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1. Introduction
Silica is one of the most widely spread materials; and the silicates are one of the
biggest classes of solids. Different types of the structures are characteristic for them and
so, the variety of properties. Silica is naturally occurring in minerals (quartz, flint) and in
plants, as, for example, bamboo, rice and barley. However, silica materials, mostly used
in chemical applications, have a synthetic origin. Different phases can be formed,
depending on temperature, pressure and degree of hydration. Here is just a short list of the
materials based on silica: colloidal silicas, silica gel, pyrogenic silica, precipitated silicas,
porosils. Due to variable properties, these materials have found application in a broad
range of areas: as desiccants, in adsorption, in microelectronics, in catalysis as catalyst
and catalyst carriers, as active filler in silicone rubber, as antisettling agents, dispersants
and many others [1].
Relatively new class of silicon oxide based materials is the M41S class. These
materials were invented in early 1990s [2]. They were prepared by templating silica
species with surfactant, which resulted in the formation of silica oxides with ordered
mesoporous structure. This invention extended the range of pore sizes accessible in the
form of an ordered pore system. MCM-41, which is the most known member of M41S
family, possesses a hexagonal array of uniform mesopores. This material, as well as many
others of the M41S class, has attracted attention of numerous research groups all over the
world in the last years. Promising results of their application in catalysis and in adsorption
processes were demonstrated [3-12].
The applications of amorphous silica, as well as mesoporous MCM-41, can be
extended by the variation of properties of the materials, in the case of MCM-41 – also by
the improvement of its hydrothermal stability. The qualities of the compounds can be
adjusted by the incorporation of the metal ions in their structures, what also changes the
acid-base properties. This method was often used to synthesize materials, which can be
effectively used in catalytic processes [3, 13-14]. Another possible technique for the
modification of properties of mentioned substances is grafting of organic functional
groups on their surface. The qualities of the resulting compound vary depending on the
type of introduced groups. Such kind of modifications, called silylation, is often used to
synthesize materials for catalytic purposes, as well as for their application in adsorption,
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and particularly in the adsorption of the biologically active molecules [7, 15-21]. Peptides
and their building blocks - amino acids, can be attributed to such a kind of molecules. The
investigation of their adsorption is very important, because of several reasons: 1) the
study of their adsorption on the biomaterial surfaces can lead to the understanding of the
biomolecular adsorption; 2) amino acids are widely used as stock feed and in food
technology. Regardless of the way of the production, the separation techniques for the
recovery and purification of amino acids always have to be applied.
The object of the presented research is the study of amorphous silica gel and
mesoporous siliceous MCM-41. These materials have similarities, as well as differences
in their structures. The biggest difference is in the absence (silica gel) / presence (MCM41) of the order in the pore systems of the substances. However, the composition of both
of them is identical. Moreover, the walls of MCM-41 pores are amorphous silica based.
The focus of the presented work is to find out the influence of the structure of a
silicate, as a source material, on the properties of the synthesized composites, on the
procedure of their synthesis, on the effectiveness of the resulting compounds in the
catalytic and adsorption applications. For the realization of the above mentioned goal, the
modification of amorphous silica gel and MCM-41 has to be carried out. Therefore, the
silylation technique was chosen. According to it, the organic groups with different
properties were introduced on the silicates’ surface. Benzyldimethylchlorosilane and
aminopropyltrietoxisilane, chosen as silylating agents, were supposed to be the sources
for benzyl- and amino- groups in the resulting composites. The materials grafted with
benzyl-groups were sulfonated to introduce the acidic properties into the silicates. The
optimization of the sulfonation technique was one of the important tasks of the work. The
detailed analysis of all initial, intermediate and resulting materials was one of the primary
objectives of the research. Their structure, composition and stability were investigated.
The possibility to apply the synthesized functionalized silicates in catalysis was studied
via the test reaction of methylbutynol conversion. This analysis gives information about
the type of the active centers presented in the sample.
Another important objective of the research was to study the adsorption of amino
acids from aqueous solutions on the parent and modified silicates. An attempt was made
to find out the influence of the structure of the initial material on the adsorption of
biologically active molecules. An important goal was to determine the types of
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interactions, taking place in the systems adsorbate – silicate adsorbent. Since in the
adsorption of amino acids two types of interaction (hydrophobic and electrostatic) play
the most important role, the contribution of every one of them had to be found. Therefore,
the influence of the introduced functional layer on the adsorption was investigated.
Moreover, the influence of solution pH and ionic strength on the uptake of an adsorbate
was studied.
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2 Literature review
Two classes of materials that are used extensively as heterogeneous catalysts and
adsorption media are microporous and mesoporous inorganic solids. The utility of these
materials is manifested in their structures. Due to the favorably organized structure
molecules can get access to large internal surfaces and cavities, what also enhances
catalytic activity and adsorptive capacity [2]. One of the best known classes of the
materials is silicates.
The name silica comprises a large class of products with the general formula SiO2
or SiO2.xH20. Silica is a naturally occurring material. Most of the silica used in chemical
applications, however, has a synthetic origin. In its natural form it mostly has a crystalline
phase. Various phases of a material can be formed depending on temperature, pressure
and degree of hydration. “At atmospheric pressure the anhydrous crystalline silica may be
classified in the following phases, according to the temperature:

1143 K

1743 K

quartz ↔ tridymite ↔ cristobalite”
[22].
At 1973 K takes place the transformation of cristobalite to amorphous vitreous
silica glass. In a dense structure the crystalline form has a high degree of ordering. The
active surface of a material, which can take part in any kind of chemical or physical
interactions, is limited to the external surface of the crystalline particles in this case.
Therefore, the specific surface area is similar to the geometric surface. Amorphous silica
occurs in different forms. Fibres, sheets, sols, gels and powders may be fabricated
according to the application. A detailed view on the properties of different amorphous
forms can be obtained from the process used for their preparation [22]. In this work the
silica gel as a representative of amorphous silica forms will be discussed.
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2.1 Silica gel
“Silica gel has a nominal chemical formula SiO2 x H2O. It is a solid, synthetic,
amorphous form of hydrous silicon dioxide. The structure of silica gel is an
interconnected random array of ultimate polymerized silicate particles, called micelles,
which are spheroidal and 2–10 nm in diameter (resulting in high surface areas of ca. 300–
1000 m2/g SiO2). The properties of silica gel are a result of the silica micelles, their state
of aggregation, and the chemistry of the micelle surface” [1].

Figure 2.1 Schematic of silica gel production [1]
The preparation of silica gel is based on the neutralization of aqueous alkali metal
silicate with acid [23-25]; for example:
Na2O・3.3SiO2+H2SO4→Na2SO4+3.3SiO2↓+H2O
A complete flowchart of silica gel production by this typical commercial route is
presented in figure 2.1. As an alternative, the gelation of stable silica sols may be carried
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out [25]. Another possible technique is based on the hydrolysis of silicon alkoxides with
water, catalyzed by base or acid [26]. A polymerization of silicate tetrahedra is initiated
by the neutralization of sodium silicate. This process, which occurs in random,
amorphous manner, leads to the formation of micelles. The solution containing the
micelles in a liquid phase is called hydrosol. The formation of a gel starts, when the
interaction of micelles through hydrogen bonding and interparticle condensation becomes
significant. The rate of gelation process is dependent on many characteristics, such as
SiO2 concentration, pH, temperature, and mixing. Polymerization and crosslinking
continue after the solidification of the hydrosol into a hydrogel. The random, amorphous
structure of silica gel is represented in its lower skeletal density (2.1–2.2 g/cm3) in
comparison with quartz (2.65g/cm3) and also in the lack of X-ray crystallinity. The
ultimate particle micelle is built of SiO2 particles in its inner parts and of Si-OH on the
surface. The tetrahedral geometry of silicon atoms and presence of SiO2 and Si-OH
species is proved by solid-state 29Si NMR [27]. The specific surface area of the silica gel
depends on the micelle’s size. According to [1] a typical micelle size of ca. 2.5nm in
diameter results in surface area of a material of ca. 1000 m2/g. After the formation of gel
network, several steps are performed to generate the finished gel [28]. First of all,
washing is usually used for the removing of dissolved salts. This process is diffusion –
controlled dilution. The reason is the low ion-exchange capacity of silica gel for cations
or anions at moderate pH. As the next step, the interaction between micelles and micelle
growth could be accelerated by aging in aqueous media; slightly soluble silica is expected
as a precondition. The strengthening of a network of hydrogel occurs as a result of a
process, in which silica dissolves from regions of positive curvature and redeposits at
regions of negative curvature. Thus, a continuous gel structure is formed. The tension of a
surface of the solvent in the pores can lead to shrinkage of the hydrogel volume during
the drying process. In slow drying method, the structure collapses gradually due to the
surface tension of water as water is evaporated from a silica hydrogel. After a period of
time, a point is reached where the gel structure no longer shrinks, even though water is
still evaporating. At this point the gel is called a xerogel. Fast drying can minimize the
shrinkage. The removal of water by solvent exchange, which is followed by drying,
affects the process in the same manner. The kinds of materials, in those production the
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drying procedure with negligible loss of pore volume is performed, are known as
aerogels. The exchange of a solvent with a water-miscible liquid, as for example ethanol,
to remove water from the hydrogel preserves pore volume of silica after drying. The
single or multiple use of the mentioned technique to lower surface tension leads to reduce
in pore collapse during drying. Another possibility to dry silica gels involves the
application of the conditions, where the solvent in the pores is above its critical and is
vented while maintaining temperature and pressure. Kistler [29] reported about the drying
gels supercritically after replacing the water of the hydrogel with alcohol. As an
alternative, the liquid in the pores can be replaced by liquid CO2, which has more
convenient critical point properties [30-31]. Such techniques attracted a lot of attention,
because they make achievable high porosity and improved mechanical properties of silica
materials [1,26]. The resulting products from a scheme as in figure 2.1 are high purity
silica gels with controlled porosity [1].

