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Abstract Organic/inorganic hybrid materials prepared by
the sol-gel approach have rapidly become a fascinating
new field of research in materials science. The explosion of
activity in this area in the past decade has made tremen-
dous progress in both the fundamental understanding of the
sol-gel process and the development and applications of
new organic/inorganic hybrid materials. Polymer-inorganic
nanocomposite present an interesting approach to improve
the separation properties of polymer material because they
possess properties of both organic and inorganic such as
good permeability, selectivity, mechanical strength, and
thermal and chemical stability. Composite material derived
by combining the sol-gel approach and organic polymers
synthesis of hybrid material were the focus area of review
It has also been demonstrated in this review that a more
complete understanding of their structure—property behav-
ior can be gained by employing many of the standard tools
that are utilized for developing similar structure—property
relationships of organic polymers. This review article is
introductory in nature and gives introduction to composite
materials/nanocomposite, their applications and the meth-
ods commonly employed for their synthesis and charac-
terization. A brief literature survey on the polysaccharide
templated and polysaccharide/protein dual templated syn-
thesis of silica composite materials is also presented in this
review article.
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1 Introduction

There is an enormous demand for novel materials to meet
the recent technological breakthroughs. Many of the well-
established materials, such as metals [1] ceramics [2-4] or
plastics [5, 6] cannot fulfill all technological desires for the
various new applications. Mixtures of materials can show
superior properties compared with their pure counterparts.
Composites are formed by the incorporation of a basic
structural material into a second substance, the matrix e.g.,
inorganic fiber-reinforced polymers [7-9] and lightweight
materials [10, 11] with advanced mechanical properties.
Composites of organic and inorganic are of special interest
having characteristics in between the two original phases or
even new properties. Due to the possibility of designing
properties by the hybridization of the organic and inorganic
components, multifunctional materials [12, 13] can be
created. Such materials have the possibility of their pro-
cessing as thin films thus they can lead to property
improvements of cheaper materials by a simple surface
treatment, e.g., scratch resistant coatings [14—16]. Based on
the molecular or nanoscale dimensions of the building
blocks, light scattering in homogeneous material can be
avoided and the optical transparent nanocomposites mate-
rials suitable for optical applications [17-20] can be pro-
duced. While in most cases phase separation is avoided,
phase separation of organic and inorganic components is
used for the formation of porous materials [21, 22].
Material properties of composite materials are usually
changed by modification of the composition on the
molecular scale to result smart materials, such as materials
that react to environmental changes or switchable systems
for example electroactive materials [23, 24], electrochro-
mic materials [25-27], sensors [28-30], membranes
[31, 32], and biohybrid materials [33-35].
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Organic/inorganic composite materials have been
extensively studied for a long time. When inorganic phases
in organic/inorganic composites become nanosize, they are
called nanocomposites. Inorganic nanoscale building
blocks include nanotubes, layered silicates (e.g., montmo-
rillonite, saponite), nanoparticles of metals (e.g., Au, Ag),
metal oxides (e.g., TiO,, Al,O3), semiconductors (e.g.,
PbS, CdS), and so forth, among which SiO, is viewed as
being very important. Therefore, polymer/silica nanocom-
posites have attracted substantial academic and industrial
interest. In fact, among the numerous inorganic/organic
nanocomposites, polymer/silica composites are the most
commonly reported in the literature. They have received
much attention in recent years and have been employed in
a variety of applications. Organic or inorganic polymeri-
zation generally becomes necessary if at least one of the
starting moieties is a precursor. In addition, considerable
efforts have been devoted to the design and controlled
fabrication of polymer/silica colloidal nanocomposites
particles with tailored morphologies in recent years. The
colloids represent a relatively new category of nanocom-
posites. A better understanding of the parameters govern-
ing sol-gel chemistry, and the development of suitable
processing methods has led to the design of new materials
with interesting properties in the past decade’. Sol-gel
chemistry not only offers an access to ceramics and glasses
with improved or new properties. The very mild reaction
conditions, particularly the low reaction temperatures, also
allow incorporating organic moieties in inorganic materi-
als. This led to a conceptually novel class of materials
composed of both inorganic and organic groupings.

Organic groups in sol-gel derived materials can serve
different purposes:

1. During the preparation of purely inorganic materials,
they can control the reaction rates of the reactants, the
rheology of the sols, or the homogeneity and micro-
structure of the derived gels. They are degraded during
calcinations to get purely inorganic materials.

2. The organic groups can be retained to modify or
functionalize the oxidic material. The final material
therefore is composed of inorganic (oxidic) structures
cross-linked or substituted by organic groups.

Consequently, most reviews have a strong focus on the
chemical background of the material synthesis or intend to
elaborate on common structural principles and just men-
tion potential or claimed few applications. Several com-
prehensive reviews on the research activities in the field
of organic/inorganic hybrid materials by the sol-gel
approach have been published describing the basic
chemistry behind the preparation, different chemistry
pathways as well as of the parameter influencing the
processing techniques and in most of review attention to
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sol-gel processing of organic—inorganic hybrid material
along with some specific applications such as nano coat-
ing, photo catalysts, gas sensor etc. were discuss [36—49].
But no review, specifically discusses about biopolymer-
silica nanocomposites materials based on sol-gel process
are reviewed so far. This subject related to polysaccharide
template organic—inorganic silica composite material has
so far never been reviewed. The aim of this review is to
summarize the recent developments in this field based
mainly on the literature. Therefore, this review will give a
general brief overview of the sol gel technique for the
synthesis of organic—inorganic nanocomposites material
followed by a brief discussion of their characterization,
properties, and applications. A brief literature survey on
the polysaccharide/protein dual templated synthesis of
silica composite materials is also presented in this review
article. There seems to be a strong need to increase the
public knowledge about the sol gel derived biopolymer-
silica nanocomposites and its achievements.

2 Natural origins

Many natural materials consist of inorganic and organic
building blocks distributed on the (macro)molecular or
nanoscale where the inorganic part provides mechanical
strength and an overall structure to the natural objects
while the organic part delivers bonding between the inor-
ganic building blocks and/or the soft tissue e.g., bone, or
nacre. Bones, teeth and shells are typical biocomposites
which consists of an organic polymer matrix reinforced by
inorganic deposits. The biological hybrid inorganic—
organic materials are formed at ambient temperatures, an
aqueous environment, a neutral pH where plethora of
complex geometries results. Mimiking [50, 51] such
structures is the current research interest.

Apart from the use of inorganic materials as fillers for
organic polymers such as rubber, in recent years, sol—gel
method [52] of composite synthesis has attracted many
researchers in particular the silicon based sol-gel process
[53-59]. This process is similar to an organic polymeri-
zation starting from molecular precursors resulting in a
bulk material under ambient conditions. Some similarities
to sol-gel chemistry are shown by the stable metal sols and
colloids, such as gold colloids [60].

3 Hybrid materials and nanocomposites

A hybrid material is a material that includes two moieties
blended on the molecular scale. Commonly one of these
compounds is inorganic and the other one organic in
nature. The term hybrid material is used for many
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different systems spanning a wide area of different
materials, such as crystalline highly ordered coordination
polymers [61, 62] and amorphous sol-gel compounds [63,
64], where the materials with and without interactions
between the inorganic and organic units may result. In
addition to the bonding characteristics, structural proper-
ties [65-70] also distinguish between various hybrid
materials.

4 Nanocomposites

The term nanocomposite is used if one of the structural
units, either the organic or the inorganic, is in a defined size
range of 1-100 nm. Commonly the term nanocomposites is
used if discrete structural units in the respective size regime
are used and the term hybrid materials is more often used if
the inorganic units are formed in situ by molecular pre-
cursors, for example applying sol-gel reactions. Examples
of discrete inorganic units for nanocomposites are nano-
particles [71-73], nanorods [74, 75], carbon nanotubes
[76-78] and galleries of clay minerals [79, 80]. Usually a
nanocomposite is formed from these building blocks by
their incorporation in organic polymers.

4.1 Synthetic strategies
In principle two different approaches can be used.
4.1.1 Building block approach

In this approach building blocks at least partially keep their
molecular integrity throughout the material formation and
typical properties of these building blocks usually survive
the matrix formation.

4.1.2 In situ formation of the components

In this method well-defined discrete molecules are trans-
formed to multidimensional structures, which often show
totally different properties from the original precursors.

4.1.3 In situ formation of inorganic materials

Many of the classical inorganic solid state materials are
formed using solid precursors and high temperature pro-
cesses [81], which are often not compatible with the
presence of organic groups because they are decomposed at
elevated temperatures and sol-gel process is a suitable
alternative, however this often does not lead to the ther-
modynamically most stable structure but to kinetic prod-
ucts, which has some implications for the structures
obtained [51].

4.1.3.1 Sol-gel process Sol-gel reactions have been
extensively studied for several decades as a method to
prepare ceramic precursors and inorganic glasses at rela-
tively low temperatures. The major advantage of the sol gel
process is that mild conditions, such as relatively low
temperature and pressure, are used in this type of pro-
cessing of ceramics. The sol-gel process has been widely
used to create novel organic—inorganic composite (hybrid)
materials, which were termed “ceramers” by Wikes et al.
[82] and “ormosils” or “ormocers” by Schmidt et al. [83]
in the past decade. The goal to carry out the sol-gel
reaction in the presence of organic molecules that are
typically polymeric and contain functional groups to
improve their bonding to the ceramic like phase are
observed in case of composite material. This is a found to
be one of the very useful novel reinforcement techniques,
which can generate reinforcing particles within a polymer
matrix. Moreover, these novel hybrid sol-gel materials are
normally nanocomposites and have the potential for pro-
viding unique combinations of properties that cannot be
achieved by other materials [84].

Sol-gel process [53, 54] is chemically related to an
organic polycondensation reaction in which small mole-
cules form polymeric structures by the loss of substituent.
As is well-known, the sol-gel process can be viewed as a
two-step network forming process, In the first steps of this
reaction oligo- and polymers as well as cyclics are formed
subsequently resulting in colloids that define the sol. And
in second step the Solid particles in the sol afterwards
undergo cross linking reactions and form the gel (Fig. 1).
Most of the interest in this method is concentrated on
metal-organic alkoxides, especially silica, since they can
form an oxide network in organic matrices. The most
common silica precursor is TEOS because it is readily
purified and has a relatively slow and controllable rate of
reaction [84]. Many factors influence the kinetics of the
hydrolysis and condensation reactions in the sol-gel pro-
cess, which include the water/silane ratio, catalyst, tem-
perature, the nature of solvent, and so forth. The sol-gel
process surpasses the traditional blending method since it
can subtly control the morphology or surface characteris-
tics of the growing inorganic phase in the polymer matrix
by control of these reaction parameters. The poor reactivity
of silicon is generally activated by using acid or base cat-
alysts. The pH used has an effect on the kinetics which is
usually expressed by the gel point of the sol-gel reaction
[85, 86]. The reaction is slowest at the isoelectric point of
silica (between pH 2.5 and pH 4.5 depending on different
parameters) and the speed increases rapidly on changing
the pH. Besides the reaction conditions, structure of silica
precursor has a strong influence on the kinetics of the
reaction. Generally, larger substituents decrease the reac-
tion time due to steric hindrance. In addition, the
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Fig. 1 Reaction steps in sol-gel RO H,0 RO
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substituents play a mature role in the solubility of the
precursor in the solvent. Water is required for the reaction
and if the organic substituents are quite large usually the
precursor becomes immiscible in the solvent. The pH plays
a major role in the mechanism and for the microstructure of
the final material. Applying acid-catalyzed reactions an
open network structure is formed in the first steps of the
reaction leading to condensation of small clusters after-
wards [87], while the base-catalyzed reaction leads to
highly crosslinked sol particles already in the first steps
[88]. This leads to variations in the homogeneity of the
final materials. Commonly used catalysts are HCl, NaOH
or NH,OH, but fluorides [89] can be also used as catalysts
leading to fast reaction times. If tetraalkoxysilanes are used
as precursors, two water molecules per starting compound
are necessary to form completely condensed SiO,. A lower
H,0/Si ratio leads to an alkoxide containing final material
(Figs. 2, 3).

