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PREFACE

Oxides and phosphates are among the most important classes of inorganic com-

pounds. As illustrative examples, silicon dioxide, which constitutes the most part of

the earth globe and is used in the production of glasses, and calcium phosphate,

which is present in bone, can be mentioned.

To modify a surface is to promote, through chemical reactions, or some kind of

physical process, the modification of its chemical composition. Such modification is

generally performed to enhance some ‘‘natural’’ property of the compound or, on

the contrary, to give to a specific surface a property that it does not naturally exhibit.

The best result can be achieved when the modifying species introduced on the

surface interact, in a synergic way, with the chemical species on the host compound.

To promote the modification of the surface, any kind of chemical reaction/

process can be used. However, the sol–gel process has played a very special role

among the set of chemical methodologies for surface modification.

The term ‘‘surface’’ must be considered in a broad sense. If, for example, we are

talking about an amorphous solid such as silica gel, one understands immediately

what is being considered as the surface, but when considering a lamellar solid, such

as molybdenum oxide, both ‘‘surfaces,’’ that is, the external and internal (intrala-

mellar) parts of the solid must be taken into account. So, to promote intercalation is

also to modify a surface, of course.

As the title indicates, this little book is devoted specifically to modified oxides and

phosphates. Each chapter consists of a general and short introduction to the specific

subject, followed by some examples from the literature and by a specific example, or

examples; this last part is organized, in some cases, with a ‘‘paper structure,’’ that is,

with an experimental part and a results and discussion section. I think that this is a

good choice since not only ‘‘general’’ data are presented, but specific procedures to

prepare the described compounds, adding to the ‘‘fundamental’’ knowledge pre-

sented. Hence, the present book is both a review about a specific theme, and also a

preparative manual.

From the point of view of applications, as the reader can verify, modified oxide

and phosphate surfaces can be used in various fields such as (a) sequestrating agents

for metal cations, (b) active species in the production of electrochemical sensors,

(c) new chromatographic phases, (d) new light conversion molecular devices,

(e) molecular sieves, and (f) cation exchange matrices, among many others. In this

context, it is not a surprise that it is practically impossible to read any issue of a

magazine dedicated to materials or solid state or inorganic chemistry without

finding, in every issue, some papers dealing with the preparation and applications
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of some modified oxide or phosphate. At the end of each chapter, in the ‘‘references’’

section are listed the articles from which specific information have been extracted.

In the ‘‘bibliography’’ are shown a list of the works from which general information

has been obtained to provide the ‘‘backbone’’ of each chapter, as well as an overview

of the state of the art.

I hope that this little book will help to increase the number of professionals

interested in so fascinating compounds such as oxides and phosphates.

Robson F. de Farias
Natal, Brazil. March, 2008.
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C H A P T E R O N E

OXIDES AND PHOSPHATES

Contents

References 2

Oxides can be defined as binary compounds formed between various elements and
oxygen, while phosphates can be defined as salts based formally on phosphorus (V)
oxoacids and in particular salts of phosphoric (V) acid, H3PO4. Both oxides and
phosphates are among the most important classes of inorganic compounds. For
example, silicon dioxide (SiO2) is the main compound in the Earth’s crust, and
apatite, a complex mineral form of calcium phosphate, Ca5(PO4)3 (OH, F, Cl) is the
main compound on the enamel of teeth [1–3].

Besides their uses as pigments, many oxides exhibit catalytic properties, making
them a very important class of compounds, for both basic and technological
research. Phosphates, on the other hand, have also a lot of practical uses, for
example, fertilizers based on ammonium phosphate.

While ‘‘pure’’ oxides and phosphates exhibit many possible chemical interac-
tions, modified oxide and phosphates could be considered as exhibiting ‘‘expanded’’
chemical interactions, with very interesting possible consequences for basic and
applied chemistry.

Concerning the scope of this book, we are interested not in ‘‘pure’’ oxides and
phosphates, but in modified ones, specifically those with chemical modifications that
affect their superficial chemical composition (the bulk composition may or may not
be affected).

Due to the presence of Lewis and/or Brønsted acidic and basic sites on their
surfaces, both oxides and phosphates can interact (with or without the occurrence of
chemical reactions) with a lot of substances, specially with organic ones, as will be
shown in this book.

If the chemical species that is modifying the oxide or phosphate surface is
organic, it forms a so-called inorganic–organic hybrid. A lot of modified oxides
and phosphates are examples of that class of compounds.

Interface Science and Technology, Volume 17 � 2009 Elsevier Ltd.
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In a very interesting connection between modified oxides and phosphates, it is
possible to modify lamellar phosphates with inorganic oxides, a process called
pillaring [3]. This last example shows how rich is the chemistry of modified oxides
and phosphates.

REFERENCES

1. Minidictionary of Chemistry, Oxford University Press, Oxford, 1988.
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Reinhold, New York, 1992.
3. E.F. Vansant, P. Van Der Voort, K.C. Vrancken, Characterization and Chemical Modification of

the Silica Surface, Elsevier, Amsterdam, 1997.
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C H A P T E R T W O

SURFACES AND MODIFIED SURFACES

Contents

References 3

Many very important chemical and physical processes occur at solid surfaces, as is
well illustrated by a large number of heterogeneous catalysts used in industry. Their
heterogeneous nature is a remarkable characteristic of the chemical reactions that
take place at surfaces/interfaces and so the principles usually followed to explain the
chemical reactions that occur in the gaseous phase, liquid phase, or in solution
cannot be straightforwardly applied to them.

In considering solid surfaces, properties such as superficial area, porosity (number
and mean diameter of pores), and the existence of acidic and/or basic (from both
types: Lewis and Brønsted) sites on the surfaces are of prominent importance to
understand and predict the chemical behavior of such solids.

In considering surfaces and modified surfaces, the techniques and procedures
usually used to characterize solid and surfaces are of prominent importance, such as
Brunauer–Emmett–Teller (BET) isotherms, nuclear magnetic resonance (NMR) of
solids (in our case, generally 29Si and 31P), scanning electron microscope (SEM), and
transmission electron microscope (TEM).

Despite the fact that the surface is part of a given compound sample, its chemical
properties can be very different from those observed in the bulk. Silica gel is a very
good example: whereas the bulk is constituted by silicon atoms bonded only to
oxygen, OH groups can be found in the surface [1], which are responsible for its
most useful characteristic, namely, its reactivity toward organic species, producing
organofunctionalized surfaces.

As we will discuss in the following chapters, among the most interesting classes
of solids that can have their superficial chemistry changed by chemical modifications
are oxides and phosphates.

REFERENCES

1. R.K. Iller, The Chemistry of Silica, John Wiley, New York, 1979.
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1. INTRODUCTION

Amorphous oxides like silica can be conveniently organofunctionalized to
produce surfaces having the ability to act, for example, as sequestrating agents
toward transition metal cations.

In silica gel, for example, the functionalization process requires the presence of
silanol (SSiSOH) groups on the oxide surface, to promote the reaction between
the organofunctional agent and the oxide surface. In a typical synthesis, amorphous
silica gel can react with 3-aminopropiltriethoxysilane, producing a modified surface,
as shown in Fig. 3.1. Despite the fact that silica is the most commonly used
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compound to produce such modified surfaces, any other compound having surface
OH groups does not show such type of chemical modification. In such a reaction,
the number of available silanol groups on the surface is a critical factor, of course,
and for silica, the number (medium value) is 5.0 OH groups per nm2 [1,2]. As
indicated in Fig. 3.1, of the three alkoxide groups of the functionalizing agent, only
one or two are involved in the formation of covalent bonds with the surface, due to
the fact that the tetrahedral nature of silicon, as well as the mean distance between
each silanol group on the silica surface implies that the alkoxide groups are not far
enough apart to allow reaction with three surface OH groups.

In the example shown in Fig. 3.1, since the nitrogen atom on the organofunc-
tionalizing agent has a free electron pair, it can coordinate to transition metal
cations, for example, producing supported coordination compounds.

One alternative, to promote the surface modification, is to react the silanol
groups on the surface with an organofunctionalizing agent having no coordinative
sites and then react such a modified surface with an organic compound having
coordinative sites. A typical example is shown in Fig. 3.2. The organofunctionalizing
method shown in Fig. 3.2 is called ‘‘heterogeneous’’ as opposed to a homogeneous
method, for example, the previous reaction between the silicon alkoxide and
urea, and the subsequent reaction between the product of such reaction and the
amorphous silica.

Both, homogeneous and heterogeneous methods produce surfaces with a rela-
tively low amount of organic groups, typically about 0.5 mmol of organic groups
per gram of modified silica.

An alternative method to produce surface amorphous modified oxides (silica,
titania, alumina, etc.) is to promote the reaction of the oxide precursor with the
organic functionalizing agent. A typical example is shown in Fig. 3.3.

This kind of ‘‘sol–gel only’’ experimental approach exhibits two main advantages
in comparison with the two others previously mentioned methods: (1) the prepara-
tion of modified surfaces with a higher degree of functionalization and (2) the

Si⎯OH + (CH3CH2O)3⎯Si-(CH2)3⎯NH2⎯

⎯ ⎯
⎯

⎯
Si-O Si-(CH2)3NH2

OCH2CH3

OCH2CH3

+ CH3CH2OH

Figure 3.1 Schematic representation of the reaction of amorphous silica gel with
3-aminopropiltriethoxysilane.
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formation of not only one or two, but three covalent bonds between the organic
moiety and the oxide surface, and, consequently, the formation of a most stable
(from chemical and thermal point of view) organomodified surface.

It is worth noting that in all reactions involving alkoxides, special care must be
taken regarding the presence of water into the reaction system, since such com-
pounds are very sensitive to hydrolysis processes.

Si-OH + (CH3CH2O)3⎯Si⎯ (CH2)3⎯NH2⎯

OCH2CH3

OCH2CH3

+ CH3CH2OH
⎯ ⎯

⎯
⎯

Si⎯O Si-(CH2)3NH2

Si⎯ (CH2)3⎯HN⎯C⎯NH2
+ HCl

OCH2CH3

⎯

O

⎯ ⎯

OCH2CH3

⎯

⎯ ⎯Si⎯O

+ H2N⎯C⎯NH2

OOCH2CH3

OCH2CH3

⎯ ⎯

⎯ ⎯ ⎯

⎯

Si⎯O Si-(CH2)3Cl

Figure 3.2 Schematic representation for the urea functionalization of silica gel surface by
using 3-chloropropyltriethoxysilane as precursor.

(CH3CH2O)4Si + H2O + (CH3CH2O)3Si-(CH2)3⎯NH2

Si⎯ (CH2)3⎯NH2    +    CH3CH2OH⎯
⎯
⎯

Figure 3.3 Schematic representation of the reaction between TEOS and 3-
aminopropyltriethoxysilane, producing an organomodified surface.
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2. MODIFIED AMORPHOUS OXIDE SURFACES AS METAL CATION
SEQUESTRATING AGENTS

Many modified surfaces do not have coordinating species, as in the case of the
well-known modified surfaces, for example, C18, used in gaseous or liquid chro-
matography. However, if the organomodifing agent has one or more coordinative
sites (and this is frequently the case) the modified surface can be successfully used to
promote the withdrawl of metal cations from aqueous and nonaqueous solutions [3].
Solution calorimetric studies [3] have shown that the total amount of adsorbed
(chemisorbed = coordinated) cations is a function of two main factors: the acid–base
interactions between the metal cation (Lewis acid) and the coordinative site on the
modified surface (Lewis base) and the metal cation–solvent interactions.

3. ORGANOFUNCTIONALIZED METAL-MODIFIED SURFACES FOR
CHROMATOGRAPHIC APPLICATIONS

Organically modified silica has been used as the stationary phase in chromato-
graphy for many years. Generally, long carbon chains like C18 bonded to silica are
used. On the other hand, the search for supports more stable in basic solutions than
silica (under aggressive conditions, using high pH mobile phases and elevated
temperatures, for example) for use in high-performance liquid chromatography
(HPLC) is still of importance. In this connection, the first reports on the preparation
of more pH-stable reversed phases by alkylsilanization of zirconia, titania, and
alumina date from the early 1990s. However, these approaches were somewhat
limited due to the difficulty of obtaining these alternative supports in a suitable range
of particle and pore sizes. In addition, the surface concentration of the C18 ligands
on titania was low compared to silica.

The preparation of organically modified oxide surfaces for chromatographic
purposes (some of them very specific) is a very rich and productive field of research.
A few examples are presented in the following sections.

It has been shown that organofunctionalized silica surfaces further modified with
in situ synthesized copper complexes can be used to produce new stationary phases
for HPLC [4]. The immobilized copper complexes provide new sites in the
stationary phase that can interact strongly with basic organic compounds. A test
mixture of compounds such as benzene, toluene, naphthalene, anthracene, pyrene,
and nitrobenzene shows that the presence of copper ion complexes on the modified
surface strongly affects the retention factor (k) of the stationary phases.

A new stationary phase containing embedded urea groups (NH2C(O)NH2) was
prepared by a procedure based on the synthesis of a trifunctional C18 urea–alkoxysilane,
followed by modification of titanized silica and further endcapping to evaluate
if the embedded group would minimize the higher retention and tailing
for basic compounds seen with C18 titanized silica phases [5]. For this new
stationary phase, chromatographic evaluations used hydrophobic, polar, and basic

8 Chemistry on Modified Oxide and Phosphate Surfaces: Fundamentals and Applications



compounds to verify the effects of the polar urea groups embedded in the C18 urea
phase. The chromatographic parameters, yielded favorable results.

4. MODIFIED AMORPHOUS OXIDES FOR LUMINESCENT DEVICES

Organically modified surfaces of oxides such as silica [6] or silica–titania [7] can
be successfully used as a support for the adsorption of luminescent complexes, resulting
in the production of new light conversion molecular devices (LCMDs). It is important
to mention that, in these cases, the organically modified oxide is not merely an inert
substrate, but interacts synergically with the adsorbed complexes affecting their optical
properties, that is, lifetime emission, emission intensity, and so on.

A good example of the application of modified oxides for optical purposes is the
use of a surface produced from 3-mercaptopropyltrimethoxysilane and ethylenedia-
mine (en) as precursors. The compound 3-trimethoxypropylthioethylamine (mptt)
was synthesized, and then used as a silylating agent to obtain, through a sol–gel
process, the modification of a silica gel sample.

Such modified surface was then used as a substrate for the adsorption of the
luminescent complex Eu(fod)3.2H2O (fod is the anion of the 2,2-dimethyl-
6,6,7,7,8,8,8-heptafluoro-3,5-octanedione). Eu(fod)3.2H2O and the silicon hybrid
were mixed in stoichiometric amounts to produce samples with 1%, 5%, and 10%
(m/m) of adsorbed complex. The adsorbed complex was then studied from the
spectroscopic point of view. The measured lifetimes for the emission process are
476, 542, and 566 ms for the 1%, 5%, and 10% samples, respectively. Furthermore,
comparison with experimental data for n-[3(trimethoxysilyl) propyl]-ethylenediamine-
modified silica gel surfaces [8] emphasizes the prominent role of the chemical
composition of the silica-modified surface in the spectroscopic properties of the
adsorbed complex.

4.1 A 3-trimethoxypropylthioethylamine-modified surface

Silica gel (Aldrich) (particle size 70-230 mesh) with mean diameter of 6 nm and
0.75 m3 g�1 pore volume was used. The silica sample (10.0 g) was stirred with
H2SO4–HNO3 (2.0 mol dm–3) in a 9:1 proportion. The suspension was left standing
for 24 h. The solid was filtered and extensively washed with double-distilled water
until the filtrate had the same pH as water. After this treatment, the silica was
activated by heating at 423 K for 10 h in vacuum under a nitrogen atmosphere.

The silylating agent 3-mercaptopropyltrimethoxysilane from Aldrich was used as
supplied.

Ethylenimine (etn) was synthesized following a described procedure, by reacting
2-amino-hydrogen sulfate (Aldrich) in a hot alkali medium.

The silylating agent mptt was synthesized as follows: a 5.5 cm3 volume (29.0
mmol) of 3-mercaptopropyltrimethoxysilane was reacted with 6.0 cm3 (116.0
mmol) of etn under reflux at 323 K, with magnetic stirring, under an inert dry
nitrogen atmosphere for 24 h. Excess of etn was eliminated from the cooled solution
in vacuum.

Chemistry on Organofunctionalized Amorphous Oxides Surfaces 9



The mptt-modified silica gel surface was prepared as follows: the synthesized
mptt was allowed to react with 5.0 g of the previously activated silica, in dry xylene
at 343 K and the mixture was mechanically stirred for 72 h. Then, the solid was
filtered, washed with xylene and acetone until the filtered solution gave no positive
test for thiol groups. The sequence of reactions involved in the synthesis of the
modified silica is summarized in Fig. 3.4.

The activated and modified silica samples were characterized by the BET surface
area in a Flowsord II 2300 Micromeritics apparatus. Carbon, nitrogen, sulfur, and
hydrogen contents were determined by using a Perkin-Elmer microelemental
analyzer model PE 2400.

The Eu(fod)3.2H2O complex was of analytical grade (Aldrich) and was used after
recrystallization from ethanol.

The europium-doped inorganic–organic hybrid samples were prepared as fol-
lows: the Eu(fod)3.2H2O was dissolved in dry ethanol and to the solution obtained
was added to the insoluble hybrid.

The resulting suspension was stirred for 30 min and the solvent evaporated. The
resulting powder was dried at 60�C under vacuum in a stove for 12 h. Eu(fod)3 and
the silica gel hybrid were mixed in stoichiometric amounts to produce samples with
1%, 5%, and 10% (m/m) of the adsorbed complex. The X-ray diffraction (XRD)
patterns were recorded on Shimadzu equipment, model XD3A, with nickel-filtered
Cu Ka radiation (35 kV, 25 mA).

The emission spectra were analyzed using a Jobin Yvon model double mono-
chromator, model U-1000, and the fluorescence signal detected by a water-cooled
RCA C31034-02 photomultiplier was processed by a Jobin Spectralink system. The
excitation wavelength was 340 nm. To ensure the reliability of the comparison of
the spectra main line intensities, the geometry of the counting system was main-
tained constant, that is, with the same sample container, the same excitation
wavelength, and the same slit width (0.05 mm).

The lifetime measurements were performed at 298 K exciting the sample with
the third harmonic of a Nd–YAG laser (�exc = 355 nm) and detecting the emitted
light, after dispersion through a Jobin Yvon model H-10 monochromator, with a
P28 photomultiplier tube.

(CH3O)3Si(CH2)3SH + CH2CH2NH             (CH3O)3Si(CH2)3SCH2CH2NH2

(CH3O)3Si(CH2)3SCH2CH2NH2 + 
⎯OH

⎯OH

⎯OH

⎯OH

⎯

O

O
Si(CH2)3SCH2CH2NH2

OCH3

⎯ ⎯
⎯ ⎯

Figure 3.4 Schematic representation of the sequence of the reactions involved to produce the
mptt-modified silica surface.
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The samples for analysis were pressed on a uniaxial press under 380 – 19 MPa for
30 s. The prepared samples will be named here as SilSNH2Eu, SilSNH25Eu, and
SilSNH210Eu, respectively.

The elemental analysis indicated a total amount of 0.8 mmol of SS(CH2)2NH2

groups per gram of hybrid matrix. The XRD pattern confirms that the synthesized
matrix is amorphous.

All emission spectra exhibited very similar profiles. For example, the spectrum of
the SilSNH210Eu sample is shown in Fig. 3.5.

The emission bands from 1 to 5 are, respectively, 5D0! 7F0,
5D0! 7F1,

5D0! 7F2,
5D0! 7F3, and 5D0! 7F4. It was observed that the fluorescence inten-

sity decreases with an increase of the total amount adsorbed complex. Such fact was
previously observed for another europium complex-doped hybrid surfaces and
could be explained based on both, the organic moiety/complex ratio, as well as
concentration quenching effect.

The measured lifetimes (for lifetime measurements, the main emission band,
5D0! 7F2, was considered) for the emission process are 476, 542, and 566 ms for the
samples SilSNH2Eu, SilSNH25Eu, and SilSNH210Eu, respectively. So, it is verified
that the lifetime increases with an increased amount of adsorbed complex. Hence, it
can be inferred that proximity between the Eu centers at the surface (higher
complex concentrations) favors longer lifetimes.

This behavior is opposite to that observed for Eu(fod)3.2H2O adsorbed on SiSTi
[6] or silicon inorganic–organic hybrids. For those samples, the organic moiety was
the group S(CH2)3SNHS(CH2)2NH2, and lifetimes of 414, 384, and 380 ms were
measured for the 1%, 5%, and 10% complex adsorbed samples, respectively. So, the
experimental results obtained in this work, compared with those previously reported
[7,8] provide evidence for the prominent role of the chemical composition of the
silica-modified surface in the spectroscopic properties of the adsorbed complex.

580 600 620 640 660 680 700 720
0

50 000
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Figure 3.5 Emission spectra for the sample SilSNH210Eu.
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It is worth remembering that the Eu(fod)3.2H2O complex has two water molecules
in its coordination sphere, and it is well known that such H2O molecules can be replaced
by other ligands, as exemplified by 1,10-phenanthroline (phen) and 2,20-dipyridyl
(both with nitrogen as donor atoms). Hence, in previously n-[3(trimethoxysilyl)
propyl]-ethylenediamine-modified surfaces [6,7] it was supposed that some water
molecules in the coordination sphere of the complex were replaced by the nitrogen
atom of the organic moiety. As the complex/hybrid matrix ratio increases, from 1%
to 5% and finally 10%, the number of nitrogen atoms available per complex
molecule is reduced, and it can be supposed that, because of this, the symmetry of
the adsorbed compound is undergoing modifications that make the absorption and
transfer of energy (from ligands to the lanthanide) less effective. The fact that, for
other matrices [7,8] the fluorescence intensity exhibited irregular variations depend-
ing on the duration of the applied pressure [7,8], reinforces this hypothesis.

Comparing the samples for which the organic moiety is the group
S(CH2)3SSS(CH2)2NH2 with those with the group
S(CH2)3SNHS(CH2)2NH2, one can verify that the only difference from the
point of view of chemical composition, is the replacement of a nitrogen atom by a
sulfur atom. However, such a difference was enough to modify (increase or decrease)
the lifetimes for the emission process as well as to increase the lifetimes of the sulfur-
containing samples. Such phenomena could be, as a first hypothesis, attributed to the
different hardnesses of N and S, and so, it could be concluded that softer bases increase
the lifetime, whereas hard bases reduce the lifetime. So, it could be inferred that when
adsorbed on a inorganic–organic hybrid surface, the lifetime of the fluorescence
process will be favored by polarizable (soft) atoms on the surface and, on the contrary,
will be shortened by the presence of hard (less polarizable) atoms on the surface.

However, the role of the NSH vibration modes of en could also be considered
to explain the less efficient quenching of the SS(CH2)2NH2 group. Furthermore, it
can also be inferred that the progressive substitution of water molecules for S atoms
on the coordination sphere of Eu(fod)3.2H2O exerts a significant effect resulting in
the observed phenomena.

So, it can be concluded that the experimental results show that a mptt-modified
silica gel surface can be successfully used as a substrate for luminescent lanthanide
compounds. Furthermore, one could suppose that, controlling the total amount of
available coordination sites in the surface, as well as the external pressure suffered by
the doped samples, a complete control of the intensity and lifetime of the emitted
light could be achieved. Furthermore, comparison with experimental data for
n-[3(trimethoxysilyl)propyl]-ethylenediamine-modified silica gel surfaces indicates
the prominent role of the chemical composition of the silica-modified surface on
the spectroscopic properties of the adsorbed complex.

4.2 In situ synthesis of luminescent complexes on amorphous modified
silica surfaces

Besides the adsorption of previously prepared luminescent complexes on modified
amorphous surfaces, it is also possible to synthesize the luminescent species in situ,
that is, an organic ligand that will coordinate to the lanthanide cation can be
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covalently bonded to the oxide surface, which will react with the metal cation,
forming an in situ coordinated complex. A specific example [9] is the in situ synthesis
on organofunctionalized silica and spectroscopic properties of europium complexes
with eta (eta = ethyl 4,4,4-trifluoroacetoacetate) and phen. The optical properties of
the in situ synthesized and ‘‘free’’ complexes are compared. The choice of a
b-ketoester ligand is based on the fact that this class of compounds resembles the
well-known b-diketones which are very good ligands to prepare new LCMDs.

The complex [Eu(eta)2 (H2O)4]Cl was synthesized as follows (all reactions were
performed under an argon atmosphere): 2.0 mmol of EuCl3 was dissolved in
triethylorthoformate under magnetic stirring, after which dried THF (tetrahydro-
furan) was added. The ligand was deprotonated by using NaI. The resulting solution
was stirred for 24 h. The obtained complex was dried, neutralized with NH4Cl,
filtered off, and washed with deionized water and ethanol to remove the excess
ligand. The obtained solid was then dried under vacuum at room temperature
for 8 h.

The complex [Eu(eta)2 (phen) (H2O)2]Cl was synthesized by dissolving the
previously prepared complex in a solution of phen (1:1 mol:mol) in chloroform.
The resulting solution was maintained in reflux for 24 h, and the resulting complex
washed with deionized water and dried under vacuum at room temperature for 8 h.

Organofunctionalized silica was prepared as follows: 50 cm3 of tetraethylortho-
silicate (TEOS) was dissolved in 38 cm3 of 3-chloro(propyl)trimethoxysilane. To
the resulting solution, 400 cm3 of a 0.3 mol dm3 HCl solution was added. The
obtained gel was mechanically stirred for 30 min. The resulting mixture was aged
for 24 h, the supernatant was discarded, and 400 cm3 was deionized water was
added. This sequence of operations was repeated three times. The obtained powder
was then dried at room temperature in a fume hood and then dried under vacuum at
40�C for 4 h.

