter cloth (stainless steel AISI 316L, 325x2300 mesh) with pores size of 5 μm, supported by a more
mechanical stable stainless steel mesh of larger pore size and a steel sheet with holes of 2.5 mm
diameter. A pressure of 0.5 bar was applied in mounting steps until a stable but still wet film
formed. The wet film together with the metal filter cloth was then encased in layers of blotting
paper and one sheet of Teflon® cloth placed directly on the wet film, in order to prevent the
blotting paper from meshing with the sample. These layers were finally packed on a sheet of cotton
and transferred into a vacuum bag (Fig. 4).
A pump was connected to the vacuum bag and vacuum (0.2 bar) was applied to remove residual
water, while the assembly was hot-pressed with a Suter LP420 presser (A. Suter AG Maschinenbau,
Basel, Switzerland) at 105 °C and 150 bar. After 25 min, the heat was turned off and the film was

68

left to cool down to room temperature while still under pressure. The cooling process lasted for
about 2-3 h.

Characterizations
TMA-NFC
Modified nanofibrillated cellulose was characterized by elemental analysis, methylene blue
adsorption, X-ray powder diffraction, viscosity and scanning electron microscopy as reported
earlier [21].

Clays, micas and TMA-NFC/LS systems
Crystal structure
Crystal structures were examined by powder X-ray diffraction (XRD) patterns of clay or mica
particles pressed into pellet form taken by a PANalytical (Almelo, Netherlands) X’ Pert Pro
diffractometer to identify the type of the layered silicates. The diffractometer was equipped with a
copper anode (Cu-Kα radiation) operating at a wavelength λ = 1.5418 Å. Cu-Kα radiation was
generated at 45 kV and 40 mA and a Ge (111) monochromator. All XRD spectra were recorded in
the interval of 2° < 2θ < 80° with a step size of 0.033°. The reflected intensities were registered as
functions of the diffraction angle 2θ.
Elemental composition
The elemental composition of layered silicates was determined by wavelength-dispersive X-ray
fluorescence (WD-XRF) spectroscopy. Prior to the WD-XRF measurements, the clay or mica samples
were treated at 975 oC in an oven for 3 h to remove organic compounds. A thin polypropylene film
was used to cover one end of a double open-ended sample holder. Treated powder samples were
loaded into sample holders and exposed to the analysis. The XRF spectrometer used was a Philips
PANalytical PW2400 (Netherlands) gauge equipped with a Rh X-ray tube with voltage and current
of 60 kV and 40 mA, respectively. There were 3 set-up detectors: flow counter (FC), sealed
proportional counter (PC) and scintillation counter (SC).
Cation exchange capacity (CEC)
The CEC was determined according to the literature [45]. A specific amount (ca. 150 mg for
montmorillonite, 600 mg for vermiculite, 1 g for other kinds of layered silicates) of air-dried clay or
mica samples was added to ca. 20 ml of ultrapure water and dispersed by ultrasonic treatment (20
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kHz, 400 W, 3 min). The sonicated suspension was completely transferred into a 50 ml volumetric
flask containing 5 ml of Cu complex solution (prepared with 0.02 mol of anhydrous Cu(II) sulfate
and triethylene tetramine from FLUKA AG, Switzerland) and 1 ml of pH 7 buffer solution. The
volumetric flask was filled up with ultrapure water to 50 ml and the suspension was mixed well by
turning the volumetric flask 30 times over head. After that, the sample was allowed to sediment.
The supernatant suspension was then centrifuged in a microcentrifuge (Microcentaur, MSE, UK) at
13000 rpm for 20 min. The supernatant solution from the centrifugal tube was carefully pipetted
into measuring cell of 1-cm path length. This cell was inserted into a spectral photometer CADAS
100 (Dr Bruno LANGE, Germany) and the colour intensity value, which was measured as absorbance
(Abs), was recorded. With the help of the obtained values, the CEC was calculated based on the dry
layered silicate weight, whereas the water content of the layered silicate samples was estimated
from the mass obtained after drying clays and micas at 105 oC until constant weight.
The CEC was calculated from the quantity of Cu2+ ions which did not adsorb on the silicate by
cation exchange, i.e. from the concentration of the Cu2+ ions in the supernatant solution after
sedimentation of the clay or mica particles. This concentration was obtained by measuring the
absorbance of a supernatant solution, in accordance with Beer-Lambert’s law. The absorbance of a
solution without clay or mica was also determined as a reference. The following formula was used
for the calculation of the CEC [45]:

CEC 

CEC

Abs

ref

 Abs LS / Abs ref   0.02  10  1000  100
mLS

(1)

= cation exchange capacity in milliequivalents (or millimol) per 100 g layered silicate

Absref = initial absorbance of Cu2+ in a reference sample (absence of layered silicate)
AbsLS = absorbance of the supernatant solution after sedimentation of layered silicate
mLS

= mass of the dry layered silicate sample in mg

The factor 0.02 refers to the initial molar concentration of Cu2+ in solution.
The factor 10 corresponds to the dilution: 5 ml of Cu2+ solution were diluted to 50 ml in the cation
exchange reaction with layered silicate.
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The factor 1000 results from the conversion of mol to millimol, which is the common quantity
indicated in CEC values.
The factor 100 results from the conversion of g to 100 g of layered silicate, which is the common
quantity indicated in CEC values.
Specific surface area
The specific surface area of all clay and mica samples was measured by nitrogen adsorption at
−196 °C in the relative pressure range p/p0 = 0.05-0.3 with a volumetric sorption analyzer
(Autosorb 1MP, Quantachrome Instruments, USA). The standard Brunnauer–Emmett–Teller (BET)
method was used to calculate the specific surface area. Prior to the measurements, the powder
samples of clay or mica were filled into the sample cell, degassed at 150 °C overnight and purged
with Helium (He). The amount of layered silicate samples used was determined by weighing the
empty sample cells and the cells after degassing.
Density
The density of all layered silicate samples was measured with an AccuPyc 1330 Helium Pycnometer
(Micromeritics Instrument Corporation, USA). Ca. 2 g of the powdered samples were loaded into an
aluminum pan which was placed in a chamber of defined volume, and the air was subsequently
exchanged by He. The pressures observed upon filling the sample chamber and the subsequent
discharge into a second empty chamber allowed calculation of the sample volume. The density was
determined as the average value of 10 runs.
Morphology of layered silicates and TMA-NFC/LS composites
The morphology of clays, micas and TMA-NFC/LS samples was studied by scanning electron
microscopy (SEM). SEM images were taken with a FEI Nova NanoSEM 230 instrument (FEI,
Hillsboro, Oregon, USA). The clay or mica powder samples were prepared by sprinkling small
amounts of as-received powder on carbon adhesive tape. In the case of NFC/LS suspensions, SEM
pictures were taken after the homogenization step. Such samples were prepared from a diluted
0.05 wt % suspension of which 2-3 drops were placed on a sample holder. Samples of NFC/LS
composite films were prepared by fracturing the films in liquid nitrogen. The pieces thus obtained
were then fixed on a sample holder with the fracture area facing upwards. All samples were
sputter-coated directly with a platinum layer of about 8 nm (BAL-TEC MED 020 Modular High
Vacuum Coating Systems, BAL-TEC AG, Liechtenstein) in Ar as a carrier gas at 5∙10-2 mbar. SEM
images were recorded at an accelerating voltage of 5 kV and a working distance of 5 mm. In order
71

to understand in detail the morphologies and dimensions of montmorillonite EXM1246 and mica
R120, as-received powder samples of these layered silicates were dispersed in deionized water and
stirred overnight. The obtained suspensions were prepared for SEM investigations as described
above for NFC/LS suspension systems.
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Abstract
Composites of trimethylammonium-modified nanofibrillated cellulose and layered silicates (TMANFC/LS) were prepared by high-shear homogenization followed by pressure filtration and vacuum
hot-pressing, which gave rise to particularly homogeneous dispersion of the silicate particles. A
total of 13 different clays and micas were employed. Water vapor barrier and mechanical properties
(E-modulus, tensile strength, strain at break) of the composite films were investigated, considering
the effects of layered silicate types and their concentration (in the range of 0 to 85 wt%). Good
interactions between TMA-NFC and LS were achieved along with oriented TMA-NFC/LS composite
structures. Layered silicates exerted a pronounced influence on the water vapor barrier and
mechanical properties. However, there was no common trend reflecting their types. The transport
of water molecules through TMA-NFC/LS composites was studied considering both diffusion and
adsorption mechanisms. As a result, diffusion pathways are proposed based on two new and one
well-known structure models: the “native network”, “covered fiber composite”, and “fiber-brick
composite” models. Importantly, it was found that the insertion of layered silicate particles did not
improve automatically the barrier properties as indicated by the commonly used “fiber-brick
composite” model. Among the tested composite films, the best showed besides considerably
improved water vapor barrier properties also higher E-modulus, especially compared to
commercially used base paper.

Introduction
Paper and board based on cellulose account for around 40% of the global packaging market.
Unfortunately, cellulose restricts the barrier properties in packaging applications because cellulose
paper is highly permeable to water vapor and oxygen. During the last decades, however,
nanofibrillated cellulose (NFC) has become available. NFC is produced from cellulose fibers by
chemical, enzymatic or mechanical treatment or combinations thereof [1-3]. Compared to cellulose
fibers, NFC has a particularly high grade of homogeneity, high modulus and tensile strength, high
aspect ratio, and high chemical reactivity due to the presence of –OH groups at large specific
surface area [4-6]. Recently, it has been reported that the oxygen barrier properties of
nanofibrillated cellulose films are superior to those of films composed of cellulose fibers, reaching
oxygen transmission rates of 18 cm3/(m2·d) or oxygen permeability of 0.05 (cm3·mm)/(m2·d·atm) at
50% relative humidity (RH) and a temperature of 23 oC [7,8]. It is likely that the diffusion of oxygen
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molecules through the NFC network is restricted by the dense network of inter-fibrillar bonds [6,8].
However, water vapor barrier properties of such films were shown to be poor [9].
In order to improve the water barrier properties, cellulose has been chemically modified, e.g. by
acetylation [9,10] or silylation [11]. In another approach, cellulose or its derivatives have been
mixed with clay minerals [12-14]. For instance, composites of cellulose acetate butyrate (CAB) and 3
wt% of surface modified “organoclay” showed a decrease in water vapor transmission rate of about
20 % compared to blank CAB films [15]. In another example, the inclusion of organoclay in cellulose
acetate showed a pronounced decrease of the oxygen but not of the water vapor transmission rate
[16]. Similarly, the inclusion of clays in synthetic polymers, like polyimides [17], polymethacrylates
[18,19], polyethylene [20] or polystyrene [21,19] led also to an enhancement of barrier properties,
mostly in oxygen transmission. However, the use of layered silicates in NFC was rarely mentioned
[7,22,23]. The investigations on such composites have been mostly limited to montmorillonite as a
silicate component, although various other kinds of layered silicates are readily available, such as
vermiculite, kaolin, talc, or micas. Notably, these silicates as well as the renewable resource cellulose
are natural, eco-friendly materials.
Importantly, homogeneous dispersion of layered silicate platelets in cellullose is very challenging.
This is due to the fact that cellulose is negatively charged by the presence of –O– and –COO–
groups which will repel the negatively charged surfaces of the silicate layers. Modification of clays
with organic molecules is commonly used in order to increase the dispersability of the otherwise
highly polar ionic surfaces of clays in apolar polymer matrices, such as polyethylene, polypropylene
or polystyrene [24]. However, these modifications cannot address the target of dispersion of clays
or micas in a polar NFC matrix. Therefore, a strategy of cellulose cationization [25] has been
recently suggested (Fig. 1) to favor electrostatic attractions between the cationic NFC (TMA-NFC)
and negatively charged layered silicate platelets, which indeed led to high compatibility between
these components.
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Fig. 1 Structure of trimethylammonium-modified nanofibrillated cellulose (TMA-NFC)