Acid catalysis results in a faster hydrolysis of TEOS and
in an open weakly ramified polymer-like structure. In
contrast, slower hydrolysis and faster polycondensation
were observed in the case of base catalysis leading to
compact colloidal particles. Large spherical particles are
expected in the case of base-catalyzed reaction, while linear
chain growth is expected via acid catalysis. It has been
shown that basic catalysis usually yields opaque composites
with phase dimensions well above 100 nm and more gen-
erally in the micrometer range. These materials can defi-
nitely not be considered as nanocomposites. The transparent
nanocomposites with characteristic morphology sizes
below 100 nm are generally obtained, if alternatively acid
catalysis is used in place of base catalysis. Therefore, the
polymer/silica nanocomposites prepared by sol-gel pro-
cesses are generally obtained by acid-catalysis [37].

Jones et al. [90] has publish the document in which
they defines various terms related to the structure and
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processing of inorganic, polymeric, and inorganic—organic
hybrid materials from precursors, through gels to solid
products These important definitions are intended to assist
the reader who is unfamiliar with sol-gel processing,
ceramization, and related technologies and materials, and
to serve as a guide to the use of standard terminology by
those researching in these areas.
Some other sol-gel processes include

1. Nonhydrolytic sol-gel process: In this process the
reaction between metal halides and alkoxides is used
for the formation of the products [91, 92]. The
alkoxides can be formed during the process by various
reactions.

2. Sol-gel reactions of non-silicates: Metal and transi-
tion-metal alkoxides [93, 94] are generally more
reactive towards hydrolysis and condensation reactions
compared with silicon. The metals in the alkoxides are
usually in their highest oxidation state surrounded by
electronegative—OR ligands which render them sus-
ceptible to nucleophilic attack. M—C bonds in metal
alkoxides are not stable enough to survive the sol-gel
conditions and therefore, other mechanisms have to be
employed for preparing inorganic—organic metal oxide
materials in a one-step approach. Thus organically
functionalized bi and multidentate ligands [94] are
used that show a higher bonding stability during the
sol—gel reaction and, in addition, reduce the speed of
the reaction by blocking coordination sites.

4.2 Materials by the sol-gel process

Organic molecules other than the solvent can be added to
the sol and become physically entrapped in the cavities of
the formed network upon gelation where the molecules
have to endure the pH of the environment. Hence,
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Fig. 3 Polymerization behavior of silica precursor

Gel Networks

functional organic groups that can be hydrolyzed are not
tolerated, but a partial tolerance for the pH can be obtained
by carrying out the reaction in a buffer solution especially
if biological molecules, such as enzymes, are to be
entrapped in the gel [95]. Physical entrapment has the
disadvantage that sometimes the materials obtained are not
stable towards phase separation or leaching because of
differences in polarity.

Chemical modification of organic compounds with tri-
alkoxysilane groups [96] can partially avoid such problems
due to co-condensation during the formation of the sol-gel
network and thus development of covalent linkages to the
network.

Though the formation of homogeneous materials with a
chemical link between the inorganic and organic com-
ponent is the preferred route, a controlled phase separa-
tion between the entrapped organic molecules and the
sol-gel material is necessary for the preparation of mes-
oporous materials [97]. Besides the entrapment of organic
systems, precursors with hydrolytically stable Si—C bonds
can also be used for co-condensation reactions with tet-
raalkoxysilanes. In addition, organically functionalized

trialkoxysilanes [98, 99] can also be used for the forma-
tion of 3-D silsesquioxanes (general formula R-SiOj s)
materials. Because of the stable Si—C bond, the organic
unit can be included within the silica matrix without
transformation.

In addition, the functional group incorporated changes
the properties of the final material, for example fluoro-
substituted compounds can create hydrophobic [100] and
lipophobic materials [101]. Additional reactive functional
groups can be introduced to allow further reactions such as
amino, epoxy or vinyl groups.

4.3 Composite materials derived by combining
the sol-gel approach and organic polymers

The sol—gel processes show mild reaction conditions and
a broad solvent compatibility thus results in the forma-
tion of the inorganic network in presence of a preformed
organic polymer [102] or to carry out the organic
polymerization before, during [36] or after the sol-gel
process [97]. The properties of the final materials are
determined by the properties of the inorganic and
organic component, by the phase morphology and the
interfacial region between the two components. Covalent
linkages can be formed if functional groups that undergo
hydrolysis and condensation reactions are covalently
attached to the organic monomers. Some typically used
monomers that are applied in homo or copolymerizations
are Hydroxyethylmethacrylate (HEMA) [103], vinyl
pyridine [104], dimethylacetamide, glycidoxypropyl tri-
alkoxysilane [105], methacryloyl trialkoxysilane etc.
[106]. Well-defined organic polymers have been attached
to inorganic copolymers, particles, surfaces, glassy net-
works and interpenetrating polymer networks to prepare
organic/inorganic hybrid materials. Additionally, poly-
mers of controlled size, composition, and architecture
have been used as shape templates in the synthesis of
Mesoporous inorganic networks (Fig. 4). Hybrid organic—
inorganic nanocomposites have been synthesize by using
polymer such as poly (tetramethylene oxide) and
poly(oxazolines).
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Fig. 4 Examples of organic/
inorganic hybrid materials

Mesoporous Network

Interpenetrating
Networks

4.3.1 Organic building blocks

Beside the inorganic building blocks, organic building
blocks can also be used for the formation of composite
materials. Typical examples are oligo-[107] and polymers
[108, 109] as well as biological active molecules like
enzymes [110].

4.3.2 Small molecules

The mild conditions of the sol-gel process permit the
introduction into the inorganic network of any organic
molecule that consists of groups which do not interfere
with these conditions. In recent years functional hybrid
composites have been the particular focus of interest.
Organic dyes [111], nonlinear optical groups [112, 113], or
switchable groups [114] are only a small selection of
molecules which have already been used to prepare hybrid
materials and nanocomposites.

4.3.3 Macromolecules

Oligo- and polymers as well as other organic macromole-
cules often show different solubility in specific solvents
compared with their monomers. For homogeneous mate-
rials, an appropriate solvent for both the inorganic and the
organic macromolecules is of great benefit [115, 116]. A
particularly interesting group of macromolecules are block
copolymers [117], consisting of a hydrophilic and a
hydrophobic segment [118-120].
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4.3.4 Particles and particle-like structures

Organic colloids formed from physically or chemically
crosslinked polymers can also be used as building blocks
for inorganic—organic hybrid materials and nanocomposites
[121].

4.3.5 Template-directed synthesis of hybrid materials

Templates for the synthesis of hybrid materials can be
preformed structures such as dendrimers [122] or nano-
particles [123] that form 2-D or 3-D ordered structures or
polymers [124]. Furthermore the supramolecular self-
organization of single molecules into larger 2-D and 3-D
structures can also be employed as a template. After
removal of the template which commonly occurs by cal-
cination at temperatures above 450 °C, the materials are
purely inorganic in nature.

Concept of the template synthesis was illustrated in
Fig. 5 [125]. The overall process generally involves the
following procedures: (a) precursors combine with tem-
plates by impregnation or incorporation; (b) solid species
form through reaction, nucleation and growth; and
(c) product is obtained after template removal. Templates
can be employed to various synthetic techniques such as
sol-gel synthesis, chemical vapour deposition, thermal
decomposition, electro deposition, solvothermal prepara-
tion, and so on. The connectivity of the pores or channels
strongly influences the structure of the resulting solid
product in case of hard templates. In the case of
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Fig. 5 Schematic depiction
showing some typical examples
of the hard and soft template
synthesis of electrode materials
with diverse morphologies
(Adapted from Ref. [111].
Reprinted with permission from
ACS Publishing Group,

Copyright (2011)) Hard template with

isolated pores (e.g. AAO)

(b)
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nonconnected porous templates such as AAO membranes
and MCM-41 silica, solid product forms inside the isolated
pores, replicating the shape of the void space in templates.
As a result, aligned structures such as 1D nanotubes and
nanowires are usually obtained after removing the template
scaffold (Fig. 5a). The templates that consist of a contin-
uous pore system such as porous carbons or silica gels
generally lead to an inverse replica of the mold structure
after template isolation, thus resulting in frameworks with
interconnected 3D pores (Fig. 5b) [126]. The AAO mem-
branes are most widely used hard templates because of
their facile preparation and controllable pore size [127]. A
series of inorganic electrode materials including metals
[128, 129], metal oxides [130, 131] and hydroxides [132—
1341, lithium metal oxide [135], and composite metal oxide
[136] are obtained by applying AAO template synthesis.
For soft templates, they function as structure-directing
agents that assist in the assembly of reacting species. Because
of either the unique anisotropic structures or the functionality
of their subunit groups soft templates are facile for con-
trolled fabrication of nanomaterials. Typical examples are

Core/shell or
hollow structures

Species aggregation

Linkage of species
and functional eroun

surfactants, long-chain polymers, and viruses. Under a certain
condition, these materials are assembled into the form of
aggregating entities such as micelle/vesicle aggregates or
liquid crystal phase, which restrict and direct the growth of a
guest structures [137]. Precursor species react in the confined
space of surfactant micelles (Fig. 5c) or on the surface of
polymer/virus chains (Fig. 5d), as driven by self-assembly or
interaction between functional groups [138, 139]. After sep-
arating the template, sphere like or wirelike structures can be
fabricated, following the basic shape of the aggregates. Por-
ous nanostructures are obtained during such a “nanocasting”
process [140] in many cases. The main strategy of this syn-
thesis route is based on the transcriptive and/or synergistic
effect of the soft templates. Through the template synthesis
route various lithium storage materials such as lithiated metal
oxides (e.g., LiCoO, and LiMn,0,), carbons, tin-based oxi-
des, and transition metal oxides (e.g., Fe,O3, Co304, NiO,
VO,, TiO,, MnO,, etc.) can be obtained.

Meanwhile, the template-prepared electrode materials
usually possess controlled nanostructures with different
size, shape, and dimension. For example, 1D nano/
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Fig. 6 Zeolitization process
resulting in micro/mesoporous
composite in the presence of
carbon templates

Mesoporous Zeolite

Q

microarrays, 2D films, and 3D interconnected and ordered
porous structures have been obtained by using different
types of templates. The related novel structures and mor-
phologies of these templated materials may facilitate the Li*
intercalation and lithium transition reactions, and electro-
chemical properties that are superior to those of their bulk
counterparts can be expected.

Several groups have employed Mesoporous carbon
blacks as templates to prepare nanosized zeolites, which
possess both micro and mesoporous properties [141-143].
To introduce mesopores into Zeolite materials, templating
with carbon as fibers and spheres in the Zeolite synthesis has
been performed. Carbon black pearls, carbon nanotubes, or
carbon nanofibers are impregnated with a Zeolite precursor
solution and subjected to hydrothermal treatment. The
Zeolite crystals grew around the carbon template and finally
the template was burned in a subsequent calcination step
producing intracrystalline pores during the hydrothermal
treatment. A schematic representation of the formation of
composites based on carbon templates is given in Fig. 6.

Another approach generates closed packed arrays created
by sub micrometer sphere-air pore systems by applying
gravity sedimentation, vertical deposition, centrifugation,
and flow of solvent through polystyrene or silica colloid
spheres [144—147]. In addition, macroporous materials with
inorganic components, polymers, metal or carbon frame-
works were produced by introducing monomers, metal
nanocrystals or carbon into the air macrospore systems,
followed by extraction or etching [126, 148-150]. The
uniform introduction of materials into the air pore system is
challenging as the surfaces are not available in the narrow
and relatively inaccessible interstitial regions of colloidal
spheres and such arrays are relatively fragile and easily
disrupted. In order to obtain high-quality macroporous
materials, efforts must be made to overcome these obstacles.

@ Springer

Zeolite crystals templated
with carbon pearls and

I\\ fibers

Another possibility of preparation of materials with
bimodal porosity involves the use of various substrates with
a templating function. Valtchev [151-153] by using a silica-
containing vegetal template, such as leaves and stems of
Equisetum arvense Zeolite Beta macrostructures with hier-
archical porosity were prepared. The Zeolite readily crys-
tallized in the vegetal tissues with the Zeolite nucleation
induced by the highly reactive biomorphic silica deposited
on the epidermal surface of the plant. Once the Zeolite/
vegetal composites were formed and upon calcination, they
were transformed into a pure Zeolite macrostructures
retaining all features of the vegetal template but exhibiting
hierarchical porosity (Fig. 7). This approach demonstrates
the possibility of directing the macro-morphological and the
nanolevel organization of the composite materials by con-
trolling the type of biotemplates. The analysis of the zeolite/
vegetal composite and all-zeolite replica showed that
material with hierarchical porosity was obtained, and both
the leaves and the stems of the Equisetum arvense were
transformed into micro-/mesoporous and micro-/meso-/
macroporous structures, respectively. Thus, the biotem-
plates controlled both the macro morphology and nanolevel
organization of the materials.

