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Chapter 1
Introduction

Layered silicate, especially smectite nanocomposites created much interest
about three decades ago when the researchers of Toyota polymerized e-caprolactam
among the layers of montmorillonite. The advantageous properties of the material
obtained started a hype and intensive research; many groups launched projects to explore
the possibilities of this new group of materials. The general ideology behind the use of
layered silicates as reinforcements was that the exfoliation of smectites to individual
silicate layers and their homogeneous dispersion in a polymer matrix generates immense
interfaces and a new material with improved properties. Stiffness, strength and
dimensional stability was expected to improve enormously already at very small silicate
contents, at least compared to traditional fillers or fiber like reinforcements. However, the
production of nanocomposites with good properties assumed the complete or at least large
extent of exfoliation of the silicate, which proved to be more difficult to achieve than
expected. Large exfoliation and homogeneous structure was rarely achieved in spite of
numerous claims. A complex structure formed in most composites prepared from layered
silicate fillers, which consisted of individual silicate layers, but also intercalated stacks or
tactoids, large original particles and occasionally a silicate network. Since the structure
could not be controlled and the properties tailored to the requirements of specific
applications, the interest in layered silicate nanocomposites ebbed somewhat in recent
years without the achievement of the expected breakthrough in properties and especially
in applications.
The decreasing interest in silicate nanocomposites as structural materials does
not mean that they are forgotten or do not have potentials for practice. They are still
regarded as components for the functionalization of polymers. The originally applied
silicate, montmorillonite (Mt), has large specific surface area, large surface energy and
exchangeable cations among its layers that attracted the attention of researchers
developing polymer hydrogels or membranes for water cleaning technologies, as well as
vehicles for controlled drug delivery and catalysis. Because the silicate is a natural
mineral produced by mining, it usually contains contaminants and irregularities in its
crystalline structure, which makes necessary to explore and find other silicate fillers,
which do not have these drawbacks. A synthetic layered silicate, laponite, is an obvious
alternative because its chemical and crystalline structures are well known, while it also
has large specific surface area and large surface energy as well as exchangeable cations
among the silicate platelets. Another layered silicate used in functional polymer
composites is halloysite, which can take a tubular shape and the lumen and the outer
surfaces of the tubes have different characteristics. The interesting and versatile physical
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and surface properties of layered silicate offer a number of opportunities for practical
applications, which have not been fully exploited yet.
The Laboratory of Plastics and Rubber Technology of the Department of
Physical Chemistry and Materials Science at the Budapest University of Technology and
Economics together with the Institute of Materials and Environmental Chemistry at the
Research Centre for Natural Sciences has considerable experience in the application and
surface modification of fillers. The groups have intensively studied polymer composites
and blends for years and gained extensive knowledge about the role of interfacial
interactions in structure formation and the determination of properties not only in
particulate filled, but also in nanocomposites. The groups started research on layered
silicate nanocomposites as early as 1998, which resulted in the preparation of four PhD
theses. The initial goal was to explore the factors determining the properties of layered
silicate composites, which later led to the detailed analysis of surface characteristics,
interfacial interactions and the role of processing parameters on composite structure and
properties. Layered silicate composites were compared to microcomposites, and finally,
the possible application of layered silicates as carriers for active agents was investigated
as a new direction. Based on the conclusions of earlier studies, we decided to start
experiments with the synthetic silicate, laponite, instead of montmorillonite as it has
larger potential in functional applications, but the studies continued also on the use of
halloysite nanotubes as drug carrying vehicle. This thesis summarizes the most important
scientific results of the research done lately, its main conclusions and further outlook.

1.1 Interfacial interactions
There are four main factors determining the properties of heterogeneous polymer
systems independently of their character, i.e. blends, nano or microcomposites alike [1].
Component properties, composition, interfacial interactions and structure are equally
important and none of them can be neglected during the design of new materials or the
evaluation of experimental results. However, in the case of nanofillers, the role of
interfacial interactions is somewhat more significant because of the large specific surface
area, i.e. contact surface developing. The properties and the modification of layered
silicate surfaces are presented in this section in order to show their influence on filler/filler
and filler/polymer interactions.

1.1.1 Chemical structure of layered silicates
The main building blocks of layered silicates are tetrahedral silicon oxide and
octahedral aluminium or magnesium oxide sheets [2]. Tetrahedral sheets are formed by
interconnected neighboring tetrahedrons, which have Si 4+ ions in their center surrounded
by four oxygen atoms. Three oxygen atoms are in the same plane and these atoms link
the neighboring tetrahedrons to each other forming a hexagonal pattern. The fourth
oxygen is out of the plane and forms the connection to the octahedral sheet that
incorporates Al3+ or Mg2+ ions in their center surrounded by oxygen atoms and hydroxyl
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groups. The 2D dimensions of the sheets are not infinite and hydroxyl groups are attached
to the last central ion of the tetrahedral and octahedral sheets. Layered silicates are usually
classified according to the number and exact composition (isomorphous substitution) of
the alternating tetrahedral and octahedral sheets. As the research on layered
silicate/polymer nanocomposites focused on smectites (montmorillonite, hectorite,
laponite) and halloysite, the structure of these minerals is discussed more in detail.
One layer of smectites contains an octahedral sheet sandwiched between two
tetrahedral sheets (Fig. 1. 1a) [2]. Some of the center ions in the octahedron are substituted
to equal number of ions with smaller valence, i.e. Al3+ to Mg2+ or Mg2+ to Li+. This type
of ion exchange results in negatively charged sheets and the negative charges are
counterbalanced by alkali or alkaline earth metal ions located on the planar surface of the
layer. The cohesion force between two layers is quite large because of the large
overlapping surfaces and the interlayer cations, but on the other hand, these cations make
possible the modification of these silicates. Smectites are often characterized by the
number of available cations. The cation exchange capacity (CEC) describes the number
of exchangeable cations related to the mass of the silicate. These exchangeable cations
can be hydrated in water and leave the silicate surface thus repulsive forces arise between
the flat surfaces of the silicate discs. Due to these repulsive forces, the silicate layers are
separated from each other and they form the so-called exfoliated structure, i.e. individual
layers are dispersed in the water. Simultaneously with this process, the edge of the silicate
becomes positively charged and attractive forces develop between the surface of the
negatively charged layers and their positively charged edges. This leads to the formation
of the so-called house-of-card or network structure (Fig. 1. 1b). Frequently studied
smectites are montmorillonite with Al3+ and laponite with Mg2+ in the center of their
octahedral sheets.

(a)

Figure 1. 1

(b)

The crystalline structure of montmorillonite (a) [121] and the house-ofcard structure (b) [122]
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Halloysite consists of a tetrahedral and an octahedral sheet, the latter with Al3+ in
its center (Fig. 1. 2). The mineral can take three different morphologies: spheroidal, plate
and tubular [3], but the last one is the most frequent. The dimensional misfit between the
octahedral and tetrahedral sheets and weak interlayer bonding lead to the coiling of the
originally platelike layers. After coiling, the tetrahedral sheet is on the outer surface of
the tube, while the octahedral is in the inner side. The accessible functional groups of the
inner surface are hydroxyl groups while the outer surface is mainly covered by siloxane
and some silanol groups. The difference in the chemical and physical characteristics
originating from the different functional groups of the inner and outer surface caught the
attention of various research groups.

Figure 1. 2

The crystalline structure of halloysite [4]

Although, the chemical structure of smectites and halloysite are very similar, the
surface characteristics of their individual discs and tubes are not closely related.

1.1.2 Chemical properties of layered silicates
Considering that the cohesive forces among the layers of the silicate are strong,
the exfoliation of neat, unmodified silicates is difficult or outright impossible in a polymer
matrix [5]. Surface modified silicates are used for the preparation of composites
practically always. Surface modification is claimed to improve the compatibility between
the hydrophobic polymer matrix and the hydrophilic smectite clay [6, 7], but in fact, it
facilitates exfoliation. Two kinds of surface modification can be used for layered silicates.
Often the inorganic cations located among the silicate layers are exchanged for organic
cations, usually for long chain ammonium and phosphonium salts. The other method is
the covalent linking of molecules to the surface with alkoxy silanes utilizing the reactivity
of the silanol groups. The latter method can be applied in a wider spectrum of silicates as
it does not need the presence of exchangeable cations.
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The ion exchange reaction is preferred for the preparation of polymer composites
because it is easy, quick and can be performed in aqueous medium [8, 9]. This reaction
has already been investigated before the invention and introduction of nanocomposites
by the Toyota group [10-14]. The long chain aliphatic surfactants located among the
layers increase gallery distance, which can be easily confirmed by X-ray diffraction
measurements. The extent of the increase in layer distance and the orientation of the
surfactant between the layers depend on temperature, the charge density of the silicate
surface and the size and number of the alkyl chains of the surfactant. Numerical
simulations and instrumental experiments showed that the arrangement of the surfactant
molecules is quite complicated between the silicate layers and a number of possible
conformations exist [15, 16], but practical information can be drawn from simplified
models, i.e. from the calculation of surface coverage. Large layer charge was shown to
lead to the tilted orientation of the organic cations retained on the surface of the silicates
[11], with increasing tilting angles as surface coverage increases [17]. Smaller ion
concentration results in the parallel orientation of the surfactant and their length determine
the formation of a mono or a double layer between the silicate layers. If the ammmonium
ion is substituted with two long aliphatic chains, one of the two chains takes a tilted
orientation resulting in large layer distance (Fig. 1. 3).

Figure 1 .3

Orientation of different surfactants among the galleries of a clay. a)
stearylamine,
b)
strearylbenzyldimethylammonium
ion,
c)
distearlydimethylammonium ion [5]
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The presence of surfactants can increase the initial basal spacing of about 1 nm
even to 3.5 nm [5]. Surface modification and increased layer distance decrease the
strength of secondary interactions, i.e. the cohesion force between the layers is also
reduced. The analysis of literature sources offers two general conclusions: i) surface
modification decreases the surface energy of the silicate [5], ii) the structure of the silicate
aggregates are more regular shown by the increased intensity of the reflection
corresponding to the silicate in X-ray diffractograms. Although the main goal of surface
modification is to decrease surface energy, tensile yield stress was considerably smaller
in polypropylene (PP)/OMt than in PP/NaMt composites indicating that weaker
particle/particle interactions go hand in hand with weaker polymer/particle interactions.
The influence of the more regular structure on exfoliation is not completely clear yet.
The other approach to modify the surface characteristics of layered silicates is to
coat them with organic silanes [18-20]. Various clays were modified with
organofunctional silanes and a considerable success was claimed in some cases, often
without sufficient proof or explanation. Silicates can be modified with mono- or trialkoxy
silanes. The latter usually leads to the formation of a polysiloxane layer on the surface of
the silicate, which decreases surface energy, but can hinder exfoliation significantly [21].
Contrary to long chain aliphatic amine salts, silanes can react chemically with the
hydroxyl groups located at the edges of the silicate platelets. The reaction with
monoalkoxy silanes covers the edges of the particles with aliphatic groups, and decreases
their surface energy and the strength of interactions. Such a modification may facilitate
exfoliation and, in the case of functional groups, it can result in the coupling of the
polymer and the silicate [20, 22-24]. Several research groups studied the chemistry of
such silane modification and also its consequences. Daniel et al. [25] modified laponite
with n-octyldimethylsilane and studied the effect of reaction and settling time, as well as
sonic treatment on the amount of bonded silane. They found that the maximum amount
of silane bonded onto the surface was 0.08 mmol/g, while Herrera et al. [21] could attach
0.5 mmol/g g-metacryloxy dimethyl methoxysilane to the surface of laponite. The reason
for the one order of magnitude difference was not explained and is not clear, and the size
of the silane molecules or the difference in the surface area of the silicate do not justify
it. The possible effect of this modification on structure formation in layered silicate
nanocomposites was not discussed, and remains a question to be answered later. As the
formation of the so called house-of-card structure arises from the interaction between
negatively charged planar surfaces and the positively charged edges in aqueous medium,
organophilization at the edges may also influence the formation of this structure.

1.1.3 Surface characteristics of layered silicates
The outer surface of the aggregated particles of smectites and halloysite is similar
as they contain the same functional groups (hydroxyls and siloxanes), which results in
similar physical properties. Contrary to aggregates, the differences in the physicalchemical properties of individual structural units is caused by their dissimilar shape, and
the strength of the aggregates depends on their shape (Fig. 1. 4). Smectites are 1D
nanofillers built up from discs organized parallel to each other. The faces of these
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regularly organized discs can form a large number of interactions because they are close
to each other. Additionally, smectite layers are connected to each other not just by van
der Waals interactions but also by positively charged cations. Contrary to smectites,
halloysite is a 2D, tubular-shaped nanofiller so the size of the overlapping area between
two tubes differs by magnitudes, because interactions can develop only along a straight
line between two tubes, or at their ends. The number of the interaction points between
two spherical particles is limited to one contact point, so aggregation force is the smallest
in the case of this shape.

Figure 1. 4 Classification of nanomaterials based on their geometric shapes; at least one
dimension is in the range of 1-100 nm, and the nanomaterials have a
tendency to aggregate instead of homogeneous dispersion [26].

Cohesive energy and surface energy are the most important among the physicalchemical properties of silicate particles. Cohesive energy is closely related to the molar
heat of evaporation while surface energy depends directly on intermolecular forces [27].
These intermolecular forces drive materials to take a shape with the smallest possible
surface area. As in the case of polymers a linear correlation exists between these two
quantities, surface tension can be estimated by the expression in Eq. 1.1.

=3

.

(1.1)

where γ (cal) is the surface tension, V (cm3/mol) is the molar volume (per structural unit),
Ecoh (cal/mol) is the cohesive energy, Z is the number of the backbone chain atoms (per
structural unit).
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The analysis of interfacial interactions developing in composites is crucial, since
they offer valuable information about the possible aggregation of particles [1,7] or the
adsorption of polymer molecules on the surface of the silicate [8]. The strength of
interaction between the silicate and the polymers depends on the surface tension of the
components, and thus it can be characterized quantitatively by the reversible work of
adhesion [9]. The cohesive energy does not play a role in microcomposites as the filler
particles cannot be separated to and dispersed at the molecular level. On the other hand,
in the case of nanocomposites, especially silicates, one individual disc or nanotube can
be considered as one molecule [10,11]. We compiled the surface tension of some fillers
in Table 1. 1. The data listed in the table indicate that neat fillers have large surface tension
values, which can be decreased by surface treatment [5, 28, 29]. It is generally assumed
that smaller surface tension leads to the easier exfoliation of layered silicates, especially
since organophilization increases layer distance. Although treatment decreases the
cohesion force between individual layers indeed, as the strength of secondary interactions
decreases with increasing distance, organophilization alone did not result in exfoliated
structure. As surface tension measurements are performed on silicate particles, and not
on individual layers, one might think that the obtained values offer information about
particle/polymer and particle/particle interactions, but not on the cohesion energy
between the silicate layers, which would be important for delamination.
The determination of cohesion energy, i.e. the layer-to-layer interaction is
experimentally challenging but molecular dynamic simulations provide a means for their
estimation. If two layered silicate discs separate from each other, then they release their
cohesive free energy per area, which is also termed as the free energy of cleavage. Heinz
et al. [32] computed the cleavage energy for montmorillonite by considering different
force fields. The values obtained ranged between 140 and 340 mJ/m2 at 25 °C what
encompasses the experimental value (257 mJ/m2, see Table 1. 1) determined by gas
chromatography at 100 °C by Kádár et al. [5] for sodium montmorillonite. Fig. 1. 5
presents the interaction energy between two sheets of potassium montmorillonite as a
function of layer distance [33]. At equilibrium, potassium ions are strongly attached to
both silicate sheets through electrostatic attraction, which makes van der Waals energy to
be partly repulsive (higher than the minimum). The total interaction energy between the
silicate sheets is 133 mJ/m2 at the equilibrium state, while it decreases to less than 1 mJ/m2
at 1.5 nm separation. Cleavage energies were also calculated for organophilized
montmorillonites [34]. Long alkyl chains (above 12 carbon atoms per chain) of the
surfactant lead to cleavage energies of about 40 mJ/m2, which are independent of cation
exchange capacity or the head group of the surfactant. Shorter alkyl chains with a primary
amine head-group result also in similar cleavage energies. On the other hand, cleavage
energies decrease only above six or twelve carbon atoms for quaternary amines. This
dissimilarity arises from differences in the vertical distribution of the cationic head groups
between the layers. In the case of short chain lengths, bulky quaternary ammonium head
groups are located in the vertical center of the interlayer, which leads to strongly attractive
Coulomb interactions between each quaternary cation and an anionic defect site in both
clay layers as well as to some repulsion by neighboring cations in the interlayer. The head
groups of primary alkylammonium ions are oriented vertically to only one clay layer even
for the shortest alkyl chains because of their small size and strong hydrogen bonds
between the head group and the silicate surface. Cleavage energies are somewhat larger
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than measured by inverse gas chromatography (see Table 1. 1) but do not differ
significantly, i.e. the measurement of surface tension can be used for the estimation of
polymer/silicate interactions in spite of the fact that surface tension does not take into
account specific interlayer environments upon cleavage. The close values of the cleavage
energies of the silicate layer and that of the surface tension of the polymer suggest the
potential of exfoliation. However, cleavage energy does not take into consideration the
shape of the particle, i.e. the size of the overlapping surface areas that might be the real
hindrance of the exfoliation.

Table 1. 1 Surface modification, gallery structure and the dispersion component of
surface tension for selected layered silicates. Traditional fillers, CaCO3 and
talc, are shown as reference.
Filler

Surfactant
Composition

Amou
nt

Surface
tension,
gsd
(mJ/m2)

Ref.

(wt%)
CaCO3

–

0

207,9

[28]

CaCO3

stearic acid

~12

41.4

[29]

Talc

–

0

160-170

[30]

Halloysite

–

0

278

[31]

*

Laponite XLG

–

0

167

NaMt

–

0

257

[5]

Nanofil 848

stearylamine

25

35

[5]

Nanofil 919

stearylbenzyldimethylammonium
chloride

35

32

[5]

45

31

[5]

CH3(CH2)17N+(CH3)2C6H5Cl-

Nanofil 948

distearyldimethylammonium
chloride
+

[CH3(CH2)17]2N (CH3)2Cl

-

NaMt CEC 90 meq/100 g, Laponite 55 meq/100 g; *unpublished result, measured at 300 °C.
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Energy of interaction between two sheets of potassium montmorillonite
(CEC=90 meq/100 g) as a function of layer distance. E tot is the total
interaction energy, E Coul is the energy of electrostatic attraction, E vdW
is the van der Waals energy [33].

1.1.4 Adsorption of molecules on silicates
The above described studies do not consider the presence of solvents or polymers
in contact with the silicate sheets. However, besides the separation of the silicate sheets
by surfactants, different molecules may also adsorb among the layers. These molecules
can be polymers in composites or different active agents if the silicate is used as a carrier.
Smectites can retain positively charged molecules by ionic interactions on their flat
surfaces [12, 35, 36], negatively charged molecules on their edges [37], while, both
smectites and halloysite can adsorb physically neutral molecules because of their large
surface energy [31, 38]. Adsorption is usually a reversible equilibrium process and the
adsorbed molecules can leave the surface as an effect of a competitive reaction or changes
in conditions, i.e. temperature, solvent, etc. Besides small molecules, also most
biopolymers readily adsorb from aqueous solution onto the surface of silicates. Proteins
can adsorb on the surface of both hydrophobic and hydrophilic clays but with different
mechanisms. The adsorption on the surface of hydrophobic silicates occurs by physicalchemical mechanism based upon the global dispersion interactions between an apolar, or
largely apolar surface and a hydrophilic polymer (such as a protein), driven by the polar
free energy of cohesion of the surrounding water molecules [39]. The ternary structure of
protein molecules dissolved in water changes as a result of adsorption, the hydrophobic
moiety of the chain turns towards the hydrophobic silicate surface and form dispersion
interaction while the hydrophilic part of the protein is at the water interface. The
adsorption of proteins onto hydrophilic surfaces is more complex. The positively charged
moieties of the polymer chain orient themselves toward the anionic silicate surface, but
dispersion interactions develop also in this case.
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1.2 Layered silicate composites
As already mentioned, the whole nano hype started when the Toyota group
prepared a PA6/montmorillonite nanocomposites and applied it as timing belt cover in
the Toyota Starlet model. After that point, researchers tried several methods to delaminate
silicates to individual layers, and the structure of the composites as well as its effect on
composite properties were the subject of many papers.