The eta-modified silica was prepared by reacting the 3-chloropropyl silica with
eta by using the same procedure used to the synthesis of eta complex.

The in situ organofunctionalized silica complexes were prepared by reacting the
eta-modified silica with an ethanolic solution of EuCl3. Schematic representations
of the in situ synthesized complexes are shown in Fig. 3.6.

The CHN elemental analysis was performed on a Perkin-Elmer 240 analyzer.
The Eu (III) contents were determined by EDTA complexometric titration.

The ultraviolet–visible (UV–Vis) spectra were obtained on a Perkin-Elmer
lambda 6 spectrophotometer with a tungsten lamp for excitation in the visible
wavelength range and a deuterium lamp for excitation in the ultraviolet wavelength
range.

The excitation and emission spectra were obtained on a Jobin Ivon Ramanor
U1000 model H-10 equipment. The emission detection was performed by using a
RCA C31034-02 photomultiplier and the register and processing of the emission
signals were performed by using a Spectralink interface.

The luminescence decay curves were registered on a SPEX Fluorolog F212 spectro-
fluorimeter linked to a 1934 D phosphorimeter with a 150 W pulsed xenon lamp.

The excitation and emission data were collected at a 22.5� ‘‘front face’’ angle
(with respect to the incident light) with a SPEX-Fluorolog 2 spectrofluorimeter
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with double monochromators of 0.22 m of SPEX 1680 type by using a ‘‘contin-
uous’’ 450 W xenon lamp as excitation source.

The experimental intensity parameters �2 and �4 for the trivalent europium ion
are expressed as:

IJ� J
0 ¼ �h!J� J

0AJ� J
0NJ

where NJ is the population of the emission level J, �h is the energy of the J–J 0

transition, and AJ–J 0 is the Einstein’s coefficient of spontaneous emission.
The transition 5D0! 7F1, is used as reference for the intensity parameters determi-
nation, since it is not dependent of the �� values [9]. From the equation

AJ� J 0 ¼
SJ� J 0

S0�1

!0�1

!J� J 0
A0�1
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Figure 3.6 Schematic representation of eta (a) and eta^phen (b) of in situorganofunctionalized
silica europium complexes.
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We can correlate frequencies (!) and areas (S), obtained from the emission spectra of
the complex and the emission rate of the reference band (0–1), which is defined as

A0�1 ¼ 0:31�10�11 � 3 �̃ 3

where � is the refraction index (used value = 1.5) and �̃ denotes the wave number of
the 0–1 transition. From this last equation, it is possible to obtain the experimental
intensity parameters in combination with the following equation [9]:

�� ¼
3�hC3A0�1

4e2!3�h7F�jjU ð�Þ jj5D0i2

where

� ¼ nðn2þ 2Þ2
9

The CHN elemental analysis results for the 3-chloro(propyl)-modified silica show
that the functionalization degree is of 20%. The CHN and Eu (III) elemental
analysis results are in good agreement with the proposed formula shown in
Table 3.1 for ‘‘free’’ complexes.

The thermogravimetric curves for the ‘‘free’’ complexes are shown in Fig. 3.7.
For [Eu(eta)2 (H2O)4]Cl (Fig. 3.7a) the first two mass loss steps are as follows:

[Eu(eta)2 (H2O)4]Cl (s)! [Eu(eta)2 (H2O)2]Cl (s)þ 2H2O (g); [Eu(eta)2 (H2O)2]Cl
(s)! [Eu(eta)2]Cl (s)þ 2H2O (g). So, it is inferred that in the complex [Eu(eta)2
(H2O)4]Cl there are, from the energetic point of view, two distinct coordination
sites: two water molecules are closer to the Eu(III) cation and, consequently, exhibit
a higher bond enthalpy, being released at a higher temperature (125�C) than the
other two (75�C).

The release of gaseous eta molecules and the formation of stable Eu2O3 (possibly
with some EuCl3) are the next observed steps.

For [Eu(eta)2 (phen) (H2O)2]Cl (Fig. 3.7b) the sequence is as follows: [Eu(eta)2
(phen) (H2O)2]Cl (s)! [Eu(eta)2 (phen)]Cl (s)þ 2H2O; [Eu(eta)2 (phen)]Cl (s)!
[Eu(eta)2]Cl (s)þ phen (g); [Eu(eta)2]Cl (s)! 2eta (g)þEuCl3/Eu2O3 (mixture) is
proposed.

As an illustrative example, the infrared spectra for [Eu(eta)2 (phen) (H2O)2]Cl (s)
and its respective silica-supported complex, Silica/Eu(eta) phen (H2O)4 are shown
in Fig. 3.8.

Table 3.1 �2 and �4 experimental intensity parameters for ‘‘free’’ and
in situ organofunctionalized silica complexes

Complexes �2 (10
^20 cm2) �4 (10

^20 cm2)

[Eu(eta)2 (H2O)4]Cl 10.2 3.7
Silica/Eu(eta) (H2O)6 6.4 3.8
[Eu(eta)2 (phen) (H2O)2]Cl 17.2 2.8
Silica/Eu(eta) phen (H2O)4 7.1 0.2
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As can be verified for the silica-supported sample, the characteristic bands
observed for the free complex, such as those at (free complex) 1675/1645 cm�1

due to the � CTO vibration mode and 1430 cm�1 associated with the � CTN
mode. In the silica-supported complex, the CTO bands are shifted to 1699/
1656 cm�1, indicating that the metal–ligand bond order is higher in this case.
So, it is possible to suppose that the silica-supported complex is more stable than
the free one.

The excitation spectra were obtained in the 200–400 nm range, checking the
emission at 612 nm. The solid samples were excited at 298 K.
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Figure 3.7 Thermogravimetric curves for (a) [Eu(eta)2 (H2O)4]Cl and (b) [Eu(eta)2 (phen)
(H2O)2]Cl.
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The emission spectra were obtained at 298 K and 77 K in the 570–720 nm range.
Transitions from the 5D0 to the 7FJ (J = 0, 1, 2, 3, and 4) were observed, which are
consistent with a low symmetry around the europium cation which could be
occupying a Cnv, Cn, or Cs symmetry site. The substitution of two water molecules
by a phen molecule (by comparing the complexes [Eu(eta)2 (H2O)4]Cl and
[Eu(eta)2 (phen) (H2O)2]Cl) intensify the 5D0! 7F2 transition. This indicates
that the chemical environmental has been changed, since such a transition is a
hypersensitive one. The spectra exhibit a number of states higher than 2Jþ 1,
suggesting that the compounds consist of a mixture of isomers.

The emission spectra for ‘‘free’’ and in situ organofunctionalized silica prepared
complexes are shown in Figs. 3.9 and 3.10. As can be seen from Figs. 3.9a and 3.9b,
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Figure 3.8 Infrared spectra for: (a) [Eu(eta)2 (phen) (H2O)2]Cl and (b) Silica/Eu(eta)2phen
(H2O)4.
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the intensity of the emission is higher (about 26 times higher) for the in situ prepared
eta complex. This can be explained by taking into account that the silica complex
exhibits a lower degree of freedom in comparison with the free compound. This
fact (decreased degree of freedom) overwhelms the possible decrease of the intensity
due to an increase in the number of water molecules into the coordination sphere.
However, for the phen complex (Fig. 3.9), a lowering of intensity is observed. This
suggests that, in this case, the effect of the increased number of water molecules is
the predominant one.

Furthermore, it is possible to suppose that the efficiency of the actuation of phen
as a chromophor has been reduced by its immobilization on the silica surface.

This hypothesis is reinforced by the fact that even minor modifications in the
chromophor composition and structure can exert remarkable effects on energy
transfer, as recently verified by a combinatory chemistry study [9].

The �� and �4 values are shown in Table 3.1. Higher values of �� are related to
transitions occurring mainly by dynamic coupling. The differing �� values of ‘‘free’’
and silica-based complexes indicate that in the ‘‘free’’ complexes the chemical
environment is most polarizable, in comparison with the silica-based complexes.
Furthermore, the differing �� values between ‘‘free’’ and silica-based complexes
could be associated with a decrease of the metal–ligand bond energies for the silica-
based species.

The above hypothesis regarding the effect of deposition of silica on the ability of
phen to act as a chromophor is also reinforced by the fact that, for the eta–phen
complex, a lowering of the �4 value is observed when comparing the ‘‘free’’ and
silica-based complexes, whereas for eta complex such lowering is not observed,
since �4 is related with orientation of the ligand molecule around the europium
cation.

580 600 620 640 660 680 700 720
0

100

200

300

400

500

600

[Eu(eta)2 phen.(H2O)2]Cl
Silica + [Eu(eta) phen.(H2O)4]Cl

I (
ct

s 
s–1

) ×
 1

03

Wavelength (nm)

Figure 3.9 Emission spectra for ‘‘free’’and in situorganofunctionalized silica prepared Eu^eta^
phen complexes.
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The experimental results indicate that the substitution of water molecules by a
phen molecule into the coordination sphere of a Eu–eta complex enhances the
luminescence intensity due to the lowering of the number of OH oscillators (which
suppress the luminescence), as well as the ability of phen to act as a good chromo-
phor. Furthermore, the in situ organofunctionalized silica–eta complex exhibits an
optimization of optical properties, in comparison with the ‘‘free’’ complex, mainly
an enhancement of the emission intensity. The experimental parameters show that
the dynamic coupling mechanism is predominant.
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Figure 3.10 Emission spectra for (a) [Eu(eta)2 (H2O)4]Cl and (b) silica/Eu(eta) (H2O)6.
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5. MODIFIED AMORPHOUS OXIDE SURFACES
AS ELECTROCHEMICAL SENSORS

Due to their ability to coordinate metal cations, as well as interact with organic
species, the amorphous oxide-modified surfaces can be successfully used to produce
electrochemical sensors [10], as will be illustrated by two specific examples.

5.1 Metal cation electrochemical sensors

In this example, the mptt-modified surface previously described [11] will be used.
Such a silica-modified surface can successfully used to promote the electrochemical
determination (by redissolution voltammetry) of Co2þ and Ni2þ in aqueous solu-
tions. It is found that both species can be simultaneously investigated in the con-
centration range 10–5–10–7 mol dm–3.

The detailed preparations and experimental conditions will be not reported here,
but the electrochemical determinations were performed by using a modified carbon
paste (CP) electrode produced by using the modified silica surface as ‘‘sensitive’’
species. The main experimental conditions and results are summarized in Figs. 3.11
and 3.12 and Table 3.2.
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Figure 3.11 Characteristic voltammogram for the voltammetric determination of Co2þ.
Ei = ^1200, Ef = 0, and V=10mVs�1. Co2þ concentration: 6875�10^4 mol dm^3. Standard
additions: 100, 200, 300, and 400 ml.
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Based on the obtained experimental results, it is possible to verify that the
mptt-modified surface can be successfully used to produce modified CP electrodes
for qualitative and quantitative determinations of Co2þ and Ni2þ (even simulta-
neously) in aqueous solutions in the 10–5–10–7 mol dm–3 concentration range.
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Figure 3.12 Characteristic voltammogram for the voltammetric determination of Ni2þ.
Ei = ^800, Ef = 1150, and V=10mVs�1. Co2þ concentration: 8.5�10^5 mol dm^3. Standard
additions: 30, 60, 90, and120 ml.

Table 3.2 Experimental parameters to obtain the experimental voltammetric
curves

Parameters Results

Velocity 10 mV s�1

Direction of scanning Anodic (positive)
Sensibility 10 mA V�1

Nitrogen time purge 900 s
Percentage of modified silica surface on the electrode 3%
Pulse amplitude 25 mV
Preconcentration potential (Co) 0–1.2 V
Preconcentration potential (Ni) –800 to –1200 V
Preconcentration time 150 s
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5.2 Paracetamol sensors

Paracetamol (N-acetyl-p-aminophenol (APAP), acetaminophen), is a well-known
analgesic present in many pharmaceutical formulations. This work reports the use of
an organofunctionalized silica–titania as a modifier to produce a CP electrode
sensitive to paracetamol. An amino-modified surface is used as modifying agent,
and anodic redissolution voltammetry is the technique used.

The organofucntionalized silica–titania was synthesized as follows: 0.15 mol of
TEOS and 0.15 mol of titanium tetrabutoxide were dissolved into 0.1 mol of N-[3-
(trimethoxysilyl)propyl]-ethylenediamine. The resulting solution was magnetically
stirred by 30 min under nitrogen atmosphere and then aged for 24 h. Hence, to the
previously prepared solution 8.0 mol of deionized water was added. The obtained
gel was mechanically stirred for 5 h and the resulting powder aged for 48 h. The final
product was then washed with deionized water and dried under vacuum at 35�C
for 12 h.

Carbon, hydrogen, and nitrogen elemental analyses were performed in a Perkin-
Elmer microanalyzer. XRD powder diffraction analysis was performed with a
Shimadzu XD-3A instrument (Cu Ka, 35 kV, 25 mA). The voltammetric measure-
ments were performed on a BAS equipment, model CV-50 W, in a 20 cm3

Pyrex glass cell with a modified electrode (work electrode), a platinum wire
(auxiliary electrode), and a Ag/AgCl electrode (reference electrode). As electrolyte,
0.1 mol dm–3 KCl solution was used.

The modified electrode was a CP electrode with the organofunctionalized
silica–titania as modifier and was prepared as follows: 1.0 g of graphite (powder),
three different modifier masses (0.002, 0.004, and 0.005 g), as well as 0.32 g of
mineral oil were ground in a mortar. Better results were observed for the 0.005 g
electrode.

The CHN elemental analysis results are 24% C, 11.1% H, and 5.2% N, giving a
total of 4.0 mmol of groups S(CH2)3SNHS(CH2)2SNH2 per gram of hybrid
matrix. The XRD powder diffraction patterns (not shown) are characteristic of an
amorphous compound.

Before the anodic redissolution experiments, a preliminary cyclic voltammetric
study was performed and it was verified that paracetamol exhibits irreversible
behavior, with potential peaks into the range 0.0–1.0 V. Similar results were
reported [11] with the 750 mV potential used for paracetamol quantitative
determinations.

Based on the previous results, the following work conditions were established:
Ei =þ900 mV, Ef =þ400 mV, speed = 20 mV s�1, pulse amplitude = 50 mV,
equilibrium time = 15 s, sensibility = 100mA, scanning direction: anodic (positive),
and preconcentration time = 120 s. It was also verified that the maximum activity
of the electrode occurs at pH 2.0. Under these experimental conditions, no electro-
chemical signal due to the organic or inorganic fractions of the modifier are observed.

By addition of paracetamol standard samples, it was verified that the electro-
chemical response is proportional to the total amount of analyte in solution. Hence,
with all these conditions previously established, the modified electrode was
evaluated.
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The results obtained by analyzing four paracetamol commercial samples (each
one from different suppliers) are summarized in Table 3.1. As can be verified, the
results show the reliability of the modified electrode. Furthermore, it was verified
that the paracetamol detection limit is 1.4� 10–6 mol dm–3. For example, the
voltammograms for sample A (see Table 3.3) are shown in Fig. 3.13 Similar results
were obtained for other samples [12].

Based on the experimental results, it is possible to conclude that an organofunc-
tionalized silica–titania surface CP electrode can be used for both qualitative and
quantitative determinations of paracetamol in pharmaceutical formulations, provid-
ing a low cost, quick, and reliable analytical methodology for such analyses.

Table 3.3 Concentration (ppm) of paracetamol in four
commercial samples

Sample Theoreticala Experimental

A 25 25.1
B 500 413
C 750 780
D 500 434

a Values provided by the respective suppliers.
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Figure 3.13 Characteristic voltammograms for paracetamol (sample A; Table 3.1). Solution
concentration=1.3�10^3 mol dm^3.
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5.3 Chemically modified oxide surfaces capable of molecular
recognition

The title of present topic is the same of the review by Lisichkin, Novotortsev, and
Bernadyuk [13], and is presented only to remember one of the possible applications of
chemically modified oxides. The mentioned review is focused mainly on organo-
functionalized silicas, which were, to a large extent, previously discussed in the
present chapter.

6. THE INFLUENCE OF MAGNESIUM TRISILICATE AND SILICON
DIOXIDE ON THE THERMAL DEGRADATION OF ASCORBIC ACID

In the pharmaceutical industry, the use of excipients is of fundamental impor-
tance, since they serve several important functions such as agglutination, and they
facilitate tablet decomposition. However, the excipients must not interact chemi-
cally with the chemical therapeutic substance, since such interaction could substan-
tially affect the desired therapeutic properties. Magnesium trisilicate
(2MgO.3SiO2.xH2O) and SiO2 are two commonly used excipients. Hence, the
purpose of the present study is to investigate, from the point of view of surface
chemistry, the possible effects of magnesium trisilicate and SiO2 on the thermal
degradation of ascorbic acid. In this case, ascorbic acid is viewed as a surface modifier
for 2MgO.3SiO2.xH2O and SiO2. For comparison, magnesium stearate,
C36H70MgO4 is also used. The thermal degradation processes are studied by
thermogravimetry (TG) and differential scanning calorimetry (DSC) analysis. The
thermal study was performed on standard ascorbic acid samples and binary mixtures
of ascorbic acid and excipients, under nitrogen and air atmospheres.

Ascorbic acid (Sigma), magnesium stearate (CIA-Estearina Parananheci), mag-
nesium trisilicate (Farmar), and SiO2 (Cab-O-Sil) were used without further
purification.

Ascorbic acid samples as well as binary mixtures of ascorbic acid and the
considered excipients were investigated. The binary mixtures were prepared taking
into account the shoichiometry generally used for the preparation of ascorbic acid
tablets: ascorbic acid (500 mg, of a 100 mesh sample), magnesium stearate (6.7 mg),
magnesium trisilicate (13.3 mg), and SiO2 (1.0 mg). The compounds were mixed in
a mortar.

The thermogravimetric curves were obtained in the range 30–1200�C on
a Shimadzu TGA-50) apparatus under dry air, air (‘‘humid’’ air), and nitrogen.
Samples of 4 mg, a gas flow of 50 cm3 min�1, and the following three heating
rates were used: 5�C min�1, 10�C min�1, and 20�C min�1. The DSC curves were
obtained in the range 30–500�C in a Shimadzu DSC-50H apparatus under nitrogen
atmosphere with a heating rate of 10�C min�1 and a gas flow of 50 cm3 min�1.

The infrared spectra were obtained in KBr disks in the range 4000–400 cm�1 by
using a FTIR BOMEM apparatus model MB 102. The XRD patterns (powder
method) were obtained in a Phillips PW 1710 apparatus by using Cu Ka radiation.
The diffraction patterns were compared with standard ones [13].
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The infrared and X-ray powder diffraction data are in agreement with the
standard nature of the studied ascorbic acid and excipients samples.

The thermogravimetric data obtained for the thermal degradation of ascorbic
acid samples are summarized in Tables 3.4 and 3.5. Based on these results, the
heating rate of 10�C min�1 was chosen for further analysis. The thermogravimetric
data for thermal degradation of ascorbic acid samples at a heating rate of 10�C min�1

in the three studied atmospheres are summarized in Table 3.2. The three thermo-
gravimetric curves are shown in Fig. 3.14.

As can be seen, there is no difference in the thermal degradation profile from dry
to humid air. On the other hand, the elimination of the carbonaceous residue occurs
at lower temperatures in oxidizing atmospheres than in an inert one (N2). Further-
more, it can be seen that ascorbic acid is stable until almost 200�C. The visual
observation performed in an electric furnace of the thermal degradation residues at
190�C, 220�C, and 240�C shows that they exhibit characteristics typical of fired
sugar [16]. Furthermore, the infrared spectra obtained for each residue shows that they

Table 3.4 Thermogravimetric data for the degradation of standard ascorbic acid samples at
different heating rates

Heating rate (�Cmin�1) T1 (�C) T2 (�C) Tp (�C) Dm (%)

5 212 806 228 97.6
304
753

10 221 262 240
274 481 323
466 845 772 100.0

20 219 800 250
324
673 92.3

T1, T2, and Tp are the initial, final, and ‘‘peak’’ temperatures for the thermal degradation processes, respectively. Dm is the observed

mass loss.

Table 3.5 Summary of the thermogravimetric data for the thermal degradation of acid
ascorbic samples at a heating rate of 10�C min–1 in the three studied atmospheres

Atmosphere T1 (�C) T2 (�C) Tp (�C) Dm (%)

N2 220 262 240 33.8
274 461 323 33.2
466 845 772 33.0

Dry air 274 547 232 33.9
322 36.0
524 30.0

Humid air 227 558 251 33.9
325 34.0
529 32.0

T1, T2, and Tp are the initial, final, and ‘‘peak’’ temperatures for the thermal degradation processes, respectively. Dm is the observed
mass loss.

Chemistry on Organofunctionalized Amorphous Oxides Surfaces 25



are a mixture of nondecomposed ascorbic acid and carbonaceous residues; that is, all
products of the thermal degradation of ascorbic acid are volatile and there are no
solid intermediate products. Gas chromatography–mass spectrometry (GC–MS)
data previously obtained for the volatile products [14] shown that they are a mixture
of 32 different compounds.

The DSC curves for ascorbic acid are shown in Fig. 3.15.
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Figure 3.15 DSC curves for standard ascorbic acid samples at three different heating rates.
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Figure 3.14 Thermogravimetric curves for the degradation of standard ascorbic acid samples
under three different atmospheres: (a) N2, (b) dry air, and (c) humid air.
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The heating rate of 10�C min�1 leads to a melting temperature of 193�C, which
is a value in agreement with those previously reported [14,15]. The first peak
(endothermic) is associated with the melting of ascorbic acid and the second one
(exothermic) is associated with the thermal degradation process, with the release of
volatile compounds and the formation of a carbonaceous residue. For the heating
rate of 10�C min�1 these two processes exhibit values of 252 and –112 J g�1,
respectively.

The TG and DSC data obtained for the magnesium stearate are summarized in
Table 3.6. The TG–DTG/DSC curves for magnesium stearate are shown in
Fig. 3.16. Magnesium trisilicate and SiO2 have not exhibited any mass loss or
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Figure 3.16 TG^DTG/DSC curves for magnesium stearate.

Table 3.6 TG and DSC data summary for magnesium stearate
(N2 atmosphere, 10�C min–1)

TG data T1 T2 Tp (�C) Dm (%)

56 123 107 4.2
332 461 384 88.6

DSC data T1 T2 Tp (�C) DH (J g�1)

66 126 92 302
116

305 380 350 233
382 398 395 1
399 458 441 10

T1, T2, and Tp are the initial, final, and ‘‘peak’’ temperatures for the thermal degradation processes,
respectively. Dm is the observed mass loss. DH is the enthalpy variation.
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enthalpic variations and so their TG–DTG (differential thermal gravimetry)/DSC
curves and data are not shown.

For magnesium stearate, the first mass loss step (4.2%) is associated with dehy-
dration and the second one (88.6%) with thermal degradation of the organic moiety.
In the DSC curve, the first and second observed endothermic peaks are associated
with the dehydration and thermal degradation processes, respectively.

The composition of binary mixtures are described in the experimental section.
The comparison of the infrared and X-ray powder diffraction data obtained for pure
ascorbic acid and excipients with those obtained for the respective binary mixtures
strongly suggests that there are no interactions between the ascorbic acid and
excipient molecules, since the main infrared bands for all compounds remains
unchanged and the X-ray powder diffraction is merely the superposition of indivi-
dual patterns, with no new diffraction peaks associated with the formation of a new
crystalline phase. The main TG and DSC data obtained for the binary mixtures are
summarized in Tables 3.7 and 3.8, respectively. The TG and DSC curves for the
binary mixtures are shown in Figs. 3.17–3.22. From the TG and DSC curves it is
evident that the presence of the excipients has no influence on the thermal degrada-
tion process observed for ascorbic acid samples, except for minor dislocation of the
temperature range observed for the thermal degradation processes.

Table 3.8 DSC data summary for the studied binary mixtures involving ascorbic acid and
excipients (N2 atmosphere, 10�C min–1)

Binarymixture T1 T2 Tp (�C) DH ( J g�1)

Ascorbic acid/magnesium stearate 183 199 190 229.4
208 246 223 –106.8

Ascorbic acid/magnesium trisilicate 191 207 193 215.8
210 250 232 –74.4

Ascorbic acid/SiO2 188 203 193 230.7
204 251 232 –142.2

T1, T2, and Tp are the initial, final, and ‘‘peak’’ temperatures for the thermal degradation processes, respectively.