Biopolymers/silica composites represent a new category
of environmentally safe materials for applications to
explore. Use of synthetic polymers is related to environ-
mental problems due to use of organic solvents in the
process as well as due to the crisis of petrochemical
industry-related plastics. Materials produced in this way
are not biodegradable and their production costs are high.

Use of polysaccharide as template in the template
directed composite synthesis is of special interest as
polysaccharides are economical, abundantly available
biodegradable materials having diversified structure and
characteristics. Cyclodextrin-based composites [154] are
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Fig. 7 General representation of the approaches used to obtain self-
bonded zeolite macrostructures based on ion-exchange resin, poly-
styrene beads, and Equisetum arvense (Adapted from Ref. [139].
Reprinted with permission from Elsevier Publishing Group, Copy-
right (2011))

also considered as member of polysaccharide-composite
family. There is a need to compare properties of compos-
ites with differing polysaccharide composition to make an
optimal choice. Advancements in the field of materials
research, specifically porous materials [155] have facili-
tated their use in a variety of applications such as catalysts
[156-158], adsorbents, membranes, sensors, optical devi-
ces [159-162], drug carriers [163, 164], biomedical [165—
168] and insulators.

4.3.6 Magnetic hybrid nanocomposite material

The synthesis of organic/inorganic hybrid materials com-
posed of magnetic materials and polymers has gained
increasing attention for emerging applications as sensors,
imaging agents, storage media, and catalysis in biotech-
nology and microelectronics [169-176]. Advances in poly-
mer science have demonstrated the ability to prepare a vast
array of materials exhibiting controllable mechanical, ther-
mal, and electroactive properties. However, the preparation
of wholly organic polymeric materials possessing high
magnetic moments and susceptibilities comparable to inor-
ganic systems remains a challenge. To overcome this
inherent problem, the synthesis of composites combining
organic polymers and inorganic magnetic particles has been
conducted to prepare hybrid materials with modular organic
composition and functionality [177]. The hybridization of
inorganic and organic materials on the nanoscale is often the
smallest domain size possible to enable the retention of
useful properties similar to the bulk state.

Numerous examples of magnetic nanocomposite mate-
rials have been investigated which combine different
polymer and colloid forming chemistry. Emulsion and

dispersed media polymerizations have been utilized to
encapsulate iron oxide nanoparticles into polymeric micro
and nanospheres. These materials typically kinetically trap
numerous iron oxide nanoparticles in polymeric matrices
prepared by free radically polymerizable monomers [178—
183]. Magnetic nanocomposites have also been prepared
by loading of the organometallic, or metal salt precursors
into homopolymer, or block copolymer thin films and
inducing magnetic nanoparticle formation in the solid state
[184—189]. This approach ensures intimate dispersion of
magnetic nanoparticles in polymeric matrices with the
potential for the selective placement of colloids into spe-
cific phase separated domains. Core—shell nanoparticles
have also been explored where discrete magnetic nano-
particles are passivated with an organic shell of polymers.
This general methodology enables the synthesis and func-
tionalization of various magnetic nanoparticles with well-
defined polymers. This controlled approach to preparing
core—shell nanoparticles offers the potential to modify the
properties of magnetic nanoparticles in a highly modular
fashion by control of the copolymer shell structure and
composition (Fig. 8).

4.3.7 Metallic magnetic nanoparticle from block
copolymers

Nitrile containing block copolymers based on polysilox-
anes and polystyrenes were synthesized by Riffle et al. to
prepare magnetic cobalt nanoparticles [190-194]. ABA
triblock copolymers incorporating poly(3-cyanopropyl)-
methylsiloxane (PCPMS) prepared using anionic ring-
opening polymerization was further chain extended with
hexamethylcyclo-trisiloxane to yield PDMS-b-PCPMS-b-
PDMS surfactants. Thermolysis of Co,(CO)g under vary-
ing conditions with these polysiloxanes copolymers yielded
either super paramagnetic colloids of uniform size, or
polydisperse ferromagnetic nanoparticles (Fig. 9). Ordered
2-D nanoparticle arrays were obtained after magnetic
purification of polymer coated colloids.

4.3.8 Synthesis of iron oxide magnetic nanoparticles

Modified carboxylic acid containing copolymers have been
investigated as an approach to prepare and stabilize iron
oxide nanoparticles. Mihama et al. reported the copoly-
merization of an allyl-terminal poly (ethylene oxide) (PEO)
macro monomer with maleic anhydride, followed by basic
ring-opening, to yield a carboxylic acid functional surfactant
(Fig. 10) [195]. The oxidation of ferric salts in air and
hydrogen peroxide in the presence of this copolymer yielded
a super paramagnetic nanoparticle, which was described as
magnetite, but was likely Fe,O5. The adsorption of lipases
onto this polymer coated magnetic colloid afforded a
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Fig. 8 Examples of magnetic
hybrid nanocomposite materials
prepared by encapsulation,
coating of inorganic colloids
with polymer shells, or
dispersion within organic
polymer thin films

Fig. 9 Nitrile containing
polysiloxanes surfactants used
to prepare metallic cobalt
nanoparticles (Adapted from
Ref. [177]. Reprinted with
permission from Elsevier
Publishing Group, Copyright
(2011))
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catalytically active support for esterification that was
recovered by application of a magnetic field.

5 Characterization of materials
Different characterization techniques for studying the
properties of nanocomposites is been discuss. This section

will focus on some important techniques often used for the
investigation of polymer/silica nanocomposites. In this
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section characterization based on chemical structure,
microstructure and morphology, and thermal properties
were undertaken. Nanocomposite properties are strongly
depend on their composition, the size of the particles,
interfacial interaction, etc. [196].

5.1 Characterization based on chemical structure

The chemical structure of polymer/silica nanocomposites is
generally identified by FTIR and solid-state *°Si NMR
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Fig. 10 Synthesis of PEO functional polymaleic acid copolymer
surfactants and iron oxide colloids

spectra. FTIR spectrometry is widely used to prove the
formation of nanocomposites especially for those prepared
by the sol-gel reaction, in which a silica network can be
formed. The major peak at about 1,100 cm ™' (varying with
different samples in the range of 1,000-1,200 cmfl) that is
attributed to the asymmetric stretching vibrations of Si—O-
Si bonds of silica can be found in the hybrids. If the con-
densation reaction is not complete, Si-OH groups will also
exist. The characteristic absorption bands of the hydrolysis
product of TEOS in the (polyimide)PI/SiO, hybrids are as
follows [197]. The FTIR spectrum shows absorption bands
due to —OH bond stretching at 3,480 cm™' and Si-OH
bond stretching at 882 cm ™', as well as typical absorption
bands for Si—O-Si network vibrations at 1,130 and
823 cm™'. The characteristic absorption band of Si-O-Si
asymmetric stretching (1,130 cm™') became stronger and
moved to higher wave number (1,180 cm™ ') with the
addition of the coupling agent, indicating a more “con-
densed” silica network. FTIR spectra can also supply
evidence of the existence of hydrogen bonding or covalent
bonding between organic and inorganic phases. The
examples of hydrogen bonds between the polymer and the
residual silanol of silica in the hybrids investigated by
FTIR spectroscopy can be found in many references [37,
198-202].

FTIR results show the formation of Si—O-Si via a sol-
gel reaction, 298i solid-state NMR gives further informa-
tion on the structure of silica and the degree of Si—-OH
condensation reaction. In principle high-resolution solid-
state NMR spectra can provide the same type of informa-
tion that is available from corresponding solution NMR
spectra, but special techniques/equipment are required,
including magic-angle spinning (MAS), cross polarization
(CP), etc. [203]. In the 298 solid-state NMR spectra, peaks
are generally denoted by the symbol Qn to show un-,
mono-, di-, tri-, and tetra-substituted siloxanes [(RO)4-
nSi(OSi)n, R) H or an alkyl group]. For instance, a sample
exhibiting a 100% Q4 environment would possess a full
condensed silica phase (i.e., corresponding to stoichiome-
tric SiO,). Such a deconvolution method displays only
semiquantitative results but enables comparison of samples
with each other in terms of the condensation state of their
silicate phases. The degree of condensation within the SiO,
particles can be evaluated from the Q4 percent [37, 204].
The strong Q4 indicated that the degree of silicon con-
densation was very high. A weak peak at —92 ppm, which
was assigned to Q2, is also observed in the spectrum. The
existence of Q3 and Q2 reflected the incomplete conden-
sation of the TEOS. Moreover, 29Si CP MAS NMR proved
to be useful for the characterization of the grafted struc-
tures formed at the silica surface.

5.2 Characterization based on microstructure
and morphology

The crystallization behavior of Polypropylene/silica nano-
composites prepared in situ via solid-state modification and
sol-gel reaction was also investigated with DSC [205].
Results showed that silica nanoparticles formed in situ
acted as nucleating agents. The non isothermal crystalli-
zation kinetics of the nanocomposites was studied using a
combined Avrami-Ozawa approach and showed a two-
stage crystallization process: the primary stage was char-
acterized by nucleation and spherulitic growth, and the
secondary stage was characteristic of the perfecting of
crystals. Silica increased the rate of the primary stage,
resulting in a more narrow lamellar thickness distribution.

The microscopic structure of polymers is often studied
by X-ray techniques (including WAXD/XRD, WAXS, and
SAXS) and neutron scattering. The XRD technique is
based on the elastic scattering of X-rays from structures
that have long-range order, and it is an efficient analytical
technique used to identify and characterize crystalline
materials. For the nonlayered silica nanoparticle compos-
ites, WAXD was commonly performed to analyze the
degree of crystallinity of the nanocomposites. The WAXD
of nanocomposites of PU/silica showed a lower angle peak,
at about 20 6°, and most showed a distinct shoulder at 20
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20° [206]. The crystallization behavior of Polypropylene/
silica nanocomposites prepared via solid-state modification
and sol-gel reaction was investigated [205].

Scattering is a powerful tool to access the bulk structure
in a nondestructive way. X-ray scattering is well-suited for
many polymer/inorganic composites. WAXS, a technique
that involves measuring scattering intensity at scattering
angles 26 larger than 5°, has been used to investigate the
changes in crystalline structure.

Neutron scattering is preferred sometimes due to the
extended g-range (with respect to standard X-ray labora-
tory sources), giving access to length scales between sev-
eral and several thousand angstroms. Also, cold neutrons
penetrate macroscopically thick samples more easily, and
they offer the potential to extract the conformation of
polymer chains inside the composite. SANS is therefore a
method to unveil the structure of nanocomposites [207].

Oberdisse et al. [208] have analyzed the structure of the
resulting filled latex films by means of this method. The
scattered intensity varied enormously with the physico-
chemical parameters, indicating considerable structural
modifications.

Berriot et al. [209] found by SANS that there were two
opposite effects that control the final dispersion state of the
filled elastomers that composed cross-linked polyethylac-
rylate chains reinforced with grafted silica nanoparticles
during the polymerization. The first one was a depletion
mechanism favoring the formation of aggregates. The
second one was a repulsive steric interaction due to the
growth of polymer chains from the particle surfaces
avoiding contacts between the silica inclusions. Using
these results, they could prepare sets of samples having the
same particle/matrix interface but different dispersions
states.

El Harrak et al. [210] described ATRP from silica
nanoparticles and the dispersion of particles was checked
using SANS at every stage of the functionalization. SANS
measurements made on the polymer-grafted particles led to
an understanding of the system behavior during the poly-
merization procedure. These observations permitted
improvement of the synthetic conditions to get a better
dispersion of the particles and a better control of the
polymerization process. The SANS technique was well
suited for the size range of interest, and due to the unique
possibility of contrast variation, it was able to highlight
independently the contributions of the polymer layer and of
the silica beads or aggregates.

Positron annihilation lifetime spectroscopy (PALS) is a
technique that probes the free volume cavities by measur-
ing the lifetime of ortho-positronium (o-Ps) before anni-
hilation in the free volume regions of the polymer. The
lifetime of o-Ps (normally 2-5 ns) is a direct measure of
the free volume size. The free volume sizes and interstitial
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mesopore sizes in PTMSP/silica nanocomposites and the
correlation between nitrogen permeability and cavity sizes
were studied by PALS at filler concentrations between 0
and 50 wt% [211]. A bimodal free volume distribution was
observed for PTMSP, and the size of the larger free volume
cavities was significantly increased upon addition of
hydrophobic fumed silica. Nanometer-sized interstitial
cavities in filler agglomerates were observed in all PTMSP/
fumed silica nanocomposites and in neat hydrophobic
fumed silica.