2.2 The hydroxylated surface
The specialty of the silicates and particularly silica gel is the presence of
hydroxylated surface. There are three types of hydroxyl groups: (i) free silanol groups,
(ii) bonded via hydrogen bond and (iii) vicinal silanol groups (Fig. 2.2). Hydroxyl groups
are neither strong acidic nor strong basic. They have pKa = 6 and the isoelectric point at
pH = 2. The surface is hydrophilic and it easily adsorbs water. The adsorbed water
molecules can be removed thermally at 373-473 K. After the thermal treatment the
density of the silanol groups on the surface is reduced. At higher temperatures
dehydroxylation of the neighbouring OH groups, connected by hydrogen bond, takes
place. As a result, the siloxane bridges are formed and the water molecules are desorbed
[36]. This can be accompanied by the formation of new isolated free surface silanol
groups (type I). The relaxation of silicate structure considerably reduces the tension of the
siloxane groups built during the dehydroxylation. Nevertheless, the displacement of free
silanol groups situated far from each other is hindered. This fact is caused by the
migration of protons on the silicon surface [32].
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Figure 2.2 Types of silanol groups on silicates surface
One of the best suitable techniques for studying silicate surface is Infrared
spectroscopy. This method of analysis allows an identification of the structure complexes
of a silicate. Furthermore, it helps to distinguish between different types of hydroxyl
groups. The modifications of a compound – introduced groups and their connection to the
silicate matrix- can also be determined by IR spectroscopy. However, more information is
usually required for getting a complete overview on the silicate surface properties.
Detailed information about the application of Infrared spectroscopy to study silicates, as
well as other methods of analysis, will be discussed in the following chapter.

2.3 Infrared study of the silica surface
Infrared spectroscopy is one of the widely used techniques to characterize silica
surface. Figure 2.3 shows typical FTIR (Fourier Transform Infrared) spectra with
photoacoustic detection of Kieselgel 60, treated for 17 h at (a) 373 K, (b) 673 K and (c)
973 K. The region 1950- 1766 cm-1 represents the vibration of an overtone structure.
Since this band is unaffected by the different treatments, it is used as a reference to
normalize other integrations. The description of the absorption region 3740 - 3400 cm-1
has been accompanied by some disagreements in the literature.
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Figure 2.3 FTIR spectra of Kieselgel 60 [22]
Table 2.1 shows the best accepted attributions [33-37].
Table 2.1
Infrared band assignments (stretching O-H vibrations) [22]
Frequency cm -1

Species

3746

free OH

3742

geminal OH

3730-3720

hydrogen perturbed OH

3650

intraglobular OH

3520

oxygen perturbed OH

3400-3500

molecular adsorbed H20
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Depending on the strength of hydrogen bonding, bridged hydroxyls can absorb in
low – (strong bonding) and in high- wavenumber region (weak bonding). Furthermore,
different regions of infrared vibrations can be studied for more informative investigations:
fingerprint region of mid-infrared (discussed above), as well as far and near infrared
regions.
According to Vinsant [22] a lot of attempts were made to model the
dehydroxylation of bridged hydroxyls as a function of hydrogen bonding strength, but
results were often inconclusive. Therefore this area of investigations is still of a high
interest.

2.4 Uses
Silica gel is used extensively in a wide variety of applications; here, some major
uses are presenteded.

Desiccants
The earliest well-identified use of synthetic amorphous silica gel was as an
adsorbent for water. The affinity of silica gel for water depends on its state of activation
and the degree of saturation of the surrounding fluid by water vapor. Silica gel in a
narrow pore form is widely used to keep opened spaces dry, such as in cable junctions,
pharmaceutical containers, and consumer goods. The material is also used for drying
natural gas. The silica with bigger pore diameter is used to prevent local condensation in
high-moisture environments and to absorb condensed mists of moisture. Moreover, silica
is applied to maintain a constant humidity environment around art objects [1, 38].
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Dentifrice
Silica gels have long been used as components of dentifrice formulations [39].
Recently their application was broaden to the employed more for their suitable
abrasiveness for cleaning than simply as carriers or thickeners. Xerogels and hydrous gels
are used. However, they have a competitor with very suitable for this application
properties - precipitated silicas [40]. The abrasiveness of a dentifrice can be measured
[41]. This value usually correlates well with how effectively it cleans the teeth [1].

Coatings
The reflectance of coatings can be successfully controlled by fine sized silicas (2–
15 nm) [1]. The gloss of the surface is reduced by interrupting the surface of the coating,
but too large particles can harm the appearance of the surface. The fineness of grind can
be measured and specified. In clear coatings the refractive index of the silica is of big
importance to maintain clarity. A size of a typical matting agent is ca. 10 µm, it has a
pore volume of ca. 1.8 cm3/g, and a fineness of grind on the Hegman scale of > 4 (ASTM
test). Another application of silica gels is in paper coatings for digital imaging, where the
silica-rich coating serves to absorb ink-liquids and to control image appearance [1].

Microelectronics
Silica gel can also be used as insulators with low dielectric constants in
microelectronics. This application is based on the use of the air-containing pore structure
to reduce the dielectric constant [1, 41].

Adsorbents
Silica gel is a good adsorbent: this material can adsorb not only water, but also
many other species, particularly polar substances[43]. Silicas are used in chemical
processing, as well as in food industry. Treatment of beer with hydrogels, hydrous gels,
or xerogels to remove haze-forming proteins is one example [44]. Another example for
use in the food processes is the adsorptive purification of glyceride oils [45]. This use has
been extended beyond food purification of glyceride oils to purification for the
preparation of biodiesel fuel. Silica gels are also used extensively in chromatography
[46].
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Catalysts and Catalyst Carriers
The high surface area of silica gel makes it an attractive solid for catalytic
applications. Silica itself does not belong to the catalysts, used in many reactions of high
commercial

significance.