1.2.1 Composite preparation
Three main approaches are described in the literature for the preparation of
nanocomposites [40]. The pioneer method was the in situ intercalation. As most
commercial polymers are processed and molded by melt mixing technologies, the obvious
approach is to prepare nanocomposites in the melt state, which became the main route
during the years. The third approach is solvent intercalation.
The solvent intercalation method requires a proper solvent which dissolves the
polymer used as matrix and in which the silicate can be efficiently dispersed. After
dissolution and dispersion, the polymer solution and the silicate dispersion is mixed and
then the solvents are evaporated or the composites precipitated [41-43]. The approach
works for water soluble polymers, e.g. polyethylene oxide [44], poly(vinyl alcohol) [45]
or polyvinylpyrrolidone [46], but its application is limited for most polymers. The main
problem is to find a proper solvent, and the use of organic solvents raises environmental
issues. The method may evoke larger interest as soon as researches working on water
soluble biopolymers (e.g. starch) offer solutions for practical applications.
In situ intercalative polymerization was the first method applied by the Toyota
group for the preparation of layered silicate nanocomposites [47-49]. They incorporated
ε-caprolactam among the silicate layers, and then initiated its ring opening
polymerization. Quite a few attempts were made to polymerize various monomers among
the layers of the silicate afterwards including olefins [50-52], styrene [53, 54], acrylates
[55-59], amides [60-62], oxazolyne [63], etc. Various technologies were used for
polymerization, the most often it was done in emulsion, suspension or solution. The
composites obtained can be divided into two groups. Composites similar to the one
produced by Okamoto et al. [64] belong to the first, in which the polymer is attached in
situ to the silicate surface by ionic interactions [55, 65]. If the monomer or the initiator of
the reaction has cationic or amine groups, they can tether the polymer molecule to the
surface, but organophilization agents can be also applied which can take part in the
polymerization reaction as co-monomers. In composites belonging to the other group, the
layered silicate reacts first with a surfactant, then it is swollen in the monomer or
monomer solution and then polymerization takes place [66, 67].
Melt mixing is the third method for the preparation of nanocomposites. It is not
really surprising that the attempt was made to prepare layered silicate nanocomposites by
melt compounding. The processing of thermoplastic polymers is usually done in the melt
and one cannot imagine anything simpler than the direct intercalation of layered silicates
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into polymer matrices during melt mixing. Vaia et al. [37] successfully intercalated
polystyrene molecules among silicate layers in the molten state without shear and they
claimed that the process is driven by enthalpy change. Their results indicated strong
interactions between the polymer and the silicate and they predicted that melt mixing is
suitable for intercalation even without solvents [38]. Although the idea is obvious and
simple and the results of Vaia et al. [37] were promising, the execution proved to be
complicated and difficult, the delamination of silicate layers is practically impossible by
this method [68-70].
1.2.2 Composite structure
Earlier we stated that interfacial interactions are somewhat more important than
the other factors which determine the properties of layered silicate composites, but their
structure must be also considered because of its complexity. However, we must
emphasize that interfacial interactions determine the structure of the composites obtained.
Layered silicate composites usually contain four main structural formations the existence
and amount of which depends on preparation conditions, the chemical modification of
the silicate and the addition of other components. The presence of individual layers,
intercalated tactoids, particles (Fig. 1. 6) and a house-of-card structure were confirmed
by several groups [71-73]. The most common methods for the characterization of
composite structure are X-ray diffraction, electron microscopy and rheology, but
information can be obtained about structure also from the modeling of mechanical
properties. Although composite structure can be described more or less thoroughly by
using the different technics mentioned, the proper characterization of the structure is
practically impossible because it rarely happens that only one structural entity forms
during composite preparation. Moreover, sometimes the results obtained by the different
methods used provide contradictory results. For example, based on the lack or the
decrease in the intensity of the silicate reflection in X-ray diffractograms, authors often
conclude that the silicate is completely exfoliated [74], while at the same time particles
can be observed visually or microscopically in the composite [75].
When the polymer matrix contains only individual silicate platelets, exfoliated
structure (Fig. 1. 6c) forms during preparation. This structure is thought to be the key
requirement of achieving the expected exceptional properties of layered silicate
nanocomposites. The filler/matrix contact area and the aspect ratio of the dispersed
silicate are the largest in such cases. Applying the Halpin-Tsai model, Fornes and Paul
[77] described the dependence of Young’s modulus on the aspect ratio of the silicate and
the filler content of the composites. They assumed that the Young’s modulus of a
composite with exfoliated structure is 67% larger than that of a composite containing
tactoids built up from five layers at the same silicate content. The limited increase in
modulus results partly from the fact that the aspect ratio of tactoids is smaller than that of
the individual layers. On the other hand, Brune and Bicerano [78] assumed that the
modulus of intercalated tactoids or organophilized silicate is smaller than that of the
individual layers. If an intercalated structure (Fig. 1. 6b) forms, i.e. polymer molecules
are located among the silicate layers, the modulus of the intercalated particles is also
smaller than that of the silicate (see above Brune and Bicerano [78]). As the properties of
composites depend on the characteristics of the components, a filler with smaller modulus
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reinforces the polymer in a lesser extent. The strength of interfacial interactions and the
load bearing capacity of the silicate depend on the contact surface area of the filler and
the matrix indicating that the complete exfoliation of the silicate and the homogenous
distribution of individual platelets are necessary conditions for efficient reinforcement
[79]. Microcomposites (Fig. 1. 6a) form when silicate particles do not break down during
composite preparation and polymer molecules do not penetrate the layers.

Figure 1.6

Three of the typical structures of layered silicate composites: a)
microcomposite; b) intercalation; c) exfoliated structure [76].

The presence of the fourth structure, the so-called house-of-card structure, was
also confirmed in layered silicate composites by several researchers [73, 80-84]. The
exact influence of the network structure on composite properties is not known; both
disadvantageous and beneficial effects were mentioned. The presence of the house-ofcard structure increases melt viscosity and elasticity [73, 80-82], which is
disadvantageous for the processing of the material. The sensitivity to shear and changing
structure might be disadvantageous as well; both strong shear thinning [73] and shearthickening [80] behaviors were also observed depending on the conditions of the study or
processing. On the other hand, beneficial effects were reported in elastomers, very good
anti-collapsing behavior was observed in silicon elastomers at medium-high temperature
[84], while strong reinforcement, large stiffness and strength was reported for natural
rubber vulcanizates [83].
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1.2.3 Structure formation
Several attempts were reported in the literature with the goal of achieving the
largest extent of exfoliation possible and the best thermal, gas barrier, mechanical, etc.
properties. The factors studied included the chemical composition of the molecules used
for organophilization, the method of composite preparation as well as processing
conditions. The effect of some factors in structure formation is unambiguous, but that of
others presented in the literature is contradictory.
The benefits of using small molecules and in situ intercalative polymerization was
proven by experiments. Silicates exfoliate in a larger extent in composites prepared by
this technique and the thermal and mechanical properties of such materials are better
compared to composites produced by melt mixing [50, 51, 61, 85]. The main reason of
these differences is that small molecules penetrate the gallery space easier than polymer
molecules.
The attempts to decrease surface energy often did not result in the expected
properties. Surface modification with amines and phsophonium salts alone usually did
not lead to a large extent of exfoliation despite the fact that the cohesion energy decreases
[34] to similar values as the surface tension of polymers and often also a compatibilizer
was needed to achieve reasonable properties [5]. The addition of coupling agents, like
maleic anhydride grafted polypropylene, can facilitate exfoliation, or at least results in
smaller silicate particles in the polymer matrix (Fig. 1. 7) [75].

Figure 1.7 SEM micrographs taken from the etched surface of PP nanocomposites
containing 2 vol% organically-modified clay. a) PP/OMt, b) PP/OMt/MAPP
(25 vol%)[75].

Larger molecular mass of the matrix polymer leads to better exfoliation in PA-6
composites prepared by melt mixing which was explained with the larger shear stresses
developing during processing [86]. Adjusting the temperature to achieve larger shear
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stresses also led to larger extent of exfoliation [87]. In spite of these results, some studies
claim the independence of structure of processing conditions [88, 89].

1.3 Possible applications, functionality
The first driving force of the research done in this area was the development of
new materials and products for the industry, which offer a good combination of properties
and price. The idea was to minimize material and compounding costs while maximize
sales price and volume. The second aspect was supposed to be driven by consumer
expectations and regulations, i.e. by the increased environmental awareness of the society
that affects legislation and commerce and recently forces companies also to research and
use biopolymers.
Originally, the main reason for the addition of fillers to polymer matrices was to
reduce material cost. However, the decrease of polymer prices and the increase of
compounding costs do not justify the addition of a filler just for that reason anymore and
expectations for fillers were raised to higher levels. Moreover, the large filler content of
20-40 wt% had to be reduced as well, because of the larger density of the composites and
the larger weight of the products. In composites containing traditional fillers, the
polymer/filler interface is small, interactions are weak and the homogenous distribution
of the filler is often difficult. Nanofillers were expected to solve all these problems and
increase load-bearing capacity at small filler contents. The first area where layered silicate
composites were applied was the automotive industry [47, 48, 90], where improved
mechanical properties, increased heat distortion temperature and long lifetime is needed
[91]. However, the expectations were not fulfilled and only small amounts were applied
because of the difficulties described in previous sections, i.e. uncontrolled structure, weak
interactions between the silicate and the polymer and also because of the price. At current
prices only special and functional applications justify the use of these composites.
Nanofillers can form different interactions and have enormously large surface area and
large surface energy, which allow them to adsorb compounds, i.e. they can be used as
carriers for different active agents.
Water treatment technologies must solve the removal of organic and inorganic
substances from water. Décsiné et al. [92] prepared laponite/titania nanocomposite with
12-14 nm titania particles for the catalytic degradation of phenol and 2,4,6-trichlorphenol.
The catalytic activity was smaller than that of commercial titania but the removal of the
catalyst is much easier from the reaction medium by sedimentation or filtration, i.e. the
device can be recycled. Membranes are used in desalination with pervaporation. In our
previous study, we incorporated laponite into a PVA membrane [93]. The addition of
laponite at 2 wt% improved the mechanical properties and the water permeability of PVA
membranes compared to neat PVA membranes. Antibiotics are often applied in a larger
amount than reasonable leading to their appearance in wastewater. Gonzalez et al. [94]
modified laponite with biuret and melamine for the adsorption of an antibiotic,
trimethoprim. The modified clay could retain 65 mg drug per gram. These results confirm
the possible application of silicates in water treatments.

26

Chapter 1

Epidemics and various infections (hospital, implant related) are large problems all
over the world. Hygienic and antimicrobial coatings can prevent or at least limit the
spread of microbes. Nanostructured antimicrobials (silver, copper, silicon, titanium, metal
oxides, etc.) [95-99] can be directly spray dried [100] or incorporated into coatings in
nanometer dimensions while clays can adsorb antimicrobial substances, like Ag+ [101],
Cu2+ [102], Zn2+ [103] ions or essential oils [104]. Antimicrobial coatings can be used on
the surface of implants [105] or on everyday objects (i.e. door knob, telephone, wall) [99].
All these nanomaterials can be used also by the food packaging industry [97, 106], but
antimicrobial plastic items (i.e. catheters) containing such components can be produced
also for medical applications. Several studies proved the suitability of these systems in
the areas listed. Wu et al. [106] measured a longer shelf life for litchis wrapped into a
chitosan film containing Ag nanoparticles immobilized on laponite than in a film without
the clay hybrid. Tornuk et al. [107] developed linear-low-density polyethylene based
active nanocomposite films with NaMt or HNT impregnated with volatile compounds.
They showed strong antibacterial activity against pathogenic bacteria, and the controlled
release of the active component was achieved under refrigerated conditions, too. Ambrogi
et al. [108] intercalated chlorhexidine between the layers of montmorillonite and prepared
chitosan films. Chlorhexidine, which is an efficient antimicrobial agent, but has cytotoxic
effect towards human fibroblasts, can be applied in wound dressing in this way, because
it allows a prolonged release at smaller concentrations.
Silicates can also play the role of a support material if an insoluble component
have to be dispersed in a matrix. Quercetin proved to be an efficient natural antioxidant
in polyethylene, however, it has a higher melting point than the processing temperature
of the polymer, limited solubility and yellowish color. Hári et al. [31] adsorbed quercetin
on the surface of halloysite nanotubes and mixed the treated filler with PE [109, 110].
They found that as a result of long term release, the ageing of the polymer was slower in
the presence of halloysite containing quercetin than without halloysite or quercetin.
The demand for biopolymers increased continuously in the last decades. The three
main groups of biopolymers are natural polymers like cellulose, starch and lignin, they
can be based on natural resources like bio PE or polyamides and poly(lactic acid) (PLA)
[111, 112], finally the term biopolymer can also be used for biodegradable polymers
independently of their source, i.e. natural or fossil. Because of its advantageous
properties, PLA is used in increasing quantities mostly for packaging and in biomedical
applications [113]. However, PLA has some drawbacks as well, it is very sensitive to
water during processing, brittle, crystallizes very slowly, and its physical ageing is
relatively fast, which further decreases its fracture resistance. Many attempts are made to
overcome these deficiencies by modification. The mechanical properties, i.e. the flexural
strength of the composite can be increased from 64 to 76 MPa by adding 5% crystalline
nanocellulose (CNC) to the PLA matrix [114]. The degradation of PLA is also of
theoretical and practical interest. Lactic acid with a pKa of 3.86 forming during its
degradation can change the initial conditions of the degradation process or practically
stop it. Luzi et al. [115] found that the degradation of PLA slowed down considerably in
the presence of CNC already at 1 wt% filler content. The slower rate may allow time for
lactic acid to leave the reaction medium and thus the degradation reaction might not stop.
The degradation of biopolymers is not important just because of environmental
considerations but they can be used in sutures, implants, or resorbable scaffolds, too.
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Poly-ε-caprolactone (PCL) is a biopolymer, which is applied in large quantities in medical
applications [116] but its hydrolytic degradation is very slow at neutral pH and proceeds
with acceptable rate only under strongly acidic or alkali conditions. The degradation of
PCL can be accelerated by enzymes [117, 118] but usually enzymes are very sensitive to
external conditions (pH, temperature, etc.) and denaturation takes place very easily for
example during the processing of the polymer. Halloysite nanotubes can play the role of
a carrier as they can retain enzymes [119] and may even stabilize its structure as well
[120]. The incorporation of the halloysite nanotube/enzyme hybrid into PCL matrix was
not studied earlier, but it might be used for catalysis and the control of the rate of the
degradation.

1.4 Scope
The detailed literature survey carried out during the research on polymer
nanocomposites as well as during the preparation of this thesis unambiguously proved
that the interest in layered silicate nanocomposites decreased somewhat in recent years.
Consequently, the number of studies and thus the number of papers published in this field
also decreased considerably. The main reason for the ebbing interest is the complicated
and uncontrolled structure of the composites, the inadequate characterization techniques
and protocol, but mainly the properties of the composites, which are much below the
expectations. Although the original idea of layered silicate nanocomposites is still valid,
i.e. the complete or large extent of exfoliation of the silicates to generate very large
interfaces and thus exceptional properties including stiffness, strength and heat deflection
temperature, the goal could not be achieved and the extent of exfoliation remained almost
always relatively small. The reason behind the limited success is the very large
importance of the interactions developing in a layered silicate nanocomposite. These
interactions include the adhesion of individual silicate layers to each other, the
modification of surface characteristics by surfactants, the interaction of the silicate with
the polymer matrix, etc. The lack of proper characterization and control of these
interactions does not allow the achievement of large extent of exfoliation and the
preparation of nanocomposites with the expected and/or desired properties. The survey
clearly showed that the traditional approaches utilized in the last few decades do not work,
the exchange of interlayer cations to organic cations with long aliphatic chains does not
achieve the desired effect, the separation of the layers, and melt mixing, although simple
and convenient, does not yield exfoliated nanocomposites. Layered silicate
nanocomposites cannot be used as structural materials because their properties are hardly
better than those of the traditional composites and their price is high. These conclusions
indicate clearly that new concepts and approaches are needed to fully utilize the potentials
of nanofillers and to prepare materials with special properties, which tolerate even the
higher price. Surface modification and preparation techniques must be revisited and or
the composites must be armed with special, functional properties, which justify their
application. Moreover, the search for new nanofillers and applications continues, and
although layered silicates are not the preferred nanofillers presently, graphite and
graphene nanosheets, carbon nanotubes, various nanowires, halloysite nanotubes,
cellulose nanocrystals, etc. still are. Taking these considerations into account, we decided
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to change the direction of our research and explore the application of new surface
modification techniques as well as use nanofillers others than layered silicates. This thesis
compiles the results obtained in several projects, which are introduced in this section.
As mentioned several times in the introduction of the thesis and also in the first
paragraph above, interfacial interactions are of utmost importance in the use of nanofillers
and the preparation of nanocomposites. This importance is justified by the large surface
area of the nanofillers, which can range from 50 to close to 1000 m 2/g, and by their surface
energy that is usually also large. Quite surprisingly, in spite of its importance, nanofillers
are rarely characterized properly in studies aiming at the preparation of polymer
nanocomposites. Very often researchers do not describe the particle characteristics of the
fillers (size and size distribution, surface area, surface energy, surface coverage in the
case of surface modification, etc.). The lack of proper characterization often hinders the
proper interpretation of the results and leads to composites with inferior properties. Even
in the case when an attempt is made for the characterization of the nanofiller, accepted
techniques are used routinely and the obtained numbers are accepted at their face value
without any verification or control. Consequently, we decided to revisit the method
frequently used for the determination of the specific surface area of layered silicates, the
adsorption of methylene blue, and to identify the main factors determining the obtained
value. The experiments carried out and the results obtained are described in Chapter 3.
The control of interfacial interactions is crucial for the successful exfoliation of
layered silicates in a polymer matrix. The large cleavage forces among the platelets hinder
the process and usually cation exchange is used to introduce long aliphatic chains among
the layers. The presence of the chains increases layer distance and decreases the surface
energy of the silicate thus facilitating exfoliation. As mentioned above, the approach is
extensively used, but very rarely successfully. Moreover, the hydroxyl groups located at
the edges of the platelets as well as the different charge of the flat surface and the edges
of the silicate are often neglected. Both may influence exfoliation, and the interaction of
the surfaces and edges with different charges often leads to the formation of the houseof-card or network structure. Since these factors are usually neglected, we decided to
modify the edges of a synthetic silicate, laponite, with ethoxy trimethyl silane to exchange
the active hydroxyl groups at the edges to aliphatic groups, which are capable to weaker
interactions. The results are described in Chapter 4 in detail. The study was extended to
possible side reactions (hydrolysis, dimerization), to proper characterization and to the
effect of the treatment on the properties and behavior of the silicate.
Although the usually used approach of exchanging inorganic cations to organic
ones containing long aliphatic tails increases layer distance, it also results in a decrease
of surface tension, which facilitates slightly exfoliation, but decreases also
polymer/silicate interactions. However, the extent of exfoliation is usually small or at
least not sufficiently large to achieve the expected improvement in composite properties.
The diffusion of large polymer molecules into the gallery space is difficult, while that of
small molecular weight compounds is much easier as shown by the relative success of the
intercalation techniques versus the melt intercalation approach. Taking into consideration
these facts, we decided to modify the surface of the same silicate as above, i.e. laponite,
with a cation exchange reaction that introduced a compound among the layers, which can
act as a linker between the silicate and the polymer. The modification was done in water
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in which the silicate is delaminated into individual layers and subsequently a monomer,
methyl methacrylate, was introduced into the reaction mixture and polymerized on the
surface of the platelets. The experiments and their results are described in Chapter 5. The
treated silicate obtained was characterized in detail including the length of the polymer
chains, their arrangement on the surface of the platelets and the gallery structure of the
silicate. The modified silicate was used later as reinforcement in PMMA nanocomposites.
Biopolymers are used in increasing quantities in all areas of life. The increased
interest in these materials has several reasons including environmental considerations but
also fashion. Similarly to layered silicates, biopolymers also have several drawbacks thus
they are often modified by blending, the addition of fillers, or plasticization. Poly(lactic
acid) is the biopolymer used in the largest quantity because of its availability and price.
PLA also can be modified by the same approaches mentioned above and nanocomposites
are produced from them, too. Instead of layered silicates the nanofillers frequently used
are cellulose nanocrystals, which are also of natural origin and they can reinforce the
polymer considerably already at small filler contents. One of the advantages of
biopolymers is their biological degradation; they can be composted and thus disposed by
natural means. However, the biodegradation of PLA takes a long time; it is stable under
normal ambient conditions. Biodegradation is catalyzed by enzymes, but the presence of
the modifier, the nanofiller might influence degradation, it may accelerate, but also hinder
or completely stop the process. In cooperation with a Chinese partner, we produced
homogeneous PLA/cellulose nanocrystal composites and studied their enzymatic
degradation. The results are described in detail in Chapter 6 which were also evaluated
with the help of a new model developed by us for the quantitative characterization of the
degradation process.
All evidence indicates that nanofillers are not the best choice as reinforcements
to produce structural materials. On the other hand, their special characteristics make them
ideal for functional applications, for example as supports for active molecules, carriers of
drugs, adsorbents, etc. Another biopolymer, poly-ε-caprolactone, is also used in medical
applications, but its biodegradation is even slower than that of PLA. In another project
we combined the advantageous characteristics of halloysite nanotubes and those of PCL
to prepare nanocomposites with controlled lifetime. An enzyme catalyzing the
degradation of PCL was adsorbed on the surface of halloysite nanotubes and the
degradation of the composite was studied as a function of time. The results of the project
are described in Chapter 7. The novel approach was extended with the analysis of the
degradation process and the quantitative description of its kinetics with the help of the
model developed earlier.
In the final chapter of the thesis, in Chapter 8, we briefly summarize the main
results obtained during the work, but refrain from their detailed discussion, because the
most important conclusions were drawn and reported at the end of each chapter. This
chapter is basically restricted to the listing major thesis points. The large number of
experimental results obtained in the research supplied useful information and led to
several conclusions, which can be used during further research and development related
to the preparation and use of nanocomposites, but also in other areas of heterogeneous
polymers. As usual, quite a few questions remained open in the various parts of the study,
the explanation of which needs further experiments. Research continues in this area at the
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Laboratory and we hope to proceed successfully further along the way indicated by this
and by previous Theses.
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Chapter 2
Experimental part

In this chapter we summarize all those materials and instrumental methods,
which were used generally throughout the entire study. Specific experiments and
parameters are described in the corresponding chapters.