TEM, SEM, and AFM are three powerful microscopy
techniques to observe the morphology of nanocomposites.
TEM is a microscopy technique whereby a beam of elec-
trons is transmitted through an ultrathin specimen and
carries information about the inner structure of the speci-
men. It is difficult to receive details of some samples due to
low contrast resulting from weak interaction with the
electrons; this can partially be overcome by the use of
stains such as phosphotungstic acid and RuO, Sometimes
the organic components of the sample would be decom-
posed by the electron beam; this can be avoided using
cryogenic microscopy (cryo-TEM), where the specimen is
measured at liquid nitrogen or liquid helium temperatures
in a frozen state. High resolution TEM (HRTEM) can
afford a much closer look at the samples [203]. Images
from SEM, TEM, and AFM can be used to study mem-
branes of two dimensional structure with pore size of
subnano-scale [212].

The recent application of electron energy loss spec-
troscopy imaging techniques to TEM (ESI-TEM) can
provide information on the composition of polymer sur-
faces. This is a powerful technique for the characterization
of colloidal nanocomposite particles. The internal nano-
morphologies of two types of vinyl polymer/silica (P4VP/
silica and PS/silica) colloidal nanocomposites were asses-
sed using ESI [213].

SAXS in combination TEM is a useful method to
characterize the morphology of hybrid organic—inorganic
materials. Combined TEM and SAXS investigations on
thermoplastic nanocomposites poly(MMA-co-HEMA) co-
polymer filled with 10 nm SiO, particles with different
particle surface coatings have been shown to be important
tools in gaining complete information about the morphol-
ogy of the materials [214]. TEM analysis gave visible
information on the extent of particle separation in the
nanocomposites depending on the surface modification
over a broad scale range including especially large sized
aggregates. On the other hand, SAXS analysis enabled
acquisition of more detailed information about size distri-
butions of primary particles and “mean” size aggregates in
the real nanosize range below 20 nm.

The scanning electron microscope (SEM) is a type of
electron microscope that creates images by the electrons
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emitted when the primary electrons coming from the
source strike the surface and are inelastically scattered by
atoms in the sample. SEM images have a characteristic 3-D
appearance and are therefore useful for judging the surface
structure of the sample [203].

Besides the emitted electrons, X-rays are also produced
by the interaction of electrons with the sample. These can
be detected in a SEM equipped for energy-dispersive X-ray
(EDX) spectroscopy [203].

AFM is an effective tool to characterize nanocompos-
ites by providing the morphological information. The
AFM consists of a sharp tip (10-20 nm diameter) attached
to a stiff cantilever. The tip is brought close to the sur-
face, and the sample is scanned beneath the tip. The tip
moves in response to tip-surface interactions, and this
movement is measured by focusing a laser beam onto the
back of the cantilever and detecting the position of
the reflected beam with a photodiode. Different modes of
operation can be used [203]. A detailed investigation on
the modified nanoparticles in the absence and presence of
a PP(polypropylene) matrix was carried out by AFM
[215]. The results indicated that the loosened agglomer-
ates of the untreated SiO, became more compact due to
the linkage between the nanoparticles offered by the
grafting polymer.

The particle size distributions of the colloidal nano-
composites can be assessed using two techniques: dynamic
light scattering (DLS) and disk centrifuge photosedimen-
tometry (DCP). The former technique reports an intensity-
average diameter (based on the Stokes—Einstein equation),
and the latter reports a weight-average diameter. Given the
different biases of these two techniques, it is expected that
the DLS diameters would always exceed the DCP diame-
ters [216].

X-ray photoelectron spectroscopy (XPS, also called
electron spectroscopy for chemical analysis, ESCA) is a
surface analytical technique for assessing surface compo-
sitions. The sample is placed under high vacuum and is
bombarded with X-rays, which penetrate into the top layer
of the sample (approximately nanometers) and excite
electrons (referred to as photoelectrons). Some of these
electrons from the upper layer are emitted from the sample
and can be detected. The electron binding energy is
dependent on the chemical environment of the atom,
making XPS useful to identify the elemental composition
of the surface region [201].

XPS is especially suitable to assess the surface compo-
sitions of colloidal particles since its typical sampling
depth is only 2-5 nm. The XPS data combined with TEM
studies of the ultramicrotomed particles can shed further
light on the particle morphology. Armes et al. [217]
reported a detailed XPS study of the surface compositions
of selected vinyl polymer/silica nanocomposites.

5.3 Characterization based on thermal properties

Thermal properties are the properties of materials that
change with temperature. They are studied by thermal
analysis techniques, which include DSC, TGA, DTA,
TMA, DMA/DMTA, dielectric thermal analysis, etc. As is
well known, TGA/DTA and DSC are the two most widely
used methods to determine the thermal properties of
polymer nanocomposites. TGA can demonstrate the ther-
mal stability, the onset of degradation, and the percent
silica incorporated in the polymer matrix. DSC can be
efficiently used to determine the thermal transition
behavior of polymer/silica nanocomposites. TGA charac-
terization of the thermal stability of silica/PMMA nano-
composites made by in situ radical polymerization showed
that the addition of nanosilica particles slightly reduced the
thermal stability of the nanocomposite sample at low
temperatures and slightly delayed random initiation along
the polymer backbone [218]. Similar behavior was also
observed with PMMA/silica nanocomposite films prepared
by copolymerizing MMA with AGE-functionalized silica
nanoparticles [219].

6 Literature survey on biopolymer/silica composite
materials

Biopolymer incorporation in silica gels is of great interest
in the context of biotechnological devices. Many biopoly-
mers have been utilized as templates towards the synthesis
of silica nanocomposites of importance.

Natural polymers such as protein, cellulose, starch,
rubber and polysaccharides are building materials for all
animals and plants tissues. Polysaccharides are most
abundant, biodegradable and renewable biopolymeric
materials and their properties can be suitably tailored by
chemical modification. In general the properties of the
natural polysaccharides are altered to a remarkable degree
by the introduction of very small amounts of substituent
groups of either neutral or ionic types.

Use of polysaccharides as biopolymeric materials in the
templated nanocomposite synthesis for designing multi-
component biologically-active materials is the recent area
of interest. A brief survey of literature on the polysaccha-
ride templated organic—inorganic silica composite materi-
als is summarized as under:

6.1 Gum acacia
Synthesis of electrically active biopolymer-SiO, nano-
composite aerogel has been reported [220], where the

composition of silica/Acacia gum was tailored to optimize
the material’s electronic properties.
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6.2 Chitosan

Using polycondensation of tetraethoxysilane in presence of
chitosan, synthesis of nanocompositional sorbent material
for high-performance liquid chromatography [221] is
reported.Hybrid xerogels of chitosan and silica were pro-
duced using the sol-gel technique [222], which were
transformed into porous silica by elimination of the organic
phase.

Composite material using chitosan [223] with tetrame-
thoxysilane was developed for the bovine serum albumin
(BSA)-encapsulated monolithic column for capillary
electrochromatography.

The hydrolytic polycondensation of tetracthoxysilane in
the presence of chitosan as templates resulted nanohybrid
composite sorbents-nanofractals [224].

A new type of material was prepared [225] from natural
chitosan and a completely water-soluble precursor, tetrakis
(2-hydroxyethyl) orthosilicate (THEOS) by sol—gel process
without using organic solvents and catalysts.

A novel sol-gel nanocomposite material [226] was
produced by silica sol-gel process in micro emulsion or-
ganogels prepared by a percolating droplet network con-
taining chitosan. The structural features of the obtained
chitosan-silica composites have been described and com-
pared with silica-gelatin nanocomposites.

In the prepared matrix, covalently bonded coating and
morphology manipulation on silica gel using one-pot sol—
gel process starting from 7-glycidoxypropyltrimethox-
ysiloxane (GPTMS) and chitosan in the atmosphere of
imprinting polyethylene glycol (PEG) have been reported
[227, 228]. Self-hydrolysis of GPTMS, self-condensation,
and co-condensation of silanol groups (Si—~OH) from
siloxane and silica gel surface, and in situ covalent cross-
linking of chitosan are reported to create an orderly coating
on silica gel surface. PEG extraction using hot ammonium
hydroxide solution gave a chemically and mechanically
stabilized pore structure and deactivated residual epoxy
groups.

Ion-imprinting concept and polysaccharide incorporated
sol-gel process were applied to the preparation of a new
silica-supported organic—inorganic hybrid sorbent [228] for
selective separation of Cd (II) from aqueous solution. In the
prepared shell/core composite sorbent, covalently surface
coating on the supporting silica gel was achieved by using
a Cd (II)-imprinting sol-gel process starting from an
inorganic precursor, y-glycidoxypropyltrimethoxysiloxane
and chitosan (CS).

An amperometric glucose biosensor based on glucose
oxidase immobilized in sol-gel chitosan/silica hybrid
composite film [35] prepared from chitosan and methyl-
trimethoxysilane (MTOS), on the surface of Prussian blue
(PB)-modified glass carbon electrode has been also
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reported. A new strategy [229] based on multi-walled
carbon nanotubes (CNT), Pt nanoparticles and sol-gel
derived chitosan (CS)/silica hybrid composite for fabri-
cating a sensitivity-enhanced glucose biosensor is reported.
Silica sol-gel chitosan composite film [230] was also used
for an amperometric H,O, biosensor. The film was used to
immobilize horseradish peroxidase on a carbon paste
electrode.

Suitable for tissue engineering 3D hybrid scaffolds
based on silica and chitosan in various compositions are
reported [231]. A one-step way to prepare organosilica/
chitosan crosslinked nanospheres [232] was developed
through self-assembly of amphiphilic copolymers synthe-
sized by concurrent grafting polymerization and sol-gel
reaction. The core ‘organosilica’ was formed by hydrolysis
and condensation of an alkyloxosilane-3-(trimethoxysilyl)
propyl methacrylate that was simultaneously polymerized
using chitosan/tert-butyl hydroperoxide as redox-pair
initiator.

Various unique shapes of silica/chitosan hybrid particles
[233] were obtained by biomimetic synthesis of silica with
chitosan (CS) where the chitosan solution was first incu-
bated for different periods of time, leading to different
aggregation states and then some amount of prehydrolyzed
tetraethylorthosilicate (TEOS) was added and reacted.

New organic—inorganic hybrids SiGCX (X = 1-3) were
prepared from the biopolymer chitosan with a degree of the
deacetylation of 86% and three distinct silylating agents of
the type (CH30);Si—-R-NH, [R = —(CH,);—, —(CH,);NH
(CH,),— and —(CH,);NH(CH,),NH(CH,),—] [234]. Both
chitosan and silylating agents had the amine groups
crosslinking through linear glutaraldehyde units.

Homogeneous polymer hybrids of silica gel and carba-
mated chitosan [235] are reported and the silica/chitosan
composite film has been used to immobilize horseradish
peroxidase on a carbon paste electrode.

Silica-butyrylchitosan hybrid films with potential good
blood compatibility [236] were produced by a sol-gel
technique, using butyrylchitosan as the organic species
incorporated into the silicon alkoxide based network.
3-acryloxypropyl trimethoxysilane was used effectively to
combine the organic and inorganic species to form uniform
hybrid biomaterials.

The nanocomposite composed of carboxymethyl chito-
san and gold nanoparticles [237] is reported and horse-
radish peroxidase, as a model enzyme, was immobilized on
it to construct a novel H,O, biosensor.