Table 3.7 TG data for binary mixtures involving ascorbic acid and various
excipients (N2 atmosphere, 10�C min–1)

Binarymixture T1 T2 Tp (�C)

Ascorbic acid/magnesium
stearate

206 248 225
313
628

Ascorbic acid/magnesium
trisilicate

215 – 236
315
633

Ascorbic acid/SiO2 214 – 230
312
665

T1, T2, and Tp are the initial, final, and ‘‘peak’’ temperatures for the thermal degradation processes, respectively.
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Based on the TG and DSC experimental results it can be concluded that the
excipients, that is, magnesium stearate, magnesium trisilicate, and SiO2, have no
substantial influences on the thermal stability of ascorbic acid. This result shows that
the three compounds can be used (at least from a thermal point of view) as
excipients, with no restrictions, for ascorbic acid tablet formulations, since they
will not provoke or accelerate the thermal degradation of ascorbic acid. However,
by comparison of Tables 3.5 and 3.7, it is evident that the temperature of the
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Figure 3.17 TG curves for (a) ascorbic acid, (b) magnesium stearate, and (c) ascorbic acid/
magnesium stearate binarymixture.
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Figure 3.18 DSC curves for (a) ascorbic acid, (b) magnesium stearate, and (c) ascorbic acid/
magnesium stearate binarymixture.
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beginning of thermal degradation of ascorbic acid is lowered by about 5�C for
magnesium trisilicate and SiO2, and about 15�C for magnesium stearate mixtures.
Furthermore, the melting point of ascorbic acid is lowered from 193�C to 183�C,
191�C, and 188�C for magnesium stearate, magnesium trisilicate, and SiO2 binary
mixtures, respectively. Hence, it can be inferred that ascorbic acid exhibits a surface
interaction with magnesium trisilicate and SiO2, showing that such excipients are
not completely ‘‘inert’’ from a physico-chemical point of view. Such facts must be
considered in ascorbic acid tablet storage planning.
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Figure 3.19 TG curves for (a) ascorbic acid, (b) magnesium trisilicate, and (c) ascorbic acid/
trisilicate binarymixture.
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Figure 3.20 DSC curves for (a) ascorbic acid, (b) magnesium trisilicate, and (c) ascorbic acid/
trisilicate binarymixture.
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1. INTRODUCTION

The use of alkoxides as precursors to produce new materials [1] has increased
in the last decade due to the advantages of the so-called sol–gel process [2] such as
the preparation of compounds with high homogeneity, at room temperatures, in
contrast with the typical high-temperature syntheses in solid-state chemistry. Such
an experimental approach can lead not only to modified amorphous oxide surfaces,
as discussed in Chapter 1, but also to nanostructured modified surfaces, as will be
shown here.
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2. INORGANIC–ORGANIC HYBRIDS

As the first example, we mention the organomodified zirconia–titania [3]
obtained using 1,12-diaminedodecane, zirconium, and titanium butoxides as pre-
cursors. That organofunctionalized compound exhibits a hexagonal nanostructure
and particles with spherical morphology, as shown in Fig. 4.1.

This illustrates the very important effect of experimental conditions on the
nature of the modified surface. In this case, specifically, when alkoxides are used,
the total amount and speed of water addition are critical factors affecting the final
properties of the modified surface.

3. SOL–GEL LAMELLAR SILICA

The sol–gel process can be used to obtain lamellar silica (LS) samples by using
neutral amines as template molecules. Its is found that such LS samples are able to act
as sequestrating agents toward transition metal cations and that the coordination of
such metal cations of the three dimensional network structure of the silica exerts
remarkable effects on its nanostructure and thermal stability [4]. Furthermore,
such metal sequestrating ability and the consequent nanostructure modifications
are observed even if the metal–silica reaction is performed in the solid state
and room temperature [5]. By performing a solution calorimetric study, it is possible
to verify that the total amount of metal cations that the lamellar matrix is able to
sequester as well as its affinity by the metal cations, for example, Ni2þ>Cu2þ>
Co2þ [6] is a consequence of the influence of main two factors: the metal–nitrogen
coordination enthalpies and the structural disorder provoked into the lamellar
network by the metal–nitrogen coordination.

Figure 4.1 Scanning electronmicrographyof nanostructured, organomodified zirconia^titania.
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For LS obtained by the neutral amine route, it is also found that an increase of
the external pressure can provoke a 16% reduction of the interlayer distance [7] as
well as a decrease of the emission intensity of europium complexes adsorbed on
such surface [8], making the matrix suitable for the production of ‘‘pressure
sensors.’’

Through the sol–gel process, single oxides such as silica can be synthesized with
an organically modified surface, as well as double or triple oxides [9] such as SiSAl,
SiSTi, SiSZr, AlSZr, AlSTi, and AlSTiSZr. For such syntheses, 1,10-
diaminedecane and 1,12-diaminedodecane, as well as a surfactant such as dodecyl-
trimethylammonium bromide, can be used, with the final modified oxides
exhibiting lamellar or hexagonal nanostructure. Such compounds with modified
surface are also able to coordinate transition metal cations.

Due to its ability to coordinate metal cations, the sol–gel amine-modified LS can
be used as precursor for the synthesis of ceramic powders [10]. It has been found that
the surface area of the powders are a function of the nature (charge and radius) or the
coordinated cations.

3.1 Eu(II)-doped lamellar silica

LS was synthesized as follows: 1.0�10–2 mol of 1,12-diaminododecane was dis-
solved in a mixture of water (3.3 mol) and propanol (0.50 mol). To the resulting
solution, 1.0�10–2 mol of TEOS was added. The formed gel was aged for 24 h and
then dried under vacuum at 80�C for 8 h. The resulting powder was characterized as
described in detail elsewhere [2–6], confirming the lamellar nature of the matrix,
which exhibits an interlayer distance of 2.3 nm. The synthesized lamellar matrix
exhibits the following chemical composition, as found by TG: 53% SiO2 and 47%
1,12-diaminedodecane.

The Eu(fod)3.2H2O complex (fod is the anion of the 2,2-dimethyl-6,6,7,7,8,8,8-
heptafluoro-3,5-octanedione) was of analytical grade (Aldrich) and used after recrys-
tallization from ethanol.

Europium-doped LS samples were prepared as follows: the Eu(fod)3 was dis-
solved in dried ethanol and to the resulting solution the insoluble LS was added. The
suspension was stirred for 30 min and the solvent evaporated. The resulting powder
was dried at 60�C under vacuum in a stove. Eu(fod)3 and LS were mixed in
stoichiometric amounts to produce samples with 1%, 5%, and 10% (m/m) of
adsorbed complex.

The emission spectra were analyzed using a Jobin Yvon model double mono-
chromator, model U-1000, and the fluorescence signal detected by a water-cooled
RCA C31034-02 photomultiplier was processed by a Jobin Spectralink system. The
excitation wavelength was 370 nm. To ensure the reliability of the comparison of
the spectra main line intensities, the geometry of the counting system was main-
tained constant, that is, with the same sample container, the same excitation
wavelength, and the same slit width 0.05 mm. The lifetime measurements were
performed at 298 K exciting the sample with the third harmonic of a Nd–YAG laser
(�exc = 355 nm) and detecting the emitted light, after dispersion through a Jobin
Yvon model H-10 monochromator, with a P28 photomultiplier tube.
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The samples for analysis were pressed on an uniaxial press under 380 – 19 MPa
for 0.5, 30, and 60 min. The product will be denoted xEuSLy, with x being the
percentage of Eu(fod) in the matrix [1%, 5%, and 10%] and y being the time of
applied pressure [0.5, 30, and 60 min].

All of the emission spectra are very similar; as a typical example, the spectrum of
the sample 10EuSL60 is shown in Fig. 4.2. The emission bands from 1 to 5 are,
respectively, 5D0! 7F0,

5D0! 7F1,
5D0! 7F2,

5D0! 7F3, and 5D0! 7F4 [7]. For
discussion purposes only the most intense 5D0! 7F2 band will be considered. The
intensity values for the 5D0! 7F2 band for all samples are shown in Table 4.1.

As can be seen, the intensity increases, as the percentage of Eu(fod)3 in
the solid sample increases. However, the minor increase in intensity from 5%
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Figure 4.2 Emission spectrum of the LS sample with 10% of Eu(fod)3, pressed at 380 – 19MPa
for 60 min.The emission bands from1to 5 are named in the text.

Table 4.1 Intensities for the 5D0! 7F2 emission band for solid
samples of LS with adsorbed Eu(fod)3 complex

Sample Intensity (cts s^1)�104

1EuSL0.5 5.54
1EuSL30 3.94
1EuSL60 3.10
5EuSL0.5 15.44
5EuSL30 14.31
5EuSL60 14.45
10EuSL0.5 16.14
10EuSL30 16.22
10EuSL60 18.23
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to 10% of the complex-adsorbed sample suggests a concentration quenching.
Furthermore, as a general behavior, it can be observed that the intensity of
the considered emission band decreases with time, at the constant applied
pressure.

The increase of the intensity of the 5D0! 7F2 emission band with the increase
of the percentage of the adsorbed complex is a predictable result, taking into
account that the measured intensity is proportional to the complex amount. For
samples with 1% and 5% of the europium complex, it is found that the intensity
suffers a decrease with increasing time of applied pressure. Since a decrease of the
interlayer distance is observed with time, under a constant pressure [4], it is
reasonable to suppose that the intensity of the 5D0! 7F2 emission band decreases
as the interlayer distance decreases, with both phenomena very closely related.
The observed intensity increase for the 10EuSL60 sample, in comparison with
the 10EuSL0.5 and 10EuSL30 ones, can be explained by supposing that for a
concentrated europium sample, a large reduction of the interlayer distance pro-
vokes the reorientation of the diamine molecules in a way that favors energy
transfer to the metal.

Since the complex Eu(fod)3 has two water molecules in its coordination
sphere, which can be replaced by other ligands, including those with nitrogen as
coordination site, like phen, and taking into account that the synthesized LS have
‘‘free’’ nitrogen basic sites, able to coordinate metals, it is possible to suppose that
Eu(fod)3 molecules are coordinated to the LS sample (chemisorption) and not only
weakly adsorbed (physisorption). However, this is presented only as a hypothesis,
since the infrared spectra are not conclusive, due to the presence of large and
intense bands attributed to the inorganic substrate, which masks the infrared bands
due to the organic moiety. The presence of the 5D0! 7F0 band is indicative of
the presence of a center of inversion in the complex molecule, in agreement with
D3h symmetry.

To verify the possible effects of the total amount of adsorbed complex on the
luminescent lifetimes of the samples, lifetime measurements were performed for the
1%, 5%, and 10% matrices pressed for 0.5 min. The measured luminescent lifetimes
are 507, 551, and 581 ms, respectively. So, it is evident, for the pressed hybrid
samples, the luminescence lifetime is increased with an increased amount of
adsorbed luminescent complex. This suggests that not only adsorption but also
coordination occurs between the europium complex and the nitrogen atoms of
the organic moiety, since a large complex/matrix ratio implies a minor amount of
nitrogen atoms per complex molecule, that is, a minor amount of nitrogen atoms
enters the europium coordination sphere.

Taking into account that the emission spectrum of ‘‘free’’ Eu(fod)3 is almost
identical to that obtained for the Eu(fod)3-doped LS, it is possible to claim that LS
could be used as an inert substrate to support Eu(fod)3 and, possibly, other
LCMDs. Furthermore, a relationship between interlayer decrease and intensity
emission band decrease was observed for some doped samples, suggesting the
possibility of uses of such doped compounds as some king of ‘‘pressure sensors,’’
which, of course, will require most extensive and deep investigations, which is
now on progress.
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4. TITANIA FOAM AND THIOL-FUNCTIONALIZED NANOPOROUS
TITANIA–SILICA

Titanium dioxide is a well-known photocatalyst for air purification, exhibiting
other possible applications [11]. In this connection, the sol–gel process has been
successfully used for the preparation of a series of titania containing single, double,
or triple oxides with regular nanostructure [12–17].

In an attempt to develop new, easy, and cheaper experimental procedures to
prepare crystalline titania, it has been shown that anatase phase can be synthesized at
room temperature without any previous or further thermal treatment [17,18].
Furthermore, it has been shown that, for sol–gel-prepared titania samples, a doping
process with cerium or copper oxides, as well as silica, can enhance the thermal
stability of the anatase phase, producing very stable samples (up to 1000�C).

However, to improve and/or extend the possible applications of TiO2, it is
necessary to develop porous high surface area samples, with the control of nanos-
tructure being a main purpose. In this connection, the dissolution of TiO2 into
hydrogen peroxide has been used to produce TiO2 foams [19]. However, in such
preparations the foam obtained is sponge-like and not a really porous matrix, for
example, as in the sense used for active carbon.

A specific example is the synthesis of a titania–silica inorganic–organic hybrid
matrix, functionalized with thiol groups [20]. Such a matrix exhibits a porous
nanostructure, with pores from 200 to 500 nm. The matrix is obtained by a sol–gel
process, using titanium and thiol-functionalized silicon alkoxides. The porous nanos-
tructure is achieved by using polymeric spheres as templates. The main purpose of
such a preparation is to obtain a hybrid matrix with several functions, able to act as a
photocatalyst, as well as a soft metal-sequestering agent (e.g., mercury). The prepara-
tion of a titania foam exhibiting regular pores has also been reported.

4.1 Thiol-functionalized nanoporous titania–silica

In a typical preparation, 50 mg of methyl methacrylate copolymer was dissolved in a
mixture of 10 cm3 of titanium butoxide and 2 cm3 of mercaptopropyltriethoxysi-
lane. Another synthesis with higher amounts of the thiol-functionalized alkoxide
was also performed. To evaluate the role of the thiol silicon alkoxide on nanoporous
hybrid formation, some syntheses were performed using only the methyl metacry-
late copolymer and the titanium alkoxide.

SEM micrographs were obtained with a JEOL JSM 6360LV SEM, with an accelerat-
ing voltage of 15kV. XRD patterns were obtained with a Shimadzu XD-3A instrument
(Cu Ka radiation, 35kV, 25mA). The SEM micrographs are shown in Fig. 4.2.

Inspecting the SEM micrographs shown in Fig. 4.3, some conclusions can be
pointed out:

a. The methyl methacrylate spheres were dissolved in a mixture of titanium–thiol-
functionalized silicon alkoxides, and the dissolved spheres led to the formation of
nanopores with diameters from 200 to 500 nm.
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b. The presence of the thiol-functionalized silicon alkoxide is of prominent
importance to the dissolution of the methyl methacrylate spheres, producing
nanoporous hybrids, since when only the titanium alkoxide was used, the
obtained product was not a nanoporous hybrid but merely the methyl
methacrylate spheres covered wth TiO2.

The evidence for the formation of a new crystalline phase is also reinforced by
the XRD patterns shown in Fig. 4.4. As can be verified, the methyl methacrylate
spheres exhibit some degree of crystallinity. Furthermore, the titania-
covered spheres exhibit the same XRD patterns as the uncovered spheres,
indicating that the TiO2 ‘‘coat’’ is amorphous. On the other hand, the nano-
porous thiol-functionalized titania–silica hybrid exhibits a distinct XRD
pattern, showing that a new crystalline phase was formed. By comparison
with previously prepared double oxides [13,16] the diffraction peak at 5.5�
observed in Fig. 4.2c could be attributed to the {100} diffraction plane of a
hexagonal phase.

(a)

(c)

(b)

Figure 4.3 Scanning electron micrographs for methyl methacrylate spheres (a), methyl
methacrylate sphere coveredwithTiO2 (b), and nanoporous thiol-functionalized titania^silica (c).

Chemistry on Organofunctionalized Nanostructured Oxides’ Surfaces 39



Three of the SEM micrographs for the titania foams are shown in Fig. 4.5.
The magnifications are shown in each figure. As can be observed, the TiO2

foam exhibits a very porous microstructure with pore diameters ranging from
1.5 to 3.0 mm (mean values). Furthermore, the observed morphological features
are quite different from those verified for a titania sample prepared by using a
similar experimental approach previously reported [9].

4.2 Titania foam

In a typical preparation, 4.0 g of polyethyleneglycol 4000 was dissolved in 50 cm3

of deionized water. To this solution, 2.0 g of amorphous TiO2 (previously
prepared by hydrolysis and polycondensation of titanium butoxide in
deiozined water) was added, as well as 40 cm3 of a 40% H2O2 solution. To increase
the H2O2 degradation rate, with the consequent liberation of O2 bubbles, 10 cm3

of a 0.5 mol dm–3 KI solution was added, under magnetic stirring. Then a
brown-yellow foam was formed, with an increase of 900% (in comparison with
the initial volume) was observed. The foam was then dried at room temperature
(27�C) for 2 days in a fume hood before SEM analysis. The SEM micrographs
were obtained with a JEOL JSM 6360 LV SEM with an accelerating voltage
of 15 kV.

0

200

400

600

800

1000(a)
In

te
ns

ity
 (

a.
u.

)

2θ (degrees)
0 10 20 30 40 50

100

200

300

(b)

In
te

ns
ity

 (
a.

u.
)

2θ (degrees)
0 10 20 30 40 50

In
te

ns
ity

 (
a.

u.
)

50

100

150

(c)

2θ (degrees)
0 10 20 30 40 50

Figure 4.4 XRD patterns for methyl methacrylate spheres (a), methyl methacrylate spheres
covered withTiO2 (b), and nanoporous thiol-functionalized titania^silica (c).
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5. THE EFFECTS OF NANOSTRUCTURE ON ADSORPTION
FEATURES: METAL CHEMISORPTION ON HEXAGONAL
TEMPLATED ZIRCONIA OBTAINED THOROUGH SOL–GEL
PROCESS

It was verified by investigation of the adsorption of Co(II), Ni(II), Cu(II), and
Zn(II) from aqueous solutions on a templated hexagonal zirconia matrix obtained by
a sol–gel process [21] that the nanostructure of the modified surface can exert
remarkable effects on the adsorption features. Such a modified surface was prepared
as follows:

About 20.0 mmol of 1,12-diaminodecane was dissolved in 100 cm3 of 2-butanol.
To this solution, 0.55 mol of zirconium butoxide was added dropwise
under magnetic stirring, until a new solution was formed, after which, 76.0
mmol of 1,8-diaminooctane, previously dissolved in 300 cm3 of deionized
water, was immediately added, under magnetic stirring to the diaminodecane–
zirconium butoxide solution. The powder was stirred for 3.0 min and then aged
for 48 h (at room temperature, i.e., 27�C), after which it was washed with 300 cm3

of deionized water, followed by 300 cm3 of dry ethanol.

Figure 4.5 Scanning electronmicrographs of TiO2 porous foam at1000�, 5 500�, and14 000�.
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The adsorption experiments were performed as follows: 0.100 g of the hexago-
nal templated zirconia matrix was suspended, under magnetic stirring, for 60 min,
into 20 cm3 of an aqueous solutions of Co(II), Ni(II), Cu(II), and Zn(II) previously
prepared by dissolution of the respective sulfates (with exception of cobalt, for
which chloride was used). The flasks containing the suspensions were kept on a
water bath at controlled temperature (25 – 0.5�C). The total amount of metal
cations before and after the adsorption process was measured for each individual
cation, by volumetric titration with a 3.2�10–3 mol dm–3 EDTA solution.

The X-ray powder diffraction pattern for the modified matrix is shown in
Fig. 4.6. The adsorption results are summarized in Fig. 4.7.

The XRD pattern for the hybrid zirconia sample exhibits a peak at 3.1�,
corresponding to a d value of 2.9 nm, associated with the 100 diffraction plane of
a hexagonal phase. The obtained scanning micrographs (not shown) showed that the
synthesized powder exhibits shapeless grains.

The adsorption experimental results, summarized in Fig. 4.6, indicate that the
adsorption affinity of the synthesized hexagonal templated zirconia toward Co(II),
Ni(II), Cu(II), and Zn(II) follows the sequence Cu(II)>Zn(II)>>Ni(II)>Co(II).
The adsorption affinities sequence is in total agreement with the calculated values for
the adsorption constants, Kads = 611.8 (Cu), 228.0 (Zn), 208.5 (Ni), and 66.1 (Co).

It is found that the adsorption of the considered cations follows the Langmuir
and not the Freundlich isotherm. All isotherms are of type I according to the
IUPAC classification [22]. This is as expected, since the adsorption of the metal
cations to the inorganic substrate occurs through coordination with the nitrogen
atoms of the template molecules, that is, through the formation of a chemical bond
(coordination). So, there is a chemisorption process, with the formation of a
‘‘monolayer’’ of adsorbed (in this case coordinated) cations.

These adsorption affinities of the zirconia matrix could, as a first hypothesis,
be attributed to the different coordination features of Co(II), Ni(II), Cu(II), and
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Figure 4.6 XRDpattern for the hexagonal templated zirconia sample.
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Zn(II): Zn(II) generally produces four coordinated tetrahedral compounds [23].
On the other hand, Ni(II) and Cu(II) generally forms four- or five-coordinate
complexes, with tetrahedral (copper), square planar (nickel), or bipyramidal trigonal
(nickel and copper) geometries, whereas coordination number 6, with octahedral
geometry is the most common for cobalt compounds [23]. So, Co(II) is able to
coordinate to a higher number of nitrogen atoms, in comparison with Zn(II),
Ni(II), and Cu(II). Hence, each Co(II) cation is ‘‘taking’’ a higher number of
possible coordination sites in the hybrid matrix, giving a minor amount of coordi-
nated cations in comparison with Zn(II), Cu(II), and Ni(II).

The adsorption affinities toward Ni and Co could also be understood taking into account
their ligand field stabilization enthalpies (kJ mol–1) to the formation of a M(H2O)6 complex:
111 for Co and 102 for Ni [24]. So, it is most difficult to remove a water molecule from the
coordination sphere of cobalt, allowing the formation of a CoSN bond.

The adsorption affinities of the hexagonal zirconia matrix toward Ni(II)
and Cu(II), Cu(II)>>Ni(II), are opposite to those observed for LS samples [6]:
Ni(II)>Cu(II) (in this case the respective chlorides were used for both Ni and Co).
This indicates that the nanostructure of the templated substrate can exert remarkable
effects not only on the total amount of adsorbed cations, but also on the selectivity
of the adsorption process. It could be inferred that hexagonal nanostructures, as well
as lamellar ones, do not favor cobalt adsorption (or the adsorption of other cations
with coordination number 6, forming octahedral compounds). However, lamellar
nanostructures favor Ni(II) adsorption, whereas Cu(II) adsorption is favored by
templated hybrid matrices with hexagonal nanostructures.

This hypothesis is schematically presented in Fig. 4.8. In hexagonal matrices, the
distorted octahedral coordination sphere of the cation is completed by coordination
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Figure 4.7 Adsorption isotherms for the adsorption of Co(II), Ni(II), Cu(II), and Zn(II) on the
synthesized hexagonal templated zirconia.
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Figure 4.8 Schematic representation of the possible coordination features of transition metal
cations of a hybrid matrix with lamellar (a) or hexagonal (b) and (c) nanostructure.
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with template molecules of adjacent hexagonal ‘‘rings.’’ Since the template mole-
cules have two nitrogen atoms, it can be supposed that the same diamine molecule
could be linked to two different cations, as shown in Fig. 4.8c.

The ‘‘equilibration’’ curve, that is, a curve in which the G values are plotted as a
function of time is shown in Fig. 4.9 (for all cations, the initial concentration was
1.0�10–2 mol dm–3). The observed sequence is Ni<Zn<Co�Cu. As can be
observed, the equilibrium concentration, that is, the concentration value at which
the adsorption and desorption rates are equal, is reached firstly by Ni and Zn. So, it
can be concluded that the kinetic and thermodynamic features of the adsorption of
cations are very different, since the cation with maximum adsorbed amount (Cu)
exhibits practically the same equilibration time as the cation with minimum adsorbed
amount (Co). Such facts must be carefully taken into account if the hybrid matrix is to
be used for metal adsorption purposes in a dynamic process (as a filter, for example).

6. SURFACE MODIFICATIONS PROMOTED BY NOT BONDED
SPECIES

In this section, by considering a specific example, it will be shown that even in
minor amounts, metals salts and organic species such as dimethylformamide (DMF)
and dimethylsulfoxide (DMSO) can act, during the synthetic step, as surface
modifiers and exert remarkable effects on the oxide.

6.1 Effects of metal salts, DMF, and DMSO on the anatase–rutile
transition in sol–gel-synthesized TiO2

The sol–gel process is one of the so-called ‘‘chimie douce,’’ routes. It has been widely
used a as synthetic route to the preparation of new materials, providing very
homogeneous samples, even at low temperatures.

Taking into account its possible applications such as gas sensors, dielectric
ceramics, and photocatalysts, titanium dioxide (TiO2) has been extensively studied,
and it has been shown that titanium oxide as anatase phase can be synthesized at
room temperature without use of any previous or further thermal or hydrothermal
treatment, performing hydrolysis and polycondensation processes in saturated metal
chloride solutions.

Titania has three naturally occurring polymorphs: anatase, brookite, and rutile.
Anatase and brookite are considered to be kinetic products despite the fact that
depending on the particle size, anatase becomes more stable than rutile. The
anatase–rutile transition is exothermic and irreversible, occurring in the range
400–1200�C [25,26].

The aim of this chapter is to report thermal studies of anatase–rutile structural
transitions of anatase powders obtained by sol–gel process. The titania syntheses
were performed in metal chloride saturated aqueous solutions, as well as DMF and
DMSO solutions.

To obtain the titania powders, hydrolysis and polycondensation of titanium (IV)
butoxide (Aldrich) was performed in water and aqueous saturated solutions of
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KCl, CaCl2, NiCl2, CoCl2, and MnCl2. In a typical synthesis, 5 cm3 of titanium
butoxide was added to 50 cm3 of metal chloride saturated solution at 25�C, and the
resulting mixture stirred for 30 s. The resulting powders were aged for 24 h and then
washed several times with deionized water and dried under vacuum at room
temperature for 20 h.

Hydrolysis and polycondensation of titanium tetrabutoxide was also performed
in DMF or DMSO. In a typical synthesis, 5 cm3 of titanium tetrabutoxide were
added to 50 cm3 of DMF or DMSO, under stirring. The resulting solutions were
aged for 48 h, and then 1.5 cm3 of deionized water was added. The resulting
powders were aged for 24 h and then washed several times with deionized water
and dried under vacuum at room temperature (25�C) for 24 h.

The XRD patterns were recorded with a Shimadzu apparatus using Cu Ka
radiation. The TG–DTA (differential thermal analysis) curves were obtained under
argon atmosphere with a heating rate of 10�C min–1 using a DuPont instrument.

All titania powders synthesized in saturated aqueous solutions of metal chlorides
are crystalline. From the broadening of the 2�= 25� peak, due to the {101}
diffraction plane (d = 0.36 nm), the mean crystallite size was calculated as 11 nm
for all samples. Titania powders synthesized in DMF or DMSO solutions are also
crystalline. From the peak broadening of the anatase {101} diffraction, the mean
crystallite sizes were calculated as 6 nm for both samples. This indicates that the
mean crystallite size is strongly affected by the composition of the reaction media
and that organic species induce the formation of crystallites of low dimensions.