2.1 Materials
Four different silicates were selected for our experiments. Sodium
montmorillonite (Nanofil 116, NaMt; density (ρ) = 2.86 g/cm3, CEC= 1.16 meq/g,
diameter (d) = 240 nm, height (h)= 0.96 nm) was obtained from Rockwood Clay
Additives GmbH, while Laponite XLG (XLG, ρ= 2.53 g/cm3, CEC =0.55 meq/g,
d = 25-30 nm, h = 0.92 nm) and Laponite XLS (XLS, ρ= 2.53 g/cm3, CEC: no data,
d = 25.0 nm, h = 0.92 nm) were purchased from Byk Additives and Instruments. XLS is
prepared from XLG by modification with pyrophosphate to obtain edges with negative
charges in aqueous medium. All three smectites were fine powders and were used as
received; they will be abbreviated as NaMt, XLG and XLS, respectively, in the further
part of the paper. The halloysite nanotubes (HNT) used as support was the New Zealand
CC Ultrafine H filler obtained from Imerys Ceramics. The specific surface area of the
filler was 27 m2/g (BET nitrogen adsorption, Quantachrome Nova 2000), the length of
the tubes was between 0.4 and 2.5 µm, while their outer and inner diameters were 100 nm
and 20-50 nm (TEM, Vega TS 5135; particle size analysis, Horiba LA 950 A2),
respectively.
The poly(lactic acid) (PLA) used in the experiments was the Ingeo 2003D grade
supplied by Natureworks, USA with a D-lactic acid content of 1.4%, density of
1.24 g/cm3, number-average molecular weight (Mn) of 150,000 Da and polydispersity of
1.33. The viscosity-average degree of polymerization was estimated to be 870 according
to measurements using an Ubbelohde viscometer in cupric ethylene diamine hydroxide
solution (CUEN). The poly-ε-caprolactone (PCL) used in the experiments was the Capa
6800 grade produced by Perstorp, Sweden. According to the producer its molecular mass
is 80 kDa, melt flow rate (MFR) 3 g/10 min (160 °C, 2.16 kg), while its melting
temperature is 58-60 °C.

The chloride salt of methylene blue (MB) trihydrate (> 98.5%) was obtained
from Sigma-Aldrich. The ethoxytrimethylsilane (ETMS) used for the surface
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modification of the silicate was purchased from the Tokyo Chemical Industry Co. Ltd.
with a purity of > 98 %. Hexamethyldisiloxane (HMDS) was used as reference
compound to check the occurrence of side reactions during surface modification with
ETMS; it was a product of 98 % purity obtained from the Tokyo Chemical Industry Co.
Ltd. Toluene used as solvent was purchased from Molar Chemicals Ltd. with a purity of
99.99 %. The methyl methacrylate monomer (MMA) of 99 % purity was purchased
from Alfa Aesar, while the [2-(acryloil-oxy)-ethyl]-trimethylammonium chloride
(AETAC) used as linker was obtained from Sigma Aldrich as 80 wt% water solution
containing 600 ppm p-methoxyphenol inhibitor. Potassium peroxodisulphate (KPS)
(Fluka, 98%) was used as initiator in the polymerization of methyl metacrylate. Lactic
acid (VWR International, 1.0 N aqueous solution) and iron (III) chloride hexahydrate
(Riedel-de Haen, min 99%), Bovine Serum Albumin (Sigma Aldrich), Bradford
reagent (Alfa Aesar, ready to use), hexane (Alfa Aesar), methyl-tert-butyl ether
(MTBE, Alfa Aesar), phenylethanol (Sigma Aldrich), racemic-1-phenylethanol
(Sigma Aldrich), vinyl acetate (Sigma Aldrich), ethanol (Alfa Aesar) were used as
received.
The lipase from Candida rugosa (CRL) and Amano lipase PS from
Burkholderia cepacia were purchased from Sigma Aldrich, while the Proteinase K from
Tritirachium album was supplied by VWR International.
Sodium hydroxide micropearls (NaOH) with a purity of 99.97%, sodium
chloride (NaCl, 99.97%), hydrochloric acid (HCl, 36.67%). ortophosphoric acid
(H3PO4, 85%), and tris(hydroxymethyl) aminomethane (Tris, 99.5%) were purchased
from Molar Chemicals Ltd. Trisodium phosphate (Na3PO4, 97%) were obtained from
Alfa Aesar. De-ionized water (MilliQ reagent grade, resistance larger than 18.2 MΩcm,
Millipore, USA) was applied unless otherwise indicated.
The inhibitor was removed from the MMA monomer with sodium hydroxide. 1
ml of NaOH solution of 30 wt% concentration was added to 10 ml monomer, the mixture
was stirred continuously for 30 min and then separated in a funnel. The other substances
were used as received.
Various buffer solutions were prepared with different pH (6.5, 7.2 and 8.6) and
ionic strength (I = 12, 25, and 100 mM) values. In the case of the phosphate buffer (PBS)
(pH=7.2), 30 mmol (4.9182 g) Na3PO4 was dissolved in Milli-Q water and 20 mmol
(2.3059 g, 1.28 cm3) o- H3PO4 was added. The exact pH of the buffer was adjusted with
the addition of NaOH or HCl. The solution was placed into a measuring flask of 1 l
volume; it was filled up to sign and homogenized. In the case of PBS (pH = 6.5), 254 µl
o-H3PO4 was dissolved in 300 ml MilliQ water, then the pH was adjusted with the
addition of NaOH solution (1 N) during continuous stirring, finally the solution was
diluted to 500 ml to sign in a measuring flask Buffers of pH=8.6 were prepared with
dissolving 50 mmol (6.057 g) (I=12 mM, c=50 mM) or 100 mmol (12.114 g) (I=25 mM,
c=100 mM) Tris in 900 ml MilliQ water and the pH of the solution was adjusted with the
addition of HCl, finally the solutions were diluted to 1 l in a measuring flask. The third
tris buffer (I=100 mM, c=100 mM) was prepared with same method as the buffer with
I=25mM just 7.3 mmol (0.427 g) NaCl was added to increase the ionic strength without
changing buffer concentration.
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All experiments were done at 25 °C and atmospheric pressure unless otherwise
indicated.

2.2 Methods and techniques
The specific surface area of the silicates was determined by nitrogen adsorption
using a Quantachrom Nova 2000 apparatus. Samples were degassed at 200 °C in vacuum
for 24 h before the measurement. The specific surface area was obtained from the
Brunauer-Emmett-Teller (BET) model [1] using 0.162 nm2 as the area occupied by one
nitrogen molecule.
The structure of the composites and that of the degraded samples was
characterized by scanning electron microscopy (SEM) using a Jeol JSM 6380 apparatus.
Micrographs were recorded after sputter coating with gold on fracture surfaces created at
ambient temperature.
Thermal gravimetric measurements (TGA) were carried out using a Perkin
Elmer TGA 6 instrument. The measurements were done on samples of 15-20 mg weight
in oxygen atmosphere. The temperature program consisted of three steps: thermostating
at 30 °C for 1 min, heating up to 800 °C with a rate of 10 °C/min and then maintaining
this temperature for 10 min.
The glass transition temperature of the polymer attached to the surface of the
silicate was determined by differential scanning calorimetry (DSC) using a Perkin Elmer
Diamond DSC apparatus. The measurements were done on 10 mg samples. First, the
samples were heated from 30 to 200 °C with 20 °C/min heating rate, then they were
cooled down with the same rate to 30 °C, and then heated up again. Glass transition
temperature was determined in the second heating run.
The chemical analysis with fourier transform infrared spectroscopy (FTIR) were
performed by using a Bruker Tensor 27 apparatus. The spectra were recorded in
transmission mode from 4000 to 400 cm-1 with 2 cm-1 resolution and 64 scans. Solutions
were studied in a KBr cuvette of 118 µm optical path, while powders were characterized
in KBr pastilles containing 1 mg sample in 250 mg KBr
The gallery structure of the silicate samples and the crystalline structure of PLA
were characterized by X-ray diffraction. The measurements were carried out using a
Phillips PW 1830/PW 1050 equipment with CuKα radiation (0,154 nm) at 40 kV and 35
mA anode excitation in the range of 2-12° 2Θ angles in the case of silicate, while in the
range of 5-40° 2Θ angles in the case of PLA samples with 0.04 step size and 4 s counting
time.
Zeta potential was determined with a ZetaPALS analyzer (Brookhaven
Instruments Co.) at 30 °C in polystyrene cuvettes. The Smoluchowski equation (Eq. 1)
was used for the calculation of zeta potential:
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=

(2.1)

where ξ is zeta potential, μE is electrophoretic mobility, while η is the viscosity and ε the
permittivity of water [2]. Five parallel runs were done on each sample and each run
consisted of 10 cycles.
The viscosity of the aqueous suspensions with various concentrations of the neat
Laponite XLG and the silicate modified with 100 mmol/100 g silicate ETMS were
determined with an Anton Paar Physica MCR 301 rheometer with cone-plate geometry
(CP25-1) at 0.1 s-1 shear rate. The gap was 0.049 mm, and the temperature was maintained
at 25.0 ± 0.1 °C using the Peltier system of the rheometer.
The molecular weight of PMMA was determined by gel permeation
chromatography (GPC) using a Waters GPC. The measurements were done in THF
solution at 1 cm3/min flow rate using a Waters Styragel 1,3,4 column.
Light transmission of polymer composites was determined on 1 mm thick
compression molded plates using a Unicam UV 500 apparatus in the 190-900 nm
wavelength range. Three parallel measurements were done for each composite. A Unicam
UV 500 UV–Vis spectrophotometer was applied for the determination of methylene blue
concentration (in a glass cuvette between 400 and 800 nm) and the concentration of lactic
acid complex (in a quartz cuvette between 190 and 600 nm). Bradford reagent analysis
and the follow of the degradation product of PCL were performed by a Cary 60
spectrometer of Agilent Technologies in a quartz cuvette. Path length was 1 cm and
scanning rate was 600 nm/min for all measurements.
The pH of buffer solutions for methylene blue adsorption was checked with a
pH/ion analyzer (Radelkis OP-271/1). The pH of the buffers for polymer degradation
studies was determined using a Metrohm 827 type apparatus with combined glass
electrode.
The Agilent 4890D gas chromatograph applied for the determination of the
enzymatic activity was equipped with a FID detector and a Hydrodex β-6TBDM column
[25 m x 0.25 mm x 0.25 µm film with heptakis-(2,3-di-O-methyl-6-O-tbutyldimethylsilyl)-β-cyclodextrine; Macherey & Nagel] using H2 as carrier gas (injector:
250 °C, detector: 250 °C, head pressure: 12 psi, split ratio: 50:1).

2.3 References
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2.

Brunauer S, Emmett PH, Teller E. J. Am. Chem. Soc., 60:309-319, (1938)
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Chapter 3
Determination of the specific surface area of layered
silicates by methylene blue adsorption: The role of
structure, pH and layer charge1

3.1 Introduction
Methylene blue (MB) is routinely used for the determination of the specific
surface area of materials in aqueous medium [1-5]. The planar molecule has a rectangular
shape with the area of approximately 1.7 nm ×0.76 nm and a thickness of 0.325 nm [4],
thus one molecule covers 1.30 nm2 area [6]. Methylene blue can interact with the surface
of layered silicates both through ionic and secondary, van der Waals forces, since in water
MB dissociates into a cation with one positive charge (MB+) and an anion (chloride) (see
Fig. 3. 1).

Figure 3. 1

The chemical structure of methylene blue.

The specific surface area and cation exchange capacity (CEC) of smectites are
often determined simultaneously by the adsorption of MB on their surface [7-9]. The
isotherm obtained can be divided into two sections in which different interactions
dominate. Below the optimum flocculation point mainly ionic interactions develop
between the silicate surface and methylene blue. Above this concentration the permanent
negative charges of the silicate are neutralized by MB cations thus adsorption occurs
mainly by physisorption [8]. In the case of smectites, the amount of MB necessary to
reach the optimum flocculation point is regarded as their cation exchange capacity [7]
and below this point methylene blue is irreversibly bonded to the surface [10]. In the
1

Hegyesi, N, Vad, RT, Pukánszky B. Appl. Clay Sci. 146:50-55 (2017)
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second part of the isotherm, the adsorption of MB molecules is in dynamic equilibrium.
The various aspects of the adsorption of methylene blue on the surface of smectites have
already been investigated in detail [11-14]. The type of the counter ion influences the
extent of cation exchange, contrary to sodium ions, calcium ions cannot be completely
exchanged to MB+ ions resulting in smaller apparent specific surface area values [7].
In spite of the frequent use of the methylene blue technique for the determination
of the specific surface area of layered silicates, a number of factors have not been paid
attention to or have not been investigated sufficiently thoroughly yet. Up to now, only a
few attempts have been made to determine the influence of CEC and layer charge on the
measured specific surface areas. Yener and co-workers, for example, studied the effect of
cation exchange capacity on the surface area measured, but the CEC values used were
quite small (smaller than 0.34 meq/g clay) [9, 15]. At small ion exchange capacity MB
molecules orient parallel to the surface and the surface area determined is proportional to
the number of adsorbed molecules.
On the other hand, large layer charge was shown to lead to the tilted orientation
of surfactants used for the modification of the clay [16] with increasing tilting angles at
larger surface coverages [17]. Sponza et al. [18], for example, measured very large,
1295 m2/g, specific surface area, but they did not characterize their silicate sufficiently
(cation exchange capacity and the size of the platelets are missing) and the authors did
not give any explanation for the unrealistically large value. Tilting may occur also during
the adsorption of methylene blue, but sufficient attention has not been paid to the structure
of the adsorbed layer including its effect on the adsorbed amount from which the specific
surface area of the silicate is derived. Moreover, large layer charge leads to the
aggregation of MB molecules, but its effect on the surface area measured has not been
studied either [19-22], and especially not at adsorption levels exceeding the cation
exchange capacity of the silicate [23].
The pH dependent charge of the edges of the silicate may also influence
adsorption by electrostatic attraction or repulsion. Since the addition of MB into an
aqueous dispersion results in the decrease of pH, the edges of the silicate platelets become
positively charged below a certain pH value. Positively charged edges repulse MB+
cations, thus adsorption capacity decreases resulting in smaller apparent specific surface
area. According to our knowledge, the effect of pH on the measured surface area of
smectites has not been studied in sufficient detail yet. Although Amrhar et al. [24]
observed the dependence of the adsorbed amount of MB on pH for illite, adsorption was
very limited and the structure of the mineral differs considerably from that of the clays
studied in this work.
The goal of our work was to study questions related to the determination of the
specific surface area of smectites, which have not been explored sufficiently yet. The
structure of the adsorbed methylene blue layer was studied for a smectite with large CEC
value to determine the effect of the orientation of MB molecules on the surface area
obtained. We investigated the effect of measurement conditions, and specifically that of
pH, on the adsorption isotherm of methylene blue on various layered silicates. The
influence of the edge charge of the silicate platelets on their surface area was determined
in measurements carried out with and without the control of pH. Smectites with small
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diameter were used in the experiments, for which the ratio of the surface of the edges is
not negligible compared to the total surface area of the silicate (~7%). A silicate modified
at the edges was also used as reference to obtain further information about the role of
edge charges in MB adsorption.

3.2 Experimental
The adsorption isotherm of MB on the three types of silicates: Laponite XLG
(XLG), Laponite XLS (XLS) and Nanofil 116 montmorillonite (NaMt) was determined
in aqueous medium. 1.2 g silicate was dispersed in 100 ml MilliQ water with 10 min
ultrasonication. 100 μl of the aqueous silicate sol with the concentration of 12 g/l was
diluted with 10 ml 10 mM NaCl or 10 ml phosphate buffer (10 mM, pH= 6.5) to keep the
ionic strength constant during the experiments. Various amounts (0–1200 μl) of aqueous
MB solution (c= 1.95 mM) was added to the sol and the samples were stirred intensively
at 25 °C for 24 h to reach equilibrium. Subsequently the dispersion was centrifuged at
13500 rpm for 10 min and the absorbance of the supernatant was determined with UV-Vis
spectroscopy. MB concentration was calculated after calibration with aqueous solutions
(λ = 665 nm, ε = 6.24·105 M−1 cm−1). As the silicates were not dried before the adsorption
measurements, water content had to be determined to obtain the amount of dry silicate.
Water content was deduced from thermogravimetric analysis in nitrogen atmosphere. All
adsorption experiments were done in polyethylene centrifuge tubes to avoid the
adsorption of MB on the surface of the container. The amount of adsorbed MB was
determined by thermogravimetric analysis (TGA) as well. Solid MB was added to
aqueous silicate sols (c= 10 g/l) and left standing for 24 h. The dispersions were
centrifuged, precipitates were dried at 60 °C and then characterized by TGA. After MB
adsorption and drying the gallery structure of the silicates was characterized by X-ray
diffraction. Zeta potential was determined in the same supernatant solutions used also for
the measurement of the concentration of methylene blue in the adsorption experiments.

3.3 Results and discussion
The results are presented in three separate sections. The adsorption isotherms of
methylene blue on the various silicates are described first together with the fitting of
models and the calculation of the specific surface area of the silicates. This section
includes the comparison of results obtained by various methods and the interpretation of
the differences observed. The effect of pH on the adsorption of methylene blue on the
surface of smectites is discussed in the next section followed by considerations about the
influence of charge density on the orientation of adsorbed molecules and thus on the
specific surface area determined.
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3.3.1 Adsorption isotherms
The three smectites compared have different structure and surface properties.
Sodium montmorillonite (NaMt) is a dioctahedral layered silicate with aluminum
partially substituted by magnesium in the octahedral sheets, while laponites are synthetic
trioctahedral smectites in which magnesium is partially substituted by lithium. Both types
of silicates have negatively charged basal surfaces in aqueous medium, but the surface
charge of the edges is different. NaMt and XLG have pH dependent charge at their edges
[25-27], while XLS is modified with tetrasodium pyrophosphate dispersing agent that
results in negative charges [28]. The specific surface area of the three smectites was
determined by three independent approaches. The BET model was applied for the
evaluation of the results of nitrogen adsorption measurements and the specific surface
area determined in this way is the BET surface (ABET). Surface area was also calculated
from the dimensions of the individual platelets, from their average height, diameter and
density to obtain the geometric surface area (Ag). These two values are compared to that
obtained by the third method, which was the methylene blue approach (AMB). The method
is based on the determination of an adsorption isotherm, the fitting of models to the
isotherms and the calculation of the specific surface area from them. The adsorption
isotherms measured on the three smectites studied are presented in Fig. 3. 2.

1.5

MB adsorbed (mmol/g)

NaMt
Laponite XLS
1.0

Laponite XLG
0.5

0.0
0.0

3.0x10-5

6.0x10-5
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Figure 3. 2

Adsorption isotherm of methylene blue on the surface of the investigated
silicates. Symbols: (△) NaMt, (◯) Laponite XLS, (□) Laponite XLG.
(Solid lines are only guide to the eye.)
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The amount of adsorbed MB converges towards an equilibrium value. The
largest adsorption is measured on NaMt and smaller values for the two laponites. The
large difference between the latter two is quite surprising, since the geometry and size of
the silicate platelets are the same, only the surface charge of the edges differs. The
dissimilarity calls the attention to the importance of the character and behavior of the
functional groups located at the edges of the platelets, but also to that of measurement
conditions, including the pH of the medium used. The adsorption of MB onto solid
surfaces from aqueous medium is usually described with the Langmuir or the Freundlich
isotherm.
The Langmuir isotherm assumes an energetically homogenous surface of
identical adsorption sites, definite number of these latter, monomolecular coverage and
the lack of interaction among the adsorbed molecules. The model has the advantage of
providing constants with physical meaning and it usually performs well when the surface
is homogeneous and only one type of adsorption site exists. The model can be expressed
in the following way to describe liquid-solid equilibrium quantitatively

=

(3.1)

1+

where CS is the amount of MB adsorbed on the solid surface at equilibrium (M), CL is the
equilibrium concentration of MB (M), Sm is the apparent sorption capacity or adsorption
maximum (mol/g) and KL is the Langmuir coefficient (g/mol). Eq. 3.1 can be expressed
in a linear form

=

1

+

(3.2)

Plotting the results according to Eq. 3.2, i.e. CL/CS against the equilibrium concentration
of methylene blue (CL) should result in straight line from which the maximum amount of
adsorbed material and the specific surface area can be determined. The linear plots of the
isotherms are presented in Fig. 3. 3 in this way and straight lines are obtained indeed with
very good determination coefficients (R2) indicating excellent fit. The parameters derived
from the fits are compiled in Table 3. 1.
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Fitting of the Langmuir model onto the adsorption isotherms of
Fig. 3. 2. Symbols: (△) NaMt, (◯) Laponite XLS, (□) Laponite XLG.