6.2.1 Cross-linking in micro-/nanogels
The cross-linking in micro-/nanogels is accomplished

either by non-covalent physical associations, covalent
chemical cross-linkages, or their combinations [238-243].
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The cross-links in the physically cross-linked gels arise
from non-covalent attractive forces such as hydrophobic
interactions, hydrogen bonding, and ionic interactions
between the polymers or blending and interpenetrating
networks of two dissimilar polymers. For example, chito-
san chains form physical interactions with PMAA chains,
which results in formation of nanogels [244]. The nanogels
presented negative surface charge at pH =~ 5.0. The zeta
potential tended to be neutral as the molar ratio of MAA-
to-glucosamine decreased. This result is consistent with the
complexation mechanism based on electrostatic interac-
tions between the carboxyl groups of MAA and amino
groups of chitosan. The interplay of other interactions, such
as hydrophobic association of methyl groups of PMAA
chains, may also contribute to the stability of the nanogels.
Recently, the first direct observation of the pH-induced
expulsion of PMAA chains from the physically associated
chitosan-PMAA-CdSe QD hybrid nanogels during a time
period of 32 h (Fig. 11) [244], which is longer than the
time period (20 h) required for macromolecular colloids to
accumulate in solid tumors through the blood stream [245].
The mechanism of chain expulsion of the weak polyelec-
trolyte nanogels in response to a pH variation may involve
pH-induced accumulation of excess charge within the
nanogels [246-249]. The constructed physically associated
hybrid nanogels would not be an ideal candidate for optical
sensing. In contrast, the chemically cross-linked hybrid
nanogels are very stable. Chemically cross-linked gel net-
works were formed by polymerizing MAA monomers in
the presence of chitosan chains and cross-linking agents.
The gel networks formed by such cross-links, also called
semi-interpenetrating (semi-IPN), can exhibit a reversible
structural change in response to a pH change, leading to a
reversible optical response of the constructed hybrid
nanogels. These results provided fundamental guidance for
the construction of feasible and reliable hybrid micro-/
nanogel-based optical probes. Chemically cross-linked
micro-/nanogels can also be formed by cross-linking of the
functional groups presented on the polymer backbone.

Fig. 11 Schematic diagrams
showing the difference between
a physically and chemically
cross-linked chitosan-PMAA-
CdSe hybrid nanogel (Adapted
from Ref. [233]. Reprinted with
permission from Elsevier
Publishing Group, Copyright
(2011))
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6.3 Chitin

Cuttlebone f-chitin was used as a highly organized organic
template with macroscopic porosity to prepare silica-
polysaccharide composites having 3-D interconnected box
structures.

A silica-chitin-based sponge skeleton with respect to
chemical composition and structure may prove to be a novel
model for the biomimetic synthesis also of N-acetyl gluco-
samine (NAG) and poly-NAG-based composites analogous
to well established chitosan-silica hybrid materials [250,
251] with very attractive bioactive properties for applica-
tions in biomedicine. It was reported [252] that silicon was
found to be a constituent of certain glycosaminoglycans. It
was concluded that Si is present as silanolate, that is, ether
(or ester-like) derivative of orthosilicic acid and that R;—O—
Si—O-R; bridges play a role in the structural organization of
glycosaminoglycans. Thus Si may function as a biological
cross-linking agent and contribute to architecture and
resilience of connective tissue [252]. Figure 12 is showing
the Silica-NAG-based materials in the form of rods or
spheres using TMOS and sol-gel techniques in vitro. The
diameter of these spheres could be varied between 2 and
10 mm. SEM investigations on micro and nanostructural
organization of silica-NAG composites revealed strong
evidence that oriented nanocrystals of NAG (Fig. 12a) could
be also observed in form of nanocrystals compactly
embedded within amorphous silica matrix (Fig. 12b, d).
Probably this kind of NAG nanodistribution is responsible
for observed high mechanical stability and resistance of
these composite materials to swelling and following disso-
lution in water containing solutions (Fig. 12c) [253]. These
properties could be probably of interest for technical pur-
poses similar to intercalated chitosan/layered silicate nano-
composites prepared to develop robust and stable sensors
useful for anionic detection in aqueous media as reported on
[254, 255]. This suggest that silica-chitin and silica-NAG
(-poly NAG) composites could be highly optimized bio-
compatible structures that would support and organize

Biopolymer
chitosan

N Chitosan l. -
-+ Drug J iy

|\” sensitive

PMAA

Stable
structure
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Fig. 12 Crystals of N-acetyl
glucosamine obtained from
solution (a) could be also
visualized using SEM even if
being included into amorphous
silica matrix (b). SEM image
(d) revealed strong evidence
that oriented crystals of NAG
are observed in form of
nanocrystals compactly
embedded within this matrix.
Light micrograph (c) of the
silica-NAG spherical
composites, which are highly
stable in water-containing
solutions (Adapted from Ref.
[242])

functional tissues if applied in tissue engineering of bone
and cartilage replacements similar to silica-chitosan-based
biomaterials [256].

6.4 Carageenan

Sol gel synthesis and structure of silica nanocomposites,
containing carageenan are also reported [257] where the
synthesized biocatalysts were used in an enzyme degra-
dation process of the toxic, carcinogenic and mutagenic
substances.

Tetrakis(2-hydroxyethyl)orthosilicate (THEOS) was
used to synthesize monolithic hybrid biomaterials on the
basis of silica and three main types of carrageenans, k-, i-,
and J-carrageenans [258] where k- and i-carrageenans
experienced a thermo reversible phase transition in the
hybrid materials owing to the helix-coil transition.

Pillaring effects in macroporous carrageenan-silica
composite microspheres [259] have been studied where the
hybrid was prepared by the impregnation of a carrageenan
gel by a silica sol.

Biosilica-coated x-carrageenan microspheres for yeast
alcohol dehydrogenase encapsulation are also reported
[260].

6.5 Alginate

Preparation and catalytic properties of novel alginate-
silica-dehydrogenase hybrid biocomposite beads are
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reported [261] Alginate-silica hybrid gel [262, 263] was
prepared through in situ growth of the silica precursor
within an alginate solution, which was followed by Cca’t
cross-linking. The gel was used for the conversion of car-
bon dioxide to methanol using three dehydrogenases which
were encapsulated in the gel. Silica-gel was also obtained
by sol—gel route using aqueous precursors in presence of
alginates [264], whose gelation could be consequently done
on addition of a divalent metal cation.

6.6 Cellulose

SiO,/cellulose nanocomposites [265] were prepared using
two distinct methodologies: deposition of morphological
well-defined SiO, nanoparticles at the fiber’s surface via
polyelectrolytes assembly and the synthesis of SiO,
nanoparticles via tetraethoxysilane (TEOS) hydrolysis in
the presence of cellulose fibers.

The nano-SiO,/cellulose composites [266] were suc-
cessfully synthesized by a sol-gel method using tetraeth-
ylorthosilicate (TEOS) and cellulose in heterogeneous
ethanol solution. The hydrophobicity, thermal stability and
mechanical properties of nano-SiO,/cellulose composites
in the heterogeneous system were higher than those of the
cellulosic materials.

Cellulose/silica hybrids were also prepared using tetra-
methoxysilane (TMOS) in CF3CO,H [267]. As a result;
translucent and heterogeneous composites were obtained
because of high crystallinity of cellulose. To improve the
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affinity between them, ionic liquid modified alkoxysilane
and cubic silsesquioxane were synthesized as inorganic
species. Consequently, transparent polymer hybrid could
be prepared by utilizing these inorganic species.

Organic—inorganic hybrid based on cellulose fibers from
eucalyptus globulus kraft pulp [268] was prepared at room
temperature by a sol-gel method using TEOS as the silica
precursor and H3PW,04 as the catalyst.

Bacterial cellulose/silica hybrid was prepared by mim-
icking biocomposites by nature [269]. Bacterial cellulose-
silica hybrid [270] was also prepared from bacterial cellulose
membranes and tetraethoxysilane (TEOS) at neutral pH
conditions at room temperature.

6.7 Hydroxypropyl cellulose

Hydroxypropyl cellulose (HPC) was incorporated in situ
with silica by the sol-gel process involving various
amounts of added tetraethoxysilane, and hybrids [271] with
nanometre-sized silica particles were prepared. Mesomor-
phic behaviour of (2-hydroxypropyl) cellulose in organic—
inorganic hybrid materials was investigated [272].
Hydroxypropyl cellulose (HPC)/silica micro-hybrids [273]
with various amounts of nanometer-size silica particles
were produced with a sol-gel process, by incorporating
HPC with tetraethoxysilane-derived silica.

6.8 Acetylcellulose

Acetylcellulose (AC)/silica composite were prepared [274]
by sol-gel method in an attempt to realize materials with
Young’s moduli and bending strengths similar to those of
cortical bones. Si (OCH;)4,—AC-H,0-HNOs-tetrahydrofu-
ran-CH3;0C,H,OH solutions were allowed to be gelled,
where AC/TMOS mole ratios were defined for AC mono-
mers, and the gels were dried at 30-70 °C to obtain
composites.

A series of organic/inorganic hybrid films [275] were
prepared using cellulose acetate (CA) as the organic
component and tetraethyl orthosilicates (TEOS) as the
inorganic component. Hybrid composites based on cellu-
lose acetate (CA) and SiO, are also reported [276] by
hydrolysis of tetraethoxysilane. The thermal stability of the
hybrids was similar to pure CA. Composite membranes
were prepared by casting of CA/TEOS mixtures onto a
poly (vinylidene fluoride) support. The presence of the
inorganic phase did not inhibit the growth of Thricoderma
harzianum fungi.

6.9 Xanthan gum/locust bean gum

Tetrakis (2-hydroxyethyl) orthosilicates (THEOS) was
used to prepare hybrid nanocomposites containing various

Xanthan gum, hydroxyethylcellulose and uncharged locust
bean gum and the materials were evaluated for the enzyme
immobilization [155].

6.10 Glucomannan

Glucomannan/silica hybrid and acetylated glucomannan
(GM-Ac) membranes [277] were prepared and their
mechanical properties and gas permeability were exam-
ined. It was demonstrated that the carbohydrate macro-
molecules located on the hydrophobic surface did promote
silica precipitation, serving as a template [278].

o-Galactosidase enzyme was successfully encapsulated
into sol-gel derived hybrid polysaccharide/silica nano-
composites and the main properties of the immobilized
enzyme were studied [279]. Endo-1,3-f-d-glucanases
(laminarinases) separated from marine bivalvia Spisula
sacchalinensis and Chlamys albidus were immobilized into
hybrid polysaccharide-silica nanocomposite materials by
means of the sol-gel processing [280].

New monolithic nanocomposite silica biomaterials
[281] were synthesized on the basis of various natural
polysaccharides and tetrakis (2-hydroxyethyl) orthosili-
cates. The density of network, thickness of fibers, and
properties of synthesized biomaterials depended on the
polysaccharide type, charged degree of their macromole-
cule, and concentration. By varying these parameters, it
was possible to manipulate the structural organization of
hybrid polysaccharide-silica nanocomposites. Recent data
on novel types of hybrid polysaccharide-silica nanocom-
posite materials fabricated with the help of THEOS has
been summarized by Shchipunov et al. [282].

7 Polysaccharide and protein dual templating

The proteins also provide a unique opportunity to regulate
the silica morphology and properties by means of a change
of their secondary and tertiary structure through pH and
temperature [283]. Biomimetic dual templating of silica by
polysaccharide/protein assemblies is also reported [284].
where gelatin and alginic acid were added to silicate
solutions to allow the formation of complex structures
resulting from the combined templating effect of both
components at different scales.

Literature revealed that no attempt till now has been
made to utilize abundantly available commercial guar gum
in making silica hybrids. Guar gum (GG) is an edible
carbohydrate polymer [285] found in the seeds of Cya-
naposis tetragonolobus. It is cold water swelling polymer
[286] and is reported to be one of the most highly efficient
water thickeners. It is routinely used as a dispersion agent,
as a viscosity builder, and water binder in many industries
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such as mining, textiles, explosives, paper, and petroleum.
Although an advantageous property, this viscosity is diffi-
cult to control because of its quick biodegradation [287],
that is why it is rarely used in its natural form. Modification
by grafting of water-soluble vinyl monomers onto GG
results in the retention of desirable properties and incor-
poration of favorable properties [288—290].

But author has already exploited this commercial guar
gum for the synthesis of silica composite materials using
vinyl modified guar gum. The vinyl modified guar gum was
preferred for making the composites as they are reported to
have better shelf life besides having additional function-
alities as vinyl grafts. Poly (acrylonitrile) and poly (acryl-
amide) modified guar gum templates were used with TEOS
as silica precursor for the composite synthesis [291-294].
The synthesized composite materials were evaluated as
adsorbents in the removal of Zn (II) and Cd (II) from
aqueous solutions.

8 Conclusion

The area of organic/inorganic hybrid network materials
prepared by the sol-gel approach has rapidly become a
fascinating new field of research in materials science. The
explosion of research in the past decade in this field has
promoted considerable progress in both the fundamental
understanding of the sol—gel process in general and its use
in the development and applications of new organic/inor-
ganic hybrid materials. It has been discussed within this
review, a very wide range of hybrid material and nano-
composites of different properties can be generated by
combining the appropriate features of a given inorganic
metal moiety with those of appropriately selected organic
species.