It is worth noting that all titania samples are crystalline as synthesized, without
needing any previous or further treatment such as heating or hydrothermal aging, as
observed for other sol–gel-derived titania powders [25,26]. This phenomenon is
probably related to the formation of OTi3 groups, which could favor the formation
of an anatase phase, with a localized structure having four edges shared by TiO6

octahedral units, instead of the amorphous phase, with only two shared edges.
In the XRD patterns, all diffraction peaks, including the one near 2�= 25� confirm

that anatase is the crystalline phase formed [25,26]. On the other hand, the diffraction
peak near 30� can be attributed to the presence of a minor amount of brookite phase
[25,26]. Obviously, the presence of the organic molecules (DMF or DMSO), or the
ions of metal chlorides, provides new paths for the hydrolysis and polycondensation
processes, leading to ordered matrices, instead of amorphous ones, as observed, if the
hydrolysis and polycondensation processes are performed in water. For example, the
XRD pattern for titania powder synthesized in DMF is shown in Fig. 4.10.

For the titania powder synthesized in CaCl2 solution, the anatase–rutile struc-
tural transition, associated with a well-defined exothermic peak, occurs at 512�C, as
verified by DTA analysis. For the titania powders synthesized in solutions of K, Ni,
Co, and Mn chlorides, the transition occurs at 460�C, 455�C, 510�C, and 570�C,
respectively. So, variations of 55�C can be observed for such structural transitions,
depending on the metal chloride used.

For DMF- or DMSO-synthesized titania samples, an endothermic peak from
30�C to 250�C in the DTA curves is observed, which is associated with a significant
mass loss step (TG curves), attributed to the removal of physisorbed water and DMF
or DMSO molecules, as well as unreacted titanium alkoxide.
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For both samples, the anatase–rutile structural transition, associated with a well-
defined exothermic peak, occurs at 485�C. Such fact suggests that the temperature
of the structural transition is associated with the mean crystallite sizes, which have,
for both samples, the same value. From 600�C to 800�C, an endothermic peak is
observed for both samples, associated with a minor mass loss step, probably due to
the sublimation of a minor amount of powder or the thermal degradation of the last
alkoxide molecules, trapped into the three dimensional oxide structure. As an example,
the TG–DTA curve for the DMF-synthesized powder is shown in Fig. 4.11.
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Figure 4.10 XRDpatterns for titania powder obtained by sol^gel process in DMF.
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It was observed that amorphous and hydrothermally treated titania powders
begin rutile formation in the range 700–820�C [25]. So, the titania powders
synthesized in this work allow the formation of a rutile phase at temperatures
about 200�C below those observed otherwise. This is probably related to the
mean crystallite sizes, which were smaller for these samples.

The experimental results show that organic species (DMF and DMSO, in this
case) induce the formation of titania crystallites of low dimensions (6 nm). Further-
more, the temperatures needed to promote the anatase–rutile structural transition
can be decreased by 200�C, when compared with other sol–gel-prepared titania
powders [27], using the experimental procedures reported in this work.

7. HEXAGONAL MESOPOROUS SILICA

An instructive example of the attainment of organically modified mesoporous
silica is the synthesis [27] of hexagonal mesoporous silicas chemically modified
with en moieties via co-condensation of TEOS with two different silylating agents:
(i) N-[3-(trimethoxysilyl)propyl]-ethylenediamine (SiNN) and (ii) the new agent
prepared from the incorporation of the en molecule into the epoxide group of the
precursor 3-glycidoxypropyltrimethoxysilane (Siepox).

In such preparations, the silica source of the inorganic framework was
TEOS. The silylating agents Siepox, SiNN, the surfactant n-octylamine, en,
methanol, and ethanol were all reagent grade. A mixture of 5.0 g of Siepox and
2.66 g of en was slurried in 20.0 cm3 of methanol in the presence of 1.0 cm3 of
tributylamine as deprotonating agent. The solution was mechanically stirred under
dry nitrogen at 323 K for 24 h, to yield the new silylating agent denoted as SiGNN.

The parent mesostructure was prepared by stirring n-octylamine (5.6 mmol) in
200 cm3 of water for 30 min until an opalescent solution was obtained, as a
consequence of micelle formation (Fig. 4.12). To this micellar suspension, TEOS
(23.2 mmol) and the organosilane SiGNN (4.8 mmol) were then added. Each
suspension was stirred for 24 h at room temperature, resulting in a precipitate. The
n-octylamine inside the pores of the synthesized compounds was extracted with
ethanol at reflux temperature for 72 h.
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1. INTRODUCTION

Conducting polymers, for example, polyaniline, polypyrrol, have been exten-
sively investigated taking into account its possible technological applications. From
the specific point of view of modified surfaces, it has been shown that, when
adsorbed on oxide surfaces such as molybdenum [1], arsenic [2,3], and iron [3]
oxides, polyaniline exerts remarkable effects on their redox properties [4] and/or
thermal stability of the respective oxides. This chapter presents a brief outline about
the achievements on this field of investigation.

2. SYNTHETIC APPROACH

Once the conducting polymer has been synthesized by the usual chemical or
electrochemical approaches [5], the adsorption of the polymer on an oxide surface it is
very simple. As illustrated by polyaniline [1–4], it is only a question of finding a solvent
for the polymer, for example, DMF, and then dispersing the investigated oxide in
solution, promoting the doping of the conducting polymer with some inorganic oxide
(if desired), promoting the aging of the new product, for example, for 24 h, filtering the
polymer adsorbed oxide, drying it, and performing desired measurements.

Interface Science and Technology, Volume 17 � 2009 Elsevier Ltd.
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3. EFFECTS OF ADSORBED CONDUCTING POLYMER
ON THE OXIDE PROPERTIES

For molybdenum and arsenic oxides [1–3], it has been shown that the
modification of the oxide surface by adsorption of a conducting polymer (polyani-
line, in these cases) can exert remarkable effects on the electrochemical properties of
the oxides.

For molybdenum oxide, for example, it is shown that the adsorption of 4%
(in mass) of polyaniline is enough to enhance the electrode response, affecting
the potential in which the formation of the so-called ‘‘molybdenum blue’’ is formed.
For arsenic oxide, it is shown that the modification of the oxide surface by
13% polyaniline adsorption was responsible for enhancement of the oxide response
to applied potential as well as for a change in the potentials observed for oxidation–
reduction processes occurring in the unmodified oxide.

From the point of view of thermal stabilization, it is seen that the sublimation
temperature of As2O3 is increased by 41�C (from 165�C to 206�C) when the oxide
surface is modified with polyaniline. Furthermore, for Fe3O4 the surface modifica-
tion with Pani (polyaniline) avoids the oxide sublimation making it thermally stable
up to 1000�C (the unmodified oxide sublimate at 780�C). For comparison, the
obtained thermogravimetric curves are shown in Fig. 5.1.

4. EFFECTS OF THE OXIDE ON THE ADSORBED POLYMER
PROPERTIES

The modification of an oxide surface with conducting polymer can exert
remarkable effects not only on the properties of the oxide but also on the properties
of the conducting polymer, as illustrated for Ba, Mg, Sn, Ge, and Al oxides [6].

For this investigation, polyaniline was obtained by using a 0.50 mol dm–3 solu-
tion of double-distilled aniline (Aldrich) in 1.0 mol dm–3 HCl (Aldrich) as starting
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Figure 5.1 Thermogravimetric curves for Pani-modified and unmodified iron and arsenic
oxides.
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reagents. To this mixture, maintained at 5�C, was added dropwise, during a period
of 2 h, 100 cm3 of a 0.80 mol dm–3 of (NH4)2S2O8 solution. After the complete
addition of the oxidant solution, the mixture was stirred for 10 h, until the
polymerization was completed. The final polymer was washed several times with
distilled water and acetonitrile to remove oligomers as well another possible
impurities. The polyaniline thus obtained was then treated with a 1.0 mol dm–3

NH4OH solution to promote deprotonation.
In the next stage, 1.6 g of the polyaniline was dissolved in 180 cm3 of

N,N-dimethylformamide (Merck). This solution was used to promote the deposi-
tion of polyaniline on BaO, GeO2, MgO, SnO2, and Al2O3. In a typical synthesis,
2 g of the oxide were suspended in 40 cm3 of the previously prepared solution,
under stirring. Then, 0.5 cm3 of concentrated (85%) H3PO4 was added to the
system, to promote doping. The mixture was aged for 48 h at room temperature
under static conditions before withdrawing the excess of solution and drying at
30�C overnight. The final products were isolated as green powders.

The oxide–polyaniline powders were characterized by Fourier transform infra-
red (FTIR), using a Bomem spectrometer (KBr disks), by TG in a Shimadzu TGA-
50 instrument and by DSC in a DuPont 2000 instrument. TG and DSC curves were
obtained under Ar atmosphere with a heating rate of 5�C min–1. The SEM images
were obtained in a JEOL, JSM T-300 microscope, using an accelerating voltage of
15 kV. No success was achieved in attempting to obtaina-13C cross-polarization-
magic angle spinning (CP-MAS) spectrum for oxide–Pani samples. UV–Vis spectra
for the solid samples were recorded with a Cary 5G spectrometer.

The infrared spectra for the oxide–polyaniline samples confirms the presence of
the conducting polymer, exhibiting some of its characteristic bands.

Based on thermogravimetric data, percentages of 3–10% of conducting polymer
on the oxide surfaces can be calculated. The DSC curves exhibit endothermic peaks
associated with the respective mass loss steps. As examples, the TG–DTG and DSC
curves for MgO–Pani are shown in Fig. 5.2.

The adsorption of conducting polymer on the oxide surfaces did not change the
grain morphology of the oxides, except for MgO. For example, the SEM
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Figure 5.2 TG^DTG (a) and DSC (b) curves forMgO^Pani.
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micrographs for SnO2/SnO2–Pani and MgO/MgO–Pani are shown in Figs. 5.3 and
5.4, respectively.

For all samples, a very interesting phenomenon was observed: the Brønsted acid-
doped samples remain doped after treatment with a NH4OH 1.0 mol dm3 solution.
This fact can be verified by inspection of the oxide sample with the naked eye or
with an optical microscope (the doped polyaniline samples exhibit a characteristic
green color, whereas the undoped samples are blue) or by UV–Vis spectra of the
samples before and after treatment with 1.0 mol dm–3 NH4OH solution. As an
example, the UV–Vis spectra for BaO–polyaniline samples are shown in Fig. 5.5.

The spectrum shown in Fig. 5.5a is for the doped BaO–polyaniline sample,
which exhibits absorption bands at 420 nm and 780 nm, characteristic of Brønsted
acid-doped polyaniline. The spectrum shown in Fig. 5.5b is for the same sample
after treatment with a NH4OH 1.0 mol dm3 solution. As can be seen, the 420 nm
and 780 nm absorption bands remain at the same positions, even after treatment
in basic solution. This is not observed for the ‘‘free’’ polymer, for which a reaction
with base promotes deprotonation, which causes the appearance of an absorption
band at 625 nm.

Figure 5.3 SEMmicrographs for SnO2,750� (a) and SnO2-Pani, 750� (b).
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Figure 5.4 SEMmicrographs forMgO,1000� (a) andMgO^Pani, 1000� (b).
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Figure 5.5 UV^Vis spectra for (a) BaO^polyaniline-doped sample (a) and BaO^polyaniline-
doped sample after reactionwith a NH4OH1.0mol dm^3 solution (b).
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The UV–Vis spectrum of Pani has two absorption bands, at 325 nm and 625 nm,
which are due to p–p� transitions of the benzenoid rings and excitation absorption
of the quinoid rings, respectively. However, when nitrogen atoms in imine groups
are protonated, N and its neighboring quinoid ring become a semiquinoid radical
cation, causing a decrease in the exciton absorption peak intensity and a generation
of the absorption peaks about 420 nm and 865 nm due to the presence of polaron/
bipolaron. When Pani is doped with lithium salts, absorption bands at 420 and
865 nm are observed, suggesting a doping process similar to those caused by
Brønsted acids.

However, when Pani samples are doped with SnCl4 or FeCl3 somewhat differ-
ent results are obtained. SnCl4-doped samples exhibit an absorption band at 370 nm,
and a broad absorption band with maximum at 1530 nm. On the other hand, FeCl3-
doped samples exhibits an extremely broad absorption band extending toward NIR
with a maximum around 1700 nm. This is evidence of the influence of the Lewis
acid on the UV-Vis/NIR (near-infrared) spectra of Lewis acid-doped polyaniline.
In the present case, the UV–Vis spectra for the oxide–Pani samples resemble those
obtained for Pani doped with lithium salts.

Based on the experimental results as well as literature data, it can be concluded
that the adsorption of Brønsted acid-doped polyaniline on Ba, Mg, Ge, Sn, and Al
oxide surfaces enlarges the pH range in which the conducting polymer remains
doped, that is, enlarges its pH range of maximum conductivity. Furthermore, the
oxide–polymer samples exhibit higher processability, when compared with the
polymer. Obviously, such facts could have useful influences on the possible tech-
nological applications of polyaniline.
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1. INTRODUCTION

Inorganic layered oxides have attracted considerable attention due to their
unique structural properties and applications, such as in intercalation reactions, ionic
exchange processes, photochemical and semiconductor properties, and catalytic
applications. In this chapter, titanates, niobates, tungstates, molybdates, and
molybdenum oxide will be considered as specific examples. However, it is necessary
to say that many other specific lamellar oxides are investigated, such as V2O5.

2. TITANATES AND NIOBATES

Layered titanates and niobates such as K2Ti4O9, Na2Ti3O7, KNb3O8, and
K4Nb6O17, as well as their acid forms, that is, H2Ti4O9, H2Ti3O7, HNb3O8, and
H4Nb6O17 can be used as cation exchangers toward Cu2þ [1]. Furthermore, the
acidic compound H2Ti4O9.nH2O was used for the preparation of intercalation
compounds with n-alkyldiamines of formula H2N(CH2)nNH2 with n = 2, 3, 4,

Interface Science and Technology, Volume 17 � 2009 Elsevier Ltd.

ISSN: 1573-4285, doi: 10.1016/S1573-4285 (08) 00406-7 All rights reserved.

57



6, 7, and 8 [2]. These specific systems will be discussed here, to provide a most
profound insight about modified titanates and niobates.

From the point of view of cation exchange, alkaline titanates have been exten-
sively investigated due to their high selectivity toward metal cations. In this respect,
the layered compound K2Ti4O9 had been investigated and it has been found that its
corresponding acidic form exhibits a high ion exchange capacity.

The syntheses of the above-mentioned alkaline titanates and niobates are per-
formed through a traditional solid-state chemistry approach at high temperatures:
K2Ti4O9 and Na2Ti3O7 are prepared by reaction of K2CO3 or Na2CO3 with
stoichiometric amounts of TiO2 in a platinum crucible. The mixture is heated at
800�C for 20 h at room atmosphere. After being cooled and ground, the mixture is
heated again at the same temperature for another 20 h.

3. TUNGSTATES AND MOLYBDATES

It has been demonstrated that tungstates can act as effective corrosion inhibi-
tors in low-level carbon stainless steel [3]. Furthermore, molybdates have attracted
considerable interest due to their possible applications as catalysts [4].

The bulk and surface compositions of tungstates and molybdates can be modified
through ionic exchange process, such as those used to obtain transition metal
molybdate from sodium molybdate [5]. In this topic, as a specific example of
preparation and uses of modified tungstates and molybdates, will be presented the
preparation of Eu(III) compounds for optical purposes.

To produce new LCMDs [6] with high thermal stability and processibility in
comparison with traditional lanthanide complexes, new strategies have been adopted,
such as adsorbing the complex on amorphous inorganic–organic hybrid surfaces [7,8],
or LS [9], or insert them into polysiloxane three dimensional networks [10]. The
specific example reported here belongs to the above-mentioned context and is
dedicated to the investigation of entirely inorganic (with no organic ligand molecules)
LCMDs with high thermal stability and prepared in aqueous medium at room
temperature (in contrast with the well-studied rare-earth-doped glasses). To achieve
such purposes, the well-known ammonium molybdate (NH4)6Mo7O24.4H2O and a
new sodium tungstate Na8WO7.2H2O are used as precursors [11].

Sodium tungstate, Na8WO3 was prepared by grinding stoichiometric amounts
of Na2CO3.10H2O and WO3 for 30 min. Then the resulting mixture was heated at
700�C and the liquid product was cooled to a solid at room temperature. This final
solid was then ground to a powder in a mortar. So far as the authors are concerned
this is a new tungstate.

The europium tungstate and molybdate were prepared by mixing stoichiometric
amounts of aqueous solutions of Na8WO7 or (NH4)6Mo7O24.4H2O with aqueous
solutions of EuCl3. In both cases, with precipitates were obtained which were
filtered off and dried under in a fume hood at room temperature for 8 h.

The XRD patterns were obtained with a Shimadzu XD-3A instrument, using
Cu Ka radiation (35 kV, 25 mA). The infrared spectra were obtained in a Bomem
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spectrometers in the range 4000–400 cm–1 with a resolution of 4 cm–1, by dispersing
the samples in KBr disks. Thermogravimetric curves were obtained with a
Shimadzu TGA 50 instrument under nitrogen atmosphere at a heating rate of
10�C min–1. The sodium/tungsten ratio from which the sodium tungstate formula
was established was measured by energy-dispersive X-ray (EDX) analysis in a JEOL
instrument, model JSM T-300, with an accelerating voltage of 15 kV. The reliability
of such analysis was previously verified by using a Pd (80%)/Au (20%) standard
disk, and the ratio was as expected. The spectral analyses (emission spectra) were
performed at room temperature and at 77 K (N2) using a Jobin Yvon Ramanor
U-1000 spectrometer, using a 450W Xe lamp. The detector was an RCA C31034
photomultiplier tube or an intensified diode array. Excitation spectra of the
compounds were registered in an ISS K2 Multifrequency Phase Fluorometer.

The obtained thermogravimetric curves are shown in Fig. 6.1. Based on the
experimental mass loss percentages, the formula Na8WO7.2H2O can be proposed
to the new synthesized tungstate. For this compound, the first mass loss step, started at
65�C can be associated with the process: Na8WO7.2H2O (s)!Na8WO7 (s)þ 2H2O
(g) (experimental value: 7.2%; calculated value: 7.0%). After this mass loss, a large
plateau, in the range 105–550�C is observed. That is, the anhydrous compound is
stable (form a thermal point of view) is this temperature interval. At 600�C a large
mass loss is observed. However, as we know from the synthetic procedure, the
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Figure 6.1 Thermogravimetric curves for Na8WO7.2H2O (a), Eu8(WO7)3.5H2O (b), and
Eu2Mo7O24.4H2O (c).
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anhydrous Na8WO7 melts at this temperature, and thus this observed loss is associated
with the evaporation of the liquid tungstate. The mass ‘‘gain’’ observed near 800�C is
probably due to a measuring error resulting from the ‘‘swinging’’ of the sample
container due to the quick evaporation of the compound.

Based on the experimental mass loss of 8.0% observed for the first mass loss step
for europium tungstate (Fig. 6.1b) the formula Eu8(WO7)3.5H2O can be proposed,
with the release of water molecules occurring as follows: Eu8(WO7)3.5H2O (s)!
Eu8(WO7)3 (s)þ 5H2O (g) (calculated value: 8.0%). The anhydrous Eu8(WO7)3 is
stable in the 110–350� range.

Based on the experimental value obtained to the first mass loss step for the
europium molybdate (5.2%) the formula Eu2Mo7O24.4H2O can be proposed
(calculated water content is 5.0%), for which the water molecules release process
is: Eu2Mo7O24.4H2O (s)!Eu2Mo7O24 (s)þ 4H2O (g). So, an exchange of six
NH4

þ cations by two Eu3þ cations into the molybdate network does not require any
‘‘extra’’ water molecules in the network, to produce a stable structure from the
interrelated structural and thermodynamic points of view. The anhydrous
compound is stable up to 720�C.

The X-ray powder diffraction patterns for the new tungstate, Na8WO7.2H2O
and the europium tungstate and molybdate are shown in Fig. 6.2. By comparison
of Figs. 6.2a and 6.2b, it can be seen that Na8WO7.2H2O and Eu8(WO7)3.5H2O
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Figure 6.2 XRD patterns for Na8WO7.2H2O (a), Eu8(WO7)3.5H2O (b), and
Eu2Mo7O24.4H2O (c).

60 Chemistry on Modified Oxide and Phosphate Surfaces: Fundamentals and Applications



are isomorphs. Furthermore, it can be inferred, from the Eu2Mo7O24.4H2O dif-
fraction pattern (Fig. 6.1c) that this compound exhibits a structure similar to that
exhibited by Eu8(WO7)3.5H2O.

The excitation spectra are shown in Fig. 6.3. These spectra were recorded in the
300–500 nm range and the emission monitored at �612 nm (the hypersensitive
5D0! 7F2 transition of Eu3þ). Large bands associated with the allowed transitions
(S0! S1) from ligands are not observed. Only the bands due to the low-intensity
transitions (7F0! 5D4;

5L6;
5D2) schematically shown in Fig. 6.4 are observed.

The emission spectra are shown in Fig. 6.5.
In both spectra, the characteristic 5D0! 7FJ bands are observed, with exception

of the 5D0! 7F1 band. Comparison of the spectra, indicates that the most intense
band (5D0! 7F2), due to the characteristic red emission of europium complexes, is
most intense (about three times) to Eu2Mo7O24.4H2O in comparison with

400
nm

450 500350300
0

1000

2000

3000

I 
(c

ts
 s

–1
) 4000

7F0 – 5L6

7F0 – 5D4

7F0 – 5D2

5000
(a)

7F0 – 5L6

7F0 – 5D2

400
nm

450 500350300

1000

0

2000

3000I 
(c

ts
 s

–1
)

4000

5000

6000

7000

8000(b)

Figure 6.3 Excitation spectra for Eu8(WO7)3.5H2O (a) and Eu2Mo7O24.4H2O (b).
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Figure 6.4 The Eu3þ transitions observed for the tungstate andmolybdate.
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Eu8(WO7)3.5H2O. The presence of five water molecules in the tungstate structure,
that is, an ‘‘extra’’ molecule in relation to the molybdate, can be pointed out as
the main factor leading to such quenching phenomena. Furthermore, the presence
of a larger number of oxygen atoms in the molybdate structure can promote
efficient energy absorption and transfer to the europium cation.

4. MOLYBDENUM OXIDE AS A MOLECULAR SIEVE

Molybdenum trioxide (a-MoO3) has a lamellar structure [12], being insoluble
in water [13]. Its layered structure is constituted of parallel rows of distorted MoO6

octahedra [12] as shown in Fig. 6.6.
Due to its many applications for catalytic purposes [14], redox effects on MoO3

have been studied [15,16], by deposition of conducting polymer on its surface.
Furthermore, taking into account that its sheets are separated by a van der Walls gap,
lamellar MoO3 can be used as host species to produce intercalation compounds.

The most recent studies of such compounds involves MoO3–pyrazine [17],
MoO3–pyrrolidinedithiocarbamate [18] and MoO3–phen [19] hybrids. The
obtained results suggest that lamellar MoO3 can be successfully used as a molecular
sieve toward a series of nitrogen-containing organic species.

In this chapter, specific examples of the use of MoO3 as a molecular sieve, will be
discussed the synthesis and characterization of MoO3 intercalation compounds with
nicotinamide (nic) and hexamethylenetetramine (hmta) [20], as well the study of the
adsorption of caffeine (caff), dimethylglyoxime (dmg), and rodamin-B (rod-B) on
lamellar molybdenum oxide will be presented.

4.1 MoO3 intercalation compounds with nic and hmta

The MoO3 intercalation compounds were synthesized at room temperature. In a
typical synthesis, MoO3 (Aldrich) was suspended in 60 cm3 of a 1:1 (v/v) water–
ethanol solution of nic or hmta (both from Aldrich). The obtained suspension was
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Figure 6.5 Emission spectra for Eu8(WO7)3.5H2O (a) and Eu2Mo7O24.4H2O (b).
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aged for 5 days, and then, the solvent was slowly evaporated at 30�C for another
7 days. We have used a total of six MoO3/nic and MoO3/hmta stoichiometric
ratios:

a. MoO3 (0.60 g)þ nic (0.10 g) = Mo1
b. MoO3 (0.60 g)þ nic (0.20 g) = Mo2
c. MoO3 (0.60 g)þ nic (0.30 g) = Mo3
d. MoO3 (0.50 g)þ hmta (0.20 g) = Mo4
e. MoO3 (0.50 g)þ hmta (0.35 g) = Mo5
f. MoO3 (0.50 g)þ hmta (0.55 g) = Mo6

To calculate the lengths of nic and hmta molecules, as well as the structural features
of their intercalation compounds with MoO3, quantum chemical calculations
(Hartree–Fock, STO-3G) were performed by using the Spartan-Pro 1.0.3 package.

The elemental analysis results are summarized in Table 6.1. Each presented value
is the average of three distinct determinations. For nic, the %C/%N ratio is 2.57.
For Mo1, Mo2, and Mo3 samples this ratio is equal 2.50, 2.56, and 2.63, respec-
tively. For hmta the %C/%N ratio is 1.29. For Mo4, Mo5 and Mo6 samples the
values are 1.29, 1.28, and 1.28 respectively. So, for both, nic and hmta intercalation
compounds the presence of ethanol molecules is excluded, since the presence
of alcohol molecules increase the carbon percentage, and so, the %C/%N ratio.
The proposed formula shown in Table 6.1 accounts for both, intercalated and
surface adsorbed molecules, as will be discussed later.

a
b

c

Figure 6.6 Schematic representation of the network structure of lamellarMoO3.
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The XRD patterns for the oxide and intercalation compounds are shown in
Figs. 6.7a–6.7g. In the oxide diffraction pattern, peaks at 12.6� and 25.2� are
associated with the {001} and {002} diffraction planes [17–19]. Taking into account
the {001} diffraction peak position, the interlayer distance can be calculated as
0.70 nm.