In earlier studies, different morphologies as well as interaction behavior of layered silicates with
TMA-NFC were observed [26]. This plays, of course, a decisive role for the barrier properties of the
ensuing composite films.
In the following, the neat NFC or TMA-NFC network will be assigned as “native network” model
(Fig. 2a). Remarkably, it was observed further that tissue-like montmorillonite flakes were bent and
folded to cover the cationic cellulose fibrils [26]. The resulting composite system will be defined as
“covered fiber composite” (Fig. 2b). Finally, the flat layered silicates talc, kaolin, vermiculite, and
mica platelets can build together with the NFC network a structure which is described with the
well-known “fiber-brick composite” (Fig. 2c). The “fiber-brick composite” model is usually
anticipated in the literature [27-29]. Only recently, it has been shown that the “covered fiber
composite” model can also exist [26].
Theoretically, the permeability (P) of low-molecular-weight species through a polymeric system can
be described as the combination of the adsorption (A) and the diffusion coefficient (D) according
to the following expression: P= D∙A [30]. The adsorption coefficient of a gaseous substance is
related to the ratio of the equilibrium pressure of the adsorbing substance to its partial pressure in
the gas phase. The diffusion coefficient, which can generally be determined from Fick’s laws of
diffusion, characterizes the average ability of the permeant to move among the various elements of
composite materials [30,31]. Different from the diffusion mechanism, which depends on the
composite structure (Fig. 2), adsorption is controlled by the interactions between penetrating
molecules and the matrix. We would like to emphasize that the permeability of gases through
composites of (nanofibrillated) cellulose and layered silicates has usually been treated solely on the
basis of diffusion pathways [32,15,16] and adsorption was not considered.
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(a)

(c)

(b)

Fig. 2 Schematic drawings of three model structure types: (a) neat NFC defined as “native network”, (b)
“covered fiber composite” model, (c) the commonly used “fiber-brick composite” model. The diffusion
pathway of a small molecule is illustrated with the blue line

In this study, various kinds of layered silicates were added as impermeable element to TMA-NFC
matrices aiming at the production of composite films with improved water vapor barrier properties.
Composite homogenization was achieved by application of shearing forces during high-pressure
homogenization, which causes disintegration of layered silicate particles into thinner stacks or
lamellae [26]. Pressure filtration and hot-pressing were used for producing TMA-NFC/layered
silicate composite films. Barrier properties against water vapor as well as mechanical and
morphological properties were investigated.

Results
A combination of high-shear homogenization, pressure filtration and vacuum hot-pressing was
applied to prepare trimethylammonium-modified nanofibrillated cellulose/layered silicate (TMANFC/LS) films (for details see Experimental part). This procedure not only yielded homogeneous
dispersion of the layered silicates in the TMA-NFC matrix but also induced delamination of layered
silicates agglomerations into thinner lamellae thus improving the homogeneity of the composite,
as shown recently [26]. The applied 13 layered silicate minerals belong to different groups (e.g.,
smectite, kaolin, talc, vermiculite, and mica) that possess different characteristics [26]. Because of
their abundance in nature (especially when comparing to montmorillonite) and particularly high
aspect ratio and layer charge as well as pronounced plate-like morphology [33], various micas were
employed in this study.
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Water vapor transmission and adsorption properties
Water barrier properties of composites are presented as water vapor transmission rate (WVTR),
water vapor permeability (WVP), and water vapor adsorption (WVA) values. WVTR is a measure of
the passage of water vapor through a composite film. WVP is also a measurement of vapor
transmission, however it is dependent on film thickness and the water vapor pressure differences
across the film. WVA is used for studying the water vapor uptake level of the composites. Lower
values of WVP represent better protection from moisture, while comparison of WVTR values has to
be taken with care, especially when comparing materials of neither the same basis mass nor the
same thickness. Notably, the thickness of the films depends on many factors, e.g. preparation
method, content of the solids (cellulose and layered silicate), and the densities of their
components. Surprisingly, WVTR values have been commonly used for cellulose systems in
literature [34,15,9,16,23], while the WVP was only occasionally employed [32].

Fig. 3 WVTR (left scale), WVP (right scale), and WVA (values above the dots) of composite films based on a
TMA-NFC matrix plotted against the muscovite (mica R120) content. WVTR and WVP refer to 85 %RH and 23
o

C. Deviations are based on a 95% confidence level, using Student’s t-distribution
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In order to investigate the tightness of the device employed for determination of the water vapor
permeation, aluminum foil was used whose water permeation rate is by far below the detection
limits [35]. Nonetheless, a low WVTR or WVP value resulted also for aluminum foil (4 g of water
vapor/(m2·d) or 10-7g of water vapor/(m·d·Pa), respectively, at 85 %RH and 23 oC), possibly due to a
leakage as the design of the test cup requires application of double-sided tape to fix the films (in
the unit, day is defined as d). However, since the leakage value was small compared to the values of
the cellulose samples with and without layered silicates, the leakage value was neglected.
In order to determine the optimum silicate content in TMA-NFC for improved barrier properties,
the commercially available mica R120 was employed as a representative of a mica of the muscovite
group. Mica R120 was found earlier to have pronounced interactions with TMA-NFC fibrils [26] and
also performed best in preliminary tests. The fraction of mica was varied between 0 wt% and 85
wt%, corresponding approximately to mica volume fractions between 0 vol% and 32 vol% (50 wt%
corresponds to about 22 vol%), whereat the volume of the layered silicates used here in composite
film was calculated based on their densities as previously reported [26]. As visible from Fig. 3, the
WVTR and WVP values did not depend strikingly on the mica content up to about 60 wt%, but a
reproducible minimum of WVTR value of 104 g of water vapor/(m2·d) or WVP of 2.2·10-6 g of water
vapor/(m·d·Pa)) was found at about 50 wt% mica. At higher mica fractions, the WVTR or WVP,
respectively, rose sharply. Notice that all the values were measured at 85 %RH and 23 oC. At 50
%RH and 23 oC, however, TMA-NFC/mica R120 composites showed only a WVTR of 12 g of water
vapor/(m2·d) and a WVP of 0.4·10-6g of water vapor/(m·d·Pa)). Opposite to water vapor
transmission, WVA values were inversely proportional to the mica content, as seen in Fig. 3.
Since WVP and WVTR reached a minimum at 50 wt% of mica R120, films of TMA-NFC and other
layered silicates were prepared with 50 wt% of layered silicates. The related WVP and WVTR values
results were presented in Table 1. First, it was obvious that the WVTR is a less reliable quantity than
the WVP because the former depends on the film thickness in contrast to the latter. Thus, for
instance, the comparably high water vapor permeability of the materials with Micavor 20 is evident
from the WVP but not from the WVTR values. As a consequence, we only refer to WVP values in the
following.
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Table 1 Water vapor permeability and adsorption of composite films of TMA-NFC and 50 wt% of different
o

types of layered silicates (measured at 85 %RH and 23 C). For comparison, the results for a commercially
used base paper and neat non-modified and modified NFC films (i.e. without silicate) are also included.
Deviations are based on a 95% confidence level, using Student’s t-distribution
Film sample
Commercially used base paper
Non-modified NFC
Non-modified NFC/Mica R120
TMA-NFC
TMA-NFC/Montmorillonite EXM1246
TMA-NFC/Kaolin Barrisurf HX
TMA-NFC/Talc
TMA-NFC/Vermiculite grade 4
TMA-NFC/Mica PW30
TMA-NFC/Mica R180
TMA-NFC/Micavor 20
TMA-NFC/Mica MU-M 2/1
TMA-NFC/Mica SYA 31R
TMA-NFC/Mica Sublime 325
TMA-NFC/Rona Flair Silk Mica
TMA-NFC/Mica SX400
TMA-NFC/Mica R120

Thickness
(µm)

WVTR
2

(g/(m ·d))

WVP·106
(g/(m·d·Pa))

WVA
(wt%)

130
47
52
63

±
±
±
±

5
2
1
12

1087
321
260
284

±
±
±
±

170
46
66
18

59.4
6.4
5.7
7.5

±
±
±
±

9.6
0.9
1.5
1.6

12
15
7
15

53
68
76
67

±
±
±
±

8
14
15
3

451
223
204
189

±
±
±
±

70
35
69
17

10.0
6.4
6.5
5.3

±
±
±
±

2.2
1.7
2.5
0.5

19
8
8
12

64
82
119
55
46
51
50
78
51

±
±
±
±
±
±
±
±
±

8
12
20
5
5
7
2
2
1

197
167
262
359
221
184
232
323
104

±
±
±
±
±
±
±
±
±

24
33
51
16
89
19
9
17
22

5.3
5.8
13.1
8.3
4.3
3.9
4.9
10.6
2.2

±
±
±
±
±
±
±
±
±

0.9
1.4
3.4
0.8
1.8
0.7
0.3
0.6
0.5

8
8
8
8
7
7
6
8
6

Notably, the water vapor permeation of NFC films themselves was about an order of magnitude
below that of the common commercially used base paper for packaging, i.e. NFC films are much
more effective barrier materials towards water vapor than base paper. There was no significant
difference between the water barrier properties of non-modified NFC and TMA-NFC (see Table 1).
However, it is evident that the WVP depended on the type of incorporated layered silicate, the
differences amounting to a factor of 6. Remarkably, the incorporation of layered silicates can lead
to an increase or decrease in WVP. The lowest water vapor permeation was obtained with mica
R120, which improved almost 30 and 3 times compared to commercially used base paper and
blank NFC films without layered silicate, respectively. Likewise, at 50 wt% silicate content, Sublime
325 and Rona Flair Silk micas showed a significant reduction of WVP. In contrast, some micas
(muscovites SX400, MU-M 2/1, micavor 20 or mica R180) and clays (montmorillonite, kaolin and
talc) had no water vapor barrier improvement effect with respect to neat (modified) NFC. Some of
these (e.g. montmorillonite, micavor 20 or mica SX400) induced even an increase in water vapor
permeation. Hence, we would like to emphasize that the frequently anticipated improvement of
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barrier properties by layered silicates according to the “fiber-brick composite” model [27-29] is not
guaranteed.
Non-modified NFC and TMA-NFC had approximately the same water uptake level (15 wt%),
somewhat more than commercially used base paper (12 wt%). The incorporation of 50 wt% of
layered silicates led in most cases to a reduction in water uptake to about half the value of TMANFC (typical water adsorption of the composites 6 -8 wt%). Again, the micas Sublime 325, Rona
Flair Silk, R120, and also SYA 31R showed lower level of water adsorption compared to other
layered silicates in composites with TMA-NFC. However, the composites containing vermiculite or
montmorillonite adsorbed more water than those with the other silicates, the NFCTMA/montmorillonite materials even more than neat NFC.

Mechanical properties
The influence of the silicate content on mechanical properties was investigated for composite films
with muscovite mica R120 as it performed best in water vapor barrier properties. The above
mentioned composites with different fractions of muscovite mica R120 ranging from 0 to 85 wt%
were analyzed with regard to tensile properties. The results are summarized in Fig. 4.