Solid

heterogeneous

catalysts

are

prepared

by

the

immobilization of complex ions on modified silica. These complexes are third generation
catalysts. The systems combine the advantages of activity and selectivity of homogeneous
catalysts with the advantage of easy separation of heterogeneous catalysts. Inorganic
supports show clear advantages over organic polymers for large-scale applications.
Contrarily to the latter supports, silica has a mechanically rigid structure, which is
unaffected by the high temperature and the most severe solvent conditions. Hoffmann
[47] describes the immobilization of a Ru-complex on variously premodified silica gel.
The silica was first reacted with an aminopropylsilane and subsequently functionalized
with aromatic groups. The trans-[Ru(NH3)4SO2(H20)]

2+

complex is immobilized on this

modification layer. This type of material may be used as a catalyst for hydrogenation and
isomerization. Kamada [48] studied the deposition and catalytic activity of 12tungstophosphate anion (PW12) on aminoalkylated silica. PW12 is an effective heteropoly
acid catalyst. Due to the concentration and homogeneous dispersion of the catalyst on the
modified silica surface, the activity per gram of the modified catalyst is higher than that
of the unmodified catalyst. Carlier [49] used various functional alkylsilane groups on
silica as co-monomer, transfer agent or initiator for grafting of a functional polymer.
These functional polymers may be used to anchor a catalyst. The polymer
polyphenylsilsesquioxane was grafted onto porous silica and sulfonated to obtain
catalysts of high stability with enhanced site accessibility and increased number of sites,
as well as high acidity level. [50] This catalyst is used for esterification and phenol
alkylation. Other catalysts have been reviewed by Pinnavaia [51].
Silica aluminas have acidic catalytic properties. The materials found their
application in catalytic cracking. Furthermore, silica gel is used as a support in olefin
polymerization [52-53].
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Other class of the materials, which is widely used in catalysis and in sorption
processes, is molecular sieves. These materials are exemplified by the large family of
aluminosilicates, known as zeolites, in which the micropores are regular arrays of
uniformly-sized channels. Considerable synthetic effort has been devoted to developing
frameworks with pore diameters within the mesoporous range. Mesoporous materials are
typically amorphous or paracrystalline solids, such as silicas' or transitional aluminas or
modified layered materials such as pillared clays and silicates. The pores in these
materials are generally irregularly spaced and broadly distributed in size. Despite those
numerous efforts, mesoporous molecular sieves with regular, well-defined channel
systems have remained elusive during the long time. The invention of a new family of
mesoporous materials, designated as M41S, by Mobil Corporation in the beginning of
1990s opened new horizons in catalysis, as well as in sorption technology [2].

2.5 MCM-41
MCM-41, one of the members of the M41S family of mesoporous sieves, possesses
a hexagonal array of uniform mesopores, which vary in size from approximately 1.5 nm
to greater than 10 nm. The diameter of the pores can be adjusted depending on the
template and the procedure used in its synthesis. Therefore, three techniques can be used
accordingly to Casci [54]:
I.
II.
III.

Alter the surfactant chain length.
Add an auxiliary organic.
Post-synthetic treatment.
Interconnections between the pores of MCM-41 are energetically unfavorable and

the pore walls are made of an amorphous arrangement of silica tertrahedra [4]. The
surface of MCM-41 is covered with silanol groups similarly to silica gel (see above).
Their density is approximately from 2.5 to 3.0 groups/nm2 and depends on the technique
of surfactant removal [4].
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The morphology of MCM-41 depends on the used reagents and synthesis
procedure. As a result of the popularity of the material in the last years, a great amount of
preparation techniques can be found in the literature. The original synthesis of M41S
materials was achieved by the combination of a silica source and an alkyl trimethyl
ammonium halide surfactant in an alkaline aqueous solution [55]. A liquid crystal
templating (LCT) mechanism was proposed for the formation of M41S materials [56].
Two possible mechanistic pathways were postulated by Beck et al. [56] (Fig. 2.4). In the
first, a preexisting hexagonal liquid crystal phase serves as a template upon which
condensation of the silicate species occurs. Alternatively, the addition of the silicate
mediates the ordering of surfactants into a hexagonal arrangement (pathway 2). It is now
known that pathway 1 did not occur as the used surfactant concentration was well below
the critical micelle concentration (CMC) required for liquid crystal phase formation.
Further investigations have resulted in several models based on the principle of the
second pathway [57].

Figure 2.4 Schematic diagram of possible pathways proposed for the liquid crystal
templating mechanism of formation of the mesoporous silica materialMCM-41 (“Mobil
Composition of Matter 41”) [56]. The surfactant combines with silicate ions to form a
hexagonal assembly of rod-like micelles, around which the silicate polymerises; the
organic components are removed by calcination, leaving a regular porous silica structure.
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One of the most remarkable characteristics of MCM-41 is an exceptionally high
surface area, which is often more than 1 000 m2/g. This means high catalytic activity and
adsorption capacity of the MCM-41 in comparison to other catalytic materials and
supports: zeolites –about 500-700 m2/g, between 12 and 277 m2/g for different forms of
Al2O3. An additional advantage of MCM-41 is that the tetrahedrally-coordinated silicon
atom in the silica tetrahedral composing the bulk of the material may be substituted for
similarly sized and charged transition metal ions during synthesis or through postsynthesis impregnation [55].
As a result of its properties, the application fields of MCM-41 are focused in
catalysis, adsorption and separation areas.

2.6 Stability of MCM-41
The stability of a material is of high importance for mentioned applications. The
stabilities (thermal, hydrothermal, and mechanical) of different mesoporous silicas, and
particularly MCM-41, have been studied by numerous research groups [58-60]. It was
reported that the thermal stability depends on the thickness of walls of the mesoporous
materials and the silica precursor used in the synthesis. It was found that MCM-41 is
thermally stable up to the temperatures about 900 C. According to the investigations of
Chen et a1.[61], pure-silica MCM-41 could be heated to 850 C in dry air or 800 C in air
with 8 Torr of water vapor before structural collapse began.
Mechanical stability is only little influenced by the nature of the mesoporous
materials and is usually sufficient for application of ordered mesoporous solids in most
catalytic applications. Hydrothermal stability is influenced by the wall thickness as well;
the degree of silica polymerization shows also a very strong influence. Hydrothermal
stability is essential for most possible applications of mesoporous materials in catalysis as
well as in food industry, where it is of a high importance. As adsorbents in food based
separations, it is important that the physicochemical properties of the material are retained
in aqueous solution. In this respect, MCM-41 cannot be characterized as stable. Even
though this material has a high thermal stability, but when exposed to high temperature
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steam and boiling water, it looses its structure. Low hydrothermal stability limits the
application of the material. To improve this quality of MCM-41, as well as other ordered
mesoporous solids, a number of investigations were done, in which the increasing of the
thickness of the pore walls and enhancing of the local ordering of the walls were
suggested [62]. In order to decrease the population of surface silanols, the number of
which influences the structural stability [14], silylation of surface hydroxyls is widely
used. This treatment drastically increases the surface hydrophobicity, and therefore,
improves hydrothermal stability of the resulting materials. Koyano, Tatsumi, Tanaka, and
Nakata [14] enhanced the hydrothermal stability of MCM-41 by capping the surface
silanol groups with trimethylsilyl groups. The high hydrophobicity of the modified
material prevented hydrolytic cleavage of the Si\O\Si bonds despite exposure to water
vapor for 30 days. Gee and O'Connor reported that MCM-41 modified with
hexamethyldisilazane (HMDS) was much more stable in structure than the unmodified
MCM-41, upon exposure to water or pH 6 phosphate buffer for up to 12 days [55].
Partial substitution of Si by other atoms like Ti or Al was reported to improve the
thermal and hydrothermal stability to some extent [63-64]. In the research [65] the
incorporation of Al atoms into the structure of other member of M41S family – SBA15
was described. The hydrothermal stability of the fresh catalysts was tested by exposing
these to steam at 800 C. The isotherm of SBA-15 and AlSBA displayed the same shape
and hysteresis, but a decrease in the volume uptake at low P=Po. This was further proven
from the pore size distribution that the micropores were diminished upon steaming but the
mesopores were retained especially in AlSBA. The BJH pore size of SBA- 15 also
increased after steaming, whereas AlSBA were able to withstand high temperature
steaming with a small decrease in the BJH pore size. This result was in good agreement
with the suggestion by Yue et al. [65] that AlSBA have higher hydrothermal stability
compared to SBA-15. The less uniform pore structure of AlSBA was suggested to be the
reason for the improvement of the hydrothermal stability of the material [66].
Other possibility to improve hydrothermal stability of the mesoporous material is
modification of the synthesis procedure. It was reported that adjusting the gel pH several
times during the hydrothermal crystallization process gives a more stable product [64].

16

However, this pH adjustment is a tedious process and the high pressure crystallization
reaction has to be interrupted repeatedly.
A structural degradation of MCM-41 in basic solution was reported. Exposure of
MCM-41 to an aqueous solution at pH 7.8– 8.9 resulted in silica leaching from the pore
walls, decreasing structural regularity, average pore diameter and pore volume.
Improvement in hydrothermal stability has been achieved with variations of the synthesis
procedure, including salt addition and adjusting the pH. Ryoo et al [63, 67] report about
the improvement of hydrothermal stability of the material through the synthesis in
presence of organic salts. Das et al [64] describes also that significant improvement in the
hydrothermal stability of MCM-41 can be achieved by simply adding different
tetraalkylammonium (TAA+) or sodium ions to the synthesis gel.