For Mo1, the 001 diffraction peak of the pure oxide is observed. However,
two peaks, at 7.9� (d = 1.12 nm) and 15.8� (d = 0.56 nm) can be attributed to the
{001} and {002} diffraction of a new phase, with intercalated nic molecules.
However, not all nic molecules are intercalated, as can be verified by the presence
of a series of diffraction peaks due to ‘‘free’’ (merely adsorbed on the surface, not
intercalated) nic molecules. For Mo2, {001} diffraction peak of MoO3 is not
observed. The {001} and {002} diffraction peaks due to the MoO3–nic intercala-
tion compound are observed. However, the diffraction peaks due to free nic
molecules are of very low intensity, showing that almost all nic molecules are
intercalated is this case. So, comparing Mo1 and Mo2 diffraction patterns, it is
possible to verify that an increase of the nic/MoO3 ratio induces the intercalation
of the organic species. Hence, it can be inferred that the efficiency of MoO3 as a
molecular sieve toward nic, will be dependent on the relative nic concentration.
For Mo3, the diffraction peaks at 7.9� and 15.8� observed in Mo1 and Mo2
samples are also observed. However, a new diffraction peak at 6.7� (d = 1.32 nm)
is observed, and can be attributed to the 001 diffraction plane of a new MoO3–nic
intercalation compound. So, a further increase of the nic/MoO3 ratio leads to the
formation of a new intercalation compound.

The structural formulas for nic and hmta are shown in Fig. 6.8, with the
calculated values for molecular length. Based on the molecular lengths, as well as
the experimental X-ray data (interlayer distances), it could be proposed that Mo1
and Mo2 samples, nic is intercalated as presented in Fig. 6.9a. For the Mo3 sample
this intercalation feature is also observed, as well as those shown in Fig. 6.5b. Is
possible to infer, by simple geometric considerations, that the intercalation feature
shown in Fig. 6.9a favors the interaction of the ring nitrogen with the Lewis acidic
sites of the inorganic substrate, whereas the coordination feature shown in Fig. 6.9b
favors the interaction of the nitrogen from the NH2 group. So, the nic/MoO3 ratio
can induce different coordination features of the nic molecules with the acidic sites
in the inorganic surface.

Table 6.1 Elemental analysis results for MoO3 intercalation compounds with nic and hmta

Matrix C (%) H (%) N (%) Organic content
(mmol g^1)

Proposed
formula

Mo1 8.63 0.75 3.45 1.20 MoO3.(nic)0.20

Mo2 14.77 1.21 5.77 2.05 MoO3.(nic)0.40

Mo3 18.93 1.91 7.19 2.63 MoO3.(nic)0.56

Mo4 14.70 2.72 11.43 2.04 MoO3.(hmta)0.4

Mo5 18.90 3.42 14.79 2.63 MoO3.(hmta)0.60

Mo6 23.56 4.03 18.39 3.72 MoO3.(hmta)1.12
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Figure 6.7 XRD patterns for (a) MoO3, (b) Mo1 (c) Mo2, (d) Mo3, (e) Mo4, (f ) Mo5, and
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For MoO3–hmta intercalation compounds (Mo4, Mo5, and Mo6), the X-ray
results are as follows: A diffraction peak at 8.7� (d = 1.01 nm) is present in the X-ray
patterns of the three compounds. However, the intensity of this peak decreases in
the sequence Mo6<Mo5<Mo4. For the Mo4 compound this peak is almost
absent. Furthermore, this is not a diffraction peak due to free hmta. So, it is possible
to suppose that at lower hmta/MoO3 ratios, an intercalation phase, not present at
higher concentration is formed. Based on the experimental interlayer distance for
MoO3 (0.70 nm) and the molecular length calculated for hmta (0.40 nm), the
intercalation feature shown in Fig. 6.10 can be proposed.

In the hmta diffraction pattern, shown in Fig. 6.11, the most intense peak is at
18.1�. As can be observed in Figs. 6.7e–6.7g, this peak is absent for Mo4, is present
for Mo5 and is very intense for Mo6.
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Figure 6.10 Schematic representation of the coordination feature of hmta molecules into
MoO3 (Mo1,Mo2, andMo3 compounds).
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Figure 6.11 XRDpattern for hmta.
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Hence, based on the X-ray and elemental analysis data, it can be concluded that
for hmta, the maximum intercalation amount in MoO3 is in the range 2.04–2.63
mmol of hmta per gram of hybrid matrix. For all three MoO3–hmta compounds,
diffraction peaks at 10.2� (d = 0.86 nm) and 10.5� (d = 0.84 nm) are observed,
suggesting the presence of two distinct intercalation phases. However, the minimum
interlayer distance for and MoO3–hmta intercalation compound should be 1.10 nm,
as shown in Fig. 6.6. Hence, the 10.2� and 10.5� are not due to a MoO3–hmta
intercalation, but could be attributed to water intercalated ones, as shown in
Fig. 6.12.

So, based on X-ray and quantum chemical calculations data, it can be inferred
that at higher hmta/MoO3 ratios, the hmta molecules in the lamellar space are
replaced by water molecules, and so, the hmta molecules are only adsorbed on the
surface. So, the replacement of hmta by water molecules into the interlayer
space increase in the order Mo6>Mo5>Mo4. However, the total amount of
intercalated water molecules is, in all cases, a minor one, as verified by TG [20],
where the experimental mass losses are in good agreement with CHN elemental
analysis results.

Comparing nic (Mo1, Mo2, and Mo3) with hmta (Mo4, Mo5, and Mo6) results
indicate that MoO3 exhibits a higher affinity toward nic than hmta, since for nic an
increase of the organic moiety/inorganic substrate ratio increases the total amount
of intercalated molecules, whereas for hmta the opposite behavior is observed. For
nic, the maximum intercalation amount is above 2.63 mmol of nic per gram of
hybrid matrix.

4.2 Adsorption of caffeine, dimethylglyoxime, and rodamin-B
on lamellar molybdenum oxide

All reagents were analytical grade (Aldrich) and were used without further purifica-
tion. The MoO3 compounds with caff, dmg, and rod-B were synthesized by
suspension of MoO3 into aqueous solutions (40 cm3 of deionized water) of the
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Figure 6.12 Schematic representation of the coordination features of water molecules into
MoO3.
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organic species at room temperature (28�C) under magnetic strring for 3 min [21].
The suspensions were aged for 5 days, and then, the remaining solvent was slowly
evaporated at 30�C for another 2 days. The stoichiometric ratios used were as
follows:

g. MoO3 (1.0 g)þ dmg (0.1 g) = Mo(dmg)1
h. MoO3 (1.0 g)þ dmg (0.2 g) = Mo(dmg)2
i. MoO3 (0.6 g)þ caff (0.06 g) = Mo(caff)1
j. MoO3 (0.6 g)þ caff (0.13 g) = Mo(caff)2
k. MoO3 (1.0 g)þ rod-B (0.05 g) = Mo(rod-B)

Hereafter, the six hybrid matrices will be named as MoDMG1, MoDMG2,
Mocaff1, Mocaff 2, and MoRODB from (a) to (e), respectively.

For the ‘‘extra’’ adsorption experiments performed with rod-B, a mass of 1.0 g of
MoO3 and 25.0 cm3 each rod-B solution was used (Table 6.2).

The XRD patterns were obtained with a Shimadzu XD-3A instrument, using
Cu Ka radiation (35 kV, 25 mA). Infrared spectra were recorded in a Gengis II
FTIR spectrometer in the 4000–400 cm–1 range, with a resolution of 4 cm–1. All
infrared spectra were obtained from powders in KBr disks. Thermogravimetric
curves were obtained using a Shimadzu TG- 50H apparatus under N2 atmosphere
with a heating rate of 15�C min–1. The SEM micrographs were obtained using a
JEOL electron microscope, model JSM T-300, with an accelerating voltage of
15 kV. The UV–Vis experiments were performed by using a FEMTO 600
spectrometer.

The spectrometer XRD patterns for the hybrid matrices are shown in Fig. 6.13.
In the MoO3 diffraction pattern (not shown), peaks at 14.8� and 29.9� are associated
with the {001} and {002} diffraction planes. Taking into account the {001}
diffraction peak position, the interlayer distance can be calculated as 0.69 nm. As
can be verified by inspection of the XRD patterns, there is no intercalation (the
interlayer distance is unchanged after reaction) in the hybrid matrices.

The morphology of the oxide grains was affected by the reaction processes, and,
as illustrative examples, the SEM micrographs for the pure oxide and MoDMG2 are
shown in Fig. 6.14. Due to the very intense infrared bands form MoO3 the infrared
spectra for the hybrid matrices (not shown) are not conclusive or indicative of the
reaction processes.

Table 6.2 Data for the adsorption of rod-B on MoO3 (1.0 g of the oxide was suspended in
25.0 cm3 of rod-B solution)

RodB concentration (mol dm^3) Initial absorbance Absorbance after 48 h

0.6� 10–3 1.143 0.026
1.0� 10–4 0.745 0.018
0.5� 10–4 0.456 0.000
1.5� 10–5 0.147 0.056a

1.0� 10–5 0.097 0.000

a This ‘‘abnormal’’ absorbance value (taking into account the observed tendency down the table) is attributed to the presence of

suspended particulate material.
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The thermogravimetric data are summarized in Table 6.3. The thermogravi-
metric curves for MoDMG1 and MoDMG2 are shown in Fig. 6.15. The mass losses
are in the 50–400�C range, since the organic moiety is released in that temperature
range, and that about 600�C the oxide sublimates.

The observed mass losses show that MoO3 exhibits appreciable affinity toward
dmg, but has no affinity (at least for these oxide/caff proportions) toward caff, since,
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Figure 6.13 XRD patterns for (a) MoDMG1, (b)MoDMG2, (c)Mocaff1, (d)Mocaff2, and (e)
MoRODB.
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(a)

(b)

Figure 6.14 SEMmicrographs for (a)MoO3 and (b)MoDMG2.

Table 6.3 Thermogravimetric data summary for
MoO3 hybrid matrices

Matrix Mass loss (%)

MoDMG1 8.4
MoDMG2 21.3
Mocaff1 0.0
Mocaff2 0.0
MoRODB 0.0
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Figure 6.15 Thermogravimetric and derivative curves for (a)MoDMG1and (b)MoDMG2.
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for the latter, there was no mass loss, indicating that no caff molecules have been
linked to the oxide surface. For the MoO3–DMG matrices, based on the mass loss
percentages verified for the synthesized matrices, it can be concluded that an increase
of 100% in the used mass of DMG results in a much larger degree of adsorption.

For MoRODB, despite the null mass loss observed, by inspection of the matrix
it is possible to verify that the pale green MoO3 pure oxide turns pink after the
adsorption process, showing that rod-B was indeed adsorbed. The observed null
mass loss must be attributed to the low MoO3/rod-B proportion used.

To evaluate the affinity of MoO3 toward rod-B, more detailed experiments
were performed, and the total amount of adsorbed rod-B evaluated by UV–Vis
spectroscopy. The results are summarized in Table 6.2. As can be verified, the oxide
exhibits, indeed, a very high affinity toward rod-B.

5. SOL–GEL MODIFIED MOLYBDENUM OXIDE

To enlarge the possible applications of molybdenum oxide (as catalyst, for
example) the modification of its surface was performed, by using organosilanes [22].
The modified molybdenum oxide surfaces were obtained by reaction with nitrogen
containing organosilanes of the type (C2H5O)3SiSR, R =S(CH3)2NH2;
S(CH3)2NH(CH2)2NH2; and S(CH3)2NH(CH2)2NH(CH2)2 NH2. Further-
more, a MoO3SSiO2 matrix was also obtained by reaction with TEOS. The
main purposes were to prepare modified MoO3 samples with higher surface areas
than MoO3 itself; to study the possible interactions of aminated silanes with MoO3,
in an attempt to produce hybrid samples with the Lewis acidity of the inorganic
substrate, as well as the metal sequestering ability of the organic moiety.

TEOS and nitrogen-containing organosilicon-modified molybdenum oxide
matrices were obtained by using the following synthetic procedure: MoO3 (Baker)
was dried under vacuum at 120�C for 8 h. Then, the dried oxide was exposed to an
atmosphere saturated with water vapor for 2 min. Afterward, 2 g of the previously
treated MoO3 sample was suspended in 150 cm3 of dry xylene. To this suspension,
5.0 mmol of (C2H5O)4Si or (C2H5O)3SiSR with R =S(CH3)2NH2,
S(CH3)2NH(CH2)2NH2, or S(CH3)2NH(CH2)2NH(CH2)2NH2 were added
with vigorous stirring under a nitrogen atmosphere. The resulting suspensions were
stirred for 5 days and then aged for another 12 days in air, after which they
were filtered and washed with dry xylene, acetone, and ethanol. The solid products
were ground for 30 min, and dried under vacuum for 24 h at room temperature. The
four resulting modified matrices will be named as

MoO3 ð0:3 gÞ þ TEOS ð5:0 cm3Þ¼MoSil

MoO3 ð0:3 gÞ þ ðC2H5OÞ3SiðCH3Þ2NH2 ð10:0 cm3Þ¼MoN1

MoO3 ð0:3 gÞ þ ðC2H5OÞ3SiðCH3Þ2NHðCH2Þ2NH2 ð10:0 cm3Þ¼MoN2

MoO3ð0:3gÞþðC2H5OÞ3SiðCH3Þ2NHðCH2Þ2NHðCH2Þ2NH2ð10:0cm3Þ¼MoN3
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Thermogravimetric analyses were carried out in a Shimadzu TGA-50 apparatus under
argon atmosphere with a heating rate of 8.3�10–2 K s–1. The XRD patterns were
obtained in a Shimadzu XD-3A instrument, using Cu Ka radiation (35kV, 25mA).
Carbon, nitrogen, and hydrogen elemental analysis were performed in a Perkin-Elmer
microelemental analyser. The infrared spectra were obtained in a Bomem apparatus in the
range 4000–400cm–1 with a resolution of 4 cm–1, by dispersing the samples in KBr disks.
The SEM micrographs were taken with a JEOL model JSM T-300 microscope with an
accelerating voltage of 15kV. The BET surface area measurements were performed in a
FlowSorb 2300 apparatus from Micromeritics Instrument Co. 29Si NMR CP-MAS
spectra of solid samples were performed by using an AC 300/P Bruker instrument at
room temperature, with the experimental conditions: pulse repetition time of 0.115 s,
contact time of 3 ms, and 17 857 accumulations.

Carbon, hydrogen, and nitrogen elemental analysis results for the aminated
silanes–molybdenum oxide hybrids samples are summarized in Table 6.4. The
BET surface area results are summarized in Table 6.5.

As can be observed, the addition of TEOS to MoO3, produced a mixed
molybdenum–silicon oxide, resulting in a matrix of higher surface area when compared
with pure MoO3. On the other hand, the addition of nitrogen-containing silanes
enhanced (or decreased, as observed for MoN2 sample) the oxide surface area in a minor
extent.

The MoN matrices exhibited similar infrared spectra and the one for MoN1
sample is shown as example in Fig. 6.16.

The peaks at 996, 859, and 562 cm–1 are due to the inorganic substrate whereas
those at 1612, 1509, 1225, and 1134 cm–1 can be attributed to the adsorbed
organosilane. Based on infrared data, it can be inferred that the for N-silanes, the
nitrogen atom is interacting with the Lewis acid sites of the oxide surface, as

Table 6.5 BET surface area for pure and silicon-
modified molybdenum oxide

Sample BETsurface area (m2 g^1)

MoO3 0.61 – 0.01
MoSil 78.12 – 1.70
MoN1 1.85 – 0.22
MoN2 0.59 – 0.01
MoN3 2.53 – 0.11

Table 6.4 Carbon, hydrogen, and nitrogen elemental analysis
results (%) for the aminated silanes–molybdenum oxide-modified
matrices, with the corresponding silane content

Sample C H N Silane content
(mmol g^1)

MoN1 6.23 1.85 2.22 1.70
MoN2 12.95 3.23 5.59 2.00
MoN3 8.04 2.19 3.54 0.90
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observed for polyaniline (negative shifts for the NH vibration bands). Furthermore,
a progressive change in the colors of the samples was observed with the increase in
nitrogen content in the silane molecules. So, MoN1 is light gray whereas MoN2 is
gray and MoN3 is deep gray. MoO3 and MoSil are both light green compounds.

The XDD patterns for MoO3 and the modified matrices are shown in Fig. 6.17.
The measured 2� values for the 001 diffraction plane were 12.64�, 13.20�, 12.82�,
12.84�, and 12.90� for MoO3, MoSil, MoN1, MoN2, and MoN3 matrices, respec-
tively. Such small variations of the interlayer distance, can not be associated to the
insert of organic species inside the molybdenum oxide interlayer space, and could be
attributed to variations in the degree of hydration of the oxide.

The SEM images for the pure oxide, MoSil, and MoN1 matrices are shown in
Fig. 6.15. As can be observed in the SEM micrographs of MoO3 and MoSil shown
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in Figs. 6.18a and 6.18b, respectively, the addition of TEOS to molybdenum oxide
resulted in the production of ‘‘islands’’ of SiO2 on the MoO3 grain surfaces which
can be considered as responsible for the increase in the surface area of the modified
sample.

As can be observed in Fig. 6.18c for MoN1 sample, the nitrogen-containing
silane is adsorbed on the molybdenum oxide grains surface constituting some kind
of ‘‘coverage.’’ So, it is a reasonable assumption that for the amine–silane-modified
samples, the surface area suffered a minor modification in comparison with pure
MoO3.

The TG and derivative curves for MoO3 and the synthesized hybrid matrices are
shown in Fig. 6.19.

Molybdenum oxide exhibits a single mass loss step in the TG curve due to
the sublimation of the oxide, starting at 730�C. The MoSil matrix exhibits a similar
TG curve profile, but the thermal degradation takes place at 704�C. The MoN3
matrix shows the release of 23% mass due to the organic moiety followed by the
sublimation of the molybdenum substrate. On the other hand, MoN1 and MoN2
matrices exhibited mass loss percentages of 20% and 30%, respectively. The three
nitrogen–silane matrices show mass losses beginning at low temperatures, which
could be attributed to the removal of water, alcohol, and unreacted alkoxy species.
Comparing the thermogravimetric curves for MoN1 and MoN2, can be verified
that the major mass loss occurs from 400�C to 700�C. So, it can be inferred that only
near 400�C the silane–molybdenum oxide bonds are disrupted to a major extent.

(a)

(c)

(b)

Figure 6.18 SEMmicrographs forMoO3, 3500� (a); andMoSil,7500� (b); andMoN1, 3500�
(c). The scale bar is in mm.
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Taking into account this thermal stability, as well as the applications of
organosilane-modified inorganic matrices for chromatographic separations, very
interesting possibilities could arise.

For silica gel samples, peaks at –90.6, –99.8, and –109.3 ppm in the 29Si CP-MAS
NMR spectrum can be observed, due to silicon atoms bound to free geminal silanols,
free silanols, and siloxane groups, respectively [23]. These values are in good
agreement with those obtained for the MoSil matrix, that is, –91.7, –101.36,
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and –110.63 ppm. So, it can be concluded that the MoSil matrix is composed of
MoO3 and amorphous silica gel, producing a MoO3–SiO2 mixed oxide with higher
surface area, which is an important achievement for catalytic purposes [24].

Qualitative tests show that the inorganic–organic hybrid samples are able to
coordinate transition metal cations such as copper (II) and cobalt (II).

The synthesis or MoO3 inorganic–inorganic or inorganic–organic hybrids can
be successfully performed through sol–gel process by using silicon alkoxides as guest
species. Furthermore, MoO3–SiO2 samples with higher (in comparison with
MoO3) surface areas can be prepared.

In such inorganic–organic hybrids, there are interactions between the two
oxides, with SiO2 ‘‘islands’’ grown on the MoO3 surface, and so both kinds of
acidic sites, Brønsted (SiO2) and Lewis (MoO3) are available. Furthermore, the
prepared inorganic–organic hybrids are able to coordinate transition metal
cations.

6. GRAPHITE OXIDE

Graphite oxide (GO) can be defined/identified is an oxygen-rich carbogenic
material that is typically derived by strong oxidation of crystalline graphite and
contains oxygen in the concentration range 30–40% (w/w).

This solid exhibits an extended lamellar structure with randomly distributed
aromatic and aliphatic regions, as well as a high amount of hydroxyl/carboxyl
functional groups embedded in its layers. Hence, GO is endowed with swelling,
intercalation and ion exchange properties [25–30]. This layered solid decomposes at
relatively low temperature (<200�C), releasing CO2 and H2O.

As a recent example of the investigations on the chemistry of GO can be
mentioned the study of the intercalation compounds of polyethylene oxide,
polyvinylpyrrolidone, methyl cellulose, poly[oxymethylene (oxyethylene)], and
poly[oligo (ethylene glycol oxalate)] into GO that has been recently reported [31].
It was verified that the forces of attraction between the polymers and GO are
primarily dipole–dipole and/or hydrogen bonding arising from the polar groups
in the polymers and the functional groups (COC, COOH, COH, and CTO) in
the GO. Furthermore, it was verified that the addition of a small amount of dilute
NaOH resulted in deprotonation of the acidic functionalities which caused
exfoliation of the layered structure.

It has been shown that [32] GO is able to remove ammonia by two processes:
intercalation and reactive adsorption. It was verified that the total amount of
adsorbed ammonia is significantly high, compared with adsorption on activated
carbon.

In an interesting interplay between GO and organosilanes (which are so exten-
sively used to modify amorphous or nanostructured oxide surfaces), there are reports
[33], of the preparation of intercalation compounds in which amino groups
are inserted into the interlayer space of GO, using 3-aminopropylethoxysilanes.
For such compounds, it was shown that the amino groups of
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3-aminopropyltriethoxysilane were bonded to hydroxyl groups of GO. It was also
found that the temperature in which the intercalation occurs affect the interlayer
distance, with larger distances been observed to the products obtained at higher
temperatures.
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1. INTRODUCTION

Lamellar a- and g-titanium and zirconium hydrogen phosphates, which
exhibit different proton exchange capacities, can be used as both cation exchange
matrices and intercalation hosts producing intercalation compounds when reacted
with organic species [1,2]. On the other hand, vanadyl phosphate, which exhibits
catalytic applications, can be modified by the intercalation of organic species, and
such a synthetic approach can be used to modify the phosphate surface morphology,
affecting its catalytic action. In this chapter, calcium and barium phosphates and
phosphonates will also be considered.

2. TITANIUM AND ZIRCONIUM PHOSPHATES

Lamellar a-titanium hydrogen phosphate (a-Ti(HPO4)2.H2O) can be used to
obtain, through proton ion exchange processes, other phosphates, such as Ca2þ,
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Ba2þ, and La3þ ones, or can be modified with organic species producing intercala-
tion compounds [1,2].

Zirconium phosphate, besides the traditional intercalation processes, has been
used to produce pillared compounds, such as those involving mixed Fe–Cr oxides
[3]. Furthermore, it has been shown [4] that the protonic conductivity of
a-zirconium phosphate can be enhanced by the formation of a composite with
alumina or silica, an example of synergic cooperation between the oxides and
phosphates which are the main classes of compounds highlighted in the book.

3. VANADYL PHOSPHATE

3.1 Synthesis and characterization of a VOPO4–NH3 hybrid

Oxovanadium phosphate VOPO4.2H2O is used as a catalyst, or catalyst precursor. It
is a layered compound in which six oxygen atoms around the vanadium form an
almost regular octahedron. The weaker interlayer binding makes VOPO4.H2O and
its analogs attractive as potential hosts for coordination–intercalation reactions [5–11].

Intercalation reactions of neutral host lattices usually occur via electron transfer
between the guest species and the host lattice. Furthermore, vanadium (V) com-
pounds are strong oxidants, and vanadium phosphate catalysts are able to promote,
for example, oxidation of alcohols to ketones [12].

The synthesis and characterization of VOPO4 intercalation compounds with
aliphatic amines from C1 to C10 have been reported [13,14]. However, the synthetic
approach for the intercalation of such classes of molecules in this work is quite
different from those used here. Furthermore (and most important), we think that the
use of diamines could provide interesting results, from a structural point of view,
since they exhibit two coordination sites (N atoms), and so are able to interact
(coordinate) with two different vanadium atoms of opposite layers.

The aim of this section is to report the synthesis and characterization of a
VOPO4–NH3 hybrid prepared at room temperature in aqueous solution. The
main purpose was to investigate the possible effects of a such reaction on the
nano- and microstructure of the oxovanadium lamellar matrix, since its structure
exerts substantial influence on its possible catalytic applications [14].

VOPO4.2H2O was synthesized as previously described [9], by refluxing a
mixture of V2O5 (25 g), H3PO4 (85%, 223 g), and H2O (577 cm3) at 130�C for
16 h. The yellow product was filtered off, washed with acetone, and then dried
under room temperature.

The VOPO4–NH3 hybrid was synthesized by dissolution of 1.0 g of
VOPO4.2H2O in 60 cm3 of H2O. To this solution, 1.0 cm3 of NH4OH (28%
NH3 in water) were slowly added at room temperature. The resulting solution
was evaporated in a fume hood for 5 days, and the red-brown crystals were dried
under vacuum at room temperature for 12 h.

Hydrogen and nitrogen elemental analyses were performed in a Perkin-Elmer
apparatus. Infrared spectra were obtained in a Bomem apparatus in the range 4000–
400 cm�1 with a resolution of 4 cm�1 by dispersing the samples in KBr disks.

80 Chemistry on Modified Oxide and Phosphate Surfaces: Fundamentals and Applications



Thermogravimetric curves were obtained using a Shimadzu TGA 50 apparatus,
under Ar atmosphere with a heating rate of 10�C min�1. The XRD patterns were
obtained in a Shimadzu XD-3A instrument, using Cu Ka radiation (35 kV, 25 mA).
SEM micrographs were taken with a Jeol microscope, model JSM T-300, at an
accelerating voltage of 15 kV.