Different synthetic strategies have been discussed.
Composite material derived by combining the sol-gel
approach and organic polymers and template directed
synthesis of hybrid material were also the focus area of
review It has also been demonstrated in this review that a
more complete understanding of their structure—property
behavior can be gained by employing many of the standard
tools that are utilized for developing similar structure—
property relationships of organic polymers.

Specifically, use of FTIR, NMR, electron microscopy,
SEM, TEM, AFM, XRD, Thermal analysis and many
important techniques were discuss for characterization of
novel nanomaterials. Literature surveys on biopolymer/sil-
ica composite materials were also part of review. Biomi-
metic dual templating of silica by polysaccharide/protein
assemblies will be the research area of the future. Although
the number of commercial hybrid sol-gel products is
still relatively small, the promise of their use in new

@ Springer

technological applications remains high. It is expected that
over the next decade, numerous such materials will enter
into the marketplace and serve an important function in the
ever growing field of materials science.

Acknowledgments We are thankful to University of Johannesburg,
South Africa and National Research foundation (NRF) for the
financial assistance needed to carry out this review work.

References

—

. Wu W, Chen M, Liang S, Wang X, Chen J, Zhou F (2008) J
Colloid Interface Sci 326:478-482
. Ramam K, Lopez M (2008) J Alloys Compd 466:398-403
. Kim SH, Koh JH (2008) J Eur Ceram Soc 28:2969-2973
. Martines MAU, Davolos MR, Junior MJ, de Souza DF, Nunes
LAO (2008) J Lumin 128:1787-1790
. Papenfuss J (2008) Mod Plast Worldw 85:139-140
. Tsuda K (2007) J Jpn Petrol Inst 50:240-248
7. Rogers M, Small A, Amos T, Johnson A, Sterner L (2006) In:
International SAMPE symposium and exhibition (Proceedings),
vol 51, p 7
8. Zhang Y, Vassilopoulos AP, Keller T (2008) Int J Fatigue
30:1813-1820
9. Meric G, Ruyter IE (2007) Acta Odontol Scand 65:306-312
10. Hufenbach W, Weimann C, Richter H, Langkamp A, Behnisch
T (2007) Keramische Zeitschrift 59:342-344
11. Janschek P (2004) ThyssenKrupp techforum 76-79
12. Musat V (2008) Metalurgia Int 13:29-35
13. McCarthy JR, Weissleder R (2008) Adv Drug Deliv Rev
60:1241-1251
14. Groenewolt M (2008) Progr Org Coat 61:106-109
15. Amerio E, Fabbri P, Malucelli G, Messori M, Sangermano M,
Taurino R (2008) Prog Org Coat 62:129-133
16. Wu LYL, Chwa E, Chen Z, Zeng XT (2008) Thin Solid Films
516:1056-1062
17. Komarneni S (2007) Mater Res Innov 11:37-38
18. Costacurta S, Malfatti L, Falcaro P, Innocenzi P (2007) J Sol-
Gel Sci Technol 44:59-64
19. Hwan KK, Kang SJ, Choi SK, Min YH, Yoon CS (1999) Chem
Mater 11:779-788
20. De Matteis F, Prosposito P, Sarcinelli F, Casalboni M, Pizzo-
ferrato R, Furlani A, Russo MV, Vannucci A, Varasi M (1999) J
Non-Cryst Solids 245:15-19
21. Ng EP, Mintova S (2008) Microporous Mesoporous Mater
114:1-26
22. Xu L, Lee HK (2008) J Chromatogr A 1195:78-84
23. Guo Y, Mylonakis A, Zhang Z, Yang G, Lelkes PI, Che S, Lu Q,
Wei Y (2008) ChemA Eur J 14:2909-2917
24. Gun J, Lev O (1996) Anal Chim Acta 336:1-3
25. Avellaneda CO, Dahmouche K, Bulhdes LOS, Pawlicka A
(2000) J Sol-Gel Sci Technol 19:447-451
26. Fei J, Lim KG, Palmore GTR (2008) Chem Mater 20:
3832-3839
27. Ozer N, Cronin JP (2004) Key Eng Mater 264-268(1): 337-342
28. Yang H, Zhu Y (2007) Biosens Bioelectron 22:2989-2993
29. Fang Z, Wang S, Zhao L, Dong B, Xu Z, Ren J, Yang Q (2008)
Mater Lett 62:1514-1517
30. Itoh T, Matsubara I, Shin W, Izu N (2007) Mater Lett 61:
4031-4034
31. Zhang Y, Shan L, Tu Z, Zhang Y (2008) Sep Purif Technol 63:
207-212

A~ W

AN W



J Sol-Gel Sci Technol (2011) 59:73-94

91

32.

33.

34.

35.

36.
37.

38.

39.
40.

41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
5.
53.
54.
55.
56.
57.
58.
59.
60.

61.

62.

63.

64.

65.
66.

67.
68.

Nam SE, Kim SO, Kang Y, Lee JW, Lee KH (2008) J] Membr
Sci 322:466-474

Landi E, Martorana S, Tampieri A, Guicciardi S, Melandri C
(2008) Key Eng Mater 361-363:547-550

Darder M, Aranda P, Ruiz-Hitzky E (2007) Bionanocomposites
Adv Mater 19:1309-1319

Tan XC, Tian YX, Cai PX, Zou XY (2005) Anal Bioanal Chem
381:500-507

Novak BM (1993) Adv Mater 5:422-433

Hajji P, David L, Gerard JF, Pascault JP, Vigier G (1999) J
Polym Sci Part B Polym Phys 37:3172-3187

Mammeri F, Le Bourhis E, Rozes L, Sanchez C (2005) J Mater
Chem 15:3787

Tjong SC (2006) Mater Sci Eng 53:73-197

Cong HL, Radosz M, Towler BF, Shen YQ (2007) Sep Purif
Technol 55:281-291

Schubert U, Hiising N, Lorenz A (1995) Chem Mater 7:
2010-2027

Judeinstein P, Sanchez C (1996) J Mater Chem 6:511-525
Wen JY, Wilkes GL (1996) Chem Mater 8:1667-1681
Pomogailo AD (2000) Russ Chem Rev 69:53-80

Schottner G (2001) Chem Mater 13:3422-3435

Caruso F (2001) Adv Mater 13:11-22

Caruso RA, Antonietti M (2001) Chem Mater 13:3272-3282
Tseng TK, Lin YS, Chen YJ, Chu H (2010) Int J Mol Sci
11:2336-2361

Sanchez C, Julian B, Belleville P, Popall M (2005) J Mater
Chem 15:3559-3592

Sarikaya M, Furlong CE, Staley JT (1994) Am Soc Mech Eng
28:47-48

Tampieri A, Sandri M, Landi E, Pressato D, Francioli S, Quarto
R, Martin I (2008) Biomaterials 29:3539-3546

Maruszewski K, Strek W, Jasiorski M, Ucyk M (2003) Radiat
Eff Defects Solids 158:439-450

Wright JD, Sommerdijk NAJM (2001) Sol-gel materials chem-
istry and applications. Taylor & Francis Group, London, p 8
Brinker C, Schere GW (1990) Sol-gel science: the physics and
chemistry of sol-gel processing. Academic Press, London
Bottcher H, Slowik P, Suss W (1998) J Sol-Gel Sci Technol
13:277-281

Jokinen M, Gyorvary E, Rosenholm JB (1998) Colloid Surf A
Physicochem Eng Asp 141:205-216

Peltola M, Suonpdi J, Aitasalo K, Varpula M, Yli-Urpo RA,
Happonen P (1998) Head Neck 20:315-318

Falaize S, Radin S, Ducheyne P (1999) J Am Ceram Soc
82:969-976

Ahola M, Siilynoja E, Raitavuo M, Vaahtio M, Salonen J, Yli-
Urpo A (2001) Biomaterials 22:2163-2170

Oliver C (1994) Preparation of colloidal gold. Methods Mol Biol
(Clifton, NJ) 34:299-302

Hasegawa S, Horike S, Matsuda R, Furukawa S, Mochizuki K,
Kinoshita Y, Kitagawa S (2007) J Am Chem Soc 129:
2607-2614

Im D, Ham YN, Kim H, Lee J, Doo SG (2006) ACS National
Meeting Book of Abstracts 231

Zhang Y, Ren H-B, Xu J-J, Du K, Zhang L, Xiu P (2006)
Qiangjiguang Yu Lizishu/High Power Laser and Particle Beams
18:1841-1844

Lee YH, Oh JG, Oh HS, Kim H (2008) Electrochem Commun
10:1035-1037

Filler R (1954) J Org Chem 19:544-547

Soukoulis C, Chandrinos I, Tzia C (2008) LWT Food Sci
Technol 41:1816-1827

Liao HT, Wu CS (2008) J Appl Polym Sci 108:2280-2289
Zhao XP, Duan X (2002) J Colloid Interface Sci 251:376-380

69.

70.

71.

72.

73.

74.

75.
76.

7.

78.
79.

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.

91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.
102.

Su C, Wu G, Qiao J, Jiang L (2007) Key Eng Mater
353-358:1471-1474

Tang DY, Qiao YJ, Zhang YF (2007) In: Proceedings of SPIE—
the international society for optical engineering 6423, art. No.
64234D

Sepahvand R, Adeli M, Astinchap B, Kabiri R (2008) J Nano-
particle Res 10:1309-1318

Eksik O, Erciyes AT, Yagci Y (2008) J Macromol Sci Part A
Pure Appl Chem 45:698-704

Vargo TG, Koloski TS, MacRae DM, Lucey DW, Zhan D,
Brupbacher JB (2006) In: NSTI nanotechnology conference and
trade show—NSTI nanotech 2006 technical proceedings, vol 2,
pp 772777

Menner A, Salgueiro M, Shaffer MSP, Bismarck A (2008) J
Polym Sci Part A Polym Chem 46:5708-5714

Lu X, Wen Z, Li J (2006) Biomaterials 27:5740-5747

Li Q, Xue Q, Zheng Q, Hao L, Gao X (2008) Mater Lett
62:4229-4231

Slobodian P, Pavlinek V, Lengédlova A, Saha P (2009) Curr Appl
Phys 9:184-188

Xu D, Wang Z (2008) Polymer 49:330-338

Pramanik M, Srivastava SK, Samantaray BK, Bhowmick AK
(2001) J Mater Sci Lett 20:1377-1380

Chen B, Liu S, Evans JRG (2008) J Appl Polym Sci
109:1480-1483

Schmidt H (2006) Soft Mater 4:143-164

Huang HH, Orler B, Wilkes GL (1985) Polym Bull 14:557
Schmidt H (1985) J Non-Cryst Solids 73:681

Chen Y, Iroh JO (1999) Chem Mater 11:1218

Chao MC, Lin HP (2004) Chem Lett 33:672-673

Klemperer WG, Mainz VV, Brinker CJ, Clark D, Ulrich DR
(1988) In: Better ceramics through chemistry III, vol 121.
Materials Research Society, Pittsburgh, p 15

Bryans TR, Brawner VL, Quitevis EL (2000) J Sol-Gel Sci
Technol 17:211-217

Payne JT, Mauritz KA (1996) Am Chem Soc Poly Prepr Div
Polym Chem 37:520-521

Reale E, Leyva A, Corma A, Martinez C, Garcia H, Rey F
(2005) J Mater Chem 15:1742-1754

Aleman J, Chadwick AV, He J, Hess M, Horie K, Jones RG,
Kratochvil P, Meisel I, Mitas I, Moad G, Penczek S, Stepto RFT
(2007) Pure Appl Chem 79:1801-1829

Kachynski AV, Kuzmin AN, Nyk M, Roy I, Prasad PN (2008) J
Phys Chem C 112:10721-10724

Guskos N, Typek J, Bodziony T, Zolnierkiewicz G, Maryniak
M, Biedunkiewicz A (2009) J Alloys Compd 470:51-54

Wang J, Pamidi PVA, Jiang M (1998) Anal Chim Acta
360:171-178

Sanchez C, Ribot F, Lebeau B (1999) J Mater Chem 9:35-44
Shen Y, Mackey G, Rupcich N, Gloster D, Chiuman W, Li Y,
Brennan JD (2007) Anal Chem 79:3494-3503

Yoshinaga K (2002) Bull Chem Soc Jpn 75:2349-2358
Maruszewski K (2005) In: 5th International conference on
polymers and adhesives in microelectronics and photonics—
proceedings, art. No. 1596509, pp 164-165

Matejka L, Dukh O, Drahomira H, Brus J, Simonsick WJ Jr
(2000) Polym Prepr Div Polym Chem 41:502

Zhu G, Yang Q, Zhong H, Jiang D, Li C (2007) J Phys Chem B
111:8027-8033

Li YH, Zhang WJ, Zhang WN, Yang XY, Ren M, Zhu GY
(2007) Cailiao Kexue yu Gongyi/Material Science and Tech-
nology 15:358-365

Williams DE, Kabra PM (1990) Anal Chem 62:807-810

Yano S, Nakamura K, Kodomari M, Yamauchi N (1994) J Appl
Polym Sci 54:163-176

@ Springer



92

J Sol-Gel Sci Technol (2011) 59:73-94

103.