2.7 Ordered mesoporous materials in catalysis
Probably the biggest interest in the M41S family of materials is caused by their
possibilities to be applied in catalysis, particularly in their promising properties. The
advantage of using ordered mesoporous solids in catalysis are the relatively large pores,
which facilitate mass transfer, and the very high surface area, which allows a high
concentration of active sites per mass of material. For example, the advantage of
mesopores becomes evident in dealing with big molecules, where the absolute activity of
mesoporous materials exceeds even that of zeolites. Consequently, there will be built
more medium-heavy liquid fractions as diesel and less gas products and light benzines
when MCM-41 is applied as by zeolites. The reason is that bigger molecules take part in
cracking preferably to smaller ones. However, more coke is built with MCM-41 as with
zeolites, but less than with silica-alumina [68-69].
Other interesting feature of ordered mesoporous solids for catalysis is the multitude
of options to modify them. There are many possible pathways to modify mesoporous
materials if a new catalytic function has to be added. The modifications can be used to
adjust surface functionality, to incorporate catalytic functions or to change textural
properties. Grafting of inorganic components, such as Al, Ti, V, etc., is also effective in
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achieving surface silanol modification. In addition to a decrease of the number of
structural defect sites in the silica framework, this treatment also leads to an increased
pore wall thickness. Furthermore, such treatment might simultaneously be used to
introduce catalytic functions into the materials [14, 70]. Metal-substituted MCM-41 is
useful in catalytic selective oxidation reactions and acid catalyzed reactions such as
catalytic hydrocarbon reactions [4].
However, the relatively low hydrothermal stability of MCM-41 limits its suitability
in such reactions as FCC (fluid catalytic cracking), but in other reactions that require
milder acidity and also involve bulky reactants and products, such as mild hydrocracking
reactions, mesoporous materials exhibit great potential [14].

2.8 Functionalization of silicates
Chemical functionalization of the inorganic framework of porous materials is an
important approach for the preparation of tailor made surfaces having specific properties,
such as hydrophobicity, polarity, and catalytic, optical and electronic activity [32, 71-72].
Generally, the functionalization can be proceeded either by direct co-condensation
pathway (direct synthesis) or by post synthesis treatment (grafting) (see fig.2.5).
Moreover, ordered mesoporous materials can be modified by the incorporation of active
sites in the silica walls or by deposition of active species on the inner surface of the
material.
Silica gel, as well as MCM-41, is usually used as a support material. In this respect,
chemical modification of surface is often applied to introduce desirable properties to the
materials. It requires seemingly paradoxal support properties: (a) supports need to have a
surface hydrophilic in nature, but also to be insoluble in aqueous solutions and polar
solvents; (b) supports are required, in many instances, to be porous, but retain mechanical
stability; and (c) they must be chemically stable, but easily derivatized. [22].
When choosing the molecules for modifying the surface, organofunctional silanes
are found to be the best suited. An advantage of organofunctional silanes compared to
other organic compounds is in their potential for bonding through several mechanisms. At
relatively great distances the attraction and repulsion can be caused by electrokinetic
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forces. “At closer approach, Van Der Waals forces, hydrogen bonding and covalent
bonding are possible through silanol groups. By combining all of these possibilities in a
single molecule, the silanes are uniquely capable in competing with water for
hydroxylated surfaces” [22].
Speaking about the general applications of organofunctional silanes, their main
application lays as a coupling agent. Hence, the combination of both the organic character
of the functional group and the inorganic character of the silicon side of the molecule is
reached. Paints and inks are developed by bonding of fillers to polymer matrices and
increasing bond strength of surface coatings. The application of organofunctional silanes
for a surface modification of silica gel is mainly used in chromatography. All fields of use
of silane modified silica gel are indicated in Table 2.2 [22].

Table 2.2 Chlorosilanes and alkoxysilanes commonly used in the modification of
silica, with formula and common application with silica [22]
Name

Formula

Uses.

trichlorosilane

C13SiH

res.

methyltrichlorosilane

C13SiCH3

res.

dimethyldichlorosilane

C12Si(CH3)2

res.

trimethylchlorosilane

C1Si(CH3)3

block.

propyltrichlorosilane

C13SiCH2CH2CH2

chrom.

octyltrichlorosilane

C13Si(CH2)7CH3

chrom.

octadecyltrichlorosilane

C13Si(CH2)I7CH3

chrom.

(CH3CH2O)3Si-CH-CH 2

comp.

Chlorosilanes

alkenylsilanes
vinyltriethoxysilane

methacryloxypropyltriethoxysilane (CH3CH2O)3SiCH2CH2CH2-O-CO-C(CH3) =CH2
comp.
arylsilanes
phenyltriethoxysilane

(CH3CH2O)3SiC6H5

chrom.

epoxyfunctional silanes
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γ-glycidoxypropyltrimethoxysilane (CH3O)3SiCH2CH2CH2-O-CH2CH-CH 2
\O /
chrom., enz., IC
N‐functional silanes
γ –aminopropyltriethoxysilane

(CH3CH2O)3SiCH2CH2CH2NH2
chrom. met., cat.

γ –aminopropyldiethoxymethylsilane

(CH3CH2O)2CH3SiCH2CH2CH2NH2
res., chrom.

γ –aminopropylethoxydimethylsilane

(CH3CH2O) (CH3)2SiCH2CH2CH2NH2
res.

N-β-aminoethylaminopropyltrimethoxysilane
(CH3O)3SiCH2CH2CH2NHCH2CH2NH2

met., cat., enz., IC

cyanopropyltriethoxysilane

(CH3CH2O)3SiCH2CH2CH2CN chrom., cat.

hexamethyldisilazane

(CH3)3SiNHSi(CH3)3

chrom., block.

S‐functional silanes
γ –mercaptopropyltriethoxysilane

(CH3CH2O)3SiCH2CH2CH2SH
comp., cat.

bis(triethoxysilylpropyl)tetrasulfan

[(CH3CH2O)3SiCH2CH2CH2]2S4
comp., cat.

Cl‐functional silanes
chloropropyltriethoxysilane

(CH3CH2O)3SiCH2CH2CH2C1
cat., comp.

___________________________________________________________________
(res." research”, block. "blocking agent”, chrom." chromatography”, comp."
composites”, enz. "enzyme immobilization”, IC:”integrated circuits”, cat.." catalyst”,
met:” preconcentration of metals”).
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The incorporation of organofunctional groups on the silica surface may be
effectuated during the synthesis of the silica material. In this case an organosilane is
hydrolytically condensed with conventional silica sources, such as tetramethyl
orthosilicate and tetraethyl orthosilicate [73]. The one-pot pathway of the cocondensation method provides several advantages, such as a short preparation time. On
the other hand, this procedure does not allow a careful control of the obtained surface
morphology. Since the relative amounts of silane and TEOS are the only variable
parameters, neither layer thickness, nor modification density can be precisely tuned. This
results in an irreproducible functionalization of the surface [22].
Grafting (post synthesis) is one modification method for pre-synthesized silicates
through direct reaction of organosilanes with the silica surface [73]. In this respect, the
functionalization of silicates becomes possible due to the properties of free surface silanol
groups. The siloxane groups can also take part in reactions. For example, according to
Rao et al. [74] the siloxane groups can react with methanol.
SiOSi

+ CH3OH

SiOH +

SiOCH3

Nevertheless, silanol groups play the major role in grafting as anchoring site. These
groups are easily accessible in comparison with the ones, which are situated in internal
parts of the material, particularly in silica gel. Furthermore, they are more active and react
easier as the siloxane groups, because the proton of the silanol group is slightly acidic.
Park et al. [75] suggest that it is possible to control the silanol groups exposed after
calcination or solvent extraction through localized removal of templates with solvent
extraction, because templates could be removed slowly. This would mean that not only
the desired functionality would be introduced in the materials structure, but also one
could manipulate structural characteristics of the silicate during the grafting process.
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Figure 2.5 Outline of modification of mesopore inner space [73]
Acid catalytic activity satisfies one of the most important applications of porous
solids. Several research groups have reported the incorporation of the metals and various
functional groups to create Lewis and Brønsted acid sites in the porous silica framework.
Acid sites can also be introduced by the grafting of strong acidic sulfo groups onto the
organo modified silicate surface. Silicates, functionalized with sulfuric acid, are efficient
catalysts for acid-catalyzed reactions, such as condensation, esterification, alcohol
coupling, dehydration, tetrahydrapyranylation, acetalization of carbonyl compounds, and
Fries rearrangements [73].
A lot of research was done with the aim to obtain the sulfo-functionalized silicates:
either from mesoporous or from amorphous silica [76-79]. There are two types of
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techniques known for the production of such kind of materials: sol-gel methodology with
the introduction of tiol groups, which are oxidized later on, and the post synthesis
sulfonation of the silicate. The disadvantage of the first technique is the destruction of the
silica framework, which takes place during the thiol group oxidation. The oxidation is
usually done in a strong oxidant. Furthermore, this process leads to a non-uniform
distribution of the functional groups [80]. The sulfonation can also be done by post
synthesis modification. This method has a drawback as well: it is the difficulty to carry
out the sulfonation step. The aggressive medium often causes the destruction of the
introduced organic functional layer. In our lab an attempt was made to develop the
grafting technique for the introduction of sulfo groups, which would overcome
difficulties mentioned above.