Fig. 4 Tensile properties of TMA-NFC films comprising 0 to 85 wt% muscovite mica (R120). Deviations are
based on a 95% confidence level, using Student’s t-distribution
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The addition of mica up to a concentration of 25 wt% led to an increase in tensile strength and Emodulus without influencing the strain at break of the films. Only at higher mica concentrations
well above 50 wt% the values of the tensile properties decreased, in particular the tensile strength
and strain at break.
Composites of TMA-NFC and other layered silicates were also subject to investigations of tensile
properties, as summarized in Table 2. The commercially used base paper showed the lowest Emodulus (1.8 GPa) and tensile strength (30 MPa) of all samples. Non-modified NFC showed
considerably higher values in E-modulus (6.4 GPa) and tensile strength (140 MPa), which were not
reached by TMA-NFC. Obviously, however, incorporation of layered silicates in TMA-NFC can lead
to lower or higher E-modulus and tensile strength compared to neat TMA-NFC. Thus, both, highest
tensile strength and E-modulus were found for TMA-NFC composite films with montmorillonite
and three types of mica (SYA 31R, Rona Flair Silk, and R120) and low values for other types of mica
(for example, SX400 or MU-M 2/1). There was no systematic dependence of tensile strength or Emodulus on the silicate type (mica vs. clay).
Table 2 Tensile properties (E-modulus, tensile strength, and strain at break) of composite films of TMA-NFC
and 50 wt% of different types of layered silicates. For comparison, commercially used base paper, nonmodified NFC film, TMA-NFC film, and non-modified NFC/mica R120 film are also included. Deviations are
based on a 95% confidence level, using Student’s t-distribution
Film sample
Commercially used base paper
Non-modified NFC
Non-modified NFC/Mica R120
TMA-NFC

E-modulus (GPa)
1.8 ± 0.1
6.4 ± 0.2
7.3 ± 0.1
4.9 ± 0.1

Tensile strengh (MPa)
30 ± 2
140 ± 6
90 ± 3
87 ± 4

Strain at break (%)
5.3 ± 0.6
4.9 ± 0.6
2.2 ± 0.2
2.6 ± 0.3

TMA-NFC/Montmorillonite EXM1246
TMA-NFC/Kaolin Barrisurf HX
TMA-NFC/Talc
TMA-NFC/Vermiculite grade 4

7.4
6.6
4.7
5.9

±
±
±
±

0.6
0.5
0.2
0.5

116
85
67
90

±
±
±
±

5
12
13
3

3.0
2.4
2.9
4.1

±
±
±
±

0.6
0.7
0.9
0.7

TMA-NFC/Mica PW30
TMA-NFC/Mica R180
TMA-NFC/Micavor 20
TMA-NFC/Mica MU-M 2/1
TMA-NFC/Mica SYA 31R
TMA-NFC/Mica Sublime 325
TMA-NFC/Rona Flair Silk Mica
TMA-NFC/Mica SX400
TMA-NFC/Mica R120

6.4
6.6
3.8
4.6
9.8
7.5
9.6
3.4
9.5

±
±
±
±
±
±
±
±
±

1.0
1.0
0.4
0.3
0.7
0.3
0.3
0.1
0.2

56
81
57
62
100
68
111
50
104

±
±
±
±
±
±
±
±
±

6
20
3
6
8
2
3
3
5

1.1
2.1
2.6
2.2
1.8
1.4
2.3
2.7
1.9

±
±
±
±
±
±
±
±
±

0.2
0.6
0.2
0.3
0.2
0.1
0.1
0.4
0.3
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For comparison, the mica leading to the composite with lowest WVP (mica R120) was also
incorporated in non-modified NFC. While this mica caused a decrease in tensile strength and Emodulus in non-modified NFC, an increase of the related values was observed when TMA-NFC was
used as matrix. Here, the E-modulus of TMA-NFC/mica R120 composite films performed even
better than neat TMA-NFC films.
While the strain at break values of the commercial base paper and non-modified NFC did not differ
significantly, the values decreased upon the utilization of TMA-NFC and the addition of layered
silicates, with the exception of vermiculite. The strain at break values of the materials with layered
silicates differed by a factor of 3.5 and, again, there was no systematic dependence on the type of
layered silicate (i.e. mica vs. clay).

Morphology
In order to investigate the dispersibility of the particles of different layered silicate types in the
aqueous suspensions used for composite preparation, SEM investigations were performed. Fig. 5
shows dried suspensions of TMA-NFC/LS containing montmorillonite, vermiculite, and mica R120,
respectively. It is evident that the montmorillonite particles (typical diameters 0.2 – 0.5 µm) were
much finer than the vermiculite (typical diameters 0.3 – 4 µm) or mica R120 particles (typical
diameters 0.5 - 9 µm). While montmorillonite with tissue-like shaped platelets folded around TMANFC fibrils, the other layered silicates with relatively flat and smooth platelets attached to TMA-NFC
fibril surfaces [26]. The film fracture image (Fig. 5d) shows that after filtration and hot-pressing, the
mica platelets were oriented parallel to the surfaces of the composites.
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Fig. 5 SEM images of (a) a dried suspension of TMA-NFC/montmorillonite (b) a dried suspension of TMANFC/vermiculite (c) a dried suspension of TMA-NFC/mica R120 and (d) a fracture surface of TMA-NFC/mica
R120 film cross section. All mentioned systems contain TMA-NFC and layered silicates in a mass ratio of 1:1

Discussion
The effects of layered silicate types and their concentrations on the composites’ properties will be
discussed in the following sections.

Layered silicate content in TMA-NFC
In general, low clay contents, typically less than 5 wt%, were used in previous studies on
clay/polymer composites [36,37]. With TMA-NFC, however, in the present work, composite films
with high inorganic contents, i.e. 85 wt % or ca. 32 vol%, could be readily prepared. Such films were
still self-supporting. It is most likely that the good interaction between cationic cellulose nanofibers
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and anionic layered silicate platelets [26] favor the existence of self-supporting films with high
content of layered silicates.

Water vapor barrier properties
Due to the excellent barrier properties of layered silicate itself, an increase in layered silicate
content in composite systems is generally expected to cause a priori a decrease of water vapor
transmission rate. We proved this for the system TMA-NFC/mica R120 and varied the mica content
between 0 wt% and 85 wt%. As expected, we observed a decrease in water vapor transmission,
water vapor permeability, and water adsorption, however, only up to a certain extent, i.e up to a
mica concentration of around 50 wt% (ca. 22 vol%). Most probably, voids will appear in composites
with very high mica content, as there is not sufficient matrix material to fill the spaces between the
silicate particles. Furthermore, they widely differ in all three dimensions and therefore a void-free
packing of the silicate particles themselves is not possible. In addition, we assume that very high
amount of mica particles initiated formation of agglomerates, which caused defects in the material.
An increase in mica content, respectively decrease of TMA-NFC concentration in composites, led to
a rather steady decrease of water adsorption per mass unit of composite as mica does not adsorb
significant quantities of water vapor compared to cellulose. A decrease in TMA-NFC amount in the
composites certainly leads to less available surface for water adsorption. Exceptionally, at 50 wt% of
mica, less than half of water uptake of neat TMA-NFC was found. The optimal water vapor barrier
of TMA-NFC/mica R120 films at 50 wt% mica loading confirmed the most sufficient interaction
between TMA-NFC and mica platelets, which resulted in less cellulose surface available for water
adsorption than in other cases.

Mechanical properties
Different from many other polymer/clay composites, TMA-NFC/LS systems exhibited high Emoduli. An E- modulus of 27 MPa was reported for an epoxy resin with 15 wt% of an organically
modified clay [38], 1.57 GPa for polyethylene and 3 wt% of clay [39] or 0.25 GPa for poly(lactic
acid) (PLA) with 4 wt% of organically modified mica [40]. All these values are below the 6 GPa of
TMA-NFC with 15 wt% of mica R120. Basically, it is not surprising that addition of stiff clay particles
to TMA-NFC led to an increase in E-modulus [13], probably due to good interactions between
cationic cellulose fibrils and anionic mica platelets, which enable stress transfer to the mica
platelets and therefore exploitation of their reinforcement effect.
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It is likely that the decrease in E-modulus and tensile strength for more than ca. 50 wt% of mica
particles in TMA-NFC is caused by agglomerated particles disrupting the TMA-NFC network and
acting as voids in the TMA-NFC/LS film. The strain at break of such highly loaded composites
declined with increase in mica content as the addition of highly rigid layered silicate material to
NFC network restricts the movement of NFC chains. This also renders the composite films being
more brittle at higher mica fractions. In fact, a high amount of layered silicates is expected to
disturb the interaction between cellulose fibrils and therefore deteriorates the tensile properties of
the NFC film.

Type of layered silicate
Contrary to other studies which usually employed montmorillonite as filler for nanofibrillated
cellulose matrices [41,7,22], a broad spectrum of micas and clay minerals has been considered in
our study.

Water vapor barrier properties
As mentioned in the Introduction, permeability depends on both adsorption and diffusion
(transmission) mechanisms. Adsorption of water is especially critical with regard to hydrophilic
materials like cellulose. However, in most cases, only diffusion has usually been considered when
referring to the water vapor barrier of such materials [32,15,16]. Even though the dense structure of
NFC networks hampers diffusion of water vapor, considerable quantities of water are adsorbed.
The diffusion pathway of a small molecule through a TMA-NFC/LS system (cf. Fig. 2) depends on
the layered silicate type and its interaction with TMA-NFC. Considering the diffusion pathway
alone (without taking adsorption into account), non-modified NFC, TMA-NFC and even base paper
can be attributed to the “native network” model, TMA-NFC/montmorillonite to the “covered fiber
composite” model, and TMA-NFC with the other layered silicates (kaolin, talc, vermiculite, mica) to
the “fiber-brick composite” model.
According to the “native network” model, the permeation of water vapor through a native cellulose
fiber network is an order of magnitude above that through the finer and denser NFC network. As
the structure of the fiber material is retained in the “covered fiber composite” model, the water
vapor permeation through TMA-NFC/montmorillonite is expected to be relatively high, and it was
in fact even higher than in TMA-NFC. Besides a possible reduction in the packing density of
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montmorillonite-covered fibrils, high water adsorption might also contribute to the enhanced WVP.
Notably, more water was adsorbed in the composites with montmorillonite than in TMA-NFC
alone, as montmorillonite itself can take up water even in the silicate interlayers. This example
alone shows already that incorporating layered silicates into NFC network cannot always assure
better barrier properties as frequently anticipated.
With regard to the WVP of the other layered silicates (i.e. kaolin, talc, vermiculite and mica), no
systematic dependence on the silicate chemical composition, cation exchange capacity, specific
surface area or density (the corresponding values were reported earlier) [26] was observed. Effects
of silicate layer aspect ratios cannot be evaluated since, unfortunately, the aspect ratios of the
layered silicate powders changed when embedded in NFC and cannot be measured reliably in the
matrix. The diffusion pathway of small molecules becomes longer in presence of platelet mineral
fillers (see Fig. 2) but the often quoted argument that this automatically leads to a decrease in WVP
has clearly been disproven by the above experiments.
Apart from the diffusion pathway, water adsorption has also to be considered. Cellulose pulp fibers
used in base paper certainly provided at least an order of magnitude less surface –OH groups [25]
compared to NFC or TMA-NFC. Since the difference in water uptake was much less than an order
of magnitude, water obviously did not adsorb exclusively at the fiber surface but also within the
fibers. The incorporation of 50 wt% of layered silicates led in most cases to a reduction in water
uptake to about half the value of TMA-NFC. This implies that those layered silicates did not adsorb
considerable quantities of water, i.e. water adsorption was predominantly determined by the NFC
matrix. As indicated above, montmorillonite can adsorb large quantities of water as the interlayer
cations can be hydrated [42,43]. Based on layer charge and chemical composition, vermiculite is
related to montmorillonite as both minerals belong to 2:1 layer silicates with hydrated interlayer
cations [42]. Therefore, vermiculite can also adsorb large amount of water which is reflected in a
high water uptake in composites with TMA-NFC. In contrast, the interlayer cations of micas are not
hydrated, and accordingly their composites with TMA-NFC adsorb less water than those with
montmorillonite or vermiculite.
Note that in this study, all water vapor barrier values were measured at 85 %RH and 23 oC. WVTR
values have been reported frequently at 50 %RH [9,34]. Certainly, these conditions would result in
lower values of WVTR and WVP of composite films. This is confirmed by the fact that the WVP of
TMA-NFC/mica R120 (at 50 wt%) at 50 %RH and 23 oC, was 6 times less than the value at 85 %RH
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and 23 oC. Therefore, TMA-NFC/mica R120 acts as an excellent water vapor barrier at moderate
storage and usage conditions. Some WVTR and WVP data exist for cellulose esters and synthetic
polymers, but these have often been measured under different conditions and are thus difficult to
compare with. To provide a rough indication, however, cellulose acetate films exhibited WVTR of
2920 g/(m2·d) [35], acetylated microfibrillated cellulose films of 167 g/(m2·d) at 50 % RH and 23 oC
[9], and cellulose acetate/organo-montmorillonite of more than 900 g/(m2·d) (measured at 37.8 oC
and 100% RH) [16]. Thus, the TMA-NFC/layered silicate composites might be suitable for
applications such as atmospheric packaging, short-term food packaging or food packaging at
specific storing conditions, e.g. at 15 oC and less than 70 %RH [44].