104.

105.

106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.

117.
118.
119.

120.

121

123.

124.
125.
126.

127.
128.

129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.

140.
141.

142.

Kaddami H, Gerard JF, Pascault JP (1999) In: Materials research
society symposium—proceedings, vol 576, pp 51-61

Jia J, Tang M, Chen X, Qi L, Dong S (2003) Biosens Bioelec-
tron 18:1023-1029

Eisenberg P, Erra-Balsells R, Ishikawa Y, Lucas JC, Mauri AN,
Nonami H, Riccardi CC, Williams RJJ (2000) Macromolecules
33:1940-1947

Donescu D, Serban S, Gosa K, Petcu C (2005) Central Eur J
Chem 3:10-27

Kaddami H, Gerard JF, Pascault JP (1999) Materials research
society symposium—proceedings, vol 576, pp 51-61

Kokado K, Chujo Y (2008) Chem Lett 37:732-733

Ahmad Z, Mark JE (2001) Chem Mater 13:3320-3330

Ispas C, Sokolov I, Andreescu S (2009) Anal Bioanal Chem
393:543-554

Ren TZ, Yuan ZY, Su BL (2007) Colloid Surf A Physicochem
Eng Aspects 300:79-87

Qiu FX, Zhou YM, Liu JZ, Zhang XP (2007) Cailiao Kexue yu
Gongyi/Material Science and Technology 15:137-140

Lee RH, Hsiue GH, Jeng RJ (1999) J Polym Sci Part A Polym
Chem 37:2503-2510

Crossley MJ, Johnston LA (2002) Chem Commun 10:
1122-1123

Kotoky T, Dolui SK (2006) Colloid Polym Sci 284:1163—-1169
Poompradub S, Chaichua B, Kanchanaamporn C, Boosalee T,
Prasassarakich P (2008) KGK Kautschuk Gummi Kunststoffe
61:152-155

Miyake J, Chujo Y (2006) Polym Prepr Jpn 55:2898

Xiong M, Zhang K, Chen Y (2008) Eur Polym J 44:3835-3841
Dervaux B, Van Camp W, Van Renterghem L, Du Prez FE
(2008) J Polym Sci Part A Polym Chem 46:1649-1661

Vidts KRM, Du Prez FE (2006) Eur Polym J 42:43-50

. Lukens WW, Stucky GD (2002) Chem Mater 14:1665-1670
122.

Diaz 1, Garcia B, Alonso B, Casado CM, Moran M, Losada J,
Pérez-Pariente J (2003) Chem Mater 15:1073-1079
Muniz-Miranda M, Ottaviani MF (2004) Laser Phys 14:
1533-1538

Chiang CL, Ma CCM (2004) Polym Degrad Stab 83:207-214
Cheng F (2008) Chem Mater 20:667-681

Zakhidov AA, Baughman RH, Igbal Z, Cui C, Khayrullin I,
Dantas SO, Marti J, Ralchenko VG (1998) Science 282:897-901
Schneider JJ, Engstler J (2006) Eur J Inorg Chem 1723

Sun Y, Tao Z, Chen J, Herricks T, Xia Y (2004) J Am Chem Soc
126:5940

Chen J, Tao Z, Li S (2004) J Am Chem Soc 126:3060

Chen J, Xu L, Li W, Gou X (2005) Adv Mater 17:582

Li WY, Xu LN, Chen J (2005) Adv Funct Mater 15:851

Cai FS, Zhang GY, Chen J, Gou XL, Liu HK, Dou SX (2004)
Angew Chem Int Ed 43:4212

Cheng FY, Chen J, Shen PW (2005) J Power Sources 150:255
Li W, Zhang S, Chen J (2005) J Phys Chem B 109:14025

Li X, Cheng F, Guo B, Chen J (2005) J Phys Chem B 109:14017
Zhang G, Li C, Cheng F, Chen J (2007) Sens Actuators B
120:403

Gin DL, Gu W, Pindzola BA, Zhou WJ (2001) Acc Chem Res
34:973

Gou X, Cheng F, Shi Y, Zhang L, Peng S, Chen J, Shen P (2006)
J Am Chem Soc 128:7222

Nam KT, Kim DW, Yoo PJ, Chiang CY, Meethong N, Ham-
mond PT, Chiang YM, Belcher AM (2006) Science 312:885
Polarz S, Antonietti M (2002) Chem Commun 2593

Schmidt I, Boisen A, Gustavsson E, Stahl K, Pehrson S, Dahl S,
Carlsson A, Jacobsen CJH (2001) Chem Mater 13:4416—4418
Tosheva L, Parmentier J, Valtchev V, Vix-Guterl C, Patarin J
(2005) Carbon 43:2474-2480

@ Springer

143.

144.
145.

146.

147.

148.

149.

150.
151.

152.

153.

154.
155.

156.

157.

158.

159.

160.

161.

162.

163.

164.
165.

166.

167.

168.

169.

170.
171.
172.
173.
174.

175.

176.

177.
178.

Tosheva L, Parmentier J, Saadallah S, Vix-Guterl C, Valtchev
V, Patarin J (2004) J Am Chem Soc 126:13624-13625
Holland BT, Blanford CF, Stein A (1998) Science 281:538-540
Holland BT, Blanford CF, Do T, Stein A (1999) Chem Mater
11:795-805

Mayoral R, Requena J, Moya JS, Lopez C, Cintas A, Miguez H,
Meseguer F, Vazquez L, Holgdo M, Blanco A (1997) Adv Mater
9:257-260

Park SH, Qin D, Xia Y (1998) Adv Mater 10:1028-1032
Johnson SA, Olliver PJ, Mallouk TE (1999) Science 283:
963-965

Antonietti M, Berton B, Goltner C, Hentze HP (1998) Adv
Mater 10:154-159

Imhof A, Pine DJ (1997) Nature 389:948-951

Valtchev VP, Smaihi M, Faust AC, Vidal L (2004) Chem Mater
16:1350-1355

Valtchev V, Smaihi M, Faust AC, Vidal L (2004) Stud Surf Sci
Catal 154:588-592

Valtchev V, Smaihi M, Faust AC, Vidal L (2003) Angew Chem
Int Ed 42:2782-2785

Domae M, Saito R (2005) Polym Prepr Jpn 54:1119
Shchipunov YA, Karpenko TYu, Bakunina [Yu, Burtseva YV,
Zvyagintseva TN (2004) J Biochem Biophys Methods 58:25-38
Cauqui MA, Rodriquez-Izquierdo JM (1992) Application of the
sol-gel methods to catalyst preparation. J Non-Cryst Solids
147:724-738

Coles MP, Lugmair CG, Terry KW, Tilley TD (2000) Chem
Mater 12:122-131

Sault AG, Martino A, Kawola JS, Boespflug E (2000) J Catal
191:474-479

de Morais TD, Chaput F, Lahlil K, Boilot JP (1999) Adv Mater
11:107-112

Gebauer T, Schmid G (1999) Zeitschrift fiir anorganische und
allgemeine Chemie 625:1124-1128

Seddon A (1998) In: IEE proceedings. Circuits, devices, and
systems, vol 145, p 369

Agranovich VM, Basko DM, LaRocca GC, Bassani F (1998) J
Phys Condens Matter 10:9369-9400

Unger K, Rupprecht H, Valentin B, Kircher W (1983) Drug Dev
Ind Pharmacy 9:69-91

Langer R (1998) Nature 392:5-10

Klein CPAT, Li P, Blieck-hogervorst JMA, de Groot K (1995)
Biomaterials 16:715-719

Wilson J, Douek E, Rust K (1995) In: Wilson J, Hench L,
Greenspan D (eds) Bioceramics, vol 8. Proceeding of the 8th
international symposium on ceramics in medicine. Alden Press,
Oxford, pp 239-245

Suominen E, Kinnunen J (1996) Scand J Plast Reconstr Surg
Hand Sur 30:281-289

Stoor P, Soderling E, Grenman R (1999) J Biomed Mater Res
48:869-874

Klem MT, Young M, Douglas T (2005) Mater Today (Oxford
UK) 8:28-37

Reiss G, Huetten A (2005) Nat Mater 4:725-726

Dobson J (2006) Nanomedicine 1:31-37

Gu H, Xu K, Xu C, Xu B (2006) Chem Commun 9:941-949
Lin X-M, Samia ACS (2006) J] Magn Magn Mater 305:100-109
Mornet S, Vasseur S, Grasset F, Veverka P, Goglio G, De-
mourgues A, Portier J, Pollert E, Duguet E (2006) Prog Solid
State Chem 34:237-247

Sun S (2006) Adv Mater 18:393-403

Vatta LL, Sanderson RD, Koch KR (2006) Pure Appl Chem
78:1793-1801

Leslie-Pelecky DL, Rieke RD (1996) Chem Mater 8:1770-1783
Bibette J (1993) J Magn Magn Mater 122:37-41



J Sol-Gel Sci Technol (2011) 59:73-94

93

179.

180.
181.

182.

183.
184.

185.
186.
187.
188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.
199.

200.
201.

202.

203.

204.

205.

206.

207.

208.
209.

210.

211.

212.
213.

214.

Liu J, Lawrence EM, Wu A, Ivey ML, Flores GA, Javier K,
Bibette J, Richard J (1995) Phys Rev Lett 74:2828-2831
Promislow JHE, Gast AP (1996) Langmuir 12:4095-4102
Furst EM, Suzuki C, Fermigier M, Gast AP (1998) Langmuir
14:7334-7336

Caruso F, Susha AS, Giersig M, Mohwald H (1999) Adv Mater
11:950-953

Furst EM, Gast AP (1999) Phys Rev Lett 82:4130-4133
Tannenbaum R, Flenniken CL, Goldberg EP (1987) J Polym Sci
Part B Polym Phys 25:1341-1358

Tannenbaum R, Flenniken CL, Goldberg EP (1990) J Polym Sci
Part B Polym Phys 28:2421-2433

Tannenbaum R (1994) Inorg Chim Acta 227:233-240

Sohn BH, Cohen RE (1997) Chemistry of Materials 9:264-269
Tannenbaum R (1997) Langmuir 13:5056-5060

Tadd EH, Bradley J, Tannenbaum R (2002) Langmuir 18:
2378-2384

Rutnakornpituk M, Thompson MS, Harris LA, Farmer KE,
Esker AR, Riffle JS, St. Connolly J, Pierre TG (2002) Polymer
43:2337-2348

St. Connolly J, Pierre TG, Rutnakornpituk M, Riffle JS (2004) J
Phys D Appl Phys 37:2475-2482

Vadala ML, Rutnakornpituk M, Zalich MA, St. Pierre TG, Riffle
JS (2004) Polymer 45:7449-7461

Baranauskas VV, Zalich MA, Saunders M, Pierre TG, Riffle JS
(2005) Chem Mater 17:5246-5254

Zalich MA, Baranauskas VV, Riffle JS, St. Saunders M, Pierre
TG (2006) Chem Mater 18:2648-2655

Takahashi K, Tamaura Y, Kodera Y, Mihama T, Saito Y, Inada
Y (1987) Biochem Biophys Res Comm 142:291-296

Gao Y, Choudhury NR (2003) In: Nalwa HS (ed) Handbook of
organic-inorganic hybrid materials and nanocomposites. Amer-
ican Scientific Publishers, Stevenson Ranch, vol 1, pp 271-293
Shang XY, Zhu ZK, Yin J, Ma XD (2002) Chem Mater 14:
T1-77

Huang SL, Chin WK, Yang WP (2005) Polymer 46:1865-1877
Bandyopadhyay A, De Sarkar M, Bhowmick AK (2005) J Mater
Sci 40:5233-5241

Jang J, Park H (2002) J Appl Polym Sci 83:1817-1823

Lai SM, Wang CK, Shen HF (2005) J Appl Polym Sci
97:1316-1325

Hsu YG, Chiang IL, Lo JF (2000) J Appl Polym Sci 78:
1179-1190

Kickelbick G (2007) In: Kickelbick G (ed) Hybrid materials.
Synthesis, characterization, and applications. Wiley-VCH,
Weinheim, Chap 1

Gao Y, Choudhury NR, Dutta N, Matisons J, Reading M, Del-
motte L (2001) Chem Mater 13:3644-3652

Jain S, Goossens H, van Duin M, Lemstra P (2005) Polymer
46:8805-8818

Petrovic ZS, Javni I, Waddon A, Banhegyi G (2000) J Appl
Polym Sci 76:133-151

Oberdisse J, Hine P, Pyckhout-Hintzen W (2007) Soft Matter
3:476-485

Oberdisse J, Deme B (2002) Macromolecules 35:4397-4405
Berriot J, Montes H, Martin F, Mauger M, Pyckhout-Hintzen W,
Meier G, Frielinghaus H (2003) Polymer 44:4909-4919

El Harrak A, Carrot G, Oberdisse J, Jestin J, Boué F (2005)
Polymer 46:1095-1104

Winberg P, De Sitter K, Dotremont C, Mullens S, Vankelecom
IFJ, Maurer FHJ (2005) Macromolecules 38:3776-3782

Lee NG, Amy JP, Croue HB (2005) J Membr Sci 261:7-16
Amalvy JI, Percy MJ, Armes SP, Leite CAP, Galembeck F
(2005) Langmuir 21:1175-1179

Becker C, Kutsch B, Krug H, Kaddami H (1998) J Sol-Gel Sci
Technol 13:499-502

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.
226.