2.9 Silica gel and M41S materials in adsorption and separation processes
2.9.1 Silica gel
Due to its structural characteristics and the possibility to modify surface properties
of silica gel, it is widely used as a selective adsorbent for gases, liquids and metals. Silica
plays an important role in the separation processes in food industry. It is also often used
as a stationary phase in various types of chromatography and as a metal ion sorbent.
However, the use of silica as a support is restricted to the pH 1-8 range because of the
instability of the silica structure in basic conditions. The silica materials with improved
stability have to be applied in the case of basic solutions. As alternative stable materials
polymeric supports are also used.
Porous silica, being fully hydroxylated, is a type of adsorbents, having positively
charged surface sites such as Brønsted and Lewis acid centers. Although, silica undergoes
non-specific interactions with molecules of the groups (a)-(d):
a) those having a spherically symmetrical shell of electrons or σ-bonds;
b) those exhibiting peripheral bonds or groups with a high electron density;
c) those having positively charged groups at the periphery;
d) those having both groups of electron density and those of positive charge
concentrated on the periphery. It gives rise to additional interactions with molecules (b)-
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(d) such as ethers, nitriles, tertiare amines, alcohols and ketones. When the hydroxyl
groups at the silica surface are totally removed by annealing at 1100 C, a dehydroxylated
surface is produced carrying only siloxane groups, which are now unable to undergo
specific interactions. To a first approximation, completely dehydroxylated silica becomes
a type of adsorbent, which exhibits no ions or active functional groups exposed at the
surface [81].
The adsorption capacity of silica materials depends on the porosity. Kondo et al.
[82] studied the non-modified silica gels, porous silica glasses and aerosil 300, and these
modified with amine and vinyl groups. The adsorption was not reversible. The adsorbed
amounts of BSA and FB depended upon the porosity of these adsorbents and were the
largest at pore diameters of 30 and 70 nm, respectively.
Hirsch et al. [83] describe an example of the application of silica in
chromatography. Discussed is a chromatographic separation procedure using a single
dual-packed adsorption column containing silica gel and alumina which separate highboiling petroleum distillates into four concentrates: saturates, monoaromatics,
diaromatics, and polyaromatics-polar. Spectral, adsorption, and radiotracer data indicate
that the concentrates produced are predominantly as labeled [83]. Unger et al. [84]
demonstrated further application of silica in HPLC. In comparison with ion-exchange,
membranes silica does not swell and it is mechanically stable. Developed by Unger,
exchangers have a stable and not swelling siloxane framework. Furthermore, dependent
on the type of used modificator, basic and acidic functional groups were introduced.
These are only two examples of numerous publications describing the application of
chemically modified silicas in chromatographic separation processes. Silica is used in
High Performance Liquid Chromatography (HPLC), as well as in Ion Exchange, Size
Exclusion and Gas Chromatography. It is applied as stationary phases in HPLC. Pure
silica is extensively used as a polar column material. However, its modification allowed
the development of apolar stationary phases. The separation using apolar columns was
termed reversed phase chromatography, because the majority of interactions are reversed
compared to the silica column (straight phase) technique. The type of silica, the type of
modifier and the used bonding reaction are the parameters, which set the nature of the
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stationary phase. Organosilanes (either functionalized or not) and polymers are used as
modifying agent. The density of the introduced ligands depends on the reaction
procedure. The most popular chemically bonded phases , according to Vinsant [22], are
those with n-alkylligands (mostly octadecyl, C18, or octyl, C8). The preparation of these
phases occurs through the modification of silica gel with the corresponding
alkyltrichlorosilane (RSiC13) or the alkyldimethylchlorosilane (RSi(CH3)2CI). The carbon
content (expressed as %C)represents the apolar character of the stationary phase.
Monochlorotrialkylsilanes usually yield 7 - 10% carbon. Due to polymerization of the
silane molecules, alkyltrichlorosilanes give a higher carbon content of 12 - 25 %. The
steric hindrance between the long alkyl chains causes that not all surface hydroxyl groups
are available for the reaction the silane molecule. To prevent the interfering of those
unreacted groups in the chromatographic separation, they may be endcapped by reaction
with trimethylchlorosilane [22].

2.9.2 MCM-41
The area of catalysis belongs to the most widely recognized application of
nanoporous silica materials. One of the examples is their use in conversion of petroleum
feedstocks to industrially important petrochemicals. However, the properties of
mesoporous silica materials are promising for their application in adsorption. One of the
options is the use of the materials in the size selective separation processes that becomes
achievable due to the possibility to adjust their pore diameters according to the
dimensions of the target solute. Moreover, pore access for solutes close to the sizeexclusion limit can be improved because of the narrow pore size distribution, enhancing
the capacity of the material for these solutes. The large surface areas and pore volumes
are also favorable for high adsorption capacities. The large agglomerates, which are
usually formed of primary mesoporous silica particles, according to R. Brady et al. [55],
give regular intraparticle mesopores and larger, irregular interparticle pores. Such a kind
of bimodal structure of pores could assist the diffusion of the solute to the mesopores and
enhance adsorption kinetics. Due to a rigid inorganic structure, these materials do not
swell in solution, which is a big problem in the application of polymeric membrane
separation media. “Certain polymers, such as agarose and dextran, are known to swell in
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water and other solvents. Upon swelling, these materials become soft and compressible
under pressure, resulting in large pressure drops across the chromatography bed during
operation and poor hydrodynamics” [55]. Moreover, media surface fouling may lead to
high energy costs, regular cleaning costs and a shorter life span of the media where
regeneration is difficult.