Mechanical properties
With regard to mechanical properties, the commercially used base paper showed the lowest Emodulus and tensile strength of all samples, due to the lower amount of possible fiber-fiber
interactions compared to the inter-fibrillar bonding occurring between cellulose fibrils in NFC. In
concert,

TMA-NFC/layered

silicate

films

also

showed

significant

mechanical

property

improvements.
Advantages of TMA-NFC matrices over non-modified NFC were the cationic quaternary ammonium
groups which ionically interacted with negative charges of layered silicates. The less favorable
mechanical properties of composites with non-modified NFC (i.e. without cationic groups) are most
probably due to the absence of this specific interaction. The addition of layered silicate material
into polymer matrix is expected to result in higher modulus and lower elongation at break of the
final composites [13]. This tendency is well-reflected in most TMA-NFC/LS systems with the
exception of vermiculite and montmorillonite. This could be due to the high water adsorption
ability of these layered silicates or in the case of montmorillonite to the specific morphology. Water
entering the composite could act as a plasticizer [45], possibly resulting in an increase of strain at
break values [46].
Mechanical properties of TMA-NFC/LS were comparable to those of NFC films produced by Liu et
al. [41]. Notice, however, that NFC films from Liu et al. were not modified chemically and therefore
the original degree of polymerization was preserved while the degree of polymerization of the
TMA-NFC applied in this study decreased by half compared to non-modified NFC, as reported
earlier [25]. Certainly, the degree of polymerization also depends strongly on the applied raw
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materials and disintegration processes. In addition, it has to be considered that the films prepared
in this work and those by Liu et al. were tested under different conditions (e.g. temperature,
humidity, testing machine speed and film thickness) making comparision non-trivial.
It is evident that the composites of TMA-NFC and 50 wt% of mica R120 possess the optimal
mechanical as well as water vapor barrier properties. This might originate in the pronounced
interactions between anionic R120 platelets and cationic cellulose fibrils. Among the muscovites
tested, R120 has the highest specific surface area and (exchangeable) potassium amount [26].
However, the above addressed properties are not always directly related to specific surface area
and potassium amounts. Therefore, other factors such as layer aspect ratio and particle size
distribution should also be taken into account, which are, however, difficult to quantify as already
indicated above.

Conclusions
Various systems of cationic nanofibrillated cellulose and layered silicates were studied. Good
interaction between cationic NFC and different layered silicate types was achieved. Multi-layered
structures with homogeneously distributed silicate layers were obtained by using high-shear
homogenization, pressure filtration as well as vacuum hot-press techniques. Most favorable water
vapor permeability for barrier purposes among the material combinations tested was achieved with
50 wt% of mica R120 in a TMA-NFC matrix. These materials also exhibited good mechanical
properties (E-modulus and tensile strength). Remarkably, this TMA-NFC/mica R120 composite
showed water vapor barrier improvement of almost 30 times compared to commercially used base
paper and 3 times compared to blank TMA-NFC film at 85% RH. Notably, at 50 % RH barrier
against water vapor was even more effective.
Permeability of water vapor through the composite depends obviously on numerous factors. The
frequently picture of the “fiber-brick composite” model to explain the water permeation through
composites of polymer matrices and layered particles has been shown to be too simplistic.
Moreover, layered silicates do not form “fiber-brick composite” structures by necessity, as is
evident from the example of montmorillonite which forms a “covered fiber composite” structure.
Two new structural models are proposed and discussed in detail.
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Experimental
Materials
Cellulose raw material was provided as Jelucel OF300 oat straw pulp powder from Jelu-Werke,
Rosenberg, Germany. From this cellulose, trimethylammonium-modified nanofibrillated cellulose
(TMA-NFC, Fig. 1) was produced at 97.5 oC as described earlier [25]. The available cationic groups in
TMA-NFC were calculated based on the nitrogen content (0.13 wt%) which is attributed to
trimethylammonium groups. Thus, approximately, 0.015 cationic groups per anhydroglucose unit
were present. Pre-tests showed that TMA-NFC underwent degradation at higher temperature (120
o

C) resulting in reduced degree of polymerization. Therefore, in this study only TMA-NFC modified

at 97.5 oC has been used. Unmodified NFC was also prepared for comparison. Besides elemental
analysis, TMA-NFC was characterized in an earlier work [25] by methylene blue adsorption tests, Xray powder diffraction, viscosity measurements and scanning electron microscopy.
Kraft-lux-2 was supplied by Cham-Tenero Paper Mills Inc. (Switzerland) as high quality reference
paper, commonly used as base for packaging applications. It was prepared from a pulp mixture (50
wt%/50 wt%) of long fiber NBSK (long-fiber northern bleached softwood kraft pulp) and short fiber
eucalyptus with addition of some starches and alkyl ketene dimer (AKD) sizing agent.
Table 3 Suppliers of clays and micas. Note that mica PW30 belongs to the phlogopite group while the other
mica samples are based on muscovite.
Name

Supplier

Montmorillonite EXM1246
Kaolin Barrisurf HX
Talc

Süd-Chemie AG (Germany)
Imerys (France)
Erne-Chemie Dällikon (Switzerland)

Vermiculite grade 4
Mica PW30
Mica R180
Micavor 20
Mica MU-M 2/1
Mica SYA 31R
Mica Sublime 325
Rona Flair Silk Mica
Mica SX400
Mica R120

Virginia Vermiculite Limited (USA)
Minelco (UK)
Microfine Minerals (UK)
Kaolins d’Arvor (France)
Imerys (USA)
Alberto Luisoni AG (Switzerland)
Alberto Luisoni AG (Switzerland)
Merck KGaA (Germany)
Minelco (UK)
Minelco (UK)

13 different layered silicate types were used for the preparation of composites with TMA-NFC.
These materials were characterized previously with respect to crystal structure, chemical
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composition, cation exchange capacity, density, specific surface area and morphology [26]. The list
of clays and micas suppliers is presented in Table 3.

TMA-NFC/LS film preparation
Composites of TMA-NFC and layered silicates (LS) were prepared by high-shear homogenization,
filtration and hot-press processes, as described previously [26]. The resulting composite films
usually had a final concentration of layered silicates of 50 wt%. In the case of mica R120 which was
selected for investigation of the dependence of composite properties on layered silicate content,
the TMA-NFC/mica R120 composite films had final contents of mica R120 from 0 to 85 wt%.

Characterization of TMA-NFC/LS systems
Water vapor barrier tests
The water vapor transmission rates (WVTR) of all films produced were measured with a VTI-SA+
dynamic vapor sorption analyzer (TA-Instruments, New Castle, USA). Silica gel was placed in a small
cup with an inner diameter of 10 mm, an outer diameter of 15 mm, and a height of 10 mm, which
was then sealed by a piece of NFC/LS film attached to the cup using double-sided adhesive tape. In
general, the rate of water vapor transmission became linear in time after an initial period.
Therefore, by measuring the mass gain of the silica gel over time under a controlled atmosphere,
the WVTR could be calculated from the slope of a straight line obtained by linear regression of
mass gain versus time and then by dividing the slope by the exposed area of the films. The
temperature in the sample chamber was first adjusted to 60 °C at relative humidity (RH) of 0%
within one hour and held there for another hour, in order to degas and equilibrate the sample. The
chamber was then cooled to 23 °C within one hour. After a stable temperature (23 °C) and
envisaged relative humidity (85%) was reached, the mass measurement continued for another 90
min. In summary, the set-up conditions in the chamber were 0% RH and 60 °C for drying; 85% RH
and 23 °C for measuring. Some additional measurements for composite films with 50 wt% of mica
R120 were performed at 50% RH and 23 °C for comparison.
The WVTR is typically given in units of mg/(min∙cm2). The average values of three samples are given
in this work. The WVTR was normalized into water vapor permeability (WVP), which takes into
account both water vapor pressure differences across the film and film thicknesses.
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The water vapor permeability was calculated based on WVTR according to the following formula
[5,44,47]:

WVP 

WVTR  t
p

(1)

where t (m) is the thickness of the composite film, which was measured with a Tesamaster
micrometer (Switzerland) with 0.001 mm resolution.
Δp (Pa), the vapor pressure difference across the film, is:

p  pout  pin 

ps  ( RH out  RH in )
100

(2)

where pout (Pa) is the actual water vapor pressure at the upper side of the film (i.e. outside the cup,
in the chamber), pin (Pa) is the actual water vapor pressure underneath of the film (inside the cup),
and ps (Pa) is the saturation water vapor pressure at 23 oC (i.e. 2800 Pa [48]).
RHout (%) and RHin (%) are the relative humidities at the upper side and underneath of the film,
respectively. The measurements were performed at RHout of 85% and RHin of 0% on the two sides
of the films, respectively, as silica gel desiccant creates virtually 0% relative humidity [49]. The data
refer to average values taken at several sections of the films produced.

Water vapor adsorption
All test specimens were conditioned in a climate chamber held constant at 85% RH and 20 oC for
one week, whereupon the sample mass was steady. The sample mass was recorded before being
completely dried at 105 oC for 3 days. The mass of the dried samples was also determined. The
water uptake or water adsorption (wt%) was then calculated based on the mass difference between
the conditioned and dried samples.

Tensile tests
Tensile tests of all films were performed with an Instron 5864 testing machine (High Wycombe, UK)
equipped with a 100 N load cell. The films were cut into samples of 12 mm in length and 2 mm in
width. Therefore, each sample had a surface area of 138 mm2. Prior to testing, the samples were
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conditioned at 43 % RH and 23 °C. A deformation rate of 2 mm/min and a pre-strain of 0.1-0.2 N
were applied. The average Young‘s modulus and strength values of 4 – 5 samples are reported.

Scanning electron microscopy
The procedure for the preparation of samples for scanning electron microscopy (SEM) was similar
as reported previously [25]. SEM images of suspensions and composite films were evaluated. In the
case of NFC/LS suspensions, the pictures were taken after the homogenization step. Such samples
were prepared from a diluted 0.05 wt% suspension of which 2-3 drops were placed on a sample
holder. Samples of NFC/LS composite films were prepared by fracturing the films in liquid nitrogen.
The pieces thus obtained were then fixed on a sample holder with the fracture area facing upwards.
All samples were sputter-coated directly with a platinum layer of about 8 nm (BAL-TEC MED 020
Modular High Vacuum Coating Systems, BAL-TEC AG, Liechtenstein) in Ar as a carrier gas at 5∙10-2
mbar. SEM images were finally recorded with a FEI Nova NanoSEM 230 instrument (FEI, Hillsboro,
Oregon, USA) at an accelerating voltage of 5 kV and a working distance of 5 mm.
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Chapter V
Liquid ammonia treatment of (cationic) nanofibrillated
cellulose/vermiculite composites
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Abstract
Liquid ammonia was used to treat films of nanofibrillated cellulose (NFC), trimethylammoniummodified nanofibrillated cellulose (TMA-NFC), and their composites with vermiculite. Crystal
structure, mechanical properties, water vapor permeation and water vapor adsorption of the
resulting materials were investigated. Upon treatment, the crystal structure of (TMA-)NFC both in
presence and absence of vermiculite changed from cellulose I to cellulose III. With the exception of
TMA-NFC/vermiculite composites, pronounced effects on the addressed mechanical properties
arose after exposure of the materials to ammonia. Furthermore, treatment of composite films with
ammonia led to a distinct decrease in water vapor permeation. Remarkably, TMA-NFC/vermiculite
composites films show the best water vapor barrier properties, highest tensile strength and highest
E-modulus after treatment with liquid ammonia. This is regarded to be at least partially a
consequence of electrostatic attraction between the positively charged ammonium groups in TMANFC and the anionic silicate layers of vermiculite.