Table 3. 1

Specific surface area determined by various approaches.

Silicate

Determination
coefficient*

Specific surface area (m2/g)

Langmuir

Freundlich

BET

Geometry

MB

NaMt

0.9989

0.7500

42

734

1074

XLG

0.9900

0.6349

388

922

654

-

-

-

922

906

0.9354

336

922

917

XLG
(pH = 6.5)
XLS

0.9989
2

*Determination coefficient (R ) indicating the goodness of the fit for the Langmuir and
Freundlich isotherms.
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The Freundlich model can handle energetically heterogeneous surfaces,
multilayer and infinite coverage, but it lacks the proper thermodynamic basis. It can be
expressed as

(3.3)

=

where qe is the adsorbed amount of the adsorbate (mol/g), ce the equilibrium concentration
of the sorbate (M), KF (mol/g) relates to adsorption capacity (larger KF indicates larger
maximum capacity), while n gives information about surface heterogeneity and the
interactions between the adsorbent and adsorbate. The Freundlich isotherm can also be
linearized and it takes the following form

log

= log

1
+ log

(3.4)

The linear form of Freundlich model was also fitted to the experimental data and the
results are shown in Fig. 3. 4. The quantities determined are also collected in Table 1.
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Figure 3. 4

Correlations obtained by the fitting of the Freundlich model to the
isotherms presented in Fig. 3. 2. Symbols: (△) NaMt, (◯) Laponite
XLS, (□) Laponite XLG.

46

Chapter 3

The comparison of determination coefficients (R2) indicates that the Langmuir
model describes the experimental results better than the Freundlich model. The better fit
also implies that the surface of the silicates studied is energetically homogenous and a
monomolecular coverage develops during adsorption. Accordingly, the maximum
sorption capacity and the specific surface area of the silicates were derived from the
Langmuir model. The comparison of the specific surface areas obtained by the different
approaches allows the drawing of several conclusions. Surface areas resulting from the
geometry of the platelets and that determined by the adsorption of methylene blue are
larger than values obtained by the BET model. This is not very surprising since the
penetration of nitrogen molecules into the gallery space of the dry silicate is quite limited.
It is worth to note that some correlation can be seen between the penetration of nitrogen
molecules and the regularity of gallery structure. The X-ray diffractogram of NaMt
indicates a relatively large degree of order, while regularity is much smaller for the two
Laponites (Fig. 3. 5). Regular stacks with large diameter result in a BET surface area for
NaMt one order of magnitude smaller than the geometric surface area, while the Laponite
powders consist of more randomly arranged discs with small diameter. Differences can
be observed also between surface areas obtained by MB adsorption and geometric
calculations for NaMt and XLG. The deviations are unexpected because the MB method
is widely accepted and used for the determination of the specific surface area of smectites
and they obviously need further study and considerations.
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Figure 3. 5

X-ray diffractograms of Laponite XLG, XLS and NaMt.

Specific surface area

47

3.3.2 Competitive adsorption, the effect of pH
The surface area determined by the adsorption of methylene blue on XLG is
considerably smaller (654 m2/g calculated from the sorption capacity of 0.838 mmol/g
clay) than its geometric surface area, Ag (922 m2/g). On the other hand, the MB surface
area of XLS is significantly larger (1.175 mmol/g silicate, 917 m2/g) and equals the
geometric one. Since XLS is produced from XLG by the modification of its edges, this
dissimilarity in binding capacity must be caused by the influence of the tetrasodium
pyrophosphate dispersing agent. XLG has Si-OH and Mg-OH groups on their edges. SiOH groups are deprotonated above pH= 4.5–5, while for oxides and hydroxides of
magnesium zero charge is reached above pH= 10 [29], i.e. the charge of the edges depends
on pH. The dependence of MB adsorption on pH has been observed before [24]. The pH
of silicate sols decreases upon the addition of methylene blue as shown by Fig. 3. 6
resulting in the protonation of the edges thus repulsive interactions may develop between
them and MB+ cations. However, the difference between the measured specific surface
area and the area of the basal surface (268 m2/g) is larger than the surface area of the
edges (63 m2/g). As a consequence, another effect must hinder the adsorption of MB+
onto the surface of XLG at small pH values. The increase in proton concentration results
in the competitive adsorption of MB+ cations and protons onto the basal surface of this
smectite, i.e. in smaller equilibrium MB+ adsorption. In the case of XLS, the lack of
competitive adsorption can be explained with the larger pH of XLS dispersions (see
Fig. 3. 6) and the permanent negative charge of its edges due to the modification with
tetrasodium pyrophosphate.
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Figure 3. 6

The pH of the silicate sols plotted against the added amount of
methylene blue in water. Symbols: (△) NaMt, (◯) XLS, (□) XLG.
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The repulsive forces between XLG and MB+ were confirmed by zeta potential
measurements. In Fig. 3 .7 zeta potential is plotted against the amount of MB added to
the sol for the XLG sample suspended in distilled water or in a buffer solution at pH 6.5,
and also for XLS as reference. At small amount of MB the zeta potential of the sol
containing the silicate particles is negative both in water and in the buffer solution.
Without pH control XLG has a negative to positive transition in zeta potential as a
function of the amount of MB, because of its positively charged edges. On the other hand,
the zeta potential of the sol buffered to pH 6.5 containing XLG and that of the sol prepared
from XLS does not take positive values independently of the added amount of MB
showing that repulsive electrostatic forces do not develop among the components.
In order to prove the effect of pH, adsorption measurements were carried out
with XLG in a buffered solution at pH = 6.5 and an adsorption isotherm was recorded.
The Langmuir model was fitted to the experimental data, and the maximum amount of
adsorbed MB determined at controlled pH was 1.162 mmol/g silicate corresponding to a
specific surface area of 906 m2/g. This value almost equals the geometric (922 m2/g) and
the MB surface area of XLS (917 m2/g) that strongly corroborates our hypothesis about
the competitive adsorption of MB+ and H+.
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Figure 3. 7

The pH of the silicate sols plotted against the added amount of
methylene blue in water. Symbols: (△) NaMt, (◯) Laponite XLS, (□)
Laponite XLG.

Specific surface area

49

When pH is controlled, the adsorption of MB+ cations is favored on the silicate
surface and they neutralize the negative charges of the surface. Instead of protonation,
functional groups at the edges and the negatively charged basal surface of the silicate are
covered by MB+ cations resulting in zero zeta potential [25]. In this case, the amount of
adsorbed MB is determined only by the surface area of the silicate.

3.3.3 Cation exchange capacity, orientation
The other surprising result which needs explanation is the large specific surface
area obtained for sodium montmorillonite by the methylene blue approach. Literature
references give a value of 750 m2/g [6] specific surface area for this silicate and the value
obtained from geometric calculations is 734 m2/g (see Table 3.1). However, the maximum
amount of MB adsorbed by NaMt was 1.377 mmol/g that translates to a specific surface
area of 1074 m2/g, which exceeds considerably both values mentioned above. The
difference can be explained with the large cation exchange capacity of the NaMt used
which is 1.16 meq/g. If all the charges were neutralized by MB cations, the covered
surface would be 904 m2/g assuming that the absorbed molecules are oriented parallel to
the silicate platelets. The only reasonable explanation is that MB molecules are tilted to
the basal surface of NaMt, or coverage is not monomolecular. The tilted orientation of
adsorbed molecules (surfactants) was observed earlier on layered silicates, when CEC
was sufficiently large [16].
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Figure 3.8

Layer distance of silicates plotted against the amount of adsorbed
methylene blue. Symbols: (△) NaMt, (□) Laponite XLG.
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The gallery structure of the silicate samples was checked by XRD measurements
and layer distance was calculated from the position of the silicate reflection observed in
the recorded XRD patterns. The orientation of MB molecules among the silicate layers
was determined as a function of the adsorbed amount of MB. This latter was measured
by TGA on centrifuged and dried silicate samples. The layer distance of all investigated
silicates increased as a result of MB adsorption indicated by the shift of the silicate
reflection towards smaller 2θ degrees in the diffractograms (not shown). The dependence
of layer distance on the amount of adsorbed MB is presented in Fig. 3. 8.
Tilted orientation can be confirmed by comparing the dependence of layer
distance on MB content for NaMt and XLG, respectively. Layer distance increases
stepwise for XLG having an ion exchange capacity of 0.55 meq/g (see Fig. 3. 8). Below
0.6 mmol MB/g Laponite, the layer distance indicates monolayer coverage. The thickness
of 1 MB molecule is 0.325 nm, while that of an XLG platelet is 0.92 nm. Layer distance
is 1.37 nm when the amount of adsorbed MB is < 0.62 mmol/g, which is close to the
combined thickness of the platelet and the dye molecule (1.25 nm). At larger amount of
adsorbed MB, above 0.62 mmol/g, the dye molecules can only be arranged in a double
layer among the collapsed silicate discs. In this case, the layer distance is 1.5 nm, which
is close to the sum of the thicknesses of one silicate layer and 2 MB molecules (1.57 nm).
In the case of NaMt having large CEC, a continuous increase of layer distance is observed
with increasing MB content that indicates the tilted, non-parallel orientation of the
adsorbed molecules among the silicate layers. In this case, dye molecules do not lie
parallel to the surface of the clay and the specific surface area determined from MB
adsorption is apparently larger than at monomolecular coverage and parallel orientation.
Specific surface area can be calculated through geometric consideration by taking into
account the tilting of the molecules. Values between 724 and 803 m2/g were obtained in
this way, which agree well with published data and the value determined from the
geometry of silicate platelets.

3.4 Conclusions
The specific surface area of three layered silicates was determined by three
different approaches and good agreement was observed for some of the results, while
considerable discrepancies in other cases. If adsorption occurs through attractive ionic
forces and the adsorbed molecules are arranged parallel to the silicate layers in a
monomolecular coverage, the agreement between surface areas calculated from the
geometry of the plates and those determined by the adsorption of methylene blue agree
well with each other. The specific surface area of a silicate with relatively small size
(Laponite XLG) was smaller than expected because of the dependence of the adsorbed
amount of MB molecules on pH. The addition of methylene blue solution decreases pH
considerably leading to particles with positive charge, as shown by zeta potential
measurements, to smaller methylene blue adsorption and small specific surface area.
Modification of the clay or the control of pH by a buffer solves the problem, and real
values for surface areas are obtained which agree well with geometric calculations. At
large ion exchange capacity (NaMt, CEC =1.16 meq/g), the molecules adsorb in a tilted
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orientation and not parallel to the surface. Tilted orientation results in larger than
monomolecular coverage and the specific surface area calculated from MB adsorption is
considerably larger than the real surface of the silicate.
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Chapter 4
Silane modification of layered silicates and the mechanism
of network formation from exfoliated layers1

4.1 Introduction
A large extent of exfoliation often leads to the formation of a silicate network,
frequently called house-of-card or scaffold structure. The formation of such a structure is
the result of electrostatic interactions between the negatively charged lateral surface of
the plates and the positively charged edges. We have already indicated in Chapter 1, that
this structure appears also in polymer matrix [1-6] and both disadvantageous [1-3, 5] and
beneficial effects [4, 6] were mentioned. A silane modification of the edges of silicate
platelets should change also the development of such structure and consequently the
properties of the composites.
The goal of the present study was to modify the edges of a layered silicate,
laponite, with a monoalkoxy silane in order to replace silanol groups with an organic
moiety. The reactions, including side reactions, taking place during the modification are
investigated in detail by the analysis of the modified silicate and the reaction medium.
Surface coverage is determined in different ways and the results are compared to model
calculations. The effect of surface modification on the formation of a house-of-card
structure is investigated by rheology. A model is proposed for the mechanism of network
formation, and the possible consequence for practice is briefly mentioned in the final
section of the paper.

4.2 Experimental
Surface modification of Laponite XLG was carried out in a toluene suspension
of 120 g/dm3 concentration. 6 g silicate was weighed into the reaction flasks and 50 ml
ethoxytrimethylsilane (ETMS) solution with various silane concentrations was added.
The reaction was continued for two days under continuous stirring with a magnetic stirrer.
The amount of silane changed from 0 to 946 mg/ g silicate in 12 steps. After two days,
the suspension was let to settle and then the clear solution was filtered using a PTFE filter
1

Hegyesi, N, Simon, N, Pukánszky, B. Appl. Clay Sci., 171:74-81 (2019).
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with 0.45 µm pore diameter. The filtrate was washed three times with toluene to remove
the physically adsorbed silane. The supernatant and the washing solution were put aside
for further characterization. The silicate was removed from the beaker and finally dried.
The solution decanted from the suspension and the dried silicate were analyzed
by FTIR. The organic content and the gallery structure of the powder samples were
investigated by TGA and XRD. The viscosity of the aqueous suspensions with various
concentrations of the neat laponite and the silicate modified with 118 mg/1 g silicate
ETMS were determined by rheometry.

4.3 Results and discussion
The results will be discussed in several sections. The modification reaction and
the amount of bonded silane are presented first, then the apparent contradiction in the
results and possible side reactions are analyzed subsequently. The location of the silane
and the gallery structure of the silicate are discussed next, followed by theoretical
considerations; consequences for practice are also mentioned briefly in the last section of
the paper.
4.3.1 Surface modification
The amount of ETMS bonded onto the surface of the silicate was determined
with thermogravimetric measurements first. Weight loss measured in the temperature
range of 150 and 800 °C results from the evaporation of water from the interlamellar
space, the degradation of the organic compounds bonded to the surface and finally the
dehydroxylation of the silicate [7]. TGA traces recorded on the neat laponite, the laponite
treated with 473 mg/ g ETMS and ETMS itself are presented in Fig. 4. 1. The results
obtained on the coated samples were corrected with the weight loss measured on the neat,
non-reacted silicate, which loses water adsorbed on its surface and by dehydroxylation.
The weight loss of the silicate samples is plotted against the amount of the silane
compound used for modification in Fig. 4. 2. The scatter of the points is considerable and
the results might be biased by the fact that organically modified samples bind less water
than the neat silicate, but the tendency is clear. A saturation type correlation is obtained
indicating that the silane reacts with active hydroxyl groups located at the edges of the
silicate, the number of which is limited. According to the results of Fig. 4. 2, saturation
concentration is around 3 wt% organic content. The molecular weight of the moiety
bonded to the surface is 73.25 g/mol, while the molecular weight of the initial silane is
118.25 g/mol, thus this saturation weight corresponds to a surface coverage of 49.9 mg
silane/g silicate.
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Figure 4. 1

TGA traces recorded on the reactant (ETMS), bare laponite and on
laponite modified with 473 mg/g silane
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Figure 4. 2

Dependence of bonded silane on the amount of reactant (ETMS) added
determined from the weight loss of silicate samples by TGA
measurements.
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Because of the large standard deviation and possible bias of the TGA
measurements, the amount of bonded silane was checked by further measurements. The
FTIR spectrum of the laponite sample treated with 946 mg/g silane is presented in
Fig. 4. 3 together with the assignment of the characteristic vibrations. The region
containing the vibration of the –SiCH3 group is shown in the inset with larger
magnification for the neat silicate and for two samples treated with different amounts of
silane. The spectra clearly prove that the reaction takes place indeed (the silicate was
washed to remove the unreacted silane) and the saturation character of the reaction as
well. For quantitative characterization the OH bending vibration appearing at 653 cm -1
(δMg3OH) was used as internal standard. The relative peak area of the –SiCH3 vibration
is plotted against the amount of silane used for treatment in Fig. 4. 4. The concentration
dependence of the relative peak area of a vibration, which should not change as an effect
of surface modification is also plotted in order to verify the procedure. We can see that
the intensity of this latter, the relative peak area of the combined vibration of the Si-OMg and Si-O-Si bending bands appearing at 464 and 449 cm-1, respectively, does not
change at all during modification. On the other hand, the relative peak area of the
characteristic vibration of the methylsilane group shows the same tendency as that
obtained by the TGA measurements. Although the scatter of the points is considerable
again because of the small intensity of this vibration, the tendency is unambiguous.
Nevertheless, the results give only a qualitative picture about the effect of surface
modification, and because of the large standard deviation of the determination, we need
further data to determine quantitatively the amount of bonded silane and surface coverage.
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Figure 4. 3

FTIR spectrum of a silicate sample reacted with 946 mg/g silane and the
assignation of the most important vibrations. Inset: changes in the
intensity of the –SiCH3 band with increasing silane treatment.
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Increase in the amount of bonded silane (-SiCH3 at 1257 cm-1) with
increasing amount of ETMS added. The intensity of vibrations not
influenced by the treatment remains constant (Si-O-Mg and Si-O-Si at
464 and 449 cm-1, respectively). The analysis was done on powder
samples in KBr pastille.

The analysis of the reaction solution can yield the amount of bonded silane
quantitatively. After calibration, the amount of silane can be determined in the reaction
medium and in the washing solution. The difference of added silane and the amount found
in the two solutions gives the quantity of silane bonded to the surface of the silicate. The
silane compound used for the surface modification of laponite has several characteristic
peaks, which can be used for quantitative analysis. The dependence of the amount of
retained ETMS determined from two vibrations on the amount of silane used for
modification is shown in Fig. 4. 5. Rather surprisingly two different correlations are
obtained; in fact, the six correlations determined can be divided into two well-defined
groups. The absorbance of vibrations belonging to the –SiCH3 group appearing at 1259,
1251 and 842 cm-1 shows saturation tendency similarly to the results obtained by the TGA
measurements and the FTIR characterization of the silicate powder. On the other hand,
the intensity of the groups containing oxygen, i.e. the –SiO- (1165 cm-1), the -SiOC(1108 cm-1) and the –OCH2CH3 (947 cm-1) groups, is considerably larger and increases
continuously. The results also clearly show that the scatter of the points determined from
the vibration of the –SiCH3 group is much larger than in the second case, for the groups
containing oxygen. The dissimilarity needs explanation and the contradiction must be
resolved in order to be able to carry out the further analysis of the results.
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Figure 4. 5

Determination of the amount of bonded silane from the reaction medium
by FTIR analysis. Symbols: (O) –SiCH3 at 842 cm-1, ( ) –SiO- at
1165 cm-1.

4.3.2 Side reactions
One possible explanation for the discrepancy mentioned in the previous
paragraph is the occurrence of a side reaction or side reactions. The modification of the
silicate with the silane used in our experiments theoretically should proceed according
the reaction presented in Scheme 4. 1. We can safely assume, as the scheme shows, that
a silane platelet can react at two positions, one above the other, at its edges (see also later)
resulting in the formation of ethanol. On the other hand, two side reactions can also take
place during modification, the hydrolysis of the silane and its dimerization as shown in
Scheme 4. 2.

Scheme 4. 1

Scheme of the primary reaction taking place during the modification of
laponite with ETMS.
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Possible side reactions occurring during the surface modification of the
silicate with the monofunctional silane (ETMS).

According to the Scheme 4. 2, the number of –SiCH3 groups is equivalent in the
trimethylsilanol and the stochiometrically forming hexamethyldisiloxane compound.
Accordingly, the concentration of this group does not change in the reaction medium,
even if these side reactions take place. On the other hand, the oxygen containing groups
analyzed (-SiO-, -SiOC-, and -OCH2CH3) can be found only in the ethoxytrimethylsilane
compound thus if side reactions take place, their number decreases in the solution. The
smaller number of a group in the reaction medium indicates a larger amount of silane
bonded to the silicate surface. One possible side reaction is the hydrolysis of the silane
used for surface modification. The functional groups of the reaction products, both the
silanol compound and the ethanol, of this side reaction absorb in the wavelength range
above 3500 cm-1. The corresponding range of the spectrum of the reaction medium is
plotted in Fig. 4. 6 together with the FTIR spectrum of ethanol. The comparison clearly
proves the presence of both compounds in the reaction medium, the absorbance of the
silanol group at 3639 cm-1 overlaps with the –OH group of ethanol appearing at
3600 cm-1. Fig. 4. 6 confirms that the hydrolysis of the silane takes place during surface
modification leading to the consumption of the reagent and thus indicating larger amount
of bonded silane. Further analysis confirmed that the amount of bonded silane calculated
from vibrations related to the –SiCH3 group is always smaller than that derived from the
vibrations of oxygen containing groups. This conclusion is important, since the
absorbance of the –OCH2CH3 group was chosen as reference by one research group, when
the reaction medium was used for the quantitative determination of the amount of bonded
silane [8].
The other possible side reaction presented in Scheme 4.2 is the dimerization of
the silane. In order to check the possibility of this side reaction, the spectrum of the dimer
was recorded and the peaks were assigned to the corresponding groups. In Fig. 4. 7, the
spectrum of hexamethyldisiloxane (HMDS) is compared to that of the silane reagent,
ETMS, and the reaction solution, which contained originally 89 mg/g silane, after the
reaction. Only the siloxane contains the –Si-O-Si- moiety and the comparison of the
spectra presented in Fig. 4. 7 clearly shows that the vibration of this group is absent in the
spectrum recorded on the reaction medium, and naturally, it cannot be found in the
spectrum of ETMS either. This result demonstrates that this side reaction, the
dimerization of the silane does not occur.
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Figure 4. 6

Confirmation of the hydrolysis of the silane during surface modification.
Detection of the expected reaction products by FTIR spectroscopy.
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Figure 4. 7

Comparison of the FTIR spectra of the dimer, ETMS and the reaction
medium, which contained 89 mg/g silane, after the reaction. Absence of
the characteristic –Si-O-Si- vibration of the dimer in the latter.
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After the identification of the vibrations, which can be used for quantitative
analysis, we could calculate the maximum amount of bonded silane. We obtained
50 mg/g, which agrees well with the value determined by TGA. However, because of the
small weight losses measured by TGA led to large standard deviation and the possible
bias of the dissimilar water absorption of the treated and the neat filler, we regard the
value determined with FTIR analysis as more relevant. The validity of this value will be
further checked by theoretical considerations.