The hydrogen and nitrogen elemental analysis results gave the values: H = 4.53
and N = 13.26%. In the NH3 molecule, the N%/H% ratio is 82.4/17.6 = 4.68. For
the synthesized hybrid, the same ratio is 13.26/4.53 = 2.93. So, it can be concluded
that in the synthesized hybrid there are hydrogen atoms that originate not from the
NH3 molecule, but from physisorbed water molecules. Based on the nitrogen
percentage, the formula VOPO4 (NH3)2 (calculated nitrogen content: 13.66%)
was proposed for the synthesized hybrid.

The XRD patterns for a-VOPO4.2H2O and the VOPO4–NH3 hybrid are
shown in Fig. 7.1. The diffraction pattern obtained for VOPO4.2H2O (Fig. 7.1a)
is in agreement with previously reported results [13–15]. The oxovanadium
phosphate exhibits diffraction peaks at 11.8�, 18.5�, and 23.9�, due to the 001,
101, and 002 diffraction planes [14], with associated d values of 0.75, 0.48, and
0.37 nm, respectively. The XRD pattern obtained for the synthesized hybrid
clearly shows that it is a crystalline matrix. Unfortunately, unambiguous attributions
could not be made for the observed diffraction peaks. However, only the diffraction
peak at 23.9� observed in the oxovanadium phosphate is also observed in the
hybrid. So, the results shown in Fig. 7.1 suggest that the layered structure of
VOPO4.2H2O was decomposed by the reaction, with the formation of a salt of
V–P–O species [11].

The thermogravimetric and derivative curves are shown in Fig. 7.2. As can be
observed, the vanadium phosphate matrix (Fig. 7.3a) exhibits two distinct mass loss
steps, from 60�C to 110�C, associated with the dehydration process: VOPO4.2H2O!
VOPO4.H2OþH2O and VOPO4.H2O!VOPO4þH2O, respectively. This ther-
mogravimetric curves are in good agreement with previously reported results [16].
However, the temparature ranges observed for the mass losses are quite different. This
fact can be attributed to differing heating rates and atmospheres having been used.
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Figure 7.1 XRDpatterns forVOPO4.2H2O (a) andVOPO4^NH3 hybrid (b).
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Two types of water molecules are present in VOPO4.2H2O: one water
molecule is coordinated to vanadium, in a trans position to the V = O group [17].
The other is situated between the layers, and both water molecules hold the layers
together by hydrogen bonding to the oxide framework. Based on these considera-
tions, the first mass loss can be attributed to the release of interlayer water molecules,
and the second mass loss to the coordinated water.

The thermogravimetric curve for the VOPO4–NH3 hybrid (Fig. 7.3b) exhibits a
3% mass loss in the temperature range 95–160�C, due to the release of adsorbed water
molecules. From 160�C to 450�C, a 27% mass loss step is observed. Since the NH3

represents 17% of the hybrid mass, it appears that water molecules constitute 10% of
this second mass loss. Taking into account that physisorbed water molecules are release
at lower temperatures, it can be supposed that these water molecules are bonded to the
hybrid through stronger intermolecular forces, such as hydrogen bonding.

The infrared spectra are shown in Fig. 7.4. For VOPO4.2H2O, the main bands
are those located at 3583, 1606, 1093, 946, and 683 cm�1, due to the �(OH),
�(HOH), �as(PSO), �(VSOH), and the �(VSOH) or (PSOH) vibration
modes, respectively [16,18].
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For the synthesized hybrid, the most prominent bands are those at 1650, 1414,
941, and 677 cm�1. The bands at 1650, 941, and 677 cm�1 in the hybrid, could be
related with those located at 1606, 946, and 683 cm�1 in the oxovanadium phospate
matrix. The most intense infrared band for the hybrid, at 1414 cm�1 could be
attributed to the � NSH vibration mode.

The SEM micrographs are shown in Fig. 7.4. VOPO4.2H2O exhibits a typical
plate-like morphology. The SEM micrograph for the VOPO4.NH3 hybrid shows
that the microstructure of VOPO4.2H2O is changed after reaction, with a total
exfoliation of the oxovanadium matrix.

The experimental results show that the intercalation of diaminopropane into
lamellar VOPO4.H2O (at least in the stoichiometric ratio used in this work), leads to
the formation an equimolar (1:1) mixture of two compounds with formulas
VOPO4.[H2NS(CH2)3NH2] and VOPO4.[H2NS(CH2)3NH2]0.5, which exhi-
bits different coordination features. Furthermore, such intercalation promotes the
exfoliation of the oxovanadium matrix, as confirmed by SEM images.

3.2 More vanadyl phosphate compounds

From the point of view of synthetic chemistry, is important to mention the
intercalation compound VOPO4.eu.H2O (eu = ethyleneurea) which is the first
vanadyl phosphate compound prepared by both routes, the phosphate and the

(a)

(b)

Figure 7.4 SEMmicrographs forVOPO4.2H2O,750� (a) andVOPO4NH3 hybrid 500� (b).
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guest organic species in the solid state, without the use of any kind of solvent, that is,
the compound was prepared by a solid-state route [19]. It was verified that the
modifications on both, the nano- and microstructure of the phosphate, generally
observed for solution reaction preparations are also observed for solid-state reac-
tions, showing that this kind of phosphate surface modification can be successfully
used to obtain new catalytic compounds. A comparative study of the effects of solid
state and solution reaction intercalation on the nano- and microstructure of vanadyl
phosphate was also performed, with dodecylamine and nic as guest molecules [20].

A very interesting modification of vanadyl phospahre surface can be performed
by reaction with conducting polymers such as polyaniline [21].

4. BARIUM AND CALCIUM PHOSPHATE

Barium and calcium phosphates have been used to produce chemically mod-
ified electrodes, such as by intercalation of meldola blue, producing a stable and
electrochemically active electrode for hydrazine [22].

Aromatic and aliphatic amines [23,24] can also be intercalated into barium
phenylphosphonates; it has been verified that the total amount of intercalated
amines is related to the basicity of such compounds, with exothermic enthalpy
values, in all cases.

Bioactive films of apatite can be prepared by sol–gel method [25], and deposited
on biomedical metallic implants, enhancing their bio-activity and so, reducing the
risks of biological rejection.

Another example of oxide–phosphate synergic interaction is the immobilization
of calcium phosphate nanoclusters into sol–gel TiO2 [26].

5. ADSORPTION OF GLYCINE ON ‘‘ANIMAL’’ (BONE) PHOSPHATE

5.1 Introduction

The so-called ‘‘black stone,’’ a ‘‘coal’’ of animal origins, has been used in some
communities of Maranhão State (Brazil) to adsorb the poison from snakes in
wounded persons. This kind of material is also used for the same purpose in other
countries such as India, as well as in Africa.

Results related to the investigation of the adsorption of glycine on black stone
are reported here. Glycine was chosen, taking into account that it exhibits coordi-
nation sites similar to those present in the poison of Bothrops atrox.

5.2 Experimental

All reagents were of analytical grade (Merck) and were used without further
purification: glycine, ninhydrin, fructose, Na2HPO4.12H2O, KH2PO4, KIO3,
Na2HPO4, and KH2PO4.
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The black stone samples were prepared as follows:

1. An ox femur was cut into 2 cm pieces.
2. The grease was removed from the bone, and it was boiled in water.
3. The bone was then cooled to room temperature and the remaining grease was

removed; then, the bone was dried in sunlight for 12 h.
4. The bone pieces were then heated until they became incandescent and cooled

under inert atmosphere; After this, the black stone samples were boiled in water
for 5 min and then dried at room temperature. Some of the black stone samples
are shown in Fig. 7.5. The adsorption experiments were performed with powder
samples of the black stones: the stones were ground in a mortar. A grain size of
250 mesh was chosen. To verify the reproducibility of the black stone
preparations, two samples were prepared and investigated. The detailed
description of the solutions preparations, etc., can be found elsewhere.

5.3 Results and discussion

The obtained results are summarized in Tables 7.1–7.4 and Figs. 7.6–7.11.
Taking into account the experimental conditions (33�C and a grain size of 250

mesh), it was verified that the time necessary to achieve an equilibrium state
(maximum amount of adsorbed glycine) is 15 h. For this reason, the time interval

Figure 7.5 Some of the prepared black stone samples.

Table 7.1 Adsorption of glycine on black stone (sample 1, pH 7.4), where Ci is the initial
concentration, Ceq is the final (equilibrium) concentration, and G is the adsorption capacity

Solution Ci (mg cm�3) Ceq (mg cm�3) � (mg g�1)

1 9.6� 10�4 2.3� 10�4 7.3� 10�2

2 2.9� 10�3 3.4� 10�4 2.5� 10�1

3 4.8� 10�3 9.3� 10�4 3.9� 10�1

4 7.2� 10�3 1.0� 10�3 6.2� 10�1

5 9.6� 10�3 2.0� 10�3 7.5� 10�1

6 2.9� 10�2 6.7� 10�3 2.2
7 4.8� 10�2 1.4� 10�2 3.4
8 7.2� 10�2 2.4� 10�2 4.8
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of 24 h was chosen to facilitate the spectrophotometric determination of glycine
(the black stone glycine mixture were filtered off and the spectrophotometric
measurement performed on the supernatant).

As can be seen from Figs. 7.6 and 7.7, there is good reproducibility in the
results for both black stone samples (considering a same pH value). So, adsorption
experiments appear to be useful for testing the quality of black stone samples.
Furthermore, it was found that in the concentration range used, saturation was
not attained. However, the investigated concentration range encompasses the

Table 7.2 Adsorption of glycine on black stone (sample 2, pH 7.4), where Ci is the initial
concentration, Ceq is the final (equilibrium) concentration, and G is the adsorption capacity

Solution Ci (mg cm�3) Ceq (mg cm�3) � (mg g�1)

1 9.6� 10�4 2.5� 10�4 7.1� 10�2

2 2.9� 10�3 6.2� 10�4 2.2� 10�1

3 4.8� 10�3 9.1� 10�4 4.0� 10�1

4 7.2� 10�3 1.8� 10�3 5.4� 10�1

5 9.6� 10�3 2.1� 10�3 7.5� 10�1

6 2.9� 10�2 7.9� 10�3 2.1
7 4.8� 10�2 1.5� 10�2 3.3
8 7.2� 10�2 2.4� 10�2 4.8

Table 7.3 Adsorption of glycine on black stone (sample 1, pH 6.9), where Ci is the initial
concentration, Ceq is the final (equilibrium) concentration, and G is the adsorption capacity

Solution Ci (mg cm�3) Ceq (mg cm�3) � (mg g�1)

1 9.6� 10�4 2.2� 10�4 7.4� 10�2

2 2.9� 10�3 3.2� 10�4 2.5� 10�1

3 4.8� 10�3 6.1� 10�4 4.1� 10�1

4 7.2� 10�3 1.1� 10�3 6.1� 10�1

5 9.6� 10�3 1.3� 10�3 8.3� 10�1

6 2.9� 10�2 3.4� 10�3 2.5
7 4.8� 10�2 5.2� 10�3 4.2
8 7.2� 10�2 1.0� 10�2 6.1

Table 7.4 Adsorption of glycine on black stone (sample 2, pH 6.9) Ci is the initial concentra-
tion, Ceq is the final (equilibrium) concentration, and G is the adsorption capacity

Solution Ci (mg cm�3) Ceq (mg cm�3) � (mg g�1)

1 9.6� 10�4 6.1� 10�5 3.5� 10�2

2 2.88� 10�3 2.2� 10�4 2.5� 10�1

3 4.8� 10�3 5.9� 10�4 4.2� 10�1

4 7.2� 10�3 9.8� 10�4 6.2� 10�1

5 9.6� 10�3 1.5� 10�3 8.1� 10�1

6 2.88� 10�2 3.6� 10�3 2.5
7 4.8� 10�2 4.5� 10�3 4.3
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Figure 7.6 Adsorption isotherms for glycine on black stone at pH 6.9 (not buffered solution):
(a) black stone sample1and (b) sample 2.
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concentration range of poison in snake accidents. The results show that, under the
investigated concentrations range, the adsorption capacity of black stone toward
glycine is of 6.2 – 0.05 and 4.8 – 0.01 mg g�1 for unbuffered and buffered media,
respectively. The higher adsorption capacity in buffered medium shows that black
stone is a good substrate for adsorption of biological species at physiological pH.

The adsorption isotherms were interpreted using Langmuir and Freundlich
adsorption models [27,28]. For the unbuffered system, the correlations between
(Ceq/G) and Ceq are very poor, using the Langmuir model. A better correlation was
observed for the buffered (pH 7.4) system.

As can be verified by inspection of Figs. 7.10 and 7.11, for buffered and unbuffered
systems, better correlation is obtained with the Freundlich adsorption model, suggest-
ing that the interaction of glycine with black stone is mainly a physical adsorption and
not a chemical (with formation of chemical bonds) adsorption.

6. A FINAL EXAMPLE

As a final example in this chapter, a study involving the sorption–desorption
modeling of uranium (VI) onto lanthanum monophosphate, LaPO4 [29], can be
mentioned.
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1. INTRODUCTION

Clays are a very important group of inorganic compounds due to their many
possible practical applications, such as supports for catalysts, as lubricants, and for
thermal insulation. Many clays such as vermiculite, montmorillonite, and steatite
exhibit a lamellar nanostructure, which make them suitable hosts for the preparation
of intercalation compounds. As recently [1] demonstrated for soapstone, a compact
form of steatite (talcum powder), even very small variations in chemical composi-
tion can exert significant effects on physical and chemical properties.

2. VERMICULITE SURFACE MODIFIED WITH CARNAUBA
WAX FOR OIL CLEANING

Taking into account their usefulness as adsorbants, clay minerals can be
successfully hydrophobized with cationic surfactants [2]. Such hydrophobized
matrices can be used for the interlayer adsorption of many organic species such as
1-pentanol.

Interface Science and Technology, Volume 17 � 2009 Elsevier Ltd.
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Vermiculite is a mica-like lamellar mineral that rapidly expands on heating to
produce a lightweight material. This expanded (exfoliated) product is used as light-
weight aggregate in concrete, plaster, and premixes. Horticultural and fertilizer
products are also a large end user of vermiculite.

It has been verified that the degree of hydration of the vermiculite clay matrix
can exert remarkable effects on the magnetic properties of its intercalation
compounds. Furthermore, vermiculite has been recently used for studies involving
the adsorption of oil-contaminated water samples [1].

Vermiculite samples were supplied by the source União Brasileira de Mineração,
from Santa Luzia city, state of Paraiba, Brazil. For such vermiculite samples, the
main components are (as oxide percentages): Si (44.7), Al (9.1), Fe (5.9), Mg (16.2),
Na (0.6), Ca (5.1), K (2.7), and Ti (0.7); sulfur content: 0.2% (w/w); salt content:
862 mg NaCl dm�3; paraffin: 13.6%.

The adsorption of crude oil was performed in dehydrated (expanded) and
hydrophobized vermiculite samples, denoted here as EV (expanded vermiculite)
and HV (hydrophobized vermiculite), respectively. Vermiculite samples with five
different grain sizes were used: 100-150, 150-200, 200-250, 250-325, and 325-400
mesh. The crude oil had the following properties: density, 34.2 �API (at 15.6�C)
and viscosity, 8.4 cP (at 37.8�C);

The hydrated vermiculite samples were expanded (dehydration process) by
heating them at 800�C for 30 min. The hydrophobization process was performed
by heating the EV samples with carnauba (Copernicia cerifera) wax to produce a 10%
hydrophobized sample.

The samples were characterized as to BET surface area, by using a Micromeritics
apparatus. The TG and DTA curves were obtained under nitrogen atmosphere with
a heating rate of 10�C min�1, by using a TGA-7 and a DTA-2000 apparatus,
respectively, both from Perkin-Elmer. The XRD patterns were obtained with a
Phillips instrument, using Cu Ka radiation. The infrared spectra were obtained in
KBr pellets, in the 4000–400 cm�1 range, using a Perkin-Elmer spectrometer. The
UV–Vis studies were performed on a Bomem spectrophotometer.

The adsorption studies used two distinct approaches: (a) by using columns filled
with the vermiculite matrices, and promoting the flow of the crude oil through it and
(b) by dispersion of the vermiculite samples in an oil-water emulsion (50 ppm of oil)
with constant magnetic stirring. The water–oil emulsion was prepared by dispersion
of the desired amount of oil on water under vigorous mechanic stirring for 1 h.

The XRD patterns for the hydrated, anhydrous (expanded), and HV matrices
are shown in Fig. 8.1.

Based on the 2� values for the {100} diffraction peak, the interlayer distance for
the hydrated and anhydrous samples can be calculated as 1.34 and 0.95 nm, respec-
tively. The observed decrease of the interlayer distance for the expanded sample can
be associated with the release of water molecules observed under heating [3]. On the
other hand, the hydrophobized matrix exhibits the same XRD pattern of the
expanded one. Based on this fact, it can be concluded that the hydrophobizant
molecules are adsorbed on the surface of the vermiculite grains and not into the
interlayer space, that is, there is not the formation of an vermiculite–hydrophobizant
intercalation compound.
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The obtained infrared spectra (not shown) confirm the presence of the hydro-
phobizant agent on the clay matrix.

The thermogravimetric and derivative curves for the hydrated, expanded
(anhydrous), hydrophobized, and hydrophobized with adsorbed crude oil vermicu-
lite samples are shown in Fig. 8.2. For the hydrated samples, the first and second
mass loss steps are associated with the release of physisorbed/intercalated water
molecules and the water molecules due to the condensation of hydroxyl groups,
respectively. As expected, for the anhydrous sample, no mass loss step is observed.
On the other hand, for the hydrophobized sample, a mass loss of 10%, due to the
release of the organic moiety can be observed, in agreement with the hydrophobi-
zant/clay mineral ratio. As expected, the hydrophobized sample with adsorbed
crude oils exhibits the larger mass loss percentage.

The thermogravimetric curve for the crude oil sample is shown in Fig. 8.3. As
can be observed from Fig. 8.3, the crude oil exhibits four mass loss steps. The fist
one, from 25�C to 220�C is due to the release of the most volatile compounds in the
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oil. The second (230–350�C), third (350–510�C), and fourth (600–950�C) mass loss
steps are due to the release of the heavier compounds in the oil sample.

As can be observed in Fig. 8.2, the HV sample with adsorbed crude oil exhibits a
TG curve showing the release of adsorbed oil, as well as hydrophobizant agent
molecules in the temperature range considered. For all samples, each mass loss step is
associated with an equivalent endothermic peak in the DTA curves, which confirms
the endothermic nature of the desorption processes.

The results for the adsorption of crude oil on columns, and the BET surface area
for the studied samples are summarized in Table 8.1. The adsorption factor (AF) is
defined here as: (oil mass)/(vermiculite mass). For both, expanded and HV samples,
the adsorption studies were performed at two different mass values: 2.0 and 4.0 g.
However, it was found that the AF values were not affected by the used vermiculite
mass. Adsorption experiments were also performed for hydrated (not expanded)
vermiculite samples, and it was observed that the AF for these sample is very low
(0.3). All adsorption experiments were performed in triplicate, and it was verified
that the results are reproducible.
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Figure 8.3 Thermogravimetric curve for crude oil.

Table 8.1 Results for adsorption of crude oil on expanded and
hydrophobized vermiculite samples

Sample Grain size
(mesh)

Surface area
(m2 g�1)

AF

VE 150–200 3.14 – 0.01 0.7 – 0.1
VE 200–250 4.05 – 0.03 0.7 – 0.1
VE 250–325 3.65 – 0.02 0.8 – 0.1
VE 325–400 7.30 – 0.10 0.8 – 0.1
VH 100–150 – 0.8 – 0.1
VH 150–200 0.94 – 0.04 0.9 – 0.1
VH 200–250 0.97 – 0.06 0.9 – 0.1
VH 250–325 0.63 – 0.06 1.0 – 0.1
VH 325–100 1.97 – 0.05 1.1 – 0.1
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As can be seen from Table 8.1, the hydrophobized samples exhibit very high
AFs, compared with the expanded ones. This fact can be attributed to the presence
of the organic hydrophobic moiety, which has a high affinity toward other hydro-
phobic compounds/mixtures such as crude oil.

For the adsorption studies performed on the water–oil emulsion, UV-Vis
spectroscopy was used to compare the AF for the expanded and HV samples. The
results are summarized in Fig. 8.4.

As can be seen, the hydrophobized sample exhibits a large adsorption capacity,
since the absorbance of oil on the emulsion is lower. Furthermore, as seen from
the data in Fig. 8.4 that, after 60 min, an equilibrium state is achieved, with the
saturation of the solid matrix.

As a general rule it is is observed that the AF increases with an increase of the
BET surface area.

Based on the experimental data, it can be concluded that hydrated vermiculite
exhibits a very low adsorption capacity for crude oil. On the other hand, anhydrous
(expanded) and hydrophobized matrices show high adsorption capacities. The 10%
hydrophobized matrix shows a 50% increase in adsorption capacity, in comparison with
the expanded one. For adsorption process performed in a water–oil emulsion (50 ppm
of oil), the saturation of the solid hydrophobized matrix is achieved after 60 min.

3. WATER AS A SURFACE MODIFIER: THE HYDROPHOBICITY
OF VERMICULITE

Since water molecules can adsorb on the clay surface, water can be considered
as a modifier. To investigate the hydration process of vermiculite, a calorimetric
study was performed with the main results as shown in this section. The vermiculite
sample used was the same as described in the previous section.

Hydrated and dehydrated (expanded) vermiculite samples in the 325-400 mesh
range were used. The expanded sample was calcined at 800�C for 30 min.
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Figure 8.4 UV^Vis spectroscopic results for the adsorption of crude oil from a water^oil
emulsion on anhydrous (a) and hydrophobized (b) vermiculite samples.
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The X-ray powder diffractograms were obtained with a Shimadzu XD-3A
instrument (Cu Ka radiation; 35 kV; 25 mA). The SEM micrographs were obtained
on a JEOL microscope model JSM T-300 with an accelerating voltage of 15 kV.
The BET surface area measurements were performed on Micromeritics (FlowSorb
2300) equipment. TG and DTA curves were obtained on TGA-7 and DTA-2000
instruments, both from Perkin-Elmer. Nitrogen atmosphere and a heating rate
of 10�C min�1 were used. The infrared spectra were obtained using a
Bomem spectrometer in KBr disks in the 4000–400 cm�1 range with a 4 cm�1

resolution. The calorimetric study was performed on a LKB 2250 calorimeter using
the so-called ampoule-breaking procedure. Vermiculite samples between 5.0
and 60.0 mg were used, and the ampoules were broken in a reaction vessel with
100 cm3 of double-distiled water, and the enthalpic effect was measured for 5.0 min.

The infrared spectra, as well as the TG and DTA curves (not shown), are in
agreement with the presence (hydrated samples) or absence (expanded samples) of
water in the vermiculite samples.

The thermal effect associated with breaking an empty ampoule is very low (200 mJ).
So, the thermal effect occurring when ampoules containing vermiculite are broken
must be associated only with the interaction of vermiculite with water molecules. Since
vermiculite is not water soluble, any kind of dissolution can also be ruled out.

For both, hydrated and dehydrated vermiculite samples, the wetting enthalpy
values are the same: DH�

wett = 5.30 – 0.20 J g�1. This shows that at least for the
considered reaction time (5.0 min), the dehydrated vermuclite does not behave as a
hydrophilic matrix. This hypothesis is reinforced by the X-ray powder diffraction
patterns for contact times (between dehydrated vermiculite and water) of 24, 48,
and 72 h, as shown in Fig. 8.5.

As can be seen in Fig. 8.1a, the hydrated vermiculite sample exhibits its {001}
diffraction peak at 6.12�, corresponding to an interlayer distance of 1.44 nm. On the
other hand, the dehydrated sample, Fig. 8.1b exhibits the {001} diffraction peak
9.40�, corresponding to an interlayer distance of 0.92 nm. However, in such a
diffractogram, the 001 diffraction peak of the hydrated sample could still be
observed, showing that the dehydration process was not complete.

The dehydration process implies also a reduction in the surface area:
7.30 – 0.10 m2 g�1 for the dehydrated sample and 8.8 – 0.10 m2 g�1 for the hydrated
sample (a reduction of 20.5% in the superficial area).

The diffraction patterns of the dehydrated samples dispersed in water for 24, 48,
and 72 h are shown in Figs. 8.5c–8.5e, respectively. As can be verified, the intensity
of the {001} diffraction peak of the hydrated samples enhances in intensity for
largest contact times. However, even after 72 h, less than half of the sample was
rehydrated. So, both data sets, calorimetric and XRD, show that the dehydrated
vermiculite does not behave as a hydrophilic compound, with its ‘‘total surface,’’
that is, the external and internal space of the lamella, exhibiting a very low affinity
toward water molecules. This indicates that besides being unfavorable from a
thermodynamic point of view (endothermic), the rehydration process, that is,
adsorption of water molecules on the surface, is kinetically slow.

As can be seen by comparing the SEM micrographs shown in Fig. 8.6, the
dehydration process affects the microstructure of vermiculite. After dehydration, the
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interlayer distance and surface area are reduced, in comparison with the hydrated
sample, and it is supposed that both effects are responsible for the slow rehydration
of vermiculite, since a shorter interlayer distance signifies stonger interlayer inter-
actions, making the intercalation of water molecules less favorable, and a reduced
surface area signifies a minor amount of acidic sites with which the donor atom
(oxygen) from water can interact.
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Figure 8.5 X-ray diffraction patterns for: hydrated vermiculite (a), dehydrated vermiculite (b),
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4. THE EFFECT OF SURFACE CHEMICAL COMPOSITION ON
THE ACID CORROSION OF PEDRA SABÃO (SOAPSTONE)

The so-called pedra sabão (‘‘soapstone’’) was extensively used in the nineteenth
century in the production of many artistic artifacts in Brazil, such as the statues of the
prophets in Congonhas City, in Minas Gerais State, an example of the baroque art of
South America. The statues were made by a Brazilian artist, Antônio Francisco
Lisboa, called o aleijadinho. Nowadays, the progressive corrosion of the statues
provoked mainly by air pollution, is a very serious problem to be solved.