Introduction
Cellulose has been treated with liquid ammonia for almost a century [1,2]. Principally, liquid
ammonia is a moderate swelling agent for cellulose [3]. Thus, ammonia molecules penetrate into
cellulose, and the interaction between cellulose and ammonia can be considered as a substitution
of O-H∙∙∙O hydrogen bonds between cellulose molecules by O-H∙∙∙N hydrogen bonds between
cellulose molecules and ammonia. These O-H∙∙∙N bonds will disband when ammonia evaporates or
is washed out.
In the context of ammonia treatment of cellulose, it has to be considered that cellulose can be
present in different crystal structures (crystalline allomorphs), which are designated as cellulose I –
IV [4]. Native cellulose is commonly present in the cellulose I structure [5]. However, it has been
shown that cellulose I changes to cellulose III after treatment with ammonia [1-3,6,7]. Some basic
differences between cellulose I and cellulose III are summarized in Table 1. Notably the volume of
the unit cell of cellulose III is around 30 Å3 larger than that of cellulose I and the density of cellulose
III is lower than that of cellulose I [6,7]. Therefore, the distance between cellulose molecules in
cellulose III should be larger and hence the accessibility of reactive sites of cellulose molecules in
cellulose III to chemical agents is higher [8,9]. Thus, pre-treatment of cellulose with liquid ammonia
enhances its chemical reactivity [10,3]. For instance, a considerable effect of cellulose activation was
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observed upon liquid ammonia treatment prior to conversion with trimethylsilyl chloride [11]. In
another example, liquid ammonia treatment of cellulose has been shown to activate cellulose for
hydrolytic degradation [12].
Moreover, in the textile industry, liquid ammonia treatment has been applied to prevent wrinkling
after washing or abrasion of fabrics [8]. This is apparently related to the fact that liquid ammonia
treatment increases the contact angle of water and therefore the hydrophobicity of fabrics [13]. The
decrease in wettability of regenerated cellulose films after exposure to liquid ammonia was
attributed in the literature [13] to a change in the arrangement of surface hydroxyl groups,
resulting in more hydrophobic surfaces.
Regarding mechanical properties, the strain at break of cotton fibers increased upon treatment
with liquid ammonia [14]. Further, ammonia-treated products reveal enhanced extensibility [15],
plasticity and softness [16]. Apparently, as the fiber surfaces themselves become smoother [8] the
fibers feel soft and silky [17].
As a consequence of the above mentioned effects, liquid ammonia treatment has been applied for
fabrics, cellulose fibers, and regenerated cellulose. This treatment has also been utilized once to
activate freeze-dried microfibrillated bacterial cellulose from sugar beet pulp prior to their 2,2,6,6tetramethylpiperidine-1-oxyl (TEMPO) radical oxidation reactions [10]. However, to our knowledge,
the effect of liquid ammonia to nanofibrillated cellulose (NFC) and composites thereof has not
been investigated yet.
Nanofibrillated cellulose has been studied extensively in the last decade [18,19]. It can be isolated
from cellulose fibers by combinations of chemical, enzymatic, and mechanical treatments
[20,18,21,22]. NFC consists of high aspect ratio fibers and shows higher tensile strength and
modulus, higher grade of homogeneity and higher quantity of surface –OH groups compared to
native cellulose fibers [23-25]. Recently, composites of trimethylammonia-modified nanofibrillated
cellulose (TMA-NFC) and various layered silicates (LS) like montmorillonite, talc, kaolin, vermiculite,
and mica have been produced [26-31], aiming at the creation of materials with enhanced water
vapor barrier properties [27]. One of the reasons for this improvement is most likely ionic
interaction between cationic TMA-NFC and anionic surfaces of the layered silicates [27]. Thus, in
the following, effects of liquid ammonia treatment on morphology, crystalline structure, tensile
properties, and especially water vapor barrier properties of (TMA-)NFC and (TMA-)NFC/vermiculite
composite films are evaluated. For the sake of completeness we note in this context that, as
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opposed to cellulose, exposure of layered silicates to ammonia has rarely been mentioned [32,33].
An increase in interlayer spacing was reported for montmorillonite, but not for vermiculite [32].
Table 1 Some properties of cellulose I and cellulose III, summarized from literature

Origin

Cellulose I

Cellulose III

Reference

Natural cellulose

Liquid ammonia or

Klemm et al. (1998)[3]

organic amine
treatment of cellulose
I
Density (g/cm3)

1.61

1.57

Wada et al. (2004)[9]

Unit cell volume (Å3)

671

702

Mittal et al. (2011)[6]

Unit cell dimensions

a=7.85 Å, b=8.17 Å,

a=9.90 Å, b=7.74 Å,

Krässig (1993)[4]

c=10.34 Å, γ=96.4o

c=10.30 Å, γ=122o

133

164

Specific surface area
(m2/g)
Distance between

Ishikawa et al.
(1998)[34]

3.91

4.27

hydrophobic surfaces

Igarashi et al.
(2007)[35]

(Å)

Results
Morphology
SEM was used to study the morphology and structure of dried suspensions and films of pristine
NFC, TMA-NFC, and their composites with vermiculite before and after liquid ammonia treatment.
This method was also conducted for commercially used base paper as a reference. In the film
preparation process, while the applied high-shearing forces assisted the disintegration of
vermiculite stacks into thinner platelets, pressure filtration and vacuum hot-pressing resulted in an
planar oriented layered structure [26]. Fig. 1 displays some representative examples of pristine NFC,
pristine NFC/vermiculite, and TMA-NFC/vermiculite dried suspensions and fractured films cross
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sections. Images taken at higher magnification of (TMA-)NFC/vermiculite dried suspensions are
exhibited in Fig. 2.
A network structure of pristine NFC, the separation of vermiculite particles from pristine NFC
network, and the incorporation of vermiculite layers into TMA-NFC network in dried suspensions
are evident from Figs. 1a, 1d and 1g, respectively. While vermiculite particles are agglomerated and
visible as large stacks laying on pristine NFC surfaces (Fig. 2, left), homogeneous distribution of fine
vermiculite platelets in TMA-NFC network is achieved (Fig. 2, right). SEM images of neat TMA-NFC
samples are not shown in Fig. 1 because of similar appearance, compared to pristine NFC but
feature, even finer structures, as shown in our previous work [36].
The structure of films before ammonia treatment seems to be the most dense and most
homogeneous in TMA-NFC/vermiculite (Figs. 1b, 1e and 1h) films. After immersion of the films in
ammonia, changes in film structure (especially thickness) become obvious for pristine NFC films
(Figs. 1b vs. 1c) and pristine NFC/vermiculite films (Figs. 1e vs. 1f). Remarkably, the thickness of
pristine NFC, TMA-NFC, and pristine NFC/vermiculite films increased by ca. 30-100% after
treatment with liquid ammonia. Note that, the thickness of the investigated films varied for
different samples. Except for base paper which has a thickness of ca. 130 µm before ammonia
treatment and ca. 180-190 µm after treatment, the other films are ca. 50-70 µm thick before
treatment and ca. 50-140 µm thick after exposure to liquid ammonia (cf. Table 3). The films
generally also became wavier after exposure to ammonia. In contrast, the thickness of TMANFC/vermiculite films did not increase after liquid ammonia treatment (see Table 3). The crosssections of all freeze-fractured films show a highly oriented layered structure (Figs. 1b, 1c, 1e, 1f,
1h, 1i), which, obviously, is induced by the process of film fabrication.
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Fig. 1 Top: Scheme of nanofibrillated cellulose/vermiculite film preparation and subsequent liquid ammonia
treatment. Bottom: SEM images of dried suspensions and films of pristine NFC, pristine NFC/vermiculite, and
TMA-NFC/vermiculite prior to and after ammonia treatment. The composite systems contain pristine NFC or
TMA-NFC and vermiculite in a mass ratio of 1:1
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Fig. 2 SEM images of (left) pristine NFC/vermiculite and (right) TMA-NFC/vermiculite dried suspensions. The
fraction of vermiculite is 50 wt% with respect to pristine NFC or TMA-NFC

Crystal structure
Pristine nanofibrillated cellulose (NFC), TMA-NFC, and their composite films with vermiculite were
analyzed with X-ray diffraction (XRD). Generally, cellulose already changed its crystal structure from
form I to III after a short time exposed to liquid ammonia. Figs. 3 and 4 show the X-ray
diffractograms of the various materials before and after treatment with liquid ammonia for 10
minutes. Before exposure to ammonia, the XRD patterns of pristine NFC and TMA-NFC showed 4
typical diffraction reflections of cellulose I at 2θ of around 14.8, 16.6, 22.3 and 34.4o [36]. Note,
however, that XRD patterns of films can differ from those of powders as the samples are not
oriented in powder form but can be oriented in films. The films prepared by the method applied in
this work showed a very low intensity of the peak at 34.4o (004 lattice plane), in contrast to the XRD
patterns of the powders measured previously [36], thus indicating that the cellulose is oriented so
that the (004) plane might not lie parallel to the surface of the film.
After exposure to liquid ammonia, the position of the (020) reflection was shifted from 22.3o to
20.4o (Fig. 3), which is characteristic for cellulose III [6]. Additionally, broadening of the (020)
reflections after liquid ammonia treatment was observed [6,14], in particular in the XRD pattern of
pristine NFC (i.e. NFC without trimethylammonium groups).

106

Fig. 3 XRD patterns of nanofibrillated cellulose materials (pristine NFC and TMA-NFC) before and after liquid
ammonia treatment for 10 min
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Fig. 4 XRD patterns of NFC/vermiculite composite films before and after exposure to ammonia for 10
minutes. For comparison, the patterns of vermiculite powder and a pristine NFC film are also included. The
composites contain NFC (pristine NFC or TMA-NFC) and vermiculite in a mass ratio of 1:1

Compared to neat NFC or TMA-NFC films, the composites showed more complex XRD patterns
since the latter consist of two different components (NFC or TMA-NFC and vermiculite).
The XRD patterns of pristine NFC/vermiculite and TMA-NFC/vermiculite featured dissimilarities
before and after ammonia treatment. The cellulose (020) reflection (2θ ca. 22o) was shifted to a
lower angle after ammonia treatment (2θ ca. 20o), while some vermiculite peaks were shifted to
higher angles (for instance a slight shift of the peaks at 8.2o and 26.3o). The disappearance of the
peaks belonging to vermiculite at ca. 28o of ammonia-treated samples might be caused by shifting
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and broadening of the peak at 26.3o. Further, peaks at ca. 40° and ca. 60o in XRD patterns of
composite films compared to that of vermiculite powder disappeared.

Mechanical properties
E-modulus, tensile strength, and strain at break were measured for pristine NFC and TMA-NFC and
their composites with vermiculite before and after ammonia treatment for various times (Table 2).
The values for pristine NFC/vermiculite after 60 minutes of liquid ammonia treatment could not be
measured because the wavy shape of the sample did not allow sample preparation as required for
reliable mechanical tests.
Table 2 Mechanical properties (E-modulus, tensile strength, and strain at break) of base paper, pristine NFC,
TMA-NFC, pristine NFC/vermiculite (50 wt%), and TMA-NFC/vermiculite (50 wt%) films after various times of
exposure to liquid ammonia. Deviations are based on 95% confidence level, using Student’s t-distribution
Sample
Commercially used base paper

Treatment time (min)
0
5
10
60

E-modulus (GPa)
1.8 ± 0.1
0.8 ± 0.1
0.9 ± 0.2
0.9 ± 0.1

Pristine NFC

0
5
10
60

6.8
1.8
1.7
1.5

Pristine NFC/vermiculite

0
5
10

9.8 ± 0.3
3.9 ± 0.7
3.3 ± 1.1

60a

n.a.

±
±
±
±

0.4
0.1
0.3
0.2

Tensile strength (MPa)

Strain at break (%)

30
16
20
19

±
±
±
±

2
1
2
3

5.3
5.7
7.1
6.8

±
±
±
±

0.6
1.1
1.4
2.1

112
49
47
45

±
±
±
±

9
4
5
2

2.6
8.3
7.7
7.5

±
±
±
±

0.5
1.7
0.8
1

87 ± 10
58 ± 4
53 ± 10
n.a.

1.2 ± 0.2
3.5 ± 0.8
2.8 ± 0.6
n.a.