4.3.3 Layer structure, location of the silane
The structure of layered silicates treated with organofunctional silane
compounds can be quite complicated. Silanes having two and especially three alkoxy
groups usually form polysiloxanes on the surface of the silicate, the structure and
properties of which depend very much on the chemical character of the organofunctional
group. We used a monofunctional silane, which cannot polymerize, but only reacts with
the active hydroxyl groups located at the edges of the silicate platelets. Although
polymerization cannot occur, the silane can absorb on the plane surface of the silicate and
can also diffuse into the space among the plates, it can be located in the gallery space.
Accordingly, we checked this latter possibility and characterized the silicate with X-ray
diffraction measurements. The traces recorded on silicates treated with different amounts
of the silane are presented in Fig. 4. 8 in the range of the silicate reflection.
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Figure 4. 8

XRD patterns recorded on the silica samples reacted with various
amounts of ETMS, and on neat silicate. The amount of ETMS increases
from 0 to 946 mg/g from bottom to top.
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The reflection is rather diffuse indicating less order than in the case of
montmorillonite, for example. Nevertheless, the peak of the silicate can be identified
unambiguously in each case. Compared to the neat, untreated silicate, the peak shifts
towards smaller 2Θ angles corresponding to larger gallery distance. This could indicate
the diffusion of the silane among the layers. However, we must call the attention here to
the fact that the layer distance of the silicate immersed into toluene not containing the
silane is also larger than that of the neat filler. We must assume that the solvent diffused
into the galleries, and could not be removed completely during drying thus increasing
layer distance.
Gallery distance was calculated from Bragg’s law and it is plotted against the
amount of silane used for treatment in Fig. 4. 9. Layer distance does not change with
increasing amount of the silane. The scatter of the points seems to be considerable, but it
is smaller than 0.1 nm, which is less than the distance of one C-C bond, thus we can
conclude that the compound used for surface modification does not diffuse into the gallery
space, but reacts with the edges of the platelets. We must remind the reader here to the
fact that the silicate was thoroughly washed with toluene, thus unreacted, physisorbed
silane molecules were completely removed before the measurements.
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Figure 4. 9

Independence of the layer distance of the silicate of the amount of silane
used for treatment. The separate point indicates the neat laponite.
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4.3.4 Effect of modification on properties
The amount of silane, which theoretically can be bonded to the surface of a
laponite platelet, was estimated also by model calculations based on the reaction
presented in Scheme 4. 1. The geometry optimization of the attached silane molecule was
carried out with the Avogadro 1.2.0 software. The space occupied by a silane molecule
was approximated with a sphere, the diameter of which corresponds to the distance of the
Si2 atom and the farthest hydrogen in the molecule (see Fig. 4. 10a). This distance was
calculated as 0.55 nm. For the dimensions of a laponite platelet, we used the values given
by the producer (see Fig. 4. 10b). The thickness of the silicate platelets is 0.92 nm thus
we assumed that it is sufficiently large to bind two silane molecules one above the other
as Scheme 1 shows. Subsequently, we calculated the number of molecules that the edge
of the platelets can accommodate in a single or a double row. According to the
calculations, 51 mg silane can react with 1 g silicate because of geometric reasons. This
value closely corresponds to the number derived from the TGA measurements (49.9 mg)
and to that obtained from the FTIR study (50 mg). Consequently, silane molecules are
located only at the edges of the platelets indeed in accordance with the results of the XRD
measurements. The results also indicated that the edges of the platelets are practically
completely covered with silane molecules, thus the modification of the silicates must
influence their possible interactions and allow obtaining more information about
silicate/silicate interactions.

Figure 4. 10

Optimized geometry of the silane molecule (a) and the dimensions of a
laponite platelet (b).

A house-of-card structure forms, if a layered silicate is dispersed in water in
sufficiently large amount. The lateral surface of the platelets has negative charge in water,
while below a certain pH, the average charge of the edges is positive. Opposite charges
attract each other and the silicate network forms. The house-of-card structure should not
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develop when we block the interactions of the active hydrogens of the silicate -OH groups
by replacing them with an aliphatic moiety, since only weak van der Waals bonds can
form between the edges and the surface of the platelets. The formation of the silicate
network can be detected by rheology both in suspension and in nanocomposite melts [9,
10]. The viscosity of suspensions is plotted against silicate concentration in Fig. 4. 11.
The formation of the silicate network is clearly indicated by the steep increase of viscosity
above a certain silicate content. Quite surprisingly, practically the same correlation is
obtained for the silicate treated with 118 mg ETMS/g silicate, i.e. the silicate network
forms even though the –OH groups were reacted with the silane. Since several
experiments confirmed the reaction of the silicate and the silane, as it was shown above,
the accepted scheme of network formation must be revisited.
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Figure 4.11

Development of a house-of-card structure independently of the surface
modification of the silicate. Viscosity plotted against the amount of
silicate in the suspension. Symbols: (□) 0 mg, (○) 118 mg ETMS/g
silicate.

The surface of the silicate layers is negatively charged because in the
octahedrally coordinated magnesium oxide layer surrounded by the two parallel silica
layers a certain number of the Mg2+ ions are equivalently exchanged to lithium ions
having a single positive charge. The free negative charges of the layers are compensated
by sodium ions, which dissociate from the surface in water leaving negatively charged
surfaces behind. Because of their limited size, the edges of the layers are closed by -Si-OH
and –Mg-OH groups. At certain pH values, the –Si-OH groups are deprotonated in water,
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thus the edge becomes negatively charged that would not allow the formation of the
house-of-card structure. On the other hand, -Mg-OH groups release hydroxyls in water
leaving behind -Mg+ moieties, i.e. a positively charged surface [11]. Accordingly, the
source of positive charge at the edges of the silicate platelets are not the –Si-OH, but the
–Mg-OH groups. Consequently, in spite of the reaction of the –Si-OH groups with the
silane and the elimination of active hydrogens, the positive charge of the edges is
maintained and the silicate network forms. Obviously, silane treatment does not hinder
the elimination of the hydroxyl ions and the much stronger electrostatic interactions
overwhelm the weak dispersion interaction of the –SiCH3 groups. The explanation is
presented graphically in Fig. 4. 12 and it is verified by the results shown in Fig. 4. 11.
Accordingly, the edges of silicate platelets can be modified with functional silanes to
achieve coupling or some other function, but modification is superfluous if we want to
avoid the formation of the house-of-card structure to control the rheology of a suspension
or a nanocomposite melt.

Figure 4.12

Scheme showing the mechanism proposed for the formation of the houseof-card structure.

4.4 Conclusions
The edges of a synthetic layered silicate, laponite, were successfully modified
with a monofunctional silane compound. The occurrence of the reaction was confirmed
with various techniques and surface coverage was determined. Thermogravimetric
measurements and the FTIR analysis of both the treated filler and the reaction medium
yielded a saturation like correlation as a function of the amount of silane used for
treatment. The determination of the amount of bonded silane by FTIR analysis must be
carried out with care, since side reactions take place during modification. Although the
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expected dimerization of the silane did not occur, it hydrolyzed during treatment
systematically changing the amount of bonded silane determined from the FTIR
absorption of oxygen containing groups. Only vibrations related to the absorption of the
–SiCH3 group can be used for quantitative analysis. XRD measurements proved that the
silane is bonded onto the surface of the silicate and it does not enter the gallery space.
According to the FTIR measurements, approximately 50 mg silane is bonded to 1 g
silicate corresponding to almost complete surface coverage. The results of the
measurements were supported by model calculations and extremely good agreement was
found between the calculated and measured values. Surface modification did not hinder
the formation of a house-of-card structure showing that the generally accepted
mechanism of network formation needs revision. An explanation was offered based on
the release of hydroxyl ions from the –Mg-OH moiety of the silicate. The modification
of the edges of layered silicates may facilitate exfoliation or help functionalization, but
does not prevent network formation and cannot be used for the control of rheological
properties.
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Chapter 5
Coupling of PMMA to the surface of a layered silicate by
intercalative polymerization: processes, structure and
properties1

5.1 Introduction
Surface modification with surfactants results in an increase of layer distance and
a decrease of surface energy [1]. It leads to a larger extent of exfoliation indeed, but also
to decreased interaction between the silicate and the polymer matrix. One possibility to
obtain large extent of exfoliation and good interaction with the polymer is the attachment
of polymer chains to the surface of the silicate. The coupling of the polymer can be
achieved basically in two ways, either the initiator or a linker acting as comonomer is
attached to the surface of the silicate in an in situ intercalative polymerization [2, 3]. Most
of the studies stopped at showing the successful coupling of the polymer and investigating
the structure of the resulting material. However, the characterization of the structure of in
situ prepared composites are often insufficient. Usually only a few compositions were
investigated and the effect of cation exchange, monomer concentration or silicate content
on coupling and the structure of the composite was not studied. Most of the experiments
were done with montmorillonite [4] and one of the most often used monomers was methyl
methacrylate [5]. Huang and Britain [2] also worked with these components and proved
that PMMA could be attached to the surface of montmorillonite by the two approaches
both in emulsion and suspension polymerization. The glass transition temperature of the
polymer increased in all cases, but the optical properties deteriorated because of the
contaminations of the mineral. To avoid contamination, their experiments were repeated
with laponite, but the properties of the composites obtained were inferior to those
prepared with montmorillonite. They did not provide any explanation for the results, but
by optimizing composition and the extent of cation exchange might result in materials
with similar properties also with laponite. Herrera et al. [6] investigated in situ emulsion
polymerization in the presence of laponite in detail. The initiator, a cationic monomer or
an unsaturated alkoxysilane compound, was used as linker in their experiments. The
morphology of the latexes obtained was characterized in detail, but the effect of the level
of cation exchange was studied only at three different, larger than 50%, surface coverage
with 2,2-azobis(2-methylpropionamidine) hydrochloride cationic initiator [7]. Larger
surface coverage resulted in larger size and broader size distribution of the clay
1

Hegyesi, N, Pongrácz Sz, Vad RT, Pukánszky, B. in preparation
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aggregates. Moreover, experiments at smaller extent of cation exchange are still lacking.
Although the coupling of a polymer to a layered silicate was carried out many times, often
the resulting material was not characterized properly, and even more importantly, the
beneficial effect of coupling has not been proved in most cases.
Consequently, the goal of our research was to attach PMMA to the surface of a
layered silicate and then later to use the resulting material as reinforcement in PMMA
nanocomposites. Polymerization was done in water at monomer concentrations smaller
than its solubility and small clay contents to achieve the complete exfoliation of the
silicate. Laponite was used instead of montmorillonite to have more controlled silicate
structure and composition. The extent of cation exchange and MMA content, and thus the
length of the polymer chains attached to the surface of the silicate were changed
systematically. The resulting modified silicate was characterized thoroughly with a
variety of techniques including molecular modeling. The advantages and drawbacks of
the approach used as well as the consequences for practice are briefly discussed in the
last section of the paper in view of the possible use of PMMA-grafted clay as
reinforcement.

5.2 Experimental
The polymerization of MMA in water was checked in the first step. A solution
of 1.5 wt% MMA in water was heated up to 60 °C and oxygen was removed by bubbling
argon through it. The initiator potassium persulfate (KPS) was added in concentrations of
1.5·10-2, 1.5·10-3 and 1.5·10-4 mol/l and the reaction was carried out for 168 hours. The
polymer was filtered and dried in an oven at 105 °C for 72 hours.
The sodium ions of laponite were exchanged with the [2-(acryloil-oxy)-ethyl]trimethylammonium chloride (AETAC) linker in a water suspension containing 1.5 wt%
of the silicate. First, the suspension containing the laponite was stirred for 2 days and then
various amounts of AETAC as well as MMA in an amount equal to the weight of laponite
were added to it. The extent of ion exchange varied from 0 to 100 % in 11 steps. The
amount of the monomer was chosen to avoid larger MMA concentration than its solubility
in water (1.5 wt%). After the removal of oxygen with argon, the mixture was heated up
to 60 °C and the initiator (KPS) was added to reach a final concentration of 1.5·10-2 mol/l.
The reaction was continued for 24 hours then the product was filtered, washed with water
and dried at 105 °C and 220 mbar for 72 hours. Samples were taken from the reaction
mixture of 100% cation exchange before adding MMA. They were centrifuged at
2500 rpm for 3x10 min. Between each centrifuging step, the upper phase was changed to
distilled water. Finally, the sediment was dried at 60 °C for 24 hours.
In the second series of experiments, the amount of the MMA was increased. The
initial composition of the reaction mixtures and the reaction conditions were the same as
above, the amount of AETAC was equal to 50% of the CEC. The rest of the monomer
was introduced into the reaction mixture by a syringe pump. After adding the total amount
of MMA, the mixture was stirred for an additional 24 hours. PMMA not attached to the
silicate was removed by Soxhlet extraction using acetone in 48 h.
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The chemical composition of the samples prepared was characterized by Fourier
transform infrared spectroscopy (FTIR). The molecular weight of PMMA was
determined by gel permeation chromatography (GPC). The organic content of the
samples was determined by thermogravimetric analysis (TGA). The gallery structure of
the samples was studied by X-ray diffraction (XRD) measurements. The glass transition
temperature of the polymer attached to the surface of the silicate was determined by
differential scanning calorimetry (DSC).

5.3 Results and discussion
The results are presented in several sections. First, the concept and assumptions
of the project are introduced and then the various steps of the modification process are
discussed in some detail. The effect of the two main factors, the extent of ion exchange
and the amount of MMA, is analyzed more in detail in the next two sections, and finally
the structure and properties of the product, i.e. the silicate with attached PMMA chains
are presented in the last section.
5.3.1 The concept
As mentioned in the introductory section, the production of layered silicate
nanocomposites with good properties have two main conditions: large extent of
exfoliation of the silicate layers and good adhesion of the layers to the polymer matrix to
make possible efficient stress transfer. In order to meet the first condition, the cations of
layered silicates are usually exchanged to long chain aliphatic amine cations. This step
results in an increase in gallery distance and a decrease in the adhesion among the layers,
but it decreases polymer/silicate interaction, i.e. the efficiency of stress transfer, as well.
The two conditions can be satisfied by the intercalative polymerization of a polymer
among the silicate layers, but it requires a more complicated technology. Our approach
and the steps of the technology are presented schematically in Fig. 5. 1.
Layered silicate exfoliate completely in water, thus polymerization is carried out
in this medium. Methyl methacrylate is used as monomer, which has a solubility of
1.5 wt% in water. In order to attach the polymer chains to the surface of the silicate, the
cations of the silicate are exchanged with a compound which can be used as comonomer
in the polymerization; this compound is AETAC in our case. The surface coverage of the
silicate is of large importance for the efficiency of grafting, the molecular weight of the
grafted chains and for structure, thus we investigate the effect of this factor in some extent.
The next step is the polymerization of MMA on the surface of the silicate; the effect of
the amount of monomer used is also determined in a series of experiments. Finally, the
silicate modified with the linker and the polymer is recovered from the suspension and
thoroughly characterized in order to verify the principle presented here.
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Figure 5. 1

Chapter 5

Scheme showing the intercalative polymerization of MMA among the
layers of laponite and the most important steps of the process.

5.3.2 MMA polymerization in water
Methyl methacrylate can be polymerized in many ways by radical
polymerization; high molecular weight polymer can be prepared in bulk, in solution, in
emulsion or suspension. However, the polymerization of MMA is rarely carried out in
water thus we wanted to check if a polymer of sufficiently large molecular weight can be
obtained in this way. Accordingly, polymerization was carried out in the way described
in the experimental part (see Section 5.2.2). A precipitated product was obtained which
was separated by filtration and then analyzed. FTIR spectroscopy proved that the material
obtained is PMMA indeed and the molecular weight of the three samples prepared was
determined by GPC. The results of the measurements are collected in Table 5. 1. The
molecular weight of the three polymers prepared is around 4-500 kDa and their
polydispersity is relatively small, they have a quite narrow molecular weight distribution.
These preliminary experiments proved that our concept is viable up to this point, and a
PMMA polymer of sufficient large molecular weight can be obtained under the conditions
used in our experiments.
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Molecular weight of PMMA produced by precipitation polymerization in
water (60 °C, 168 h)

Initiator concentration
(mol/l)

Molecular weight, Mn
(kDa)

Polydispersity, Mw/Mn

1.5·10-4

410.4

2.65

1.5·10-3

530.1

1.77

-2

480.3

2.89

1.5·10

5.3.3 Surface modification, ion exchange
According to the concept of the project, AETAC, the linker should exchange the
sodium cations compensating the negative charge of the laponite layers. The principle
was checked in a separate step. The attachment of the amine salt to the surface of the
silicate was verified by FTIR spectroscopy and TGA measurements. The comparison of
the spectra recorded on the XLG silicate and that of the coated laponite indicated that the
linker exchanged the sodium cations indeed, the carbonyl peak of the linker appeared in
the spectrum (not shown). However, because the amount of the surface modifier was
relatively small, the absorbance appearing at the corresponding wavelength (1730 cm -1)
was not very strong.
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Figure 5. 2

TGA traces proving the attachment of the AETAC linker to the surface of
laponite; 8.1 wt% corresponding to 100 % surface coverage.
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On the other hand, thermogravimetry proved the presence of AETAC
unambiguously. The TGA traces of the neat laponite and of that covered with 8.1 wt%
AETAC corresponding to 100 % surface coverage are presented in Fig. 5. 2. The highenergy surface of the laponite bonds considerable amount of water that is lost below and
around 100 °C. After losing the adsorbed water, the weight of laponite remains almost
constant up to 600 °C, but that of the surface modified silicate decreases considerably.
The weight loss in the range of 200-600 °C is also around 8 wt% agreeing well with the
amount of AETAC used for treatment (100 wt%). The experiments carried out to verify
the occurrence of ion exchange unambiguously proved that the AETAC linker bonds to
the surface of the silicate thus polymerization can be started from it.

5.3.4 Grafting, effect of ion exchange
The preliminary experiments proved that the polymerization of MMA takes
place in water and the surface of the silicate can be modified with AETAC, the linker
selected by us. The next step was the polymerization of MMA onto the surface of laponite.
In a series of experiments, we checked the effect of ion exchange on the amount of bound
PMMA and the structure of the resulting material. Polymerization was carried out in the
way described in the experimental part (see Section 5.2.2), the product was purified by
Soxhlet extraction with acetone and then analyzed. The FTIR spectra of laponite, PMMA
and the silicate grafted with PMMA chains are presented in Fig. 5. 3.
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Comparison of the FTIR spectra of the silicate (XLG, bottom), PMMA
(middle) and laponite with 50 wt% PMMA (80 % CEC) grafted to its
surface (top).
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The amount of MMA equaled that of the silicate, i.e. it was 50 wt% of the
reaction mixture, and 80 % of the ions was exchanged to AETAC cations in this particular
experiment. In the spectrum of the modified silicate, the vibrations of the CH, CH2 and
CH3 groups of PMMA appear at 2995, 2950 and 2842 cm-1 respectively, as well as the
carbonyl vibration of the ester group at 1730 cm -1. Simultaneously, the characteristic
bands of the silicate can be also detected in the spectrum, the vibration of the OH groups
attached to magnesium ions at the edges of the plates at 3690 cm -1, the Si-O bonds at
1008 cm-1, the vibration of the O-Si-O bonds at 700 cm-1 and the deformation vibration
of the Mg3OH group at 653 cm-1. The results unambiguously prove the presence of both
components and also that they are bound to each other since extraction could not separate
PMMA from the silicate.
The spectra were evaluated quantitatively as well. The vibration of the Mg 3OH
group at 653 cm-1 was used as internal standard and the relative absorbance of the peak
assigned to the ester group at 1730 cm-1 was determined as a function of the extent of ion
exchange; the correlation is presented in Fig. 5. 4. Relative absorbances, i.e. the amount
of MMA bound onto the surface of the silicate, increase steeply with increasing cation
exchange, but they level out above 40-50 %, which corresponds to initial composition
(50 wt% silicate and 50 wt% MMA).