The name ‘‘soapstone’’ comes from the fact that the stone is very soft. From a
formal point of view, soapstone is a compact form of talcum powder (steatite), the
‘‘fundamental’’ chemical formula of which is Mg3Si4O16(OH)2. This basic silicate is
the softest one on the scale of Mohs. Nowadays, soapstone is used to produce artistic
artifacts such as statues as well as utensils such as pottery (Fig. 8.7). Care must be
taken in its manipulation, due to its possible inhalation toxicity [3].

Steatite is found most often in the United States, Japan, and Brazil. In Brazil it
is found mainly in the States of Minas Gerais, Bahia, Paraná, Goiás, and São Paulo.
Its colors vary from white to shades of yellow, beige, green, and gray, and from light
to almost black, depending on the chemical composition of the associated minerals.

A basic study of the chemical composition and structure of two soapstone
samples to improve scientific knowledge of this marvelous mineral is reported
here. An investigation about the effects of a sulfuric acid aqueous solution on the
physical integrity of the stone is also performed to provide some clues as to the main
causes of corrosion (acid rain), and so to the possible approach to avoiding it. Since
the acid attack begins at the surface, it is the surface chemical composition and
structure that controls the acid corrosion.

To perform the desired investigations, two soapstone samples were used, both
from Ouro Preto city, Minas Gerais State, Brazil. From a macroscopic point of
view, the only difference between the two samples is their color: one is light gray
(the stone itself, since the powder is white) whereas the other is red-brown. The
two samples will be denoted hereafter as SS 1 and SS 2, respectively [4].

(a) (b)

Figure 8.6 SEMmicrographs for hydrated vermiculite,1500� (a) and dehydrated vermiculite,
750� (b).
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To simulate the effects of acid rain on soapstone, a 0.1 mol dm�3 sulfuric acid
solution was prepared, and cubic samples (5 mm� 5 mm� 5 mm) were immersed
in 150 cm3 of the acid solution for 40 days.

Infrared spectra were obtained from soapstone powders in a Bomem spectro-
meter in the range 4000–400 cm�1 with a resolution of 4 cm�1 by dispersing the
samples in KBr disks. Thermogravimetric curves were obtained using a Shimadzu
TGA 50 apparatus, under Ar atmosphere with a heating rate of 10�C min�1. The
XRD patterns were obtained in a Shimadzu XD-3A instrument, using Cu Ka
radiation (35 kV, 25 mA). SEM micrographs were taken with a JEOL microscope,
model JSM T-300, with an accelerating voltage of 15 kV 29Si NMR CP-MAS
spectra of solid samples were performed by using a AC 300/P Bruker instrument at
room temperature, with the experimental conditions: pulse repetition time of
0.115 s, contact time of 3 ms, and 17,857 accumulations.

The infrared spectrum obtained for SS 1 is shown in Fig. 8.8. The band at
3677 cm�1 is associated with the vibrations of isolated silanols (SiSOH). It is worth
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Figure 8.8 Infrared spectra for SS1.

Figure 8.7 Utensils made of soapstone.
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noting that such a band is very difficult to observe in silica samples, requiring a
careful drying process. This result strongly suggests that the silanol groups on
soapstone are mainly isolated ones. The band at 3661 cm�1 could be associated
with the geminal silanol groups (Si(OH)2). The bands at 1918, 1810, and 1023 cm�1

are associated with the vibrations of the silica backbone, and the band at 1662 cm�1

with the � SHSOH vibration mode from adsorbed water molecules. A very
similar IR spectrum was obtained for the SS 2 sample.

The XRD patterns are shown in Fig. 8.9. As can be seen, the X-ray patterns for
both samples are virtually identical, with main diffraction peaks at 9.5�, 19.0�, and
28.5�, associated with diffractions from the {001}, {002}, and {003 planes},
respectively. Such a diffraction profile is compatible with a lamellar nanostructure.
Based on the 2� value for the {001} plane, the interlayer distance can be calculated
as 0.93 nm.

An EDX analysis was performed on both samples, and only three elements were
detected: Si, Mg, and Fe. The reliability of such analysis was previously verified by
using a Pd (80%)/Au (20%) standard disk, and the observed ratio was as expected.
The quantitative results are as follows: SS 1 (Si = 66.0%, Mg = 29.1% and
Fe = 4.9%); SS 2 (Si = 63.6%, Mg = 31.1% and Fe = 5.3%). That is, SS 2 exhibits
larger amounts of Mg and Fe in comparison with SS 1. The red-brown color of
SS 2 can be attributed to its higher iron content.

The presence of sulfur was not detected, and so the hypothesis that Mg and/or
Fe could be present in the rock as sulfates is ruled out. The thermogravimetric
analysis performed for both samples in the range 25–1000�C show that no mass
loss is observed (a single plateau is observed in the TG curve). Since MgCO3

suffers thermal degradation at 540�C [5], the hypothesis that magnesium could be
present as carbonate can be discarded. So, based on the obtained experimental
results it can be concluded that silicon, magnesium and iron are present as
their respective oxides, that is, soapstone is an iron–magnesium silicate, or a
magnesium silicate contaminated with iron, in this case. So, the results are not
in complete agreement with the ‘‘fundamental’’ chemical composition provided in
the introduction.
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Figure 8.9 XRDpatterns for SS1 (a) and SS 2 (b).
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The 29Si NMR CP-MAS spectrum for SS 1 is shown in Fig. 8.10. Peaks at
–33.0, –97.1 and –164.1 ppm are observed. For SS 2 sample, a spectrum with
similar profile was obtained. However, the peaks are shift to higher field values:
–29.4, –94.8, and –154.5 ppm, respectively. This fact reinforced the evidence
provided by EDX analysis, that the chemical compositions of both samples are
not the same.

The observed shifts can be associated with the higher amount of iron and
magnesium in the SS 2 sample. The peak at –97.1 ppm for SS 1 and at –94.8 ppm
for SS 2, can be attributed to the isolated silanols, where the silicon atom is bonded
to a single SOH group and three siloxane groups, that is, (OH)Si�S(OSiU)3 [6].
So, these data confirm the FTIR results. It is worth noting that this peak is the most
intense in both NMR spectra. So, the majority of silicon atoms present in soapstone
are bonded to OH groups. The peaks at –33.0 and –164.1 ppm (SS 1) or –29.4 and
–154.5 ppm (SS 2) are resonance peaks related to the main peak. No peaks related
with siloxane groups Si� (OSiU)4, normally observed around –109 ppm [5]
are found in the spectra. So, it can be concluded that such groups are absent from
both samples.

The SEM micrographs are shown in Figs. 8.11 and 8.12. In Figs. 8.11c
and 8.11d it can be seen that soapstone exhibits a plate-like microstructure.
However, the SS 2 sample exhibits larger grain sizes in comparison with
SS 1. By comparison of Figs. 8.5a and 8.5b with Figs. 8.5c and 8.5d, it can be
verified that the immersion in the sulfuric acid solution has not affected the
microstructure of the SS 1 sample. On the other hand, by comparison of
Figs. 8.12a and 8.12b with Figs. 8.6c, 8.6d, and 8.6e, it can be verified that the
microstructure of the SS 2 sample is strongly affected by immersion in the sulfuric
acid solution. An exfoliation of the matrix is readily apparent after the acid
treatment. Thus, for SS 2 sample exposure to an acid aqueous environment can
provoke the rupture of the interlayer forces, and then, the physical degradation of
the stone.
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Figure 8.10 29Si CP-MASNMRspectra for SS1.
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Based on the EDX and SEM data, it can be inferred that the higher magnesium
and/or iron content of SS 2 is related to its slightly increased resistance to an acid
attack. Despite the fact that solubility analysis of the crystalline compounds was not
performed here, the results are in agreement with those previously reported [7] for a
study involving the investigation of cookware made of soapstone.

In this study, 3% and 5% acetic acid solutions were used as a food stimulant,
and it was verified that the mineral migration followed the solubility of
the crystalline components of the rock, with Fe exhibiting a higher migration
than Mg.

Based on the experimental results it can be concluded that:

1. In soapstone samples, a minor resistance to acid attack is associated with a larger
magnesium and/or iron content in the stone.

2. Soapstone exhibits a lamellar nanostructure, which makes it able to promote
intercalation reactions. Furthermore, they exhibit isolated OH groups, as
indicated by FTIR data, and the major number of silicon atoms present in
soapstone are bonded to OH groups, as proved by 29Si CP-MAS NMR
analysis.

(a) (b) 

(c) (d) 

Figure 8.11 SEM micrographs for SS 1 before (a) and (b) and after (c) and (d) immersion in a
0.1mol dm�3 sulfuric acid solution. The magnifications used and scale bar are in the
micrographs.
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5. THERMAL DEGRADATION OF VEGETABLE OILS ON CLAYS
(BIODIESEL PRODUCTION)

5.1 Introduction

Despite the fact that it was used on a large scale as an emergency energy source in
World War II, biosiesel has been seriously considered as a ‘‘clean’’ fuel, able to
reduce the production of the so called ‘‘green house effect’’ gases only in the last

(a) (b)

(c) (d)

(e)

Figure 8.12 SEMmicrographs for SS 2 before (a) and (b) and after (c), (d), (e) immersion in a
0.1mol dm�3 sulfuric acid solution. The magnifications used and scale bar are in the
micrographs.
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three decades. In Brazil, were there is a large and economical production of ethanol;
the trans-esterification route was chosen by the government as the official route to
the preparation of biodiesel. The law No. 11.097 of 01/13/2005 officially, intro-
duces, biodiesel into the Brazilian energetic matrix.

In Fig. 8.13 is shown a summary of the chemical reaction involved in the
production of biodiesel by trans-esterification route. The triglyceride came from
the vegetable oil and the catalyst is generally homogeneous (sodium or potassium
hydroxide dissolved in alcohol). The specific vegetable oil and alcohol to be used is a
choice to be made by any country. In the United States, for example, soja oil and
methanol are used. In Brazil, ethanol is used, and a series of vegetable oils are used,
rather than a single one, since in Brazil the biodiesel program is very closely related
with social programs to enhance the production and uses of regional vegetable
species. Through this route, the biodiesel is a long chain ester, and glycerine is
obtained as a by-product.

The so-called cracking route is based on the thermal degradation of vegetable
oils on some kind of inorganic catalyst, for example, silicates. In this route, the main
products are not esters, as in the trans-esterification route, but hydrocarbons very
similar to those present in the diesel oil obtained from petroleum. Hence, to
investigate the effects of clays and similar compounds on the thermal degradation
of vegetable oils is relevant. Furthermore, the investigation of heterogeneous
catalysts for the preparation of biodiesel by trans-esterification has been carried out
by some research groups in Brazil. Some results of such investigations, specifically
those involving clays as inorganic substrates are presented here (Figs. 14 and 15).

In the thermogravimetric curve shown in Fig. 8.16 (all curves were obtained
under nitrogen atmosphere, with a flux of 50 cm3 min�1 and heating rate of 10�C
min�1), the first mass loss step is associated with the release of water molecules from
montmorillonite K-10. The other two mass loss steps are due to the thermal
degradation of soy oil. So, comparing Figs. 8.15 and 8.17, it can be verified that
the presence of the clay lowered (from 400�C to 200�C) the temperature of the
thermal degradation of the oil. For comparison, Fig. 8.16 shows the thermogravi-
metric curve for biodiesel (methyl esters from soy oil). As can be verified, the first
fraction of the soy oil to suffer pyrolysis on the clay surface does so in the same
temperature range as exhibited by the biodiesel.
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Figure 8.13 Summary of the chemical preparation of biodiesel by trans-esterification route.
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Figure 8.15 Thermogravimetric and derivative curves for biodiesel (methyl esters from
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Figure 8.14 Thermogravimetric and derivative curves for soy oil.
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Figure 8.16 Thermogravimetric and derivative curves for the degradation of soy oil on
montmorillonite K-10.
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6. MISCELLANEOUS EXAMPLES

It has been shown that pH exerts a significant effect on oil wastewater
treatment by using expanded and hydrophobized (carnauba wax) vermiculite [8];
pH 9 is the optimum value. Furthermore, it was verified that for standard mineral
oil, canola oil, Kutwell oil, as well as for refinery effluents, EV exhibits a higher
adsorption capacity in comparison with the hydrophobized samples. In this study
it was shown that the hydrophobization process does not necessarily enhance
oil removal capability, but that such phenomena will be influenced by the clay/
hydrophobizant ratio to enhance oil removal by the presence of an hydrophobic
compound without provoking a decrease of oil removal capability by clogging the
clay pores.

The ion-exchange capacity of vermiculite was investigated in doubly distilled
water solution to exchange magnesium inside the lamella with the copper, nickel,
cobalt, and lead at the solid/liquid interface [9]. It was verified that the extension
of each exchange reaction was dependent on time, pH, and cation concentration.
The maximum time presented the following order Pb2þ<Ni2þ<Cu2þ<Co2þ

(12, 24, 48, and 72 h, respectively). From the point of view of cation exchange
capacity, the sequence is Pb2þ<Co2þ<Cu2þ<Ni2þ (0.59, 0.76, 0.84, and 0.93
mmol g�1, respectively). This capacity is significantly increased under alkaline
conditions.
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Figure 8.17 Proposed general mechanism for ion-exchange involving the initial saturated
magnesium vermiculite with divalent cations in aqueous solution. d is the interlamellar
distance.
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1. INTRODUCTION

The chemistry of zeolites began in 1756 with the discovery of the mineral
stibilite NaCa2Al5Si13O36.14H2O by Crö nstedt. He named this class of compounds
zeolites, from the greek zeo and lithos (‘‘boiling stones’’). Synthetic zeolites are a class
of highly porous materials that have found widespread use since their advent in late
1940s and early 1950s. The very special structural feature of these crystalline
microporous solids is the presence of pores and cavities of molecular dimensions
(0.3–1.0 nm). This fact makes zeolites suitable for applications in the realms of
catalysis, separation, purification, ion exchange, radioactive waste clean-up, etc.
More novel applications for zeolites are expected in electrochemistry, photochem-
istry, pharmaceutical engineering, membrane science, and technology (including
nanotechnology).

In a certain sense, zeolites are the ‘‘sum’’ of the themes of this book, since zeolites
can be both things: modified oxides and phosphates. Zeolites are crystalline alumi-
nosilicates, but they can be modified to form the analogous phosphates, such as
SAPO (silicoaluminophosphate). A SAPO molecular sieve is considered to be an
AlPO (crystalline aluminophosphate molecular sieve) analog when some silicon
atoms are located in its framework at the position of Al or P. SAPO exhibits a
very interesting framework, since when a tetravalent Si atom substitutes a pentava-
lent P atom, a negative charge arises. When a proton is exchanged as a countercation
for this negatively charged site, a Brønsted acid site is formed.

Zeolites are a well-known class of compounds due to their many catalytic
applications, mainly in the petroleum industry. Zeolite b, for example, which
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possesses an open-framework structure of three-dimensional 12-membered ring
channels, has received considerable attention for its prospects in petroleum industry
and fine-chemical synthesis.

2. SOME EXAMPLES AND APPLICATIONS

There are some natural counterparts of synthetic zeolites. A good example is
lutinaite, a zeolite from Antarctica, that is the natural counterpart of ZSM-5 [1].
Mutinaite was the third new zeolite from Ferrar dolerites at Mt. Adamson
(Northern Victoria Land, Antarctica), occurring as subspherical aggregates of tiny
radiating lath-like fibers or as aggregates of transparent, colorless to pale-milky, tiny
tabular crystals; it has vitreous luster, white streaks, and good {100} cleavage.

To be used as modified catalysts or ion exchangers, the incorporation of d or f
block elements into zeolite structures has been extensively investigated (the ion
exchange of cations in crystalline aluminosilicates and related materials is a standard
method used for modifying their catalytic and sorption properties. For example, the
solid-state interaction of lanthanum(III) chloride with zeolites under anhydrous
conditions was investigated [2].

By using organofunctionalized silicon alkoxides, it was shown [3] that hydroxy–
sodalite nanocrystals (sodalite is a small-pore zeolite whose framework consists of a
six-membered ring aperture with a pore size of 0.28 nm) having organic functional
groups (TSiS(CH3)(CH2)3NH2 or TSiSCH3) can be synthesized by the direct
transformation of organofunctionalized silicalite nanocrystals.

As a typical example of the remarkable ability of zeolites as catalysts, can be
mentioned the selective single step synthesis of substituted octahydrophenanthri-
dines and annelated pyridines was achieved using simple cyclic ketones, aliphatic
aldehydes and ammonia over zeolites as catalysts under high pressure (autogeneous
pressure) conditions [4]. High yields and high conversions were obtained for the first
time, and the catalyst was inexpensive and environmentally friendly. Furthermore, it
could be reused many times without significant loss of activity.

Regarding new methods for synthesizing ‘‘traditional’’ zeolites, can be men-
tioned the use of electrophoretic deposition as the seeding method for formation of
zeolite ZSM-5 layers on alumina [5]. With such method, alumina disks were fully
covered with ZSM-5 crystal seeds. Furthermore, the resulting seeded supports were
submitted to hydrothermal treatment yielding uniform dense zeolite membranes. It
was also verified that the thickness and density of the membranes could be modified
by varying the Si/Al ratio of zeolite ZSM-5 particles, concentration of seeding
suspension and seeding time. A selectivity of the produced ZSM-5 membrane for
i-propanol permeation over water was observed.

The SAPO-34 structure is three-dimensional, with a pore diameter of 0.38 nm,
and H–SAPO-34 has mild-to-moderate acidity. The separation of gases, such as CO2

and CH4, can be achieved by using H–SAPO-34 zeolite membranes modified with
Liþ, Naþ, Kþ, NH4

þ, and Cu2þ as ion exchangers [6]. It was verified that the presence
of the cations on the zeolite increases the CO2–CH4 separation selectivities up to 60%.
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Taking into account the importance of the acidic sites on the properties and uses
of zeolites, investigations focusing on the elucidation of their structure and compo-
sitions are very important. In this connection, by making a detailed examination of
the infrared data concerning ZSM-5 zeolites [7], specifically the infrared spectral
region corresponding to the vibrations of the silanols, four different kinds of silanols
were identified: two inner species, located in the channels, and two species
corresponding to external sites, at the boundaries of the crystallites (Fig. 9.1).

To control the basicity of zeolites, such as Si–MCM-41, some strategies have
been used, such as the functionalization of the surface with compounds that contain
terminal amines. The influence of surfactant chain length on basic catalytic
properties of Si–MCM-41 has been investigated [8] and it was verified that the
material with higher catalytic activity (the catalytic properties of as-synthesized
MCM-41 materials were explored in the base catalyzed Knoevenagel condensation
of butyraldehyde with ethyl cyanoacetate) is the one with higher ordering degree,
prepared with longer carbon chain surfactants and with lower cosolvent concentra-
tion in the gel synthesis.

The MCM-41 material has attracted a lot of attention, and it is the most widely
studied mesoporous material. It possesses a hexagonal array of unidirectional tubular
pores, very high surface area and porosity, a narrow pore size distribution, and pore
size adjustable from �2 to 10 nm. In this connection, a study of thermal and
mechanical stability of MCM-41 materials containing different titanium contents
was performed [9] and it was verified that at all temperatures the structural changes
are less pronounced for Ti–MCM-41, and the complete collapse of the ordered

OH

OH

OH

OH

HO

HO

Si

Si

Si

Si

Si
Al

Figure 9.1 Structural model of a ZSM-5 zeolite indicating the configuration of the different
silanols.
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mesopore structure occurs at 1373 K while for the pure silica it occurs at 1273 K.
Furthermore, tetracoordinated titanium incorporated in the walls remains stable up
to 1073 K and seems to be responsible for the enhancement of thermal stability.
Concerning mechanical stability in air, it was found that for all freshly calcined pure
silica- and titanium-containing samples tested, the MCM-41 structure is still
observed after the application of a unidirectional external pressure of 518 MPa and
the collapse of the pore structure occurs at about 814 MPa.
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3. A.O. de Souza, R.F. de Farias, Elementos de Quı́mica Quântica, Editora Átomo, Campinas, 2007.
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1987.
53. D.C. Harris, M.D. Bertolucci, Symmetry and Spectroscopy, Dover, New York, 1978.
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156. J. Salgado, M.M. Mato, A. Vázquez-Galiñanes, M.I. Paz-Andrade, T. Carballas, Thermochim.

Acta 410 (2004) 141.
157. J.B. Dixon, S.B. Leed, Minerals in Soil Environments, Soil Science Society of America,

Wiscosin, 1989.
158. R.C. Mackenzie, B.D. Mitchell, Differential Thermal Analysis, vol. 2, Academic Press,

New York, 1972.
159. J. Salgado, M.I. González, J. Armada, M.I. Paz-Andrade, M. Carballas, T. Carballas, Thermo-

chim. Acta 259 (1995) 165.
160. G. Giovannini, S. Luchessi, M. Giachetti, Soil Sci. 143 (1987) 220.
161. A.G.M. Vasandani, M. Raza Shah, J. Therm. Anal. Calorim. 41 (1994) 1053.
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278. H. Engelhardt, R. Grüner, M. Scherer, Chromatographia 53 (2001) S154.
279. U.D. Neue, K. Van Tran, P.C. Iraneta, B.A. Alden, J. Sep. Sci. 26 (2003) 174.
280. M.R. Euerby, P. Petersson, J. Chromatogr. A 994 (2003) 13.
281. M.R. Euerby, P. Petersson, LC–GC Eur. 13 (2000) 665.
282. J. Horak, N.M. Maier, W. Lindner, J. Chromatogr. A 1045 (2004) 43.
283. J.J. Kirkland, M.A. van Straten, H.A. Claessens, J. Chromatogr. A 797 (1998) 111.
284. J.J. Kirkland, J.B. Adams Jr., M.A. van Straten, H.A. Claessens, Anal. Chem. 70 (1998) 4344.
285. M.J. Wirth, R.W.P. Fairbank, H.O. Fatumbi, Science 275 (1997) 44.
286. Y.F. Cheng, T.H. Walter, Z. Lu, P. Iraneta, B.A. Alden, C. Genderau, U.D. Neue, J.M. Grassi,

J.L. Carmody, J.E. O’Gara, R.P. Fisk, LC-GC 18 (2000) 1162.
287. K.D. Wyndhan, J.E. O’Gara, T.H. Walter, K.H. Glose, N.L. Lawrence, B.A. Alden, G.S. Izzo,

C.J. Hudalla, C.P. Iraneta, Anal. Chem. 75 (2004) 6781.
288. J.D. Thompson, P.W. Carr, Anal. Chem. 74 (2002) 4150.
289. K. Albert, E. Bayer, J. Chromatogr. 544 (1991) 345.
290. M. Pursch, L.C. Sander, K. Albert, Anal. Chem. 68 (1996) 4107.
291. S. Bachmann, L.F.C. Melo, R.B. Silva, T.A. Anazawa, I.C.S.F. Jardim, K.E. Collins,

C.H. Collins, K. Albert, Chem. Mater. 13 (2001) 1874.
292. C. Hellriegel, U. Skogsberg, K. Albert, M. Lämmerhofer, N.M. Maier, W. Lindner, J. Am.

Chem. Soc. 126 (2004) 3809.
293. W.B. Kim, S.H. Choi, J.S. Lee, J. Phys. Chem. B 104 (2000) 8670.
294. K. Asakura, J. Inukai, Y. Iwasawa, J. Phys. Chem. 96 (1992) 829.
295. U.D. Neue, E. Serowik, P. Iraneta, B.A. Alden, T.H. Walter, J. Chromatogr. A 849 (1999) 87.
296. H.A. Claessens, M.A. van Straten, J.J. Kirkland, J. Chromatogr. A 728 (1996) 259.