TMA-NFC

0
5
10
60

8.5
3.1
3.4
3.2

±
±
±
±

0.2
0.6
0.1
1.0

170
90
92
99

±
±
±
±

17
5
8
2

3.3
12.1
12.3
14.3

±
±
±
±

0.7
3
1.1
0.9

TMA-NFC/vermiculite

0
5
10
60

12.0
10.7
10.3
10.6

±
±
±
±

0.7
0.8
1.1
0.8

145
137
135
132

±
±
±
±

8
17
4
5

2.4
3.3
3.3
3.5

±
±
±
±

0.2
1.4
0.7
0.6

a

Values not available due to experimental difficulties (see text)

In general, all films experienced a change in tensile strength already after 5 minutes of liquid
ammonia treatment and stayed almost unchanged afterwards up to 60-min treatment. For the
majority of samples, the tensile strength decreased by 30 – 60 % upon liquid ammonia treatment,
with the exception of the TMA-NFC/vermiculite films where the values did not change significantly
109

(Table 2). Before treatment with liquid ammonia, the highest tensile strength was found for TMANFC films; not surprising, after ammonia treatment TMA-NFC/vermiculite films also performed the
best.
After liquid ammonia treatment, the E-modulus of most films decreased by 50 – 75 %, except for
the values of the TMA-NFC/vermiculite films which remained constant within the statistically
significant level, i.e. 95% confidence level using Student’s t-distribution (Table 2). The commercially
used base paper showed the lowest value for the E-modulus before and after exposure to liquid
ammonia. The highest E-modulus was observed for TMA-NFC/vermiculite composites before and
in particular after ammonia treatment when the value exceeded that of base paper by a factor of
12, that of TMA-NFC and pristine NFC/vermiculite by a factor of 3, and that of pristine NFC by a
factor of 6.
The strain at break increased after treatment with liquid ammonia for non-modified NFC and TMANFC films by a factor of 3 – 4.5 (Table 2), which was more pronounced than for pristine
NFC/vermiculite (factor 2.5). The values for TMA-NFC/vermiculite and commercially used base
paper increased only moderately or not significantly. Commercially used base paper showed the
highest strain at break before ammonia treatment and TMA-NFC after ammonia treatment.
Incorporation of vermiculite led to a decrease in strain at break in composites with pristine NFC,
while this effect was less pronounced in the case of TMA-NFC.

Water vapor transmission
Water vapor transmission rate (WVTR) and water vapor permeability (WVP) are determined to
represent the water vapor barrier of composites. Lower values of WVTR and WVP indicate better
barrier properties of the films against the diffusion or transmission of water vapor molecules. The
WVP values were calculated from WVTR under consideration of pressure differences across the film
and the film thicknesses [27]. The results are presented in Fig. 5, which demonstrate that WVTR
and WVP are in fact not of equal validity. For example, before exposure to liquid ammonia, WVTR
of commercially used base paper was 3 – 4 times above that of the pristine NFC and TMA-NFC as
well as of the corresponding composites with vermiculite, while the related difference increased
even to 7 – 10 times in case of the WVP. Upon ammonia treatment, even the course of WVTR and
WVP values as a function of ammonia treatment time differed. This originates in the film thickness
which is not included in the WVTR in contrast to the WVP. Therefore, WVTR values can only be
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compared to each other for samples with the same film thickness, unlike the WVP. Hence we refer
in the following only to the WVP as the more reliable parameter. Note in this context that the
thickness of most of the films (with the exception of the TMA-NFC/vermiculite) increased after
exposure to liquid ammonia (see Table 3).
Liquid ammonia treatment led to a distinct decrease in WVP for the samples containing vermiculite,
while the values of commercially used base paper, pristine NFC and TMA-NFC itself did not
significantly or only moderately change (Fig. 5). After 5 – 10 min of ammonia treatment, the values
hardly changed significantly anymore up to a treatment time of 60 min. The lowest WVP values
were obtained for liquid-ammonia-treated TMA-NFC/vermiculite (1.4-1.8·10-6g/(m·d·Pa)). These
values were 2 – 3 times lower than those of pristine NFC/vermiculite, 3 – 4 times lower than those
of TMA-NFC, 6 – 7 times lower than those of pristine NFC, and 40 – 50 times lower than those of
commercially used base paper.

Table 3 Thickness of the films before and after various times of exposure to liquid ammonia, used for
calculation of WVP. In addition, water vapor permeability (WVP) of some liquid-ammonia-treated films is
included. Deviations are based on 95% confidence level, using Student’s t-distribution
Thickness (μm)
Treatment time (min)
10
20

Sample
0
Commercially used base paper
Pristine NFC
Pristine NFC/vermiculite
TMA-NFC
TMA-NFC/vermiculite

132
70
51
56
54

±
±
±
±
±

5
2
8
2
6
2

193
124
67
83
51

±
±
±
±
±

8
5
6
6
3

178
137
64
77
50

±
±
±
±
±

40
18
3
2
2

191
128
62
72
49

±
±
±
±
±

12
13
5
17
2

WVP·106
35
192
124
67
81
54

±
±
±
±
±

(g/(m·d·Pa))

60
7
5
4
5
6

193
131
63
86
50

±
±
±
±
±

5
12
6
11
2

73.5
10.5
4.2
5.6
1.6

±
±
±
±
±

6.7
1.4
0.4
1.0
0.1

WVP·106
a

(g/(m·d·Pa))b
71.1
12.4
4.0
5.3
1.4

a

Water vapor permeability (WVP) at 85% RH and 23 oC of 5-min liquid-ammonia-treated samples

b

Water vapor permeability (WVP) at 85% RH and 23 oC of 10-min liquid-ammonia-treated samples
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±
±
±
±
±

16.9
1.8
0.2
1.1
0.1

Fig. 5 Water vapor transmission rate (WVTR, top), and water vapor permeation (WVP, bottom) of various
films plotted against liquid ammonia treatment time. WVTR and WVP refer to 85% RH and 0% RH,
o

respectively, on the two sides of the films, and a temperature of 23 C. Deviations are based on a 95%
confidence level, using Student’s t-distribution. Note that d in WVTR and WVP units refers to 1 day
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Water vapor adsorption
Water vapor adsorption measurements in equilibrium were conducted at different relative humidity
for studying the water vapor uptake level of (TMA-)NFC, their composites with vermiculite and base
paper. Note that not only cellulose can adsorb water due to a high quantity of surface –OH groups
but also vermiculite as its interlayer cations can be hydrated [37]. At a specific humidity level, water
molecules are predominantly adsorbed directly on the external surface of cellulose and vermiculite
as well as on the less-ordered amorphous regions. Once all external surfaces are occupied, the
moisture will be slowly adsorbed by internal surfaces. Until the sample mass increases by less than
0.001% in 2 min (see Experimental), the equilibrium state is assumed to be established and the
system proceeds to the next humidity step. Different relative humidity levels were selected to
understand the materials adsorption behaviors at both low and high relative humidity.
Table 4 Water vapor adsorption (WVA) of samples before and after exposure to ammonia for 5 minutes, at
o

23 C and different relative humidity of 25, 50, and 85%, respectively, in equilibrium
WVA (wt%)
Sample
Commercially used base paper
Pristine NFC
Pristine NFC/vermiculite
TMA-NFC
TMA-NFC/vermiculite

Before NH3 treatment
25% RH 50% RH 85% RH
4.0
6.3
12.8
3.8
6.4
13.9
4.4
6.3
11.1
3.9
7.0
14.2
4.4
6.1
11.4

After NH3 treatment
25% RH 50% RH 85% RH
5.0
8.9
16.3
4.4
9.3
18.9
3.1
5.9
11.9
1.7
6.3
15.7
1.1
3.9
9.0

As the effects on water barrier properties were most pronounced already after 5-10 min liquid
ammonia treatment, we only show in Table 4 the water vapor adsorption results for 5 min
ammonia-treated samples. Before ammonia treatment, there was no clear difference in water
uptake values of the different samples up to a relative humidity of 50 %. At 85% RH, however, the
incorporation of vermiculite in pristine NFC and TMA-NFC films led to a decrease in water uptake
of ca. 20% compared to the samples without vermiculite. The values for pristine NFC and TMA-NFC
on the one hand and their composites with vermiculite on the other hand were similar, while those
of commercially used base paper were between those two groups (Table 4).
After liquid ammonia treatment, differences in water adsorption between NFC and composite films
were more striking. At 25% RH, 50% RH, and 85% RH, TMA-NFC adsorbed ca. 60%, 30%, and 20%,
respectively, less water than pristine NFC (Table 4). Importantly, the composite films significantly
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adsorbed less water than films without vermiculite. This is even more pronounced for ammoniatreated TMA-NFC/vermiculite films which show the lowest adsorption of all.
Ammonia-treated base paper, pristine NFC, and TMA-NFC films adsorbed more water than the
respective untreated films. For instance, pristine NFC after ammonia treatment adsorbed up to 36%
(at 85% RH) more water than before treatment. In contrast, ammonia-treated TMA-NFC/vermiculite
composite films gained 21% (at 85% RH) less water compared to the non-ammonia-treated ones.

Discussion
Effect of liquid ammonia treatment on film morphology
It was observed by SEM that the spacing between parallel oriented layers of NFC and
NFC/vermiculite (Fig. 1b vs. 1c and 1e vs. 1f) expanded upon ammonia treatment. The film structure
seems to be loosened and distorted upon exposure to liquid ammonia. Obviously, the penetration
of ammonia led to swelling of NFC and TMA-NFC. A similar effect has been described upon liquid
ammonia treatment of cellulose [7,8,6,3,14]. According to the respective authors the fibers become
inflated by penetration of ammonia molecules. After evaporating the ammonia molecules, the
fibers are not rearranged to the original denser structure, i.e. the evaporated ammonia creates free
internal spaces which lead to a wavy appearance. It is obvious and also mentioned in literature
[38,34] that the specific surface area increases when free internal spaces are created.
SEM images show that the thickness of pristine NFC films in presence and absence of vermiculite
increased upon liquid ammonia treatment, whereas no major changes were observed for TMANFC/vermiculite films. It appears that the electrostatic attraction between ammonium groups of
TMA-NFC and anionic layers of vermiculite renders those composites to become not swollen in
ammonia. Moreover, in this system, the distribution of vermiculite platelets is more homogeneous
than in pristine NFC matrices (Fig. 2) which can additionally improve the compactness of the
composite structure.

Effect of liquid ammonia treatment on crystal structure
The crystal structure of native cellulose, cellulose I, was preserved upon preparation of NFC and
TMA-NFC in the high-shear disintegration process. However, treatment of pristine NFC or TMANFC with liquid ammonia led to a severe change in cellulose crystalline structure: cellulose I was
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converted to cellulose III, as also observed earlier for native cellulose fibers [2,6]. The broad (020)
reflection in XRD patterns of cellulose III at 20.4o indicated lattice distortions (including amorphous
fractions) or small crystallites; while the sharper peaks of cellulose I at 22.3o implied the presence of
highly crystalline solids with larger crystallites [3,6,14]. Thus, it appears that the amorphous
fractions increased by treatment with liquid ammonia.
In the case of the composites, besides the changes of cellulose peaks in XRD patterns due to the
conversion of cellulose I to cellulose III, some peaks of vermiculite components, for instance the
peaks at 8.2o and 26.3o, slightly shifted to higher angles upon liquid ammonia treatment. This
might indicate that liquid ammonia can penetrate into vermiculite interlayers to some extent and
lead to slight modifications upon subsequent evaporation.
According to Bragg’s law [39], n∙λ=2∙d∙sinθ, where λ is constant at 1.540598 Å, a peak shift to lower
angles θ is associated with an increase of the d-spacing values. According to this equation, an
increase in d of 0.4 Å occured since (020) peaks shifted to lower 2θ of 20.4o during the
transformation of cellulose I into cellulose III. On the other hand, after exposure to liquid ammonia,
some reflections of vermiculite particles in the composites slightly shifted to higher angles, the
vermiculite unit cell dimension might have decreased.
The disappearance of several peaks, for instance the peaks at ca. 40o and 60o after incorporation of
vermiculite into NFC networks indicates that the clay was re-arranged into specific directions. Only
the planes which lie parallel to the surface of the film lead to reflections. In vermiculite powder, the
platelets are randomly distributed and all crystal orientations are therefore represented in XRD
patterns [26].