Relative absorbance, A1730/A653

3.0
2.5
2.0
1.5
1.0
0.5
0.0
0

20

40

60

80

100

Cation exchange (%)
Figure 5. 4

Effect of the extent of cation exchange on the amount of PMMA attached
to the surface of the silicate.
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The yield of the polymerization and the amount of the bound PMMA was
determined by TGA analysis. The comparison of the TGA trace of an as-polymerized
sample to that of the purified material proved that some of the polymer is not bound to
the surface, but can be extracted with acetone. TGA measurements also verified the
results of the FTIR study (see Fig. 5. 4) and showed that the amount of bound PMMA
depends very strongly on the extent of cation exchange; the amount of bound PMMA
increases steeply first and then levels out above 50 % cation exchange. The knowledge
of the amount of bound PMMA allows also the calculation of its degree of
polymerization, which can be obtained by the division of the organic content of the
silicate with the amount of AETAC and the molecular mass of MMA. The calculations
show that the length of the attached PMMA chains is one order of magnitude larger than
that of the aliphatic amine surfactants, e.g. stearyl amine, usually used for the surface
modification of layered silicates, thus the longer chains can entangle with the polymer
matrix and result in better interaction and stress transfer.
FTIR and TGA measurements proved the presence of PMMA in the product, but
did not offer any information about its location. It could have been adsorbed on the
surface of silicate particles or located inside the galleries of the silicate. The gallery
structure of the silicate was studied by X-ray diffraction analysis. Selected XRD traces
are presented in Fig. 5. 5. Neat XLG has a diffuse reflection peak at around 7° 2Θ angle,
which shifts towards smaller angles with the polymerization of the PMMA in the presence
of the silicate. The original layer distance of 1.3 nm increases to 2.1 nm at large extent of
cation exchange. The intensity of the reflection also changes, the peaks become sharper
indicating larger regularity and order. These results unambiguously prove that the
polymer is located among the layers of the silicate and the arrangement of the layers
becomes more regular due to the presence of PMMA. The experiments also showed that
all monomer is bound to the surface of the silicate above 50 % cation exchange, thus
further experiments were carried out at this surface coverage.

5.3.5 The effect of the amount of MMA
After fixing the extent of ion exchange, we studied the effect of MMA content
on the amount and characteristics of the bound polymer. The material obtained after
polymerization was characterized by FTIR spectroscopy and TGA measurements again.
The relative peak area of the ester group of PMMA (1730 cm-1) and the Mg3OH group of
the silicate (653 cm-1) increases with increasing amount of MMA in the reaction mixture
(not shown). This increase indicates increasing amount of PMMA in the product, which
is not very surprising, but it also shows that practically the entire amount of MMA added
polymerizes in the water suspension used as reaction medium.
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Figure 5. 5

Changes in the gallery structure of the silicate with increasing extent of
ion exchange (see the numbers on the XRD traces).
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Influence of the amount of MMA in the reaction mixture on the amount of
organic material attached to laponite and on the degree of
polymerization of the chains..

76

Chapter 5

The results of the TGA experiments confirm the conclusions drawn from the
FTIR study. Organic content determined from the TGA traces and the calculated degree
of polymerization are plotted against MMA content in Fig. 5. 6. The amount of PMMA
(organic content) increases with the MMA content of the reaction mixture and the
increase is practically linear. The degree of polymerization of the attached polymer was
also determined. The amount of the attached monomer was calculated by the division of
the organic content of the samples with the molecular weight of MMA. The number of
polymer chains was assumed equal to the number of AETAC molecules added. The
division of the amount of attached MMA with the number of the polymer chains results
in the degree of polymerization, i.e. the molecular weight. These values also increase with
increasing MMA content. With increasing silicate content, i.e. decreasing MMA
concentration, this relative number increases thus shorter chains form. Accordingly, the
molecular weight of the polymer attached to the silicate can be regulated by the proper
selection of concentrations, by surface coverage and the relative amount of the
components.
5.3.6 Structure and properties
Although previous experiments indicated that the majority of the PMMA
polymer is located among the galleries of the silicate, further considerations are needed
about the gallery structure of the obtained product and the properties of the material. Discs
were compression molded from the filler after polymerization and purification and their
optical properties were determined. The photo taken from the discs is presented in
Fig. 5. 7. All the discs are transparent which indicates the good dispersion of the silicate
in PMMA; large silicate particles cannot be present. On the other hand, slight differences
seem to exist in transparency among the discs, which indicates changing structure with
composition. The disc containing 2.8 wt% laponite seems to be the most transparent, as
shown by the UV-Vis measurements (not presented here); the explanation and
consequences are unclear at the moment.

Figure 5. 7

Transparency of laponite samples modified with PMMA.
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The effect of silicate content on the gallery structure of the silicate grafted with
PMMA is shown in Fig.5. 8. The silicate reflection shifted towards smaller 2Θ angles for
all composites irrespectively of silicate content. The maximum of the reflection is around
4° corresponding 2.1 nm gallery distance. The intensity of the reflection increases with
silicate content that is not very surprising, but the peaks become also sharper indicating
more ordered structure that is not expected. One would expect that the grafting of the
polymer separates the silicate layers and results in disorder and not in larger regularity.
Moreover, there seems to be a change in intensity between 9 and 16.7 wt% silicate content
indicating changing structure, which also needs explanation.
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Figure 5. 8

XRD traces recorded on laponite modified with different amounts of
polymer. Effect of PMMA content on gallery structure.

Model calculations were also carried out in order to obtain more information
about the structure of the modified silicate. The polymer was modeled with an oligomer
consisting of five repeating unit. The molecule was drawn in the Avogadro 1.2.0 software
(see Fig. 5. 9) and its dimensions were determined. The length of the molecule is 1.66
nm, while its width is 2 x 0.78 nm thus the surface need of a repeat unit is 0.52 nm2.
Considering the fact that the specific surface area of laponite is 906 m2 (see Chapter 3),
the amount of polymer needed to cover the entire surface of 1 g completely exfoliated
silicate is 0.265 g, which is less than the that polymerized on the silicate. The quantity
exceeding this value can be located within the galleries or outside the silicate tactoids.
Further calculations are needed to reveal the exact location of the excess polymer.
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The thickness of one oligomer molecule is 0.57 nm. Considering that the layer
distance of completely dry silicate is 0.96 nm, and taking into account the fact that from
XRD measurements we obtained a gallery distance of 2.1 nm, we can conclude that two
polymer molecules are located between two layers oriented parallel to them. This
arrangement is the consequence of the high surface energy of laponite. The dispersion
component of surface energy of layered silicates is about 260 mJ/m 2 and thus its total
energy must be around 1000 mJ/m2 [8], which results in strong interaction between the
polymer and the silicate surface.

Figure 5. 9

The structure of a PMMA oligomer (five repeating units) used in the
model calculations of structure and surface coverage.

Strong interactions and parallel arrangement must have its effect on the
properties of the polymer attached to the surface. The glass transition temperature (T g)
and the change in specific heat (Δcp) during transition were determined by DSC
measurements. The two quantities are plotted against the MMA content of the reaction
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mixture in Fig. 5. 10. The Tg of shorter chains (see Fig. 5. 6) arranged parallel to the
surface of the silicate is considerably higher than the value measured at smaller silicate
and thus larger MMA content. The Δcp during the transition corresponds to this
correlation; it increases with increasing MMA content. These results indicate that the
mobility of PMMA chains located among the galleries is small and the effect depends
mainly on the length of the polymer chains. Larger changes in Tg (decrease) and Δcp
(increase) can be explained with the increasing amount of PMMA located outside the
galleries of the silicate. Obviously considerable improvement in the properties of
nanocomposites prepared with laponite-g-PMMA as reinforcement can be expected only
if long polymer chains are grafted to the silicate and even in this case their interdiffiusion
into the polymer matrix and the formation of entanglements are questionable.
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Figure 5. 10

Dependence of the glass transition temperature and enthalpy change of
the PMMA attached to the surface of laponite on the MMA content of the
reaction mixture. Symbols: (O) glass transition temperature, Tg, ( )
enthalpy change.

5.4 Conclusions
Long PMMA chains were successfully attached to the surface of laponite layers
through AETAC linker. Grafting was carried out in water and the molecular weight of
the grafted polymer was between 8 and 110 kDa. The amount of PMMA attached to the
silicate and the length of the polymer depended on the extent of ion exchange and on the
amount MMA added. The chemical structure of the attached polymer was confirmed by
FTIR spectroscopy. Thermogravimetry before and after extraction proved that most of
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the polymer was attached to the surface of the silicate. The layer distance of the silicate
increased as the result of grafting. Model calculations proved that a part of the polymer
is outside the galleries. The polymer chains located inside the galleries are oriented
parallel to the surface and two chains are found inside each gallery. The very high surface
energy of the silicate results in this parallel arrangement and the resulting strong
interactions decrease the mobility of the chains. The glass transition temperature of the
polymer increases while the change in specific heat decreases with decreasing amount of
PMMA and also with decreasing chain length. Improvement in the properties of
composites containing a layered silicate as reinforcement to whose surface PMMA is
attached can be expected only in the case of long grafted chains.
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Chapter 6
Enzymatic degradation of PLA/cellulose nanocrystal
composites1

6.1 Introduction
As it has already been mentioned in Chapter 1, PLA is used in increasing
quantities mostly for packaging and in biomedical applications [1]. However, PLA has
some drawbacks as well, it is very sensitive to water during processing, brittle, crystallizes
very slowly, but its physical ageing is relatively fast, which further decreases its fracture
resistance. Many attempts are made to overcome these deficiencies by modification.
Various approaches are used to improve the processability and physical
properties of PLA. Plasticization and blending improve deformability and impact
resistance [2, 3], while the use of fillers and reinforcements increases stiffness [4, 5]. In
order to conserve one of the advantageous properties of PLA, biodegradability, it is often
modified with lignocellulosic fibers. The addition of wood and cellulose fibers to PLA
increases its stiffness and strength indeed, but decreases deformability even further. An
obvious way to overcome this problem is to use cellulosic nanofillers for reinforcement
[6]. Microfibrillar or bacterial cellulose and cellulose nanocrystals can be added to
cellulose in small amounts, still result in considerable improvement of in properties. The
stiffness and strength of the polymer increases, amorphous PLA maintains its
transparency and even the tendency towards physical ageing may decrease as a result [7].
In addition, these fillers are also biodegradable [8, 9].
PLA is stable under ambient conditions thus its composites reinforced with
cellulosic fillers can be used also in structural applications. On the other hand, it is
compostable and can be degraded under biological conditions. Composting is a viable
way to handle bioplastic waste and produce valuable material as a result. Consequently,
the degradation of biopolymers is of theoretical and practical interest, together with the
effect of lignocellulosic reinforcements on the degradation process. The degradation of
PLA in compost has been studied intensively [10]. Luzi et al. [11], for example,
investigated the effect of crystalline nanocellulose (CNC) on the compostability of PLA
and found that although PLA degraded under the conditions of the compost, the
nanocellulose filler did not influence degradation practically at all.

1

Hegyesi, N, Zhang, Y, Kohári, A,. Polyák, P, Sui, X, Pukánszky, B. Ind. Crops Prod., 141:111799 (2019)
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More attempts were made to study the enzymatic degradation of PLA. Enzymes
are produced by microorganisms and the same organisms facilitate the degradation of
biopolymers in the compost. A wide variety of enzymes was used to accelerate the
degradation of PLA including kutinases, lipases, proteases and esterases [12-16]. The
various enzymes catalyzed the degradation of PLA in different extents depending on the
conditions of degradation. Certain lipases are advantageous because of their larger
resistance against environmental effects including solvents [17, 18]. Although quite a few
of the enzymes catalyzed the degradation of PLA in smaller or larger extent, proteinase
seemed to be the most efficient.
The effect of lignocellylosic reinforcements on the enzymatic degradation of
PLA was also investigated in a few cases. Stepczynska and Rytlewski [19] studied the
enzymatic degradation of PLA reinforced with flax and found that weight decrease is
larger in its presence than without it and explained the phenomenon with the formation
of channels due to the presence of the fibers. On the other hand, Luzi et al. [11] found
that the degradation of PLA slowed down considerably in the presence of crystalline
nanocellulose already at 1 wt% filler content. They also followed degradation by the
determination of the weight loss of the samples.
Because of the importance of the biodegradation of PLA reinforced with
cellulose nanocrystal fillers and due to the contradictory nature of the conclusions
published, the goal of this work was to study the enzymatic degradation of PLA modified
with crystalline nanocellulose. Two different enzymes were employed and degradation
was followed not only by the measurement of weight, but also by an analytical technique.
The influence of various factors on the enzymatic degradation of PLA was studied
including the effect of the degradation product and ion concentration. The kinetics of
degradation was analyzed quantitatively with the help of an appropriate model.
Importance for practice is also mentioned in the final section of this chapter.

6.2 Experimental
6.2.1 Preparation of cellulose nanocrystals
Hydrochloric acid was poured into a desiccator. The valve of the desiccator was
left open for a day for HCl to fill the vessel completely. Wood pulp was placed into the
desiccator next and left standing for 8 hours. Excessive HCl was washed from the pulp
afterwards, and then the pulp was subjected to ultrasonic treatment and high-pressure
homogenization. The product was re-dispersed with sonication for 10 min. The cellulose
content of the obtained dispersion was 1.01 wt%. The particles obtained are typically rigid
rod-shaped monocrystalline cellulose domains with about 15 nm in diameter and 360 nm
in length [20].
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6.2.2 Preparation of PLA/CNC nanocomposites
The dispersion of cellulose nanocrystals was diluted with deionized water to
achieve concentrations of 0.25, 0.5 and 0.75 w/v%. A PLA solution of 100 mg/ml
concentration was prepared in dichloromethane. 10 ml of this solution was added to the
CNC suspension and then the emulsion obtained was stirred at 12000 rpm for 3 min and
then sonicated for 3 min. Dichloromethane was evaporated from the system at ambient
temperature in 24 hours. The remaining material was filtered with a 500 mesh vacuum
filter. The obtained filtrate was dried under vacuum at 60 °C for 24 hours. The composite
powder was compression molded into plates at 180 °C and 5 min. The composites
contained 5, 10 and 15 wt% CNC, respectively.

6.2.2 Degradation studies
The compression molded plates of neat PLA and the composites were cut to
pieces of 15 x 15 mm dimensions. The samples were placed into vials and the enzyme
solution or the buffer (reference) was measured onto the specimens. The vials were
shaken at 200 rpm and 37 °C afterwards. Three parallel measurements were done during
the preliminary experiments, while individual samples were investigated in the other
cases. In the preliminary experiments, the pieces were taken from the vial at certain time
intervals, washed with water, wiped, weighed, and then re-immersed into the same
solution. In the other experiments, the samples were taken from the vial after a certain
time, washed with water, wiped, dried in a vacuum oven at 25 °C and 200 mbar for 12 h
and weighed. The concentration of the enzyme was selected according to literature
references [15, 19, 21].
Besides the measurement of weight loss, degradation was followed also by the
determination of the main degradation product, lactic acid. The reaction of iron(III)
chloride with lactic acid in an aqueous solution results in the formation of yellowishgreen iron(III) lactate in the solution [22]. The product has an adsorption maximum at
390 nm in the UV-Vis spectrum. 3 ml reagent solution (3 mg/ml) was added to 75 µl
degradation medium to form the colored derivative. Background was recorded with 3 ml
reagent and 75 µl buffer.

6.3 Results and discussion
The results are discussed in several sections. Those of the preliminary experiments
directed towards the selection of the proper enzyme are presented first, and then the effect
of experimental conditions on the extent and rate of degradation are shown next. The
degradation of the nanocomposites and the effect of the nanofiller on it are discussed in
the subsequent section followed by the quantitative analysis of degradation kinetics.
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6.3.1 Preliminary experiments
The goal of the preliminary experiments was to select the enzyme used in the
further course of the study. Based on literature information, we selected the lipase from
Candida rugosa (CRL) and a protease (proteinase K from Tritirachium album). Lipases
are very robust and are not sensitive to environmental conditions [17, 18], and several
reports indicated their smaller or larger efficiency in the degradation of various aliphatic
polyesters [23-27]. On the other hand, quite a number of studies indicated that proteinase
K degrades PLA efficiently [11, 15, 19, 21]. The relative weight loss observed in the
presence of CRL is plotted in Fig. 6. 1 as a function of time. The total weight loss at
equilibrium is around 1.5 % and the decrease of weight measured in the buffer not
containing the enzyme is only slightly smaller. The presence of lactic acid was checked
in the degradation solution by the analytical technique described in the experimental part
and we could not detect any monomer in the solution at all. We had to draw the conclusion
from these results that CRL does not catalyze the degradation of our PLA.
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Figure 6. 1

Weight loss of neat PLA in the presence of CRL. Symbols: (○) with
enzyme, (□) buffer (pH = 7.2).

Similar experiments were carried out with proteinase K as well. The samples lost
much more weight quite fast, but degradation stopped in a relatively short time.
Degradation restarted after changing the degradation medium, but it stopped again very
soon (Fig. 6. 2). The measurement of the pH of the solution showed that pH changed from
the original value of 8.6 to around 4.3-4.5. According to the producer the optimum pH
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range of this enzyme is between 6.5 and 12, thus we must assume that the drastic decrease
of pH resulted in the denaturation of the enzyme. We must call the attention here also to
the weight measured in the buffer itself. Weight decreased only about 1.3 % at pH 7.2,
while weight loss was approximately 5 % at 8.6. Probably the hydroxide ions present at
pH 8.6 catalyzed the hydrolytic degradation of PLA in accordance with the findings of
Tsuji and Ikarashi [28]. According to the results of the preliminary study, we decided to
conduct further experiments with proteinase K, but the results also called attention to the
role of the degradation product and the importance of pH during degradation.
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Figure 6. 2

Catalytic action of proteinase K in the degradation of neat PLA. Effect of
pH and the exchange of the degradation medium. Symbols: (○) with
enzyme, (□) buffer (pH = 8.6, I = 12 mM).

6.3.2 Effect of pH
The preliminary experiment carried out with proteinase K indicated that the pH
of the degradation medium changes with time and degradation stops, probably because
of the denaturation of the enzyme. Consequently, the change of pH was followed as a
function of time in another experiment. According to Fig. 6. 3 pH decreases continuously
indeed, practically linearly at the beginning and then slowing down at longer times.
Weight loss is plotted in the figure as well for comparison. The two correlations
correspond to each other perfectly, weight loss increases proportionally with time first
and then it slows down and stops at longer times. Obviously, the formation of the
degradation product, lactic acid (pKa = 3.86), changes pH and stops the degradation of
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the polymer.
The analysis of the data showed that degradation slows down at around 33 %
weight loss resulting in 27 mmol/l lactic acid concentration. At this concentration, the
buffer capacity of the solution is exhausted, pH decreases below a critical value, around
6.5, at which the enzyme is not active any more. The denaturation of the enzyme leads to
the slow down and stopping of degradation. This observation is in close agreement with
that of Ghorpade et al. [10] who found that a compost could not contain more than 30
wt% PLA without losing its capacity to degrade the polymer. They explained the
phenomenon with the formation of excessive lactic acid, which decreased pH and
destroyed microorganisms. The results presented in this section showed that further
experiments must be carried out in buffers with larger capacity.

9

50

40

pH

7
30
6
20
5
10

4
3
0

30

60

90

120

150

Relative weight loss (%)

8

0
180

Time (h)
Figure 6. 3

Effect of pH on the degradation (weight loss) of neat PLA. Decreasing
rate below pH = 6.5. Symbols: (○) weight loss, (□) pH. (initial pH = 8.6,
I = 12 mM)

6.3.3 Ion concentration
The effect of the ionic strength of the degradation medium was investigated in a
further experiment. The measurements were carried out with the neat PLA. Weight did
not change in the buffer at all, but considerable weight loss was measured in the two
solutions with different ionic strengths (Fig. 6. 4). With increasing ion concentration, the
weight loss reached in equilibrium decreased considerably indicating that larger ion
concentration decreases the activity of the enzyme. As a result of these measurements,
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the decision was made to continue experiments with a buffer of smaller ionic strength.
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Figure 6. 4

Influence of the ionic strength of the buffer solution on the activity of
proteinase K by the degradation of PLA. Symbols: (△) enzyme,
I = 25 mM, (○) enzyme, I = 100 mM, (□) buffer, I = 100 mM (pH = 8.6).

6.3.4 Enzymatic degradation
Degradation was followed in different ways. Changes in the morphology and
structure of the specimens gave some qualitative information about degradation, while
the measurement of weight loss and the analytical method used yielded quantitative
results.
6.3.4.1 Structure
Photos were taken of the specimens after sampling to follow changes in
morphology. They are presented in Fig. 6. 5. The neat PLA became opaque after a day,
then its smooth edges changed to sharp and broken ones, later the pieces became thinner
and holes appeared in them. Finally, also the shape of the originally rectangular specimens
changed and became irregular. Nevertheless, the specimens could be handled, weighed
and photographed for a relatively long time. PLA containing the nanocellulose
reinforcement, on the other hand, behaved completely differently. The samples fell apart
very fast and disintegrated within a few days. This made impossible the measurement of
their weight, thus the following of degradation in the usual way.
The structure of the degraded samples was checked also by scanning electron
microscopy. SEM micrographs recorded on a specimen containing 15 wt% crystalline
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nanocellulose before the start of the degradation experiment and after degradation for two
days are shown in Fig. 6. 6. Clusters of the reinforcement can be clearly seen in the
micrograph indicating that the degradation and disappearance of the PLA matrix might
leave a more porous surface behind.
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Figure 6. 5

Changes in the appearance of neat PLA and disintegration of the
PLA/CNC composites during their enzymatic degradation (pH = 8.6,
I = 25 mM).