2.9.3 Adsorption capacity and kinetics
One of the most important characteristics of an adsorbent for separation processes
is the adsorption capacity. This parameter depends on the steric effects and the
interactions between the solute and adsorbent surface. Katiyar et al. [55] reported high
influence of the solution pH on the uptake of myoglobin (pI=7–7.2) onto SBA-15, which
was caused by the strong influence of electrostatic interactions. The negative charges of
both solute and adsorbent at pH = 8.5 caused low adsorption capacity. For pH values
smaller pI the adsorption capacity became very high. Kisler et al. [11] demonstrated the
dependence of adsorption capacity on the surface chemistry. Adsorption of lysozyme
onto MCM-41 was studied before and after surface modification with hydrophobic
groups. The surface modification was reported to affect the lysozyme/MCM-41
interaction. Many research works, made with the goal to study the adsorption kinetics,
illustrated faster kinetics and higher capacities for small solutes, which decreased for
molecules with the sizes, close to the pore diameter of an adsorbent. The reason is, as
expected, in a hindrance of diffusion effects [55]. O'Connor et al. [12] studied adsorption
of smaller molecules on MCM-41. More rapid kinetics compared to the results presented
in [85]. The explanation of this difference is the reduction in hindered diffusion effects,
reaching equilibrium within about 20 h compared to 48 h. In solutions at neutral pH
values the amino acid lysine (pI=9.7) has a positive charge. Under the same conditions
the silica surface is negatively charged. Thus adsorption occurres predominantly by ionexchange [55]. More detailed discussion of the amino acids adsorption onto silicates will
be given in the following chapter.
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2.9.4 Biomolecule separations
The adsorption of biomolecules attracted much attention. The reason for that is in
its scientific importance and also in their application in various areas. “For example, in
the medical and food industries it is essential to remove adsorbed proteins, since even a
small amount of deposited proteins may give rise to the subsequent adsorption of fibrous
proteins leading to adverse biological consequences” [86]. Moreover, protein adsorption
can contribute to blood clotting and heart disease [86]. The stability of enzymes under
critical conditions can be improved due to the studies of adsorption of proteins on
inorganic materials. The investigations in controlled adsorption of proteins can contribute
to the field of enzymatic catalysis, biosensors, and disease diagnostics [87-89].
Moreover, it is important to mention the significant role of the study of amino acids
adsorption for a number of applications, such as solid-phase peptide synthesis,
development of organic mass spectrometry, medical implants, pharmacy, biomedical
sensors. Furthermore, the study of the mechanism of peptide bond formation and chain
elongation on silica, alumina, or clay contributes to a better understanding of prebiotic
chemical evolution. The adsorption of amino acids on the surface of metals and oxides
was studied for several decades. However, the publications on their adsorption onto silica
are not as numerous, as one could suppose taking into account the widespread application
of silica sorbents.
Similar situation can be observed in the case of mesoporous silicas as well.
Although these materials have promising properties for the separation of biological
molecules, only limited work in this area has been done. Han et al. [90] investigated the
size-exclusion properties of (3-aminopropyl)- triethoxysilane (APTS) functionalized
SBA-15 and MCF. Three differently sized proteins with similar isoelectric points:
conalbumin (MW 77 000, pI 6.0), chicken egg ovalbumin (MW 44 000, pI 4.9) and
soybean trypsin inhibitor protein (MW14 000 pI 5.2) were used in the study. APTS-SBA15 sequestered the small trypsin inhibitor, while the larger pore APTS-MCF sequestered
all three proteins. In both cases the proteins were released via elution with 0.5 M
phosphate buffer (pH 7.0). The investigation also revealed that both functionalized
materials could sequester proteins via ion-exchange. In 0.005M phosphate buffer, anionic
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conalbumin was attracted electrostatically to the amino-functionalized silicate surface.
Increasing the ionic strength of the buffer released the protein, revealing an electrostatic
interaction. This work demonstrated the potential of mesoporous materials to function as
combined size-exclusion and ion-exchange supports” [55].
Vinu et al. [86] described the adsorption of lysozyme on the mesoporous molecular
sieves MCM-41 and SBA-15 from buffered solutions with different pH values as a model
protein adsorption system. It was found that the amount adsorbed depends on the solution
pH as well as on the pore volume and the composition of the adsorbent. The adsorption
isotherms at pH 6.5 to 10.5 fitted the Langmuir model (type L isotherm), while the
isotherms recorded at pH 12 are of the S type. The maximum amount adsorbed was
observed for AlSBA-15 at pH 9.6 and amounted to 47.2 ímol/g (580 mg/g). The stability
of SBA-15 toward to the buffer solution is higher for SBA-15 as compared to MCM-41,
which is probably a consequence of the higher wall thickness of the former material.
Zhao et al. [91] used dimethyloctadecylchlorosilane modified SBA-15 as a
substrate in high performance liquid chromatography (HPLC) with the goal to separate
small molecules, including peptides and proteins. Four biomolecules of small sizes:
cysteine, glutathione, 6-thiopurine and dopamine, were separated by the C18-SBA-15
packed column. The chromatographic results achieved with this column exceled those of
a commercial C18 column: the peaks were narrower and more symmetrical. Separation of
lysozyme, bovine serum albumin (BSA), myoglobin and ovalbumin also showed very
good results, indicating that a C18-SBA-15 is an excellent HPLC packing material for
protein separation [55].
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2.10 Amino acids
The importance of amino acids and some of their applications were already mentioned in the previous chapter. Here, more detailed information about the properties of the
materials, as well as in their application and provided studies of their adsorption on inorganic and organic adsorbents will be given.

2.10.1 Industrial applications of amino acids
Amino acids are used for a variety of purposes. The food industry, for instance, requires L-glutamate as a flavor enhancer, or glycine as sweetener in juices. In pharmaceutical industry amino acids themselves, essential ones in particular, are needed in infusions
and dietary foods. Feed additives also build a large area of amino acids application. The
reason is that animal food mostly lacks on some essential amino acids. Lately, the importance of amino acids in industrial applications reached a very high level. Every year
the production capacity is growing for several percent. According to [92] the total market
has approximately doubled during the last ten years [92]. Consequently, more efficient
technologies are required, which can provide more economically beneficial products.

2.10.2 Structure and some properties of amino acids
α-Amino acids are the substances with composition R-CH(NH2)COOH. They are
produced during the total hydrolysis of proteins and peptides. Currently, 20 natural amino
acids were successfully produced from the proteins’ hydrolyzates. The common characteristic of all α-amino acids is the presence of a free carboxylic group at the α-carbon atom. Amino acids differ from each other by the R-group. Aliphatic groups of alanine, valine, leucine and isoleucine and aromatic groups of phenylalanine, tyrosine and tryptophan are hydrophobic. This property leads to one important consequence – water molecules form an ordered surface layer in the sphere of the surface of a protein molecule,
where nonpolar R-groups are represented. These amino acids can form hydrogen bonds
with water molecules, but their solubility depends on the structure of R-groups. Polar Rgroups of basic and acidic amino acids play an important role in the stabilization of a spe-
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cial protein conformation through building of saline bonds. Furthermore, amino acids
with positively and negatively charged R-groups can take part in the formation of charge
transfer systems, which provide charge transport by the tunnel mechanism during ion exchange and enzymatic catalysis.
Another important property of amino acids is their optical activity. Except for glycine, the α-amino acids are all chiral. In every case the chirality center is an asymmetric α
carbon atom. Because of the similarity of amino acids stereochemistry with that of L-(-)glyceraldehyde, the naturally occurring (S)-amino acids are classified as L-amino acids.
The D and L nomenclature gives the configuration of the asymmetric carbon atom.
Although we commonly write amino acids with an intact carboxyl (-COOH) group
and amino (-NH2) group, their actual structure is ionic and depends on the pH. The carboxyl group loses a proton, giving a carboxilate ion, and the amino group is protonated to
an ammonium ion. This structure is called dipolar ion or zwitterions (Fig.2.6). In fact, the
acidic part of the amino acid molecule is the –NH3+ group and the basic part is the –COOgroup. Since these substances contain both acidic and basic groups, they are amphoteric.
The predominant form of the amino acid depends on the pH of the solution. In an acidic
solution, the –COO- group is protonated to a free –COOH group, and the molecule has an
overall positive charge. As the pH is raised, the –COOH loses its proton at about pH 2,
which represents pK1 – the first acid dissociation constant (see Fig. 2.7). As the pH is
raised further, the-NH3+ group loses its proton at about pH 9 or 10. This point represents
the second dissociation constant pK2. Above this pH, the molecule has an overall negative
charge. At the pH of about 6 the molecule of monoamino carbon acid has a net charge of
zero (0). This point is called isoelectric point (pI). For monoamino carbon acids this value
is approximately equal to arithmetical mean of pK1 and pK2, i.e. pI=0,5(pK1+pK2). However, this equation is inapplicable to amino acids with ionizable R-groups. The titration
curves of these substances are more complicated, because of an overlay of dissociation
curves of R-groups with dissociation curves of α-amino and α-carboxyl groups.
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The reason is that the nitrogen atom is pulled away by the tetrahedral situated H-bonds
and electrostatic interactions between –NH3+ and negatively charged groups of adjacent
molecules [93-94].
Thereby, a general feature of all α-zwitterion substances is the formation of hydrogen bonds between amino and carboxylic groups. Though in the solutions of monoamino
carbon acids (valine, leucine) and aromatic acids without other active groups in the side
chain (phenylalanine) the formation of H-bonds takes place only between mentioned
groups. In this case, two-dimensional networks of hydrogen bonds are built. Such structures are usually layered, where two neighbouring layers are connected just by the Vander-Waals forces. For amino acids, which have additional groups able to H-bonds formation, the structure has 3-dimensional character. Water molecules also take part in the
formation of these structures.