Effect of liquid ammonia treatment on mechanical properties
The E-modulus of the TMA-NFC/vermiculite composites, either before or after liquid ammonia
treatment, was significantly higher compared to neat TMA-NFC, showing overall the highest value
of all investigated systems. This is in agreement with the proposed presence of strong electrostatic
attraction between cationic ammonium groups of NFC and anionic vermiculite layers, as in this
case the clay component in TMA-NFC/vermiculite may take over some of the load applied to
composite films. As a result, the stiffness of NFC/vermiculite was higher than that of neat cellulose.
The decrease of the tensile strength of pristine NFC, TMA-NFC and pristine NFC/vermiculite films
upon treatment with liquid ammonia is in line with the formation of a porous structure as disclosed
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by SEM images. Note that TMA-NFC had a similar tendency as pristine NFC and, therefore, was not
shown in Fig. 1. Accordingly, tensile strength of TMA-NFC/vermiculite remained unchanged as no
pores were generated upon ammonia treatment.
The strain at break of most films increased remarkably after treatment with liquid ammonia,
especially for TMA-NFC films. The latter can be stretched approximately 3 to 5 times more after the
treatment (Table 2). As observed in SEM image, the ammonia-treated pristine NFC film (Fig. 1c) had
its layered structure loosened compared to the non-ammonia-treated sample (Fig. 1b). Therefore,
the cellulose sheets may move or slip easier towards each other, leading to more flexibility of the
corresponding films. Further, XRD measurements (see Figs. 3 and 4) indicated that liquid ammonia
treatment caused reduction in the crystalline nature or the increase of amorphous fractions. This
resulted in softening of the cellulose fiber. Similarly, Rousselle et al. [14] reported that the
treatment with liquid ammonia resulted in an increase in the strain-at-break of fibers. Thus, the
XRD results explain the improvement of strain at break of ammonia-treated samples measured in
tensile tests.

Effect of liquid ammonia treatment on water vapor permeability
Three important factors need to be considered when evaluating the water vapor permeability of
base paper, (TMA-)NFC and of composites with vermiculite. These factors are the porous structure,
hydrophobicity, and the effect of vermiculite addition. These factors either increase or decrease
permeability of the investigated films. Notably, the effect of the presence of vermiculite on water
vapor barrier properties of the film is more pronounced in the presence of ionic interaction
between vermiculite platelets and cellulose fibrils. Upon exposure to ammonia, the films were
swollen, favoring the interaction of the ammonia and hydroxyl groups of cellulose by H-bonds.
When the ammonia evaporates, the volume of the unit cell of cellulose III is larger than that of
cellulose I, as seen in Table 1. This less dense structure of cellulose will allow the water molecules
more easily getting through the film. Considering hydrophobicity of the ammonia-treated samples,
since liquid ammonia has low dielectric constants (25 compared to that of water which is 80), it
likely caused a change in the direction of surface hydroxyl groups. Hydroxyl groups possibly moved
to the interior of the structure from the surface, then hydrogen atoms of C-H bonds corresponding
to hydrophobic planes came to the surface [40,13]. Moreover, the insertion of vermiculite platelets
into NFC network could further interfere the diffusion pathway of water vapor molecules as those
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molecules have to travel around clay platelets, as explained in the “fiber-brick composite” solidstate structure [27].
After 5 to 10-minute treatment with liquid ammonia, the plateau WVP values of the TMA-NFC,
pristine NFC/vermiculite, and TMA-NFC/vermiculite films were reached. Surprisingly, the increase in
porous structure upon exposure of NFC, TMA-NFC and NFC/vermiculite did lead only in NFC to an
increase in water vapor permeation. While the WVP of TMA-NFC only changed moderately, the
water vapor permeability decreased considerably in (TMA-)NFC/vermiculite composites after
ammonia treatment (Fig. 5).
In the latter systems the WVP decreased upon treatment of liquid ammonia. All those results show
that the change in water vapor permeability upon liquid ammonia treatment does not simply
depend on the change in pores. Thus, lower than expected WVP values after liquid ammonia
treatment might originate in changes in NFC itself, i.e. in the cellulose III structure. In fact, it has
been reported that the surfaces of cellulose III fibrils are more hydrophobic than those of cellulose I
fibrils as a result of different orientation of the hydroxyl groups [13]. This effect would be indeed
act in the direction of lower water vapor permeation values upon ammonia treatment.
Remarkably, TMA-NFC/vermiculite composites showed clearly the best water vapor barrier
properties after treatment with ammonia, with WVP of 1.4-1.8·10-6g of water vapor/(m·d·Pa). In
addition to the increase of hydrophobicity of cellulose III, TMA-NFC/vermiculite films do not appear
to expand under creation of pores after exposure to liquid ammonia, probably due to ionic
interaction between TMA-NFC and vermiculite. This interaction may also enhance the distribution
of layered silicates in the NFC network [26] and strengthen the bonds between them; therewith,
enhance the barrier properties of the composites.
In addition, it is worth to note that the deviations of the average values (error bars) of WVP are in
general smallest for TMA-NFC/vermiculite films after exposure to liquid ammonia (Fig. 5). This may
indicate that TMA-NFC/vermiculite has the most homogeneous structure after liquid ammonia
treatment.
Compared to the best TMA-NFC/mica films reported recently [27], the liquid-ammonia-treated
TMA-NFC/vermiculite composites improved 1.6 times regarding water vapor permeability.
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Effect of liquid ammonia treatment on water vapor adsorption
Changes in surface area of cellulose due to the ammonia treatment as well as the influence of
vermiculite on composite structure can be used to explain the water adsorption of the materials.
These factors seem more dominant than hydrophobicity in the adsorption mechanism, whereas in
a diffusion process, hydrophobicity should also be considered. Upon liquid ammonia treatment,
the increase in the surface area, unit cell dimension, and amorphous fractions of cellulose resulted
in higher accessibility of water vapor molecules, as mentioned in literature [34,9,17,3]. In contrast,
the well-distributed vermiculite platelets in NFC networks can improve the compactness of the
composite structure decreasing the accessibility of water vapor molecules.
Before ammonia treatment, the WVA values up to 50% RH are close together for all samples (Table
4). This might be due to the similar compactness of sample structures, as in cellulose I films the
layers are tightly packed together. Since water molecules have lower activity at lower humidity [41],
i.e. up to 50% RH, they can only interact with the external surface of cellulose and vermiculite.
Above 50% RH, i.e. 85% RH, water molecules with high activity can penetrate easier the internal
surface of the neat cellulose films than the composite films with vermiculite. In contrast, after
ammonia treatment, the sample structures have changed drastically as the sheets in cellulose III are
not tightly packed together, which resulted in lower compactness and higher external surface area
for base paper, (TMA-)NFC and NFC/vermiculite samples (compare Table 3). In general higher
external surface for cellulose was achieved compared to composite samples. Therefore, after liquid
ammonia treatment, either at 50% RH or at 85% RH, the differences of water adsorption between
cellulose and composite films were more distinct (see Table 4).
The WVA equilibrium values of liquid-ammonia-treated cellulose films (base paper, pristine NFC,
and TMA-NFC) were higher than those of untreated films. The difference in water vapor adsorption
was less significant in the case of pristine NFC/vermiculite films. By contrast, the WVA for liquidammonia-treated TMA-NFC/vermiculite composites was significantly lower than those of untreated
composite films. Interestingly, the addition of vermiculite seems to limit the water adsorption of the
cellulose component. This explains the lower WVA of pristine NFC/vermiculite composites
compared to the pristine NFC films. Remarkably, TMA-NFC/vermiculite films exhibited the lowest
water vapor permeation and also adsorption values after ammonia treatment, which is again in line
with strong interaction between vermiculite and TMA-NFC [26] and the increase in hydrophobicity
of cellulose III which forms upon liquid ammonia treatment.
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Conclusions
Commercially used base paper, pristine NFC, TMA-NFC and (TMA-)NFC/vermiculite films have been
treated with liquid ammonia. For pristine NFC as well as TMA-NFC, ammonia treatment led to a
conversion of cellulose I to cellulose III, in the presence and absence of vermiculite. After 5-10 min
of liquid ammonia treatment, plateau values of mechanical and barrier properties were already
established. In the case of NFC, TMA-NFC and NFC/vermiculite films the E-modulus and tensile
strength decreased after ammonia treatment whereas the strain at break of those films significantly
increased. In contrast, TMA-NFC/vermiculite composite films showed only minor changes in
mechanical properties after exposure to ammonia. Water vapor permeation of TMANFC/vermiculite films was significantly lower compared to pristine NFC/vermiculite, TMA-NFC,
pristine NFC, and commercially used base paper by roughly 3, 4, 9 and 51 times, respectively. This
is thought to be caused by the combination of structure compactness, vermiculite platelets,
cationic trimethylammonium groups and the higher hydrophobicity of cellulose III compared to
cellulose I.

Experimental
Materials
Ammonia gas was supplied by Linde Industrial Gases (Switzerland). Trimethylammonium-modified
nanofibrillated cellulose (TMA-NFC) was produced at 97.5 oC, resulting in materials with a nitrogen
content of 0.13 wt%, corresponding to ca. 0.015 trimethylammonium groups per anhydroglucose
unit [36]. The preparation processes of related NFC suspensions from Jelucel OF300 oat straw pulp
powder (Jelu-Werke, Rosenberg, Germany) have been described earlier [36]. The fraction of solids
in suspensions of non-modified NFC (pristine NFC) and TMA-NFC amounted to 11.7 wt% and 1.7
wt%, respectively. As cellulose is a natural material which also can degrade over time, one must be
aware that properties of NFC produced from different batches can vary to some extent.
Commercially used base paper was supplied by Cham-Tenero Paper Mills Inc., Switzerland. It was
prepared from a pulp mixture (50 wt%/50 wt%) of long fiber northern bleached softwood kraft
pulp (NBSK pulp) and short fiber eucalyptus with addition of some starches and alkyl ketene dimer
(AKD) sizing agent.
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Vermiculite clay was provided by ISOLA Vermiculite AG (Switzerland). The received vermiculite was
further ground in the dry state into particles smaller than 75 µm. Preliminary experiments have
been conducted also with a muscovite mica (mica R120 from Minelco, UK) [26]. However, the
improvement regarding mechanical and water vapor barrier properties of TMA-NFC/mica R120 was
not as pronounced as of TMA-NFC/vermiculite after liquid ammonia treatment. Therefore, in this
study, only vermiculite has been used.