Figure 6. 6

SEM micrographs recorded on the fracture surface of the neat PLA/CNC
nanocomposite containing 15 wt% CNC and on the same surface after
48 hours of enzymatic degradation (pH = 8.6, I = 25 mM), respectively.
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Further information is offered about the structure of the composites by XRD
measurements. Traces of PLA and its composites before and after 48 hours degradation
are presented in Fig. 6. 7 and 6. 8. The broad peak between 9 and 27° of the neat PLA
shows that the polymer is practically completely amorphous which also can be observed
on the diffractograms of the composites. This fact explains the fast degradation, since
crystalline PLA degrades much slower [28]. The XRD traces of the composites differ
considerably from that of the neat PLA. The peaks characteristic for crystalline cellulose
appear clearly in the trace and superimpose onto the amorphous halo of PLA (Fig 6.7).
The intensity of the reflections at 16.5 and 22.7° increases with increasing nanocellulose
content. These reflections become even more pronounced after degradation, and they
dominate the diffractogram (Fig. 6. 8). Obviously, PLA degrades and it is removed from
the composite leaving behind the cellulose nanocrystals. All these results prove that
enzyme solutions degrade PLA indeed and nanocellulose facilitates degradation. It also
indicates that CNC remains intact during the process.
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Figure 6. 7

XRD traces of neat PLA and that of the CNC nanocomposites.
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Figure 6. 8

XRD traces of neat PLA and that of the CNC nanocomposites after 48 h
degradation (pH = 8.6, I = 25 mM).

6.3.4.2 Weight loss
The enzymatic degradation of aliphatic polyesters is usually followed by the
measurement of weight, the determination of weight loss. The results of such
measurements are presented in Fig. 6. 9 for the neat PLA and the PLA/CNC composites.
In accordance with the results shown in Fig. 6. 5, degradation could be followed with this
method quite well in the case of the neat polymer, but not for the composites, since they
disintegrated very rapidly within a few days. The correlation obtained for the neat
polymer is in complete agreement with previous results, after a certain time degradation
slows down and converges towards a constant value, which however is very close to
100 %. The few results obtained for the composites indicate that weight loss is inversely
proportional to nanocellulose content, i.e. the weight loss measured became smaller with
increasing CNC content. These results and those presented in the previous section
completely justify the use of another method for the detection of the degradation of the
polymer.
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Figure 6. 9

Relative weight loss of PLA samples measured during their enzymatic
degradation in the presence of the proteinase K. Symbols: (□) neat PLA,
(○) 5, (△) 10, (▽) 15 wt% crystalline nanocellulose (pH = 8.6,
I = 25 mM).

6.3.4.3 Quantitative analysis of the degradation product
Since composite samples disintegrated after a relatively short time, the usual
technique of measuring weight loss could not be used to follow degradation. On the other
hand, the determination of the amount of degradation product, lactic acid, proved to be
an adequate method for this purpose. The formed lactic acid could be recalculated into
weight loss after calibration (ε390 nm = 17.611 dm3mol–1cm–1), and this calculated weight
loss is plotted against degradation time in Fig. 6. 10. Only two correlations are drawn in
the figure to avoid confusion, but all the measured points are plotted. The results indicate
that cellulose nanocrystals accelerate degradation compared to the neat polymer.
However, large CNC content results in smaller degree of degradation, the reaction stops
earlier than in the case of the neat polymer. The lactic acid content of the degradation
medium of the composites apparently decreases after 400 hours but the explanation of
which needs further studies. In spite of this phenomenon, the results indicate that reaction
of lactic acid with iron(III) chloride hexahydrate is an adequate method for the following
of the enzymatic degradation of PLA.
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Figure 6. 10

Relative weight loss calculated from the results of UV-Vis measurements
plotted against the time of enzymatic degradation. Symbols are the same
as in Fig. 6. 9.

Because of the acidic character of the degradation product and the effect of pH
on the degradation process, pH was monitored in all series of measurements done. The
purpose of the determination was to see, if excessive denaturation of the enzyme occurred,
or any other effect influenced pH and the rate as well as the extent of degradation. In
Fig. 6. 11, the pH of the degradation medium is plotted against the amount of lactic acid
formed in the experiments for the PLA and the nanocomposites (see Fig. 6. 10). pH
decreases slowly and almost proportionally up to a certain lactic acid concentration and
then decreases very steeply. The sudden and steep change indicates that besides the
formation of lactic acid another factor also influences the kinetics of degradation. This
factor is the loss of the capacity of the Tris buffer at this pH [29], and thus the formation
of a small amount of lactic acid leads to the sharp decrease of the pH of the solution. This
calls attention again to the importance of choosing the proper medium for degradation.
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Figure 6. 11

pH of the degradation solution plotted against its lactic acid
concentration. Non-linear correlation due to changing buffer capacity.
Symbols are the same as in Fig. 6. 9.

6.3.5 Degradation kinetics
In order to analyze degradation properly and see the effect of cellulose
nanocrystals on its rate, a model is needed which describes degradation kinetics
quantitatively. The most frequently used model for the description of the kinetics of
enzymatic reactions was proposed by Michaelis and Menten [30]. Unfortunately, the
model was developed for homogeneous reactions, and usually it is used only for the
description of experiments carried out for a short time, in the linear section of the reaction
[31]. In our case, the reaction is heterogeneous, and degradation is carried out for a long
time, for days compared to several hundred minutes. Under such conditions, enzymatic
degradation proceeds in three steps. The first step of the process is the adsorption of the
enzyme on the surface of the substrate. This is followed by the degradation of the
polymer, which may be described by the original Michaelis-Menten approach. Finally,
after longer times, the denaturation of the enzyme may take place and the reaction slows
down, just as in our case (see Figs. 6. 2, 6. 4, 6. 9 and 6. 10).
The model, which describes the kinetics of enzymatic degradation
quantitatively, must consider all three steps. However, since the adsorption of the enzyme
on the substrate takes place first and in a short time compared to the entire length of the
measurement, we ignore it here in order to simplify treatment. If we follow degradation
by the loss of sample weight, the rate of degradation in the linear stage (Michaelis and
Menten [30]), can be described with the following differential equation
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( )

=

(6.1)

where vd is the rate of degradation, m the weight loss of the sample and t time. However,
we must take into account the denaturation of the enzyme, which results in the decrease
of degradation rate. If we assume that denaturation proceeds according to first order
kinetics, the rate of mass loss can be expressed as
( )

=

−

( )

(6.2)

where τ is the time constant of denaturation, which expresses the rate of the loss of activity
of the enzyme. After the necessary operations and integration, we obtain the following
solution
( )=

+

(6.3)

1−

(6.4)

where C is an integration constant the value of which can be determined from the initial
conditions of the setup. After defining C and rearrangement, we come to the final solution
( )=

The three parameters of Eq. 6.4 all have real physical meaning. vd gives the initial rate of
degradation at zero time, τ is a time constant which is related to the rate of denaturation,
and the pre-exponential term A = vdτ equals the loss of mass at infinite time, i.e. the
amount of polymer degraded by the enzyme. Naturally, the model can be used not only
for the analysis of mass loss, but also any other quantity characterizing the degradation
of aliphatic polyesters, i.e. the absorbance of the iron(III) lactate formed from the reaction
of lactic acid and iron(III) chloride hexahydrate.
The model can be verified by fitting Eq. 6.4 to the experimental results. The solid
lines in Figs. 6.2 and 6.10 are fitted correlations and describe the results very well. Fitting
the model to the experimental values allows the determination of the constants, which
characterize the rate of degradation and denaturation. The calculations have been carried
out for all the experiments done in the project as a function of time, but we present only
the most important results here to support our conclusions. The parameters obtained for
the two-step correlation of Fig. 6. 2 and those presented in Fig. 6. 10 are collected in
Table 6. 1.
The results listed in Table 6. 1 show that in spite of the fact that the composition
of the initial degradation solution and that used in the second step was exactly the same,
the degradation is much faster in the second stage than in the first. A possible reason for
this increase might be the changing of the surface roughness of samples, which degraded
to a certain extent. Roughness increases the available surface of the specimen (see

Enzymatic degradation of PLA nanocomposites

95

Fig. 6. 6). Since degradation proceeds on the surface, its rate increases as a result.
Similarly, the rate of denaturation also increases, but this is probably the consequence of
increased degradation rate. Faster degradation results in more lactic acid, faster change of
pH and earlier denaturation. The parameters obtained for the neat PLA and the three
composites are listed in the last four rows of Table 6. 1. Apart from the composite
containing 5 wt% nanocellulose, the rate of degradation increases considerably in the
presence of the reinforcement (see Fig. 6. 12). Such an increase was observed by
Stepczynska and Rytlewski [19] and they explained it with the formation of some kind of
channels, which conduct water into the polymer. However, degradation occurs only on
the surface of the samples, since enzyme molecules are large and cannot diffuse into the
polymer. We believe instead that degradation removes PLA leading to the disintegration
of the samples and larger surface area, which allows the enzyme to adsorb on the surface
and accelerate degradation. Besides the rate of degradation, also the time constant of
denaturation is plotted in Fig. 6. 12 as a function of nanocellulose content. The rate of
denaturation also increases, partly because of the faster rate of degradation (see above),
but also because of the exhaustion of the buffer. Kinetic analysis verified our qualitative
conclusions drawn from the results and expressed the effect of various factors
quantitatively. The rate of denaturation has especially large importance, because it
determines the lifetime of the degradation medium, the time until the enzyme used as
catalyst is active.

Table 6. 1

Experiment

Kinetic parameters of the degradation of PLA and its nanocomposites as
well as the denaturation of the enzyme (see Eq. 6.1)
CNC content
(wt%)

vd
(%/h)

t
(h)

A
(%)

0

0.51

32.7

16.8

0

2.31

11.9

27.5

0

1.01

97.6

98.6

5

0.95

95.5

90.7

10

1.89

46.2

87.1

15

1.96

41.4

81.1

preliminary

degradation
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100
1.8
80
1.4
60
1.0
40

0.6

Time constant of denaturation, t (h)

Degradation rate, vd (%/h)

2.2

20
0

3

6

9

12

15

18

CNC content (wt%)
Figure 6. 12

Effect of CNC content on the rate of degradation and the time constant of
denaturation during the enzymatic degradation of PLA/CNC
nanocomposites. Symbols: (○) rate of degradation, vd; (□) time constant
of denaturation, τ (see Eq. 6.1).

6.4 Conclusions
Preliminary experiments showed that the lipase from Candida rugosa does not
catalyze the degradation of PLA, but proteinase K is very efficient. The lactic acid
forming during the reaction is a relatively strong acid, changes the pH of the degradation
medium that leads to the denaturation of the enzyme. Denaturation occurs below
pH = 6.5, thus either the degradation solution must be changed regularly or a buffer with
sufficient capacity must be used as medium. Besides pH, the ion concentration of the
solution also influences the rate of degradation; smaller ionic strength is more
advantageous. The cellulose nanocrystals used for the reinforcement of PLA increase the
rate of degradation and the samples disintegrate very rapidly. Because the samples lose
their integrity, an alternative method is needed to follow degradation. This can be done
by the determination of the amount of lactic acid forming during degradation. Iron(III)
lactate formation with iron(III) chloride hexahydrate and UV-Vis spectroscopy proved to
be a very appropriate method for the purpose. A model was applied for the quantitative
analysis of the kinetics of degradation and denaturation, which takes into account and
describes both processes well. The model and the obtained parameters can be used for the
design of experiments and the prediction of the degradation of aliphatic polyesters as well
as their blends and composites.
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Chapter 7
Controlled degradation of poly-ε-caprolactone for
resorbable scaffolds1

7.1 Introduction
Medical applications offer another area with high potentials for the use of
biopolymers as value added materials. Biopolymers can be used as sutures, implants,
scaffolds and as carriers for controlled drug delivery. These polymers are especially
suitable for the preparation of resorbable polymeric scaffolds that may serve as temporary
extracellular matrix for tissue regeneration [1]. A basic condition for the use of
biopolymers as resorbable scaffold is that the rate of tissue regeneration and the
degradation of the scaffold must match each other [2]. Additionally, the polymer applied
must be biocompatible and cannot form hazardous metabolites during its degradation [3].
Poly-ε-caprolactone (PCL) is a biopolymer, which is applied in large quantities
in medical applications [4]. It can be used as a matrix for drug delivery as well as for the
production of scaffolds, both with and without an active component. However, PCL
cannot be used as resorbable scaffold, since its degradation is very slow, it may require
several years [5]. Since PCL is a polyester its degradation occurs through the cleavage of
its ester groups. Hydrolytic degradation is very slow at neutral pH and proceeds with
acceptable rate only under strongly acidic or alkali conditions. However, such conditions
are unacceptable for the application in question. A much more promising way to regulate
the degradation of polyesters is the use of enzymatic catalysis, which takes place under
physiologic conditions. Furthermore, the physico-chemical properties and functionality
of the enzymes are adjustable with recombinant techniques and protein engineering, thus
they can be efficiently and safely adapted to various medical applications like nutritional
or medicinal supplement, enzyme replacement therapy, etc. [6-8]. The degradation of
PCL is catalyzed by lipases and esterases both in solvents and water [9, 10]. Gan et al.
[11], for example studied the degradation of three PCL samples of different molecular
weight with lipases from Pseudomonas, Pancrease porcine and Candida cylindracea.
They carried out the degradation of solvent cast PCL films in a phosphate buffer of pH 7
at 37 °C. They found that the lipase from Pseudomonas was active, while the other two
did not degrade PCL; molecular weight did not influence the rate of degradation. Yang et
al. [12] studied the degradation of cross-linked PCL at 37 °C with Thermomyces
1
Hegyesi, N, Hodosi, E, Polyák, P, Faludi, G, Balogh-Weiser, D, Pukánszky, B, Colloids Surf. B, 186:11678
(2020)
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lamuginosus lipase and found that the rate of degradation increases with increasing crosslink density. Nerantzaki at al [13] observed that various nanofillers decrease the rate of
degradation catalyzed by the lipase from Pseudomonas cepacia in a phosphate buffer
solution of pH 7.2 at 37 °C, while others studied the degradation of the blends of PCL
and poly(lactic acid) with various enzymes. All the reports indicate that various enzymes
accelerate the degradation of PCL indeed, if appropriate reaction conditions are selected.
However, in all the reported cases, the polymer was immersed into the degradation
medium containing the enzyme, which is hardly feasible under the application conditions
of scaffolds, as the patient cannot be immersed into a solution containing the enzyme,
which catalyzes degradation. A plausible solution for the problem is the incorporation of
the enzyme into the polymer itself. However, this is quite difficult practically, since
usually enzymes are very sensitive to external conditions (pH, temperature, etc.) and
denaturation takes place very easily for example during the processing of the polymer.
The homogeneous distribution of the enzyme in the polymer can create also significant
difficulties because of the dissimilar polarity and solubility of the components. The
problem might be overcome by the application of a carrier material, which could facilitate
homogeneous distribution, and adsorption may stabilize the structure of the enzyme as
well [14]. Various inorganic materials, like zeolites, carbon or halloysite nanotubes may
serve as supports for active molecules [15]. Halloysite was used also for the
immobilization of enzymes [16-18]. Tully et al. [18] investigated the adsorption of
enzymes on the surface of halloysite nanotubes in detail. They found that the enzyme is
always adsorbed on the surface of the tubes, but the amount of adsorbed molecules
depends on the pH of the suspension due to the different charge of the inner and outer
surfaces of the tubes. The authors found that adsorbed enzymes keep their activity,
moreover, enzyme activity often proved larger than that of the neat, free enzyme. They
explained this result with the decrease of conformational freedom of the enzyme due to
adsorption. However, the authors did not introduce their supported enzyme into a polymer
to catalyze and eventually control the rate of degradation.
Accordingly, the goal of our study was to adsorb an enzyme, which can catalyze
the degradation of poly-ε-caprolactone, onto the surface of halloysite nanotubes in
various amounts and incorporate the enzyme coated nanotubes into the polymer in order
to create a new way to control the degradation of resorbable scaffolds. The rate of
degradation was determined with various approaches and the kinetics of degradation was
described quantitatively by an appropriate model. The deficiencies of the approach used
and possible ways for improvement are also discussed in the final section of the chapter.

7.2 Experimental
7.2.1 Adsorption of the enzyme
Before the adsorption of the enzyme onto the surface of the halloysite, nanotubes
were pretreated to remove air from the inside of the tubes. 500 mg of the mineral was
added into a vial of 30 ml volume. 2.0 ml Milli-Q water was poured onto the filler, the
vial was weighed, it was treated in an ultrasonic bath for 25 min and then stored in an
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oven at 25 °C and 130 mbar pressure for 60 min. Ultrasound treatment and vacuuming
were repeated three times. The vials were measured and the water lost was resupplied.
Subsequently, different amounts of the enzyme (0 to 1000 mg) were dissolved in the
phosphate buffer in a measuring flask of 25 ml volume. After homogenization, 20 ml of
the enzyme (Amano Lipase PS from Burkholderia Cepacia) solution was poured onto the
nanotubes and then the vials were shaken at a frequency of 200 rpm for 24 hours to
facilitate adsorption. The amount of enzyme related to that of the halloysite in the
adsorption medium changed between 0 and 1.26 g/g. After 24 hours, the filler was
centrifuged out of the slurry at 4000 rpm for 5 min. The separated solid was placed into
an oven at 25 °C and 130 mbar pressure for 24 hours and then the dried material was
ground to powder in a mortar.

7.2.2 Preparation of the composites
In order to prepare the composites containing the halloysite nanotubes with and
without the adsorbed enzyme, PCL was cooled with liquid nitrogen and then ground to
powder. 0.27 g halloysite was added to 1.17 g polymer and homogenized by mixing with
spatula and vigorous shaking. The powder mixture was compression molded into films
of 200 µm thickness at 70 °C and 130 bar pressure in about 4 min using a Fontijne SRA
100 apparatus. The films were cooled in ice water and then stored in a refrigerator.

7.2.3 Characterization, measurements
The protein content of the solutions prepared from the adsorbed enzyme and that
of those obtained after centrifuging was determined with Bradford reagent after
calibration with Bovine Serum Albumin. 500 µl solution was measured into a plastic test
tube and then 2250 µl Bradford reagent was added. A reference solution was also
prepared which contained the Bradford reagent and the buffer solution. After 10 min, the
UV-Vis spectrum of the mixture was recorded in a quartz cuvette. The spectrum of the
buffer solution was used as baseline. The measurements were repeated three times for all
samples.
The activity of the enzyme (neat preparation or immobilized, 50 mg) was
determined in the kinetic resolution of racemic-1-phenylethanol (50 µl) with vinyl acetate
(100 µl) in hexane/ methyl-tert-butyl ether mixture (2/1 volume ratio, 1 ml). The reaction
mixture was shaken at 30 °C for 18 hours. After the allotted time, 50 µl of the solution
was diluted with 1000 µl ethanol, and then it was injected into the gas chromatograph.
Composite films were dried in a vacuum oven at 25 °C and 130 mbar pressure
for 6 hours before the degradation experiment. The films were cut to pieces with the
approximate weight of 50 mg, their exact weight was measured and then they were placed
into glass vials containing 20 ml phosphate buffer. Degradation was carried out at 37 °C.
The samples were taken from the solution at various intervals, washed and wiped dry.
Subsequently they were dried at 25 °C and 130 mbar for 6 hours, and then weighed. The
amount of products dissolved into the degradation medium was determined with UV-Vis
spectroscopy. The same apparatus and conditions were used as before.
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7.3 Results and discussion
The results are presented in several sections. The adsorption and the activity of
the adsorbed enzyme are shown first, then the results of the degradation experiments are
presented in the next section. Degradation kinetics and its modeling is discussed
subsequently together with the deficiencies of the approach and consequences for
practice.
7.3.1 Adsorption and activity
The adsorption of the enzyme on the surface of the halloysite nanotubes was
followed by the Bradford method. The reagent interacts with all peptides and a
characteristic absorbance appears in the UV-Vis spectrum of the complex. The free form
of the Bradford reagent has two peaks, one appearing at 470 and another at 650 nm. The
characteristic peak of the bound form of the protein is at 595 nm. The addition of the
protein to the Bradford reagent leads to a decrease in the absorbance at 470 and to changes
at 650 nm. At the same time, absorbance increases at around 595 nm. Sherovski at al. [19]
found that the subtraction of the reference spectrum from the measured one results in a
single, wide peak at 595 nm. Therefore, the amount of the protein is usually calculated
from the absorbance at 595 nm, but of course, the spectra change in a wider wavelength
interval. Two spectra are presented in Fig. 7. 1, that of the adsorption medium containing
the enzyme initially at 13.6 g/l concentration before adsorption and the spectrum of the
same solution after adsorption. The comparison of the two spectra clearly shows that the
intensity of the absorption peak appearing at around 595 nm, characteristic of the
Bradford reagent/protein complex, decreases as an effect of adsorption, while the peak of
the free form of the reagent at 470 nm increases. A similar phenomenon was observed in
all the dispersions containing the enzyme and the halloysite nanotubes. These results
clearly prove that the enzyme adsorbs on the surface of halloysite nanotubes.
Unfortunately, the reagent is not specific to the lipase PS catalyzing the degradation of
PCL, but reacts with all peptides. The enzyme preparation purchased from Sigma Aldrich
contains a small amount of other peptides and a large amount of other materials used for
the stabilization of the preparation. Accordingly, the Bradford reagent reacts with all the
peptides present and the decrease in the intensity of the absorbance peak indicates the
total amount of protein absorbed. Further characterization methods and experiments with
the pure enzyme must be carried out to obtain more information about the absorption of
the neat lipase.
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Figure 7. 1

UV-Vis spectra of the reaction medium after adding the Bradford
reagent. Decreasing intensity because of adsorption; -------- before
adsorption, ———— after adsorption.