2217.
228.

229.
230.
231.

232.
233.
234.
235.
236.
237.
238.
239.
240.
241.

242.
243.

244.
245.
246.
247.

248.
249.

250.

251.

252.
253.

Zhang MQ, Rong MZ, Zeng HM, Schmitt S, Wetzel B, Fried-
rich K (2001) J Appl Polym Sci 80:2218-2227

Percy MJ, Michailidou V, Armes SP, Perruchot C, Watts JF,
Greaves SJ (2003) Langmuir 19:2072-2079

Percy MJ, Amalvy JI, Barthet C, Armes SP, Greaves SJ, Watts
JF, Wiese H (2002) J Mater Chem 12:697-702

Kashiwagi T, Morgan AB, Antonucci JM, VanLandingham MR,
Harris RH, Awad WH, Shields JR (2003) J Appl Polym Sci
89:2072-2078

Liu YL, Hsu CY, Hsu KY (2005) Polymer 46:1851-1856
Tiwari A, Mishra AP, Dhakate SR, Khan R, Shukla SK (2007)
Mater Lett 61:4587-4590

Rashidova SS, Shakarova DS, Ruzimuradov ON, Satubaldieva
DT, Zalyalieva SV, Shpigun OA, Varlamov VP, Kabulov BD
(2004) J Chromatogr B Anal Technol Biomed Life Sci 800:
49-55

Retuert J, Quijada R, Arias V, Yazdani-Pedram M (2003) J
Mater Res 18:487-494

Kato M, Saruwatari H, Sakai-Kato K, Toyo’oka T (2004) J
Chromatogr A 1044:267-270

Kabulov BD, Akhundzhanov KA, Yunusov FU, Shpigun OA,
Negmatov SS (2007) Russ J Phys Chem 81:354-356

Wang GH, Zhang LM (2006) J Phys Chem B 110:24864
Watzke HJ, Dieschbourg C (1994) Adv Colloid Interface Sci
50:1-14

Li F, Li XM, Zhang SS (2006) J Chromatogr A 1129:223-230
Li F, Du P, Chen W, Zhang S (2007) Anal Chim Acta
585:211-218

Kang X, Mai Z, Zou X, Cai P, Mo J (2008) Talanta 74:879-886
Miao Y, Tan SN (2001) Anal Chim Acta 437:87-93

Reis EM, Vasconcelos WL, Mansur HS, Pereira MM (2008)
Key Eng Mat 361-363:967-970

Fei B, Lu H, Xin JH (2006) Polymer 47:947-950

Leng B, Chen X, Shao Z, Ming W (2008) Small 4:755-758
Airoldi C, Monteiro OAC Jr (2000) J Appl Polym Sci
77:797-804

Tamaki R, Chujo Y (1999) Compos Interfaces 6:259-272

Zhu AP, Zhang Z, Shen J (2003) J Mater Sci Mater Med 14:27-31
Xu Q, Mao C, Liu NN, Zhu JJ, Sheng J (2006) Biosens Bio-
electron 22:768-773

Hoffman AS (2002) Adv Drug Deliv Rev 43:3-12

Nayak S, Lyon LA (2005) Angew Chem Int Ed 44:7686-7708
Peppas NA, Hilt JZ, Khademhosseini A, Langer R (2006) Adv
Mater 18:1345-1360

Kabanov AV, Vinogradov SV (2009) Angew Chem Int Ed
48:5418-5429

Sanson N, Rieger J (2010) Polym Chem 1:965-977

Motornov M, Roiter Y, Tokarev I, Minko S (2010) Prog Polym
Sci 35:174-211

Wu W, Shen J, Banerjee P, Zhou SQ (2010) Biomaterials
31:8371-8381

Matsumura Y, Maeda H (1986) Cancer Res 46:6387-6392
Hiller J, Mendelsohn J, Rubner MF (2002) Nat Mater 1:59-63
Picart C, Mutterer J, Richert L, Luo Y, Prestwich GD, Schaaf P
et al (2002) Proc Natl Acad Sci USA 99:12531-12535

Sui ZJ, Schlenoff JB (2004) Langmuir 20:6026-6031
Kharlampieva E, Ankner JF, Rubinstein M, Sukhishvili SA
(2008) Phys Rev Lett 100:128303

Shchipunov YA, Karpenko TY, Krekoten AV, Postnova IV
(2005) J Colloid Interface Sci 287:373-378

Shirosaki Y, Tsuru K, Hayakawa S et al (2005) Biomaterials
26:485-493

Schwarz K (1973) Proc Natl Acad Sci U S A 70:1608-1612
Hermann E, Dorte J, Paul S, Vasily VB, Nikolay PS, Christiane
E, Michael M, René B, Sascha H, Thomas H, Hartmut W, John
NV (2008) J Nanomater 670235:8

@ Springer



94

J Sol-Gel Sci Technol (2011) 59:73-94

254.

255.
256.

257.

258.

259.

260.

261.

262.

263.

264.
265.

266.

267.
268.

269.

270.

271.

272.

273.

274.
275.

Darder M, Colilla M, Ruiz-Hitzky E (2003) Chem Mater
15:3774-3780

Ray SS, Bousmina M (2005) Prog Mater Sci 50:962-1079
Wang SF, Shen L, Tong YJ (2005) Polym Degrad Stab
90:123-131

Samuneva B, Kabaivanova L, Chernev G, Djambaski P, Kash-
chieva E, Emanuilova E, Miranda Salvado IM, Wu A (2008) J
Sol-Gel Sci Technol 1-7

Shchipunov YA (2003) J Colloid Interface Sci 268:68-76
Boissiére M, Tourrette A, Devoisselle JM, Di Renzo F, Quig-
nard F (2006) J Colloid Interface Sci 294:109-116

Jiang Y, Jiang YJ, Zhang YF, Li J, Zhang L, Jiang ZY (2007) J
Biomater Sci Polym Ed 18:1517-1526

XuS-W, LuY, LiJ, Jiang Z-Y, Wu H (2006) Ind Eng Chem Res
45:4567-4573

Ma L, Wen J, Lu W, Caiyin Q, Liang Y (2008) Enzyme
Microbial Tech 42:235-241

Lu Y, Jiang ZY, Xu SW, Wu H (2006) Catal Today 115:
263-268

Coradin T, Livage J (2003) J Sol-Gel Sci Technol 26:1165-1168
Pinto RJB, Marques PAAP, Barros-Timmons AM, Trindade T,
Neto CP (2008) Compos Sci Technol 68:1088—1093

Mo Z, Zhao Z, Chen H, Niu G (2008) Fuhe Cailiao Xuebao/Acta
Materiae Compositae Sinica 25:24-28

Miyake J, Chujo Y (2006) Polym Prepr 55:2898

Sequeira S, Evtuguin DV, Portugal I (2007) ACS Symp Ser
954:121-136

Maeda H, Nakajima M, Hagiwara T, Sawaguchi T, Yano S
(2006) J Mater Sci 41:5646-5656

Barud HS, Assuncdo RMN, Martines MAU, Dexpert-Ghys J,
Marques RFC, Messaddeq Y, Ribeiro SJL (2008) J Sol-Gel Sci
Technol 46:363-367

Yano S (1994) Polymer 35:5565-5570

Wojciechowski P, Halamus T, Pietsch U (2006) Mater Sci
Poland 24:507-516

Yano S, Kodomari M (1996) Nihon Reoroji Gakkaishi 24:15-20
Tanaka K, Kozuka H (2005) J Mater Sci 40:5199-5206
Shojaie SS, Rials TG, Kelley SS (1995) J Appl Polym Sci
58:1263-1274

@ Springer

276.

271.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

Zoppi RA, Gongalves MC (2002) J Appl Polym Sci 84:
2196-2205

Yamaki S, Maeda H, Hagiwara T, Sawaguchi T, Yano S,
Mizoguchi K (2005) Polym Prepr Jpn 54:3606

Shchipunov YuA, Kojima A, Imae T (2005) J Colloid Interface
Sci 285:574-580

Bakunina IYu, Nedashkovskaya OI, Zvyagintseva TN,
Shchipunov YuA (2006) Russ J Appl Chem 79:827-832
Shchipunov YuA, Burtseva YuV, Karpenko TYu, Shevchenko
NM, Zvyagintseva TN (2006) J Mol Catal B Enzym 40:16-23
Shchipunov YA, Karpenko TYu (2004) Langmuir 20:
3882-3887

Shchipunov YA, Karpenko TYu, Krekoten AV (2005) Compos
Interfaces 11:587-607

Shchipunov Y, Shipunova N (2008) Colloids Surf B Biointer-
face 63:7-11

Gautier C, Abdoul-Aribi N, Roux C, Lopez PJ, Livage J, Cor-
adin T (2008) Colloids Surf B Biointerfaces 65:140-145
Whistler RL (1969) The encyclopaedia of polymer science and
technology, vol 11. Wiley, New York, p 416

Bajpai UDN, Jain A, Bajpai AK (1990) Acta Polymerica
41:577-581

Deshmukh SR, Chaturvedi PN, Singh RP (1985) J Appl Polym
Sci 30:4013-4018

Singh V, Tiwari A, Tripathi DN, Sanghi R (2004) J Appl Polym
Sci 92:1569-1575

Singh V, Tiwari A, Shukla P, Singh SP, Sanghi R (2006) React
Funct Polym 66:1306-1318

Singh V, Tiwari A, Tripathi DN, Sanghi R (2004) Carbohydr
Polym 58:1-6

Singh V, Tiwari A, Pandey S, Singh SK (2007) J Appl Polym
Sci 104:536-544

Singh V, Pandey S, Singh SK, Sanghi R (2008) J Sol-Gel Sci
Technol 47:58-67

Singh V, Pandey S, Singh SK, Sanghi R (2009) Sep Purif
Technol 67:251-261

Singh V, Pandey S, Singh SK, Kumar P (2011) J Non-Cryst
Solids 357:194-201



	Sol--gel derived organic--inorganic hybrid materials: synthesis, characterizations and applications
	Abstract
	Introduction
	Natural origins
	Hybrid materials and nanocomposites
	Nanocomposites
	Synthetic strategies
	Building block approach
	In situ formation of the components
	In situ formation of inorganic materials
	Sol--gel process


	Materials by the sol--gel process
	Composite materials derived by combining the sol--gel approach and organic polymers
	Organic building blocks
	Small molecules
	Macromolecules
	Particles and particle-like structures
	Template-directed synthesis of hybrid materials
	Magnetic hybrid nanocomposite material
	Metallic magnetic nanoparticle from block copolymers
	Synthesis of iron oxide magnetic nanoparticles


	Characterization of materials
	Characterization based on chemical structure
	Characterization based on microstructure and morphology
	Characterization based on thermal properties

	Literature survey on biopolymer/silica composite materials
	Gum acacia
	Chitosan
	Cross-linking in micro-/nanogels

	Chitin
	Carageenan
	Alginate
	Cellulose
	Hydroxypropyl cellulose
	Acetylcellulose
	Xanthan gum/locust bean gum
	Glucomannan

	Polysaccharide and protein dual templating
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