2.10.3 Hydration of amino acids in aqueous solutions
The interaction of the dissolved substance with water molecules leads to hydration.
This phenomenon exhibits in the change of the state of introduced into solution ions as
well as of properties and structure of a solvent. To obtain the full picture of hydration
process, the singularities in ions’ interaction with the solvent and the character of water
molecules interaction with each other, depending on their orientation in the surrounding
of the ion, have to be taken into account.
Interaction of amino acids with water can be characterized by two phenomena: hydrophobic hydration and hydrophilic interactions. The properties of water in amino acids’
solutions differ from these of pure solvent [95-96]. Amino acid molecules possess polar
groups, which form hydrogen bonds with water; charged groups provoke strong electrostrictive compression of the solvent in their hydration envelope. The presence of a significant dipole moment by amino acids and uneven charge distribution in the molecules
causes general hydration (Van-der-Waals, dipole-dipole, inductive-orientational interactions) [97].
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Hydrocarbon groups of amino acids are hydrophobic and have an ordering influence upon the behavior of water molecules. Apolar groups are not able to form hydrogen
bonds - that differs them from polar ones. It was found that the hydration of amino acid
molecule increases with the growth of the hydrophobic part of the molecule [98]. The scientists in [99] suppose that molecules of a nonelectrolyte stabilize the form of that
framework, which has the best fitting for their interstices. It was found that H-bonding
between water molecules in water region, surrounding hydrophobic amino acids groups,
is more stable than in volume of the solvent. A hydrophobic group stabilizes the structure
of water, not only due to decrease of translator motion of solvent molecules, but also due
to Van-der-Waals interaction. Reduced mobility of these species is likely caused by configurative entropic characteristics and not by energy barriers.
The bigger the size of R-group, the bigger the number of water molecules in the
first layer around it will be energetically influenced. This fact affects hydration envelope
of an amino acid molecule, because of cooperation of H-bonds. It leads to the intensification of the interaction between water molecules and the polar part of an amino acid. Direct interactions between two zwitterions are hindered, because the release of water molecules from hydration envelopes of interacting species requires higher expenditures of energy. As a result, partial dehydration of hydration layers of a zwitterion becomes more
endothermic [100].
The structure (linear or branched) of amino acid also influences the interaction with
water. The structure, the number and position of functional groups in an amino acid molecule, the presence/absence of an H-bonding make a contribution into the hydration
grade.
The scientists in [95] suggest that hydration changes in the properties of water
molecules in the surroundings of groups of any nature are usually in the first and partially
in the second layer of hydration envelope. In [101] the kinetics and structure properties of
water molecules in the alanine dipeptide surrounding were studied. It was found that the
significant influence of a dissolved substance onto the dynamic properties of water molecules takes place only in the first hydration layer. The authors of [102] suppose the presence of three water layers in the surroundings of amino acids in zwitterion form. Solvent
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species in the first layer are immovable, their number is small. H-bonding in the second
layer is reduced. Water molecules are more active here. The third region contains water
with unmodified structure.

2.11 Adsorption of amino acids on mineral surfaces
2.11.1 Investigation methods
To investigate amino acids adsorption on mineral surfaces, several techniques can
be applied. Here, some of them will be discussed. One of the common studies is the analysis of adsorption isotherm (amount of amino acid adsorbed as a function of equilibrium
concentration in the solution). This characteristic can provide equilibrium constants for
adsorption (which give access to the ΔadsG°), and saturation coverages. In the case of solutions of high concentration, adsorption may be estimated from the decrease of solution
concentration. It can be measured by chromatographic or spectrophotometric techniques.
Analysis of several isotherms of adsorption at different temperatures can in principle give information about the enthalpic and entropic parts of the ΔadsG° [103]. A study of
adsorption isotherms as a function of pH may provide information about the stoichiometry and the nature of adsorbed amino acid/surface complexes using the models of colloid
chemistry. Another option is to study adsorption in dependence of ion strength (I):” in the
case of electrostatic adsorption, increasing I will cause competitive ion exchange and
therefore decrease adsorption [103]. If a covalent bond is formed, no influence of I is expected [104]. More complicated adsorption mechanisms may also be revealed by their
dependence on I” [105].
The study of partition coefficients between the solid and liquid phase in chromatographic experiments, which is a part of dynamic methods of analysis, can give information about the thermodynamic adsorption parameters [106]. The comparison of the estimates obtained by dynamic and static methods of ΔadsG° for the same object of study
could provide important information.
Such a technique like the powder XRD can be applied to study the amino acid/matrix interaction, which is possible in the particular case of layered materials, where
amino acid intercalation results in an expansion of the unit cell [107].
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In situ spectroscopic measurements during the adsorption process, according to
Lambert [105], have been up to date limited to IR in the ATR mode [108]. Vibrational
spectroscopy is often applied to study amino acids adsorbed on dry powders [109]. Since
many oxide materials have a transmission window in the range of CO and NHx vibrations, it makes possible the detection of the presence of COOH and NH vibrators of amino acids.
13

C and 15N solid-state NMR are also very promising, especially in case of isotopi-

cally enriched amino acids [110].
UV-visible spectroscopy, fluorescence methods, Raman and XAS spectroscopy
give helpful information. Ultra Violet spectroscopy can be applied to in-situ study of the
solutions during the adsorption process as well as to characterize dried mineral solid after
it.
One of the new methods to analyze the adsorption of amino acids is to carry out
this procedure on oxide single crystals. The investigations were limited to TiO2 so far. It
can provide a great amount of information, because adsorbate structures formed on such
substrates can be characterized by the techniques of single-crystal surface chemistry, such
as STM. These studies are generally connected with the adsorption from the gas phase,
but this limitation could be overcome [105].
Molecular modeling of amino acids adsorption is another quite recent technique.
The information about the formation of different structures of adsorbates on the studied
surfaces, as well as the dynamic investigations of amino acids reactivity or energy profiles along the peptide bond formation, can be obtained. So far, the majority of works has
been done on glycine. The reason lays in the complexity of modeling of side chains [105].

2.11.2 Adsorption mechanisms
An investigation of the adsorption mechanisms of amino acids can help later to
make predictions, such as of the selectivity of adsorption form in the mixture of different
molecules. Lambert [105] suggests dividing mechanisms into non-specific (for example,
electrostatic adsorption) and specific (adsorption by bond formation). The possibilities for
interactions depend on the acid-base properties of the amino acid. Moreover, when amino
acids are adsorbed in their globally neutral form, they may exist either as uncharged mol-
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ecules (H2N–CHR–COOH) or as zwitterions (+H3N–CHR–COO−). The neutral form predominates for adsorption from the gas phase on dried surfaces, and the zwitterion for adsorption from aqueous solutions, but later variations of water activity (by drying or rewetting) may change one form into the other [105].

Electrostatic Adsorption
Electrostatic interaction can be the reason for the attraction of the charged amino
acid molecule to the surface of a mineral solid. This becomes possible, since the most silicates and oxide materials surfaces are also charged. “One has to distinguish minerals
bearing a substitutional lattice charge (e.g. zeolites and clays: negative charge, or layered
double hydroxides [LDHs]: positive charge), which is in principle constant and independent of the conditions in solution, from minerals where the surface charge originates in
protonation/deprotonation of surface amphoteric groups (most often of the S–OH type,
where S is a surface atom): in the latter case, the sign of the surface charge is pHdependent, being positive at low pH and negative at high pHs. Since the speciation of
amino acids is also pH-dependent, the net sign of the electrostatic interaction between
surface and amino acids may be attractive or repulsive, depending on the conditions in solution, as illustrated in figure 2.8. The predominance domains shown in the figure allow
to predict the sign of the electrostatic interaction according to the particular amino acid/mineral surface couple under consideration”[105].
Most amino acids, which do not have any acidic or basic side groups, are in zwtitterionic state in a solution in a broad region of pH values, which means that their overall
charge is zero. According to this fact, it is not enough only to know the electrostatic characteristics of molecules in order to understand the adsorption process.
Since the purely electrostatic adsorption of charged molecules only depends on
their net charge, Lambert [105] considers it to be non-specific. Contrariwise, he describes
the adsorption processes accompanied by covalent or hydrogen bond formation as specific.
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Rimola et al. describe the glycine adsorption from gas phase. The authors suggest the
formation of H-bonds between carboxyl group of the amino acid and silanol group of the
surface. However, the presence of water in the system changes the process: as Costa et al.
[117] suppose, the transformation of acid molecules into zwitterionic form takes place,
also followed by the H-bonding with the surface.