Even if the active enzyme is adsorbed on the surface of the support, it may not
retain its activity, especially if adsorption occurs through its active center. The activity of
the enzyme and indirectly its amount can be deduced from lipase specific reactions. The
reaction used in this study for the determination of lipase activity is the kinetic resolution
of racemic 1-phenylethanol. The reaction presented in Fig. 7. 2 was followed by gas
chromatography and the enzyme preparations were compared by their selectivity and
biocatalytic activity (UB, U/g), the latter showing the amount of the product
[(R)-1-phenyletylacetate; µmol] formed by 1 g biocatalyst in 1 minute. The enantiomeric
excess of the R isomer provides information about enantioselectivity, i.e. about possible
changes in the active center of the enzyme during adsorption. All of the measured values
were larger than 95 % for the immobilized enzyme indicating that adsorption did not
damage the active center of the enzyme. Biocatalytic activity values are presented in
Fig. 7. 3 as a function of the amount of the enzyme in the initial adsorption medium. In
spite of a few slightly deviating points, the correlation is clear, the activity of the enzyme
coated nanotubes increases with increasing concentration of the enzyme. The activity of
the neat enzyme preparation is 3.8 U/g. As Fig. 7. 3 shows activities almost twice as large
are measured at large enzyme concentrations. The result agrees well with the observation
of Fang et al. [20], who found that the adsorption of some of the components is
preferential on the surface of the support. If this component is the active enzyme, larger
activities are obtained than for the neat, unsupported preparation.
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Scheme of the model reaction used for the determination of enzymatic
activity.
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Figure 7. 3

Activity of the enzyme adsorbed onto the surface of the halloysite support
in different amounts.

It is also interesting to note the S shape of the adsorption isotherm. Adsorption
is small at small enzyme concentrations and the gradient increases as the amount of the
added enzyme increases. The charge of the two surfaces of halloysite nanotubes is
different; they have positive charge inside and negative outside. The lipase used in this
study is charged negatively at the pH of the suspension thus enzymes adsorb on the inner
surface first. With increasing amounts of the enzyme, the entire inner surface of the tubes
is covered and adsorption occurs on the outer surface of the support as well. The reaction
proceeds easier at the external surface of halloysite thus larger surface activity is
measured at larger enzyme concentrations. Competition in the adsorption of the various
components of the enzyme preparation may lead to the observed correlation. These results
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agree well with those of Tully et al. [18] also observing preferential adsorption of a
negatively charged enzyme in the inside of halloysite nanotubes.

7.3.2 Degradation
In order to see the catalyst action of the enzyme adsorbed on the surface of
halloysite, a few samples were selected from the lot plotted in Fig. 7. 3. The enzyme
coated nanotubes with the activity of 0.4, 0.7, 1.5, 2.1, 2.2 and 3.8 U/g were chosen for
the degradation study. The film prepared with the halloysite nanotubes, but without the
enzyme was also studied as reference. The catalyst activity of the enzyme coated
nanotubes is demonstrated well by Fig.7. 4 showing the photo of the specimens after
various length of times. Holes appear in the films already after a week and they
disintegrate considerably after 1000 hours of soaking in the phosphate buffer. The film
not containing the enzyme but only the halloysite does not show any sign of degradation.
Decomposition proceeds unevenly, which confirms the heterogeneity of the samples. The
technique of sample preparation undoubtedly must be improved in the future.

a) no enzyme

24 h

168 h

216 h

576 h

792 h

1080 h

b) 3.8 U/g enzyme activity

24 h
Figure 7. 4

168 h

216 h

576 h

792 h

1080 h

Deterioration of PCL films containing the supported enzyme with the
activity of 3.8 U/g (b). Films prepared only with halloysite remain intact
(a).

Degradation was followed quantitatively by two methods. The weight of the
samples was measured regularly for seven weeks. Weight loss is plotted against time in
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Fig. 7. 5. Degradation proceeds with acceptable rate, which depends on the activity of the
adsorbed enzyme. The considerable scatter of the points indicates the heterogeneity of
the samples. The results clearly prove that the enzyme adsorbed onto the surface of
halloysite nanotubes is active, it catalyzes the degradation of PCL and the rate of
degradation can be controlled. Moreover, for the first time, the enzyme was not dissolved
in the surrounding degradation medium, but in the polymer itself, which makes possible
the preparation of resorbable scaffolds with controlled resorption rate.
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Figure 7. 5

Effect of the time of degradation on the weight loss of PCL films
containing supported enzyme with different activities. Symbols: (◊) 0,
(▽) 0.7, (△) 2.1, (○) 2.2, (□) 3.8 U/g activity. Solid lines were fitted
according to the proposed model (see Eq. 6. 4).

The enzymatic degradation of biopolymers is usually followed by the
measurement of weight loss [11, 21]. However, the measurement of weight becomes
difficult as degradation proceeds and the samples disintegrate; it is wise to find another,
independent approach, which verifies these results. The main product of the degradation
of aliphatic polyesters, which enters the degradation medium, is the monomer. A small
amount of dimer and some oligomers may also form, but their rate of diffusion is small
thus they do not appear in the solution in large quantities. The degradation product has an
absorbance peak in the UV-Vis spectrum at around 203 nm [22] and the determination of
its height allows the following of the degradation process as Fig. 7. 6 amply demonstrates.
The absorbance of the degradation medium at 203 nm is plotted against time in Fig. 7. 7.
The figure conveys the same picture as Fig. 7. 5 in which weight loss was plotted against
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time. In fact, if we plot the two quantities, absorbance and weight loss, against each other,
we obtain a very close correlation. The additional measurement of absorbance of the
degradation medium confirmed the results obtained by the determination of weight loss
and proved that the adsorbed enzyme catalyzes the degradation of PCL and the rate of
degradation can be controlled by the adjustment of the activity of the supported enzyme.
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Figure 7. 6

Increase in the absorbance of the degradation medium at 203 nm due to
the presence of the degradation product.

7.3.3 Degradation kinetics
Although the results show the possibility of controlling degradation through the
activity of the absorbed enzyme, the adjustment of rate can be done only through the trial
and error approach using the results presented above. In order to predict the expected
lifetime of the scaffold, a model is needed which describes degradation kinetics
quantitatively. The most frequently used model for the description of the kinetics of
enzymatic reactions was proposed by Michaelis and Menten [23]. As we already
mentioned in the former chapter, the model was developed for homogeneous reactions,
and usually it is used only for the description of experiments carried out for a short time,
in the linear section of the reaction. So, the model, developed by us (Eq. 6. 4) was fitted
to the experimental results (see Fig. 7. 5 and 7. 7). The solid lines in Fig. 7. 5 and 7. 7 are
fitted correlations and describe the results very well. Fitting the model to the experimental
values allows the determination of the initial reaction rate and the time constants, which
characterize the rate of degradation and denaturation. The parameters obtained by the
fitting of the model to the correlations of Fig. 7. 5 and 7. 7 are collected in Table 7. 1.
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Figure 7. 7

Formation of degradation products during the enzymatic degradation of
PCL films containing supported enzymes with different activities.
Symbols: (◊) 0, (▽) 0.7, (△) 2.1, (○) 2.2, (□) 3.8 U/g activity. Solid lines
were fitted according to the proposed model (see Eq. 6. 4).

The results in the table indicate that the rate of degradation has a maximum at
small enzyme activities followed by a minimum and then it increases again with
increasing enzyme activity of the enzyme coated nanotubes. The direct comparison of the
rates derived from the measurement of absorbance and weight loss, respectively, is
difficult, because of the different magnitude of the measured values. In order to facilitate
comparison, degradation rates are plotted in Fig. 7. 8 in normalized form. (Initial
degradation rate at each enzyme activity was divided by the initial degradation rate of the
fastest degrading sample, i.e. with the largest value of initial degradation rate.) The rates
determined with the two methods, i.e. weight loss and absorbance, are similar and the
tendency is clear as well, degradation rate has a maximum at small values, minimum at
intermediate values then increases with increasing enzyme activity. The large values
measured at 0.4 and 0.7 U/g enzyme activities may result from the phenomenon observed
and described by Mukai et al. [24], who claim that enzymes adsorbed on the surface of a
substrate in large amounts may hinder each other in going through the conformation
change necessary for catalytic action. Around the activity value of 1.5, the inner surface
of the tubes saturates and the enzyme adsorbs on the outer surface (see the steep increase
of enzymatic activity as a function of the amount of enzyme added in Fig.7. 3). While
saturation hinders the catalytic activity of enzymes inside the tubes and leads to smaller
initial degradation rates, enzyme molecules adsorbed on the outer surface compensate
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this decrease resulting in the increase of degradation rate with increasing enzymatic
activity.

Table 7. 1

Kinetic parameters of the degradation of PCL and the denaturation of
the enzyme determined by the proposed model (see Eq. 6. 4)
Kinetic parameters

Enzyme
activity
(U/g)

Absorbance

Weight loss

vd
(1/h)

t
(h)

A

vd
(1/h)

t
(h)

A
(%)

0

0.0027

112.1

0.304

0.019

86.6

1.67

0.4

0.0076

33.0

0.249

-

-

-

0.7

0.0048

52.0

0.250

0.124

27.3

3.40

1.5

0.0026

126.3

0.324

0.004

92.22

3.97

2.1

0.0028

202.9

0.560

0.030

585.7

17.77

2.2

0.0036

144.0

0.523

0.099

101.8

10.04

3.8

0.0075

185.7

1.393

0.156

218.8

34.16

The other important aspect of the enzymatic degradation of aliphatic polyesters
is the denaturation of the enzyme. The parameter characterizing the rate of denaturation,
τ, is plotted in Fig. 7. 9 against enzyme activity. Apart from the larger value, which was
determined at 2.1 U/g activity from the measurement of weight loss, the tendency is clear:
the rate of denaturation increases slightly with increasing enzyme activity. It is interesting
to note that the two methods gave practically identical denaturation rates, which validates
our model even further.

Chapter 7

Normalized degradation rate, vd (h-1)

110

8

6

4

2

0
0

1

2

3

4

5

Enzymatic activity (U/g)
Figure 7. 8

Effect of enzyme activity on the normalized rate of degradation. Symbols:
(○) UV absorption, (□) weight loss.
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Figure 7. 9

Dependence of the rate of denaturation (time constant, τ) on the activity
of the supported enzyme. Symbols: (○) UV absorption, (□) weight loss.
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7.4 Conclusions
Lipase from Burkholderia cepacia was successfully adsorbed on the surface of
halloysite nanotubes and the resulting coated tubes were incorporated into poly-εcaprolactone. The measurement of the activity of the enzyme adsorbed on the surface of
the support in different amounts proved that the enzyme remains active even after
adsorption; in fact, larger activities were measured for the immobilized enzyme than for
the original enzyme preparation. The enzyme immobilized on halloysite nanotubes
degraded PCL efficiently, the rate of degradation depended on the amount of enzyme
adsorbed. The kinetics of degradation was described quantitatively with an appropriate
model accounting for two of the three steps of the process, i.e. for degradation and the
denaturation of the enzyme. The determination of time constants allows the adjustment
of degradation rate. This is the first time that the enzyme catalyzing degradation is
incorporated into the polymer, and not into the degradation medium, thus allowing the
preparation of resorbable scaffolds with controlled lifetime.
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Chapter 8
Summary

Polymer nanocomposites created considerable interest about two-three decades
ago, when the researchers of Toyota developed a polyamide nanocomposite and applied
it in practice. The ideology behind these materials was nice, the expectations high and a
large number of research groups initiated projects in this area. Moreover, several
companies also followed suit and applied nanocomposites in their products. However,
during the subsequent years the hype ebbed somewhat since the expectations could not
be fulfilled completely, the composites usually did not have the expected extraordinary
properties and did not perform well in practice. Nevertheless, intensive research resulted
in considerable knowledge about these materials and pointed out the difficulties in the
preparation of true nanocomposites. The analysis of the structure of these composites
showed that layered silicate composites have a complex morphology containing several
structural entities including individual silicate layers, tactoids, original silicate particles
and occasionally a silicate network. The relative amount of these entities depended on a
number of factors including the characteristics of the components, the surface
modification of the silicate, preparation conditions, etc. Uncontrolled structure made the
prediction and design of properties difficult, which are essential for the development of
an actual product. The results of the research pointed out also that one of the most
important, if not the most important, questions is the interactions developing in the
composite. The forces acting among the silicate layers hinder exfoliation, thus the surface
of the silicate is modified to counteract them. However, decreased attraction is achieved
on the expense of decreasing surface tension, which decreased also polymer/silicate
interactions and led to smaller reinforcements as well as inferior properties. The intensive
research done in this area in our group led to extensive knowledge and to some
conclusions showing that new strategies must be developed to solve the contradictions
related to interactions and to produce materials with good properties. Moreover, the
results and experience also showed that using nanocomposites for structural applications
does not have much future because of their properties and price. On the other hand, the
advantages of nanofillers can be utilized in functional materials with special properties.
All these conclusions helped to develop a new concept and led to new approaches in our
nanocomposite research. This Thesis reports the progress made along this path as well as
the most important results that were achieved during the work. Although at the end of
each chapter we summarized the main results, we briefly repeat them here to give a
concise overview. We compile our most important new findings in a few thesis points at
the end of this chapter.
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The first project was launched to develop a reliable procedure for the
determination of the surface area of the silicate used for the preparation of
nanocomposites. The specific surface area of three layered silicates was determined by
three different approaches and good agreement was observed for some of the results,
while considerable discrepancies in other cases. If adsorption occurs through attractive
ionic forces and the adsorbed molecules are arranged parallel to the silicate layers in a
monomolecular coverage, the agreement between surface areas calculated from the
geometry of the plates and those determined by the adsorption of methylene blue agree
well with each other. The specific surface area of a silicate with relatively small size
(Laponite) was smaller than expected because of the dependence of the adsorbed amount
of methylene blue molecules on pH. The addition of methylene blue solution decreases
pH considerably leading to particles with positive charge, as shown by zeta potential
measurements, to smaller methylene blue adsorption and small specific surface area. The
modification of the clay or the control of pH by a buffer solve the problem, and real values
for surface areas are obtained which agree well with geometric calculations. At large ion
exchange capacity (NaMt, CEC = 1.16 meq/g), the molecules adsorb in a tilted
orientation and not parallel to the surface. Tilted orientation results in larger than
monomolecular coverage and the specific surface area calculated from methylene blue
adsorption is considerably larger than the real surface of the silicate.
The edges of a synthetic layered silicate, laponite, were successfully modified
with a monofunctional silane compound. The occurrence of the reaction was confirmed
with various methods and surface coverage was determined. The determination of the
bonded amount of silane by FTIR analysis must be carried out with care, since side
reactions take place during modification. Although the expected dimerization of the silane
did not occur, it hydrolyzed during treatment systematically changing the amount of
bonded silane determined from the FTIR absorption of oxygen containing groups. Only
vibrations related to the absorption of the –SiCH3 group can be used for quantitative
analysis. XRD measurements proved that the silane is bonded onto the surface of the
silicate and it does not enter the gallery space. According to the FTIR measurements,
approximately 50 mg silane is bonded to 1 g silicate corresponding to almost complete
surface coverage. The results of the measurements were supported by model calculations
and extremely good agreement was found between the calculated and measured values.
Surface modification did not hinder the formation of a house-of-card structure showing
that silanol groups does not play a role in that. An explanation was offered based on the
release of hydroxyl ions from the –Mg-OH moiety of the silicate. Covalent modification
of the edges of layered silicates may facilitate exfoliation or help functionalization, but
does not prevent network formation and cannot be used for the control of rheological
properties.
Long PMMA chains were successfully attached to the surface of laponite layers
through [2-(acryloil-oxy)-ethyl]-trimethylammonium chloride linker. Grafting was
carried out in water and the molecular weight of the grafted polymer was between 8 and
110 kDa. The amount of PMMA attached to the silicate and the length of the polymer
depended on the extent of ion exchange and on the amount MMA added.
Thermogravimetry before and after extraction proved that most of the polymer was
attached to the surface of the silicate. The layer distance of the silicate increased as the
result of grafting. Model calculations proved that a part of the polymer is outside the
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galleries. The polymer chains located inside the galleries are oriented parallel to the
surface and two chains are found inside each gallery. The very high surface energy of the
silicate results in this parallel arrangement and the resulting strong interactions decrease
the mobility of the chains. The glass transition temperature of the polymer increases while
the change in specific heat decreases with decreasing amount of PMMA and also with
decreasing chain length. Improvement in the properties of composites reinforced with a
layered silicate with PMMA attached to its surface can be expected only in the case of
long grafted chains.
Preliminary experiments showed that the lipase from Candida rugosa does not
catalyze the degradation of PLA, but proteinase K is very efficient. The lactic acid
forming during the reaction is a relatively strong acid, changes the pH of the degradation
medium that leads to the denaturation of the enzyme. Denaturation occurs below
pH = 6.5, thus either the degradation solution must be changed regularly or a buffer with
sufficient capacity must be used as medium. Besides pH, the ion concentration of the
solution also influences the rate of degradation; smaller ionic strength is more
advantageous. The cellulose nanocrystals used for the reinforcement of PLA increase the
rate of degradation and the samples disintegrate very rapidly. Because the samples lose
their integrity, an alternative method is needed to follow degradation. This can be done
by the determination of the amount of lactic acid forming during degradation. Reaction
with iron(III) chloride hexahydrate and UV-Vis spectroscopy proved to be a very
appropriate method for the purpose. A model was applied for the quantitative analysis of
the kinetics of degradation and denaturation, which takes into account and describes both
processes well. The model and the obtained parameters can be used for the design of
experiments and the prediction of the degradation of aliphatic polyesters as well as their
blends and composites.
Lipase from Burkholderia cepacia was successfully adsorbed on the surface of
halloysite nanotubes, and the resulting coated tubes were incorporated into poly-εcaprolactone. The measurement of the activity of the enzyme adsorbed on the surface of
the support in different amounts proved that the enzyme remains active even after
adsorption; in fact, larger activities were measured for the immobilized enzyme than for
the original enzyme preparation. The enzyme immobilized on halloysite nanotubes
degraded PCL efficiently, the rate of degradation depended on the amount of enzyme
adsorbed. The kinetics of degradation was described quantitatively with an appropriate
model accounting for two of the three steps of the process, i.e. for degradation and the
denaturation of the enzyme. The determination of time constants allows the adjustment
of degradation rate. This is the first time that the enzyme catalyzing degradation is
incorporated into the polymer, and not into the degradation medium, thus allowing the
preparation of resorbable scaffolds with controlled lifetime.
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The most important conclusions of this Thesis can be summarized briefly in the
following main points:

1.

During the revision of the known methylene blue adsorption method used for the
determination of the specific surface area of completely delaminated layered silicate
we pointed out for the first time that several factors might bias the value obtained.
Changing pH decreases the determined surface area, while large ion exchange
capacity and tilted orientation of the molecules yields a larger area than the
theoretical value. [P1]

2.

We successfully modified the edges of layered silicate particles with a
monofunctional silane compound in order to prevent the network formation of the
silicate. Contrary to expectations, the goal was not achieved and the network formed.
We pointed out for the first time that the network formation of trioctahedral smectites
is caused by the release of hydroxyl ions from the –MgOH moiety of the silicate
while silanol groups do not play a role in the process. [P2]

3.

We attached long PMMA chains to the surface of a completely exfoliated layered
silicate, laponite, in homogeneous water solution. The length of the chains was
controlled successfully by the proper selection of the composition of the reaction
medium. [P3; Chapter 5]

4.

We could prove with appropriate measurements and model calculations that the
PMMA chains attached to the surface of laponite are oriented parallel to the surface,
and two chains are located in each gallery space. Adsorption and parallel orientation
decreases the mobility of the attached chains. [Chapter 5]

5.

We prepared poly(lactic acid)/crystalline nanocellulose composites and determined
their enzymatic degradation in the presence of proteinase K. We pointed out the first
time that the rate of degradation depends very much not only on pH, but also on the
ionic strength of the degradation medium. [P4]

6.

We adsorbed an enzyme onto the surface of halloysite nanotubes and incorporated
the tubes into a polycaprolactone matrix. The adsorbed enzyme degraded PCL
efficiently and the rate of degradation could be controlled by the amount of enzyme
attached to the surface of the nanotubes. This is the first time that the enzyme
catalyzing degradation is incorporated into the polymer and not into the degradation
medium which opens the route for the preparation of medical devices with controlled
lifetime. [P5]

7.

We successfully developed a kinetic model for the description of the enzymatic
degradation of aliphatic polyesters in a long time scale. We proved the general
validity of the approach not only for neat aliphatic polyesters, but also for
heterogeneous materials. [P4, P5]
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