Further Reading 119



297. D.A. Fonseca, H.R. Gutierrez, K.E. Collins, C.H. Collins, J. Chromatogr. A 1030 (2004) 149.
298. J.J. Kirkland, M.A. van Straten, H.A. Claessens, J. Chromatogr. A 691 (1995) 3.
299. J.W. Moore, S. Ramamorthy, Heavy Metals in Natural Waters, Springer-Verlag, New York,

1994.
300. M.R.M.P. Aguiar, A.C. Novaes, A.W.S. Guarino, Quı́m. Nova 25 (2002) 1145.
301. J. Rubio, F. Tessele, Miner. Eng. 10 (1997) 671.
302. M.F. Briagatti, F. Corradini, G.C. Franchini, S. Mazzoni, I. Medici, L. Poppi, Appl. Clay Sci. 9

(1995) 383.
303. M.L. Schlegel, L. Charlet, A. Manceau, J. Colloid Interface Sci. 220 (1999) 392.
304. T. Mathialagan, T. Viraraghavan, Sep. Sci. Technol. 38 (2003) 57.
305. J.F. Blais, S. Shen, N. Meunier, R.D. Tyagi, Environ. Technol. 24 (2003) 205.
306. E. Alvarez-Ayuso, A. Garcia-Sanchez, Environ. Technol. 24 (2003) 615.
307. R.-S. Juang, S.-H. Lin, F.-C. Huang, C.-H. Cheng, J. Colloid Interface Sci. 274 (2004) 337.
308. P. Jacquier, J. Ly, C. Beaucaire, Appl. Clay Sci. 26 (2004) 163.
309. G.W. Brindely, G. Brown, Crystal Structures of Clay Minerals and Their X- Ray Identification,

first ed., Mineralogical Society, London, 1980.
310. B. Velde, Introduction to Clay Minerals, Chapman & Hall, London, 1992.
311. J. Konta, Appl. Clay Sci. 10 (1995) 275.
312. M.J. Potter, Am. Ceram. Bull. 8 (1999) 145.
313. A. Liu, R.D. Gonzalez, J. Colloid Interface Sci. 218 (1999) 225.
314. G. Abate, J. Lichtig, J.C. Masini, Talanta 58 (2002) 433.
315. D.A. Skoog, D.M. West, F.J. Holler, Fundamentals of Analytical Chemistry, seventh ed.,

Saunders, Philadelphia, 1996.
316. D.W. O’Hare, in: D.W. Bruce, D. O’Hare (Eds.), Inorganic Materials, Wiley, New York, 1997.
317. V.C. Farmer, Spectrochim. Acta 20 (1964) 1149.
318. P.J. Launer, Am. Mineral. 51 (1967) 765.
319. C.H. Gilles, D. Smith, J. Colloid Interface Sci. 47 (1974) 755.
320. A.W. Adamson, Physical Chemistry of Surfaces, Wiley, New York, 1990.
321. G.A. Krestov, Thermodynamics of Solvation: Solution and Dissolution; Ions and Solvents;

Structure and Energetics, first ed., Ellis Horwood, London, 1991.
322. Y. Marcus, Ion Solvation, Wiley, London, 1985.
323. A. Bem-Naim, Solvation Thermodynamics, Plenum, New York, 1987.
324. K. Wilson, J.H. Clark, Pure Appl. Chem. 72 (2000) 1313.
325. J.H. Clark, D.J. Macquarrie, Chem. Commun. 8 (1998) 853.
326. U. Deschler, P. Kleinschmit, P. Panster, Angew. Chem. Int. Ed. Engl. 25 (1986) 236.
327. E.S. Ribeiro, S.S. Rosatto, Y. Gushikem, L.T. Kubota, J. Solid State Electrochem. 7 (2003) 665.
328. C.R. Silva, I.C.S.F. Jardim, C. Airoldi, J. Chromatogr. A 987 (2003) 139.
329. C.R. Silva, I.C.S.F. Jardim, C. Airoldi, J. Sep. Sci. 24 (2001) 197.
330. C. Bresson, M.J. Menu, M. Dartiguenave, Y. Dartiguenave, J. Environ. Monit. 2 (2000) 240.
331. L.N.H. Arakaki, V.L.S. Augusto, J.G.P. Espinola, M.G. Fonseca, S.F. Oliveira, T. Arakaki,

C. Airoldi, J. Environ. Monit. 5 (2003) 366.
332. J.A.A. Sales, A.G.S. Prado, C. Airoldi, J. Therm. Anal. Calorim. 70 (2002) 135.
333. J.P. Bernal, E. Rodriguez de San Miguel, J.C. Aguilar, G. Salazar, J. Gyves, Sep. Sci. Technol. 35

(2000) 1661.
334. P.D. Verweij, M.J. Haanepen, J.J. de Ridder, W.L. Driessen, J. Reedijk, Recl. Trav. Chim.

Pays-Bas 111 (1992) 371.
335. S. Rio-Segade, B. Perez-Cid, C. Bendicho, Fresenius J. Anal. Chem. 351 (1995) 798.
336. L.N.H. Arakaki, C. Airoldi, Polyhedron 19 (2000) 367.
337. A.G.S. Prado, L.N.H. Arakaki, C. Airoldi, J. Chem. Soc., Dalton Trans. (2001) 2206.
338. L.N.H. Arakaki, C. Airoldi, Quim. Nova 22 (1999) 246.
339. N. Rauf, S.S. Tahir, J. Chem. Thermodyn. 32 (2000) 651.
340. M.G. Voronkov, N.N. Vlasova, Y.N. Pozhidaev, Appl. Organomet. Chem. 14 (2000) 287.
341. C.R. Silva, C. Airoldi, J. Colloid Interface Sci. 195 (1997) 381.
342. A.G.S. Prado, L.N.H. Arakaki, C. Airoldi, Green Chem. 4 (2002) 42.
343. M.G. Fonseca, C. Airoldi, Thermochim. Acta 359 (2000) 1.

120 Further Reading



344. C. Airoldi, M.R.M.C. Santos, J. Mater. Chem. 4 (1994) 1479.
345. M.G. Fonseca, J.A. Simoni, C. Airoldi, Thermochim. Acta 369 (2001) 17.
346. L.N.H. Arakaki, L.M. Nunes, C. Airoldi, J. Colloid Interface Sci. 228 (2000) 46.
347. L.D. White, C.P. Tripp, J. Colloid Interface Sci. 227 (2000) 237.
348. A.R. Cestari, C. Airoldi, J. Therm. Anal. Calorim. 44 (1995) 79.
349. J.G.P. Espı́nola, S.F. Oliveira, W.E.S. Lemus, A.G. Souza, C. Airoldi, J.C.A. Moreira, Colloids

Surf. A 166 (2000) 45.
350. H. Irving, R.J.P. Williams, J. Chem. Soc. (1958)3192.
351. M.G. Fonseca, A.S. Oliveira, C. Airoldi, J. Colloid Interface Sci. 240 (2001) 533.
352. M.G. Fonseca, C. Airoldi, J. Colloid Interface Sci. 240 (2001) 229.
353. M.G. Fonseca, C. Airoldi, J. Chem. Soc., Dalton Trans. (1999)3687.
354. A. Clearfield, Prog. Inorg. Chem. 47 (1998) 47.
355. M. Ogawa, K. Kuroda, Chem. Rev. 95 (1995) 399.
356. B.G.B. Hix, S.J. Kitchin, K.D.M. Harris, J. Chem. Soc., Dalton Trans. (1998) 2315.
357. U. Costantino, M. Casciola, L. Massinelli, M. Nocchetti, R. Vivani, Solid State Ionics 97 (1997)

203.
358. Y. Murakami, H. Imai, J. Ceram. Soc. Jpn. 100 (1992) 439.
359. A.H. Mahmoudkhani, V. Langer, Solid State Sci. 3 (2001) 519.
360. C.B.A. Lima, C. Airoldi, Solid State Sci. 4 (2002) 1321.
361. G. Alberti, U. Costantino, J. Mol. Catal. 27 (1984) 235.
362. B. Shpeizer, D.M. Poojary, K. Ahn, C.F. Runyan, A. Clearfield, Science 266 (1994) 1357.
363. J.L. Miquel, L. Facchini, A.P. Legrard, C. Rey, J. Lemaitre, Colloids Surf. 45 (1990) 427.
364. E. Jaimez, A. Bortun, G.B. Hix, J.R. Garcia, J. Rodriguez, R.C.T. Slade, J. Chem. Soc., Dalton

Trans. (1996) 2285.
365. A. Bortun, E. Jaimez, R. Leavona, J.R. Garcı́a, J. Rodriguez, Mater. Res. Bull. 30 (1995) 413.
366. A.N. Christensen, E.K. Andersen, I.G.K. Andersen, G. Alberti, M. Nielsen, M.B. Lehmann,

Acta Chem. Scand. 44 (1990) 865.
367. G. Alberti, E. Giontella, S.M. Mascarós, Inorg. Chem. 36 (1997) 2844.
368. A. Goni, J. Rius, M. Insausti, L.M. Lezama, J.L. Pizarro, M.I. Arriortua, T. Rojo, Chem. Mater.

8 (1996) 1052.
369. J. Fraissard, J.J Etienne, Bull. Soc. Fr., Minéral. Crystallogr. 90 (1967) 162.
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990. J.L. Pérez-Rodrı́guez, in: J.L. Pérez-Rodrı́guez (Ed.), Applied Study of Cultural Heritage

and Clays, Servicio Publicaciones, Consejo Superior de Investigaciones Cientificas,
Madrid, 2003.
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1066. Z. Weiss, Z. Klika, P. Capková, D. Janeba, S. Kozubova, Phys. Chem. Miner. 25 (1998)

534.
1067. F. Barbier, G. Duc, M. Petit-Ramel, Colloids Surf. A: Physicochem. Eng. Asp. 166 (2000) 153.
1068. T. Undabeytia, S. Nir, G. Rytmo, C. Serban, E. Morrillo, C. Maqueda, Environ. Sci. Technol.

36 (2002) 2677.
1069. E.M. Murphy, J.M. Zachara, Geoderma 67 (1995) 103.
1070. G. Sposito, The Chemistry of Soils, Oxford University Press, New York, 1989.
1071. R. Kretzschmar, D. Hesterberg, H. Sticher, Soil Sci. Soc. Am. J., 61 (1997) 101.
1072. Q. Du, Z. Sun, W. Forsling, H. Tang, Water Res. 33 (1999) 693.
1073. L. Jelinek, K. Inoue, T. Miyajima, Chem. Lett. 1 (1999) 65.
1074. D. Schmitt, H.E. Taylor, G.R. Aiken, D.A. Roth, F.H. Frimmel, Environ. Sci. Technol. 36

(2002) 2932.
1075. M. Arias, M.T. Barral, J.C. Mejuto, Chemosphere 48 (2002) 1081.
1076. J. Wang, Analytical Electrochemistry, second ed., Wiley, New York, 2000.
1077. G. Abate, J.C. Masini, Colloids Surf. A: Physicochem. Eng. Asp. 226 (2003) 25.
1078. G. Abate, J.C. Masini, J. Braz. Chem. Soc. 12 (1) (2001) 109.
1079. R.L. Wershaw, D.J. Pinckney, E.C. Llaguno, V.V. Beckett, Anal. Chim. Acta 232 (1990) 31.
1080. B.K. Schroth, G. Sposito, Environ. Sci. Technol. 32 (1998) 1404.
1081. K. Lackovic, M.J. Angove, J.D. Wells, B.B. Johnson, J. Colloid Interface Sci. 257 (2003) 31.
1082. J.C. Echeverria, E. Churio, J.J. Carrido, Clays Clay Miner. 50 (2002) 614.
1083. O. Altin, H. Onder, T. Ozbelge, Dogu, J.Colloid Interface Sci. 198 (1998) 130.
1084. C.H. Lai, C.Y. Chen, B.L. Wei, S.H. Yeh, Water Res. 36 (2002) 4943.
1085. N. Senesi, G. Sposito, K.M. Holtzclaw, G.R. Bradford, J. Environ. Qual. 18 (1989) 186.
1086. G. Fu, H.E. Allen, Water Res. 26 (1992) 225.
1087. D.C. Nayak, C. Varadachari, K. Ghosh, Soil Sci. 149 (1990) 268.
1088. A. Liu, R.D. Gonzalez, Langmuir 16 (2000) 3902.
1089. G. Abate, J.C. Masini, Org. Geochem. 33 (2002) 1171.
1090. R. Dahn, A.M. Scheidegger, A. Manceau, M.L. Schlegel, B. Baeyens, M.H. Bradbury,

M. Morales, Geochim. Cosmochim. Acta 66 (2002) 2335.
1091. P. O’Day, G.E. Brown, G.A. Parks, J. Colloid Interface Sci. 165 (1994) 269.
1092. R.G. Ford, D.L. Sparks, Environ. Sci. Technol. 34 (2000) 2479.

Further Reading 137



1093. D.G. Strawn, N.E. Palmer, L.J. Furnare, C. Goodell, J.E. Amonette, R.K. Kukkadapu, Clays
Clay Miner. 52 (2004) 321.

1094. S.F. Cheah, G.E. Brown, G.A. Parks, Am. Mineral. 55 (2000) 118.
1095. J.D. Morton, J.D. Semrau, K.M. Hayes, Geochim. Cosmochim. Acta 65 (2001) 2709.
1096. C. Mosser, L.J. Michot, F. Villeras, M. Romeo, Clays Clay Miner. 45 (1997) 789.
1097. M. McBride, M. Mortland, Soil Sci. Soc. Am. Proc. 38 (1974) 408.
1098. J.A. Kittrick, Clays Clay Miner. 21 (1973) 479.
1099. J.W. Stucki, D.C. Golden, C.B. Roth, Clays Clay Miner. 32 (1984) 350.
1100. M. McBride, Clays Clay Miner. 24 (1976) 211.
1101. D.M. Clementz, T.J. Pinnavaia, M.M. Mortland, J. Phys. Chem. 77 (1973) 196.
1102. M.B. McBride, T.J. Pinnavaia, M.M. Mortland, J. Phys. Chem. 79 (1975) 2430.
1103. M.L. Schlegel, A. Manceau, D. Chateigner, L. Charlet, J. Colloid Interface Sci. 215 (1999) 140.
1104. R. Baddreddine, R. Le Dred, R. Prost, Clay Miner. 37 (2002) 59.
1105. C.F. Baes, R.E. Mesmer, The Hydrolysis of Cations, Krieger Publishing Co., Malabar, 1986.
1106. F.W. Lytle, R.B. Greegor, D.R. Sandstrom, E.C. Marques, J. Wong, C.L. Spiro, F.E. Huggins,

Nucl. Instrum. Methods 226 (1984) 542.
1107. T. Ressler, J. Synchrotron Radiat. 5 (1998) 118.
1108. A.L. Ankudinov, B. Ravel, J.J. Rehr, S.D. Conradson, Phys. Rev. B 58 (1998) 7565.
1109. B. Ravel, J. Synchrotron Radiat. 8 (2001) 314.
1110. E.A. Stern, in:D.C. Koningsberger, R. Prins (Eds.), X-Ray Absorption: Principles, Applica-

tions, and Techniques of EXAFS, SEXAFS, and XANES, Wiley, New York, 1988.
1111. A. Manceau, M.L. Schlegel, Phys. Chem. Miner. 28 (2001) 52.
1112. M.L. Farquhar, J.M. Charnock, K.E. England, D.J. Vaughan, J. Colloid Interface Sci. 177

(1996) 561.
1113. L.A. Douglas, in:J.B. Dixon, S.B. Weed (Eds.), Minerals in Soil Environments, Soil Science

Society of America, Madison, 1989.
1114. R.M. Hazen, C.W. Burnham, Am. Mineral. 58 (1973) 889.
1115. J.H. Choy, J.B. Yoon, H. Jung, J. Phys. Chem. B 106 (2002) 11120.
1116. S.E. Shadle, J.E. Penner-Hahn, H.J. Schugar, B. Hedman, K.O. Hodgson, E.I. Solomon, J.

Am. Chem. Soc. 115 (1982) 767.
1117. D.M. Moore, R.C. Reynolds Jr., X-Ray Diffraction and the Identification and Analysis of Clay

Minerals, Oxford University Press, New York, 1997.
1118. S.F. Cheah, G.E. Brown, G.A. Parks, J. Colloid Interface Sci. 208 (1998) 110.
1119. R. Daehn, A.M. Scheidegger, A. Manceau, M.L. Schlegel, B. Baeyens, M.H. Bradbury,

D. Chateigner, Geochim. Cosmochim. Acta 67 (2003) 1.
1120. E.M. Khaled, J. Stucki, Soil Sci. Soc. Am. J. 55 (1991) 550.
1121. J.W. Stucki, K. Lee, L. Zhang, R.A. Larson, Pure Appl. Chem. 74 (2002) 2145–2158.
1122. A. Gil, L.M. Gandı́a, M.A. Vicente, Catal. Rev. – Sci. Eng. 42 (2000) 145.
1123. M. Nakatsuji, R. Ishii, Z.-M. Wang, K. Ooi, J. Colloid Interface Sci. 272 (2004) 158.
1124. M.E. Landis, B.A. Aufdembrink, P. Chu, I.D. Johnson, G.W. Kirker, M.K. Rubin, J. Am.

Chem. Soc. 113 (1991) 3189.
1125. J.S. Dailey, T.J. Pinnavaia, Chem. Mater. 4 (1992) 855.
1126. K. Kosuge, A. Tsunashima, J. Chem. Soc., Chem. Commun. (1995) 2427.
1127. A. Galarneau, A. Barodawalla, T.J. Pinnavaia, Nature 374 (1995) 529.
1128. M.H. Lim, C.F. blanford, A. Stein, J. Am. Chem. Soc. 119 (1997) 4090.
1129. T. Asefa, M.J. MacLachlan, N. Coombs, G.A. Ozin, Nature 402 (1999) 867.
1130. M.C. Chon, T. Tsuru, H. Takahashi, Clay Sci. 5 (1978) 155.
1131. M.A. Harkonen, R.L. Keiski, Colloids Surf. 11 (1984) 323.
1132. H. Suquet, S. Chevalier, C. Marcilly, D. Barthomeuf, Clay Miner. 26 (1991) 49.
1133. H. Kaviratna, T.J. Pinnavaia, Clays Clay Miner. 42 (1994) 717.
1134. R. Mokaya, W. Jones, J. Chem. Soc., Chem. Commun. (1994) 929
1135. R. Mokaya, W. Jones, J. Catal. 153 (1995) 76.
1136. J. Bovey, F. Kooli, W. Jones, Clay Miner. 31 (1996) 501.
1137. F. Kooli, W. Jones, J. Mater. Chem. 8 (1998) 2119.
1138. J. Temuujin, K. Okada, K.J.D. MacKenzie, Appl. Clay Sci. 805 (2002) 1.

138 Further Reading



1139. R.H. Glaser, G.L. Wilkes, C.E. Bronnimann, J. Non-Cryst. Solids 113 (1989) 73.
1140. W.G. Fahrenholtz, D.M. Smith, D-Wu Hua, J. Non-Cryst. Solids 144 (1992) 45.
1141. J. Sanchez, A. McCormick, J. Phys. Chem. 96 (1992) 8973.
1142. C.A. Fyfe, P.A. Aroca, J. Phys. Chem. B 101 (1997) 9504.
1143. Y. Sugahara, T. Inoue, K. Kuroda, J. Mater. Chem. 7 (1997) 53.
1144. A. Jitianu, A. Britchi, C. Deleanu, V. Badescu, M. Zaharescu, J. Non-Cryst. Solids 319 (2003)

263.
1145. G. Engelhardt, D. Michel, High Resolution Solid-State NMR Silicates and Zeolites, Wiley,

Chichester, 1987, p. 119.
1146. B.M. De Witte, D. Commers, J.B. Uytterhoeven, J. Non-Cryst. Solids 202 (1996) 35.
1147. M.C. Matos, L.M. Ilharco, R.M. Almeida, J. Non-Cryst. Solids 147–148 (1992) 232.
1148. A. Fidalgo, L.M. Ilharco, J. Non-Cryst. Solids 283 (2001) 144.
1149. K.S.W. Sing, D.H. Everett, R.A.W. Haul, L. Moscou, R.A. Pierotti, J. Rouquerol,

T. Siemieniewska, Pure Appl. Chem. 57 (1985) 603.
1150. M. Jaroniec, M. Kruk, J.P. Olivier, Langmuir 15 (1999) 5410.
1151. M.L. Occelli, Catal. Today 2 (1988) 339.
1152. T. Takei, A. Yamazaki, T. Watanabe, M. Chikasawa, J. Colloid Interface Sci. 188 (1997) 409.
1153. H. El Rassy, P. Buisson, B. Bouali, A. Perrard, A.C. Pierre, Langmuir 19 (2003) 358.
1154. J. Xu et al., Eur. Polym. J. 41 (2005) 881.
1155. T.L. Porter, D. Pace, R. Whitehorse, M.P. Eastman, E. Bain, Mater. Chem. Phys. 76 (2002) 92.
1156. Y. Hu, L. Song, J. Xu, L. Yang, Z. Chen, W. Fan, Colloid Polym. Sci. 279 (2001) 819.
1157. K.E. Strawhecker, E. Manias, Chem. Mater. 12 (2000) 2943.
1158. R.F. de Farias, C. Airoldi, Solid State Sci. 5 (2003) 611.
1159. Y.-J. Liu, M.G. Kanatzidis, Inorg. Chem. 32 (1993) 2989.
1160. R. Bissessur, D.C. Degroot, J.L. Schindler, C.R. Kannewurf, M.G. Kanatzidis, J. Chem. Soc.,

Chem. Commun. 8 (1993) 687.
1161. R. Bissessur, J.L. Schindler, C.R. Kannewurf, M. Kanatzidis, J. Chem. Soc., Chem. Commun.

20 (1993) 1582.
1162. J.P. Lemmon, M.M. Lerner, Solid State Commun. 94 (1995) 533.
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1379. M.A. Lillo-Ródenas, D. Cazorla-Amorós, A. Linares-Solano, Carbon 41 (2003) 267.
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oso, R. Torregrosa, Langmuir 3 (1987) 76.

1382. A. Vichnyakov, P.I. Ravikovitch, A.V. Neimark, Langmuir 15 (1999) 8736.
1383. N. Setoyama, T. Suzuki, K. Kaneko, Carbon 36 (1998) 1459.
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1761. W. Lu, D.D.L. Chung, Carbon 35 (1997) 427.

Further Reading 153



1762. A.B. Fuertes, F. Pico, J.M. Rojo, J. Power Sources 133 (2004) 329.
1763. G.Y. Liu, F.Y. Kang, B.H. Li, Z.H. Huang, X.Y. Chuan, J. Phys. Chem. Solids 67 (2006)

1186.
1764. Z.H. Hu, M. Srinvasan, Y.M. Ni, Adv. Mater. 12 (2000) 62.
1765. A.P. Wang, F.Y. Kang, Z.H. Huang, Z.C. Guo, Clays Clay Miner. 54 (2006) 485.
1766. G.Y. Liu, Z.H. Huang, F.Y. Kang, New Carbon Mater. 20 (2005) 13.
1767. M. Kruk, M. Jaronic, J. Phys. Chem. B 104 (2000) 7960.
1768. S.H. Joo, S. Jun, R. Ryoo, Microporous Mesoporous Mater. 44–45 (2001) 153.
1769. J. Lee, J. Kim, T. Hyeon, Chem. Commun. 10 (2003) 1138.
1770. S. Han, K.T. Lee, S.M. Oh, T. Hyeon, Carbon 41 (2003) 1049.
1771. Z.G. Shi, Y.Q. Feng, L. Xu, S.L. Da, M. Zhang, Carbon 42 (2004) 1677.
1772. A.B. Fuertes, Microporous Mesoporous Mater. 67 (2004) 273.
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2119. R. Schmidt, M. Stöcker, E. Hansen, D. Akporiaye, O.H. Ellestad, Microporous Mater. 3

(1995) 443.
2120. N. Tanchoux, P. Trens, D. Maldonado, F. Di Renzo, F. Fajula, Colloids Surf. A: Physicochem.

Eng. Asp. 246 (2004) 1.
2121. F. Courivaud, E.W. Hansen, A. Karlsson, S. Kolboe, M. Stöcker, Microporous Mesoporous
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2956. M. Molina-Sabio, F. Rodrýguez-Reinoso, F. Caturla, M.J. Sellés, Carbon 33 (1995) 1105.
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3046. J. Balmaseda, E. Reguera, J. Rodrýguez-Hernández, L. Reguera, M. Autie, Microporous.
Mesoporous Mater. 96 (2006) 222.

3047. S.S. Kaye, J.R. Long, J. Am. Chem. Soc. 127 (2005) 6506.
3048. K.W. Chapman, P.D. Southon, C.L. Weeks, C.J. Kepert, Chem. Commun. (2005) 3322.
3049. M.R. Hartman, V.K. Peterson, Y. Liu, S.S. Kaye, J.R. Long, Mater. Chem. 18 (2006) 3221.
3050. R. Martinez-Garcia, M. Knobel, E. Reguera, J. Phys.: Condens. Matter 18 (2006) 11243.
3051. S. Ferlay, T. Mallah, R. Ouahes, P. Veillet, M. Verdaguer, Nature 378 (1995) 701.
3052. S.M. Holmes, G.S. Girolami, J. Am. Chem. Soc. 121 (1999) 5593.
3053. O. Sato, T. Iyoda, A. Fujishima, K. Hashimoto, Science 272 (1996) 704.
3054. S. Ohkoshi, K. Arai, Y. Sato, K. Hashimoto, Nat. Mater. 3 (2004) 857.
3055. W.E. Buschmann, J. Ensling, P. Gutlich, J.S. Miller, Chem. Eur. J. 5 (1999) 3019.
3056. D. Louer, R. Vargas, J. Appl. Crystallogr. 15 (1982) 542.
3057. D.R. Lide (Ed.), CRC Handbook of Chemistry and Physics, eighty fourth ed., Boca Raton,

2003–2004.
3058. J. Balmaseda, E. Reguera, J. Fernandez, A. Gordillo, H. Yee-Madeira, J. Phys. Chem. Solids 64

(2003) 685.
3059. M.M. Dubinin, in: D.A. Cadenheat (Ed.), Progress in Surface Science and Membrane Science,

Academic Press, New York, 1975.
3060. F. Stoeckli, Russ. Chem. Bull. Int. Ed. 50 (2001) 2265.
3061. M.H. Simonot-Grange, J. Chim. Phys. 84 (1987) 1161.
3062. P. Cartraud, A. Cointot, A. Renaud, J. Chem. Soc., Faraday Trans. 1 (77) (1981) 1561.
3063. B.P. Bering, V.V. Serpinski, Izv. Akad. Nauk SSSR, Ser. Khim. 11 (1974) 2427.
3064. R. Roque-Malherbe, Microporous Mesoporous Mater. 41 (2000) 227.
3065. A. Ludi, A. Gudel, Struct. Bond. 14 (1973) 1.
3066. A. Ludi, H.U. Gudel, Helv. Chim. Acta 51 (1968) 2006.
3067. D.F. Mullica, W.O. Milligan, Acta Crystallogr. B 34 (1978) 3558.
3068. G.W. Beall, W.O. Milligan, Inorg. Chem. 16 (1977) 2715.
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M.A. Camblor, J. Mater. Chem. 9 (1999) 349.
3463. D.A Woodcock, P. Lightfoot, L.A. Villaescusa, M.J. Dýaz-Cabañas, M.A. Camblor, D. Engberg,
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