Other Contributions to Amino Acid Adsorption; Towards Molecular
Recognition
The hydrophobic type of interactions, which was already discussed in respect to the
hydration of amino acids in aqueous solutions, is also supposed to make a significant contribution to amino acids’ bonding onto surfaces. These specific effects are usually explained in terms of Van der Waals interactions. Munsch et al. [118] investigated adsorption of several amino acids on a range of zeolites with different pose sizes. It was shown
that amino acids loading on aluminum-free adsorbates from low concentration solutions
is insignificant, which is explained by the absence of centers of electrostatic interaction
(Al sites) dominating at mentioned conditions. An increase of the concentration leads to
the sudden sharp increase in the amount adsorbed: the number of acids’ molecules under
these conditions is so high, that the formation of clusters of adsorbed molecules takes
place, which interact with each other via the hydrophobic attractions of their non-polar
groups. This results in the rapid filling of the zeolite pore.
Hitz et al. [119] demonstrates hydrophobic interactions in the system amino acid –
quartz surface in aqueous solution, which in this case leads to the homochiral oligomerization.
It is important to notice that amino acids’ adsorption on the mineral surface can be
realized by several adsorption mechanisms at the same time. The simultaneous adsorption
of zwitterionic and ionic forms is possible. Moreover, the formation of hydrogen and covalent bonds occurs on silica when acids are in the gas phase [109]. Molecular modeling
results suggest that even a single amino acid molecule could represent several different
interactions with the surface. For example, the system glycine - silicoaluminas can be described by the coordinative bonding of glycine –COOH group to an Al3+ center and the
formation of two H-bonds with surface hydroxyl: one as an H-donor and one as an H-
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acceptor. Observation of the formation of the secondary structures by randomly folded
Glu-Leu peptides with mineral surfaces also confirms the possibility of interactional
complementarity between mineral surfaces and biological molecules [105].
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3 Experimental part
3.1 Preparation of silicate composites
3.1.1 Chemicals and reagents
All materials were analytical grade and used without further purification. Silica gel
(Davesil), MCM-41 (synthesized by Sued-Chemie, Germany), trimethylchlorosilane
(TMS) concentration 98%, benzylchlorodimethylsilane (BCDMS) concentration 97%,
chlorosulfonic acid concentration 98% (Sigma Aldrich, USA), dichloromethane (Sigma
Aldrich, USA) and imidazol (Biomol Feinchemikalien GmbH, Germany) were used in
this work.
3.1.2 Synthesis of the composites
... HCl
2

Figure 3.1 Mechanism of the silylation reaction
Activation of silicate materials
For preparation of composites amorphous silica and mesoporous MCM-41(5 g)
were previously dried at 393 K for 13 hours in nitrogen atmosphere.
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Silylation procedure
Silylation was applied to bond free silanol groups. As it was already discussed, this
procedure increases the hydrothermal stability of the material (MCM-41). The task of
imidazol in a silylation step is to form the intermediate of a silylating agent, which
afterwards reacts with surface silanol groups of the pure material. Furthermore, imidazol
neutralizes HCl formed in the reaction.
Silylation with different agents was carried out.
Trimethylchlorosilane
First of all, the materials were modified with trimethylchlorosilane. To study the
number of free silanol groups and the required amount of the silylating agent, different
amounts of the modificator were used (1.5 ml, 2 ml or 3 ml). 5 g of activated MCM-41
(silica gel) were placed into a round-bottom flask with 200 ml of dichloromethane.
Imidazol (200 mg) was used as a catalyst. As the mixture was stirred, silylating agent was
added slowly. The flask was closed with reflux condenser. The mixture was heated to 315
K and stirred under nitrogen flow for 22 hours. After the mixture reached room
temperature, it was washed with 200 ml of dichloromethane and dried.
O
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Figure 3.2 Scheme of the silylation with trimethylchlorosilane
As the drying was done, the materials were analyzed by infrared spectroscopy and
test reaction of methylbutinol conversion (these methods will be described below). In this
way, information about the absence/presence of free silanols after silylation was
collected. According to these results, it was possible to find the amount of the silylating
agent, which is required to bond all these groups.
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Once the amount of modificating agent was determined, the silylation with several
agents was carried out.
Benzylchlorodimethylsilane (BCDMS)
The reaction with benzylchlorodimethylsilane – BCDMS - (1.5 ml) was carried out
in dichloromethane. 5 g of activated MCM-41 (silica gel) were placed into a roundbottom flask with 200 ml of dichloromethane. Imidazol (200 mg) was used as a catalyst.
As the mixture was stirred, 1.5 ml BCDMS were added slowly. The flask was closed with
reflux condenser. The mixture was heated to 315 K and stirred under nitrogen flow for 22
hours. After the mixture reached room temperature, it was washed with 200 ml of
dichloromethane and dried.
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Figure 3.3 Scheme of the silylation reaction with BCDMS
Aminopropyltriethoxysilane (APTES)
The introduction of an amino group was carried out through the silylation with 3aminopropyltriethoxysilane – APTES. 5 g of activated MCM-41 (silica gel) was placed
into a round-bottom flask with 100 ml of dried toluene. As the mixture was stirred, 3.8 ml
APTES were added slowly. Then the flask was closed with reflux condenser. This
mixture was heated to 295 K and stirred under nitrogen flow for 22 hours. After the
mixture reached room temperature, it was washed with 100 ml of dried toluene, 100 ml of
dried acetone and 100 ml of dried methanol and finally dried.
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Figure 3.4 Scheme of the silylation reaction with APTES
Sulfonation
To introduce acidic functionality, sulfonation of the materials silylized with
BCDMS was carried out. Several sulfonation techniques with different conditions were
applied to obtain desired composites. Here they will be described in the order of the
investigation.
i) Silylized composite X-BCDMS (where X – silica gel or MCM-41) in amount of
2.5 g was placed in a round-bottom flask with 60 ml of dried chloroform (CHCl3) or
dichloromethane (CH2Cl2). Then 12 ml of 0.1 M sulfuric acid (H2SO4) were added. The
flask was closed with reflux condenser. The mixture was stirred under nitrogen
atmosphere for 5 hours at room temperature. Finally, the obtained sample was washed
with 100 ml chloroform followed by washing with 100 ml of water and dried.
To study the influence of the conditions of a reaction, different solutions were used
(CH2Cl2 and CHCl3).
ii) The procedure similar to the described above was applied with the difference
that concentrated H2SO4 (96%) was used. Different amounts of sulfuric acid were used
according to the ratio: number of bonded silanol groups (mol/g silicate) / number of
sulfonic groups (mol/g silicate) – 1.5 (0.3 ml H2SO4); 3 (0.8 ml H2SO4) and 5 (1.67 ml
H2SO4). Variation of the amount of sulfonating agent was done to study the influence of
this condition on the success of the modification.
iii) As an alternative source of sulfonic groups chlorosulfonic acid (ClSO3H 98%)
was used. The following technique was performed:
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Silylated silicates (1 g) were suspended in chloroform (40 ml) and then the
chlorosulfonic acid (0.15 ml) was added. The flask was closed with reflux condenser. The
reaction mixture was stirred for 5 hours at 276 K under nitrogen atmosphere. Obtained
materials were washed with chloroform and water and dried.
Schematically the sulfonation reaction is shown in Fig. 3.5

(Cl

)

Figure 3.5 Scheme of the sulfonation process with sulfuric acid as a sulfonating
agent.

45

3.2 Characterization

3.2.1 Infrared spectroscopy (DRIFTS)
Infrared spectroscopy is one of the widely spread and efficient techniques to study
the surface chemistry of heterogeneous materials. One of the advantages of this method is
the in situ possibility to study materials. In this respect, DRIFT-Spectroscopy (diffuse
reflectance infrared Fourier transform) stands out. Special preparation of a probe is not
necessary in this case; samples with rough surface can be measured.
Setup
The DRIFT measurements of the composites were recorded with a FTIR
spectrometer Equinox 55 (Bruker, Germany), which was equipped with a MCT detector
(mercury cadmium tellurite). The detector was cooled by using liquid nitrogen. A
nitrogen-purged Praying Mantis diffuse reflectance arrangement (Harrick, USA) was
used. The sample holder was replaced with a Harrick low-pressure dome. The sample is
to be put on a net in a sample container. In this way, the thickness of a probe is set to a
layer of about 2-3 mm. The sample holder is equipped with a heating element, which is
connected to its bottom. This device is regulated by a temperature controller, which is
able not only to heat the sample to the desired temperature, but also to the set
heating/cooling rate. The actual temperature of the probe is detected by a thermocouple,
which is connected from the bottom of the sample container to the sample layer. The
error between the set temperature and the actual probe temperature is < 6% in the applied
setup. Since the temperature in the sample cell is not allowed to be higher than 873 K, the
controller has a safety shutdown. To prevent the destruction of the elements of the cell, it
is cooled by water. Thereto, a thermostat is used.
Sample preparation
As an inert material to dilute samples, potassium bromide (KBr) was used. The
absence of the solid-state reaction between KBr and surface silanol groups of the
materials was proofed by the comparison of the spectra with those materials diluted by
diamond powder. The spectra registered by both techniques were identical.
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To prepare a sample, 30 mg of a probe and 150 mg KBr were mixed in agate
mortar. Potassium bromide was dried in a muffle oven and stored in a