Film preparation
Films were prepared by high-shear homogenization, pressure filtration and vacuum hot-pressing
according to a previously reported method [26] with three alterations as follows. First, the NFC
suspension was added to the vermiculite suspension during the disintegration process. Second, the
NFC/vermiculite suspension was degased before filtration. Third, a Kapton® (polyimide) foil with
smooth surface was placed directly on wet films instead of a Teflon® cloth during hot-pressing.
All films had a total mass of 4.41 g. Therefore, in the case of neat NFC films, 4.41 g of non-modified
NFC or TMA-NFC (measured according to the dry content of pristine NFC or TMA-NFC suspension)
was used. For NFC/vermiculite composites, a 1:1 mass ratio of NFC and vermiculite was employed,
i.e. 2.205 g of vermiculite and 2.205 g of NFC (weighed according to the dry content of NFC
suspension) were placed in separate flasks. Water was added to the vermiculite until a 5 wt%
suspension was obtained. The clay suspension was homogenized by means of a magnetic stirrer for
several hours before use. The NFC (solid content of 11.7 wt%) or TMA-NFC (solid content of 1.7
wt%) suspension was diluted further with water until a total mass of 200 g was obtained. Prior to
mixing with vermiculite, these diluted NFC suspensions were homogenized with a homogenizer
(Ultra-turrax T25 digital, IKA Werke) at a speed of 9000 rpm for 3 min.
The incorporation of vermiculite into NFC suspensions was achieved with a high-pressure
homogenizer (lab-scale microfluidizer type M-110Y, Microfluidics Corporation, USA) [20]. The
vermiculite suspension was first pumped through the homogenizer equipped with two definedgeometry interaction chambers (Y or Z morphology) with diameters of 200 µm (H30Z) and 75 µm
(F20Y) at a pressure of around 1000 bar. Afterwards, the NFC suspension was added drop-wise to
the vermiculite suspension. After the suspension had been pumped through the whole system for
10 min, the mixture was collected. During the whole procedure, water was added to collect the
residual NFC or vermiculite from the glassware to finally obtain a ca. 0.6 wt% NFC/vermiculite
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suspension. A small amount of sample was taken for scanning electron microscopy (SEM)
investigations. The suspension was subsequently degassed by vacuum.
Thereafter, the mixture was transferred into a pressure filter. This filter consisted of a twilled Dutch
weave metal filter cloth (stainless steel AISI 316L, 325x2300 mesh) with a pore size of 5 µm,
supported by a mechanically stable stainless steel sieve of larger pore size and a steel sheet with
holes of 2.5 mm diameter. During filtration a pressure of 0.5 bar was applied and slowly increased
up to 2 bar to finally obtain a wet and compact film. The wet film together with the metal filter
cloth was enclosed into a layered structure of blotting papers and a layer of Kapton foil. The
Kapton foil was placed directly on the wet film, in order to prevent the blotting paper meshing with
the film. These layers were finally placed on a cotton sheet and transferred into a vacuum bag.
A pump was connected to the vacuum bag and vacuum (0.2 bar) was applied to remove the
residual water within the film. The system was hot-pressed by a Suter LP420 presser (A. Suter AG
Maschinenbau, Basel, Switzerland) at 105°C and 150 bar for 25 min. After that, the heater was
turned off and the film was left under load to cool down for at least 3 h.

Liquid ammonia treatment
A system consisting of a dry-ice condenser (Sigma-Aldrich) combined with a 500-ml three-necked
round-bottomed flask was connected to an ammonia gas cylinder. Prior to the condensation of
ammonia, the reactor system was flushed thoroughly with nitrogen. The condenser and reaction
flask were chilled with a dry ice/isopropanol mixture (-78 oC) to condense the ammonia into the
flask at atmospheric pressure. Ammonia was vented slowly to the condenser and collected in the
reaction flask. As soon as enough liquid ammonia (ca. 80 ml) was gathered, the film samples were
immersed for 5, 10, 20, 35 and 60 minutes, respectively. After the desired reaction period, the
ammonia-treated samples were removed from the flask and left in a ventilated hood overnight
until all the ammonia had evaporated.

Methods
Scanning electron microscopy (SEM)
The diverse sample forms required different methods of preparation for SEM investigations. In
order to investigate disintegrated materials, a drop of 0.05 wt% NFC suspension was placed on the
sample holder. Composite films were freeze-fractured in liquid nitrogen to create a brittle fracture
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cross-sectional area. The fractured samples were mounted on a specimen holder. All samples were
sputter-coated with an 8-nm thick platinum layer (BAL-TEC MED 020 Modular High Vacuum
Coating Systems, BAL-TEC AG, Liechtenstein) in argon as a carrier gas at 5∙10-2 mbar. The SEM
images were recorded with a FEI Nova NanoSEM 230 instrument (FEI, Hillsboro, Oregon, USA). The
images were taken at an accelerating voltage of 5 kV and a working distance of around 5 mm.

X-ray diffraction (XRD)
XRD patterns of vermiculite powder, pristine NFC, TMA-NFC and composite films were recorded
with a PANalytical (Almelo, Netherlands) X’ Pert Pro diffractometer equipped with a Ge (111)
monochromator and an X’Celerator linear detector. The powder specimens were prepared using a
doubled open-ended cavity of 11-mm diameter. Vermiculite particles were pressed into the cavity
from one end, using an ordinary microscope slide. The other end of the cavity was in contact with a
flat surface. Excess sample material was wiped away from the edges of the cavity. Subsequently, the
cavity containing flat densely packed specimen was turned upside down, providing a
homogeneous surface for XRD measurements. The film samples were mounted differently. They
were adhered with the help of amorphous organic vaseline onto a vicinal-cut Si single-crystal plate
which did not provide reflections within the applied 2θ range. The diffractometer was equipped
with a copper anode (Cu-Kα radiation) operating at a wavelength λ = 1.540598 Å. Cu-Kα radiation
was generated at 45 kV and 40 mA. All XRD spectra were recorded in the interval of 5° < 2θ < 80°
with a step size of 0.033°. The reflected intensities were registered as functions of the diffraction
angle 2θ.

Tensile tests
Mechanical properties of all films were tested at room temperature with an Instron 5864 tensile
tester (High Wycombe, UK) equipped with a 100 N load cell. The film samples were cut into “dogbone” shape with a length of 12 mm and a width of 2 mm. Therefore, each sample had an surface
area of 138 mm2. Prior to testing, the samples were conditioned at 43% relative humidity and a
temperature of 23 °C. A cross-head speed of 2 mm/min and a pre-strain of 0.1-0.2 N were applied.
The E- modulus, tensile strength and the strain at break were measured on 4-5 samples for each
film and the average values were determined.
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Water vapor transmission
The water vapor transmission rate (WVTR) of all films was measured with a VTI-SA+ dynamic vapor
sorption analyzer (TA-Instruments, New Castle, USA) by using the same procedure as described
previously [27] with minor adjustments; the sample holder edges were sealed with paraffin wax in
order to prevent possible leakage.
The sample holder, an aluminum cup, had an inner diameter of 10 mm, an outer diameter of 15
mm, and a height of 10 mm. A small amount of silica gel was filled into the cup and the film
sample was attached to the cup by using a double-sided adhesive tape. Afterwards, the samples
were placed into a silica gel-filled container and this container was put into an oven at 60°C. After 1
h in the oven, the samples were carefully sealed at the edge with liquidized wax. A desiccator was
used to store the prepared samples.
During the WVTR measurements, the silica gel within the cup took up the water which had diffused
through the sealed films. The WVTR is linear in time after an initial period. Note that for some
materials where the adsorption is as important as the diffusion process [27], the mass gain of the
silica gel with time can deviate from the linear proportionality. From the slope of mass gain versus
time by linear regression, WVTR values are calculated by dividing the slope by the exposed area of
the films. The measurements were carried out at 23°C and under a relative humidity (RH) of 85%.
The minimal measurement time was 75 minutes. Three samples for each film were measured and
the average values were determined.
Furthermore, the WVTR was normalized into water vapor permeability (WVP), which considers the
water vapor pressure difference across the film and the film thickness [27]. The thickness of the
films was measured with a Tesamaster micrometer (Switzerland) with 0.001 mm resolution. The
data refer to average values taken at several points of the films.

Water vapor adsorption
Water vapor sorption isotherms were measured with a VTI-SA+ dynamic vapor sorption analyzer.
Film samples were placed in a quartz sample holder. The quartz sample pan was then placed in the
dynamic vapor sorption analyzer and dried at 0% RH (relative humidity) and 60 oC until a constant
mass was obtained. The chamber was then cooled to 23 oC within one hour. After a stable
temperature (23 °C) was reached, the dried samples were exposed to the following relative
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humidities: 2.5% RH, 25% RH, 50% RH and 85% RH. The samples were hold at each humidity level
until the mass change with respect to time reached a plateau. Once the mass change was below a
predetermined threshold value, i.e. 0.001 wt% in 2 min, it was assumed that equilibrium was
achieved, and the experiment proceeded to the next programmed humidity stage. The values of
the water contents at the corresponding equilibrium states were used to establish the water vapor
sorption isotherm. In other words, the sorption isotherm indicated the maximum mass change of a
sample at different relative humidities. Mass change (%) was defined as the ratio of the difference
between the mass of the wet sample at equilibrium state and dry mass to the dry mass.
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Conclusions
Aiming at developing nanofibrillated cellulose/layered silicate composites with improved water
vapor barrier properties, in this thesis cationic modification and characterization of nanofibrillated
cellulose (NFC), characterization of layered silicates (LS), and preparation of composites consisting
of NFC and layered silicates is described. Besides water vapor barrier properties, this work was also
concerned with the morphology and mechanical properties of NFC/LS composites. In order to
further enhance barrier and mechanical properties, liquid ammonia post-treatment was applied to
the composite systems.
In this thesis, a study ranging from characterization of the starting materials, their modification and
processing into the composites to their materials properties has been conducted. Thus, addressed
are the synthesis of nanofibrillated cellulose with cationic substituents; preparation of NFC/layered
silicate composite films by using a process of high-shear homogenization, pressure filtration and
vacuum hot-pressing; evaluation of morphology, water vapor barrier and mechanical properties of
the composites; and, finally, effects of liquid ammonia treatment on the above characteristics.
Cationization of NFC is the most important strategy to disperse layered silicates in NFC networks
due to the electrostatic attraction between anionic layered silicates and the cationic NFC. For this
purpose in this work, cellulose pulp was converted with chlorocholine chloride (ClChCl) leading to
modification of NFC with trimethylammonium groups (TMA-NFC). As this reaction could not be
performed in water as an ideal swelling agent, dimethyl sulfoxide was applied instead. Thus, about
0.03 trimethylammounium groups per anhydroglucose unit of cellulose could be introduced. The
interaction with NFC and layered silicates was further improved by high-shear homogenization in
composite processing. During this process the layered silicate stacks were disintegrated forming
thinner layers which attached on cationic cellulose fibrils. The NFC/layered silicate systems thus
obtained were described with two different solid-state structures, the “covered fiber composite”
and the “fiber-brick composite”. It became evident that not all layered silicate types affect the
composite permeation in the same way and that the commonly anticipated decrease in
permeability according to the “fiber-brick composite” solid-state structure does not hold as a
general rule. Lowest water vapor barrier permeability was achieved with mica in TMA-NFC, with the
improvement reaching a factor of 30 compared to commercially used base paper. Remarkably,
exposure of NFC/layered silicate to liquid ammonia for a short time has been shown to be a useful
method for further enhancement of water vapor barrier properties of the composite films. Besides
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water barrier permeation, mechanical properties were also influenced by the cationic groups in NFC
and liquid ammonia treatment. For example, the strain at break of NFC/vermiculite composites
increased 2 times in TMA-NFC composites and 3 times after treatment with liquid ammonia.
Notably, water vapor permeability of TMA-NFC/vermiculite composites improved 3 and 51 times
compared to pristine NFC/vermiculite and base paper, respectively, after exposure to liquid
ammonia.
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Outlook
Originally, this thesis was initiated by a co-operation with a Swiss paper company with the aim to
develop an eco-friendly barrier layer for food packaging applications. Some of the composite
materials developed in scope of the thesis indeed show a significant improvement of barrier
properties with respect to NFC and even more to the base paper which is currently applied.
However, there are still some challenges that have to be faced before a successful implementation
in industry. Up-scaling processes such as applying the materials to so-called curtain coating
systems have remained difficult due to low flow rate or a high viscosity of the nanocellulose
suspensions. Therefore, possible solutions for up-scaling should be investigated in future, for
instance the increase of NFC dry contents in aqueous suspensions, the use of multilayer systems
composed of layers with different functionalities, or combinations with other bio-polymers.
From a scientific point of view there are also important issues for follow-up projects:
- Development of a more efficient and eco-friendly process for cationization of nanofibrillated
cellulose (NFC)
- Investigation of the effect of layered silicate platelet dimensions and their aspect ratio on
NFC/layered silicate composite properties
- Avoidance of flocculation of layered silicates in TMA-NFC suspensions due to the attraction of
different charges
- Development of multilayer systems where an NFC film layer acting as an oxygen barrier is
combined with an NFC/ layered silicate film acting as a water vapor barrier layer
- Optimization of liquid ammonia treatment for the improvement of barrier properties and
elimination of waviness of ammonia-treated films
- Further characterizations of composite films (e.g. biodegradability, heat resistance, barrier against
air and UV light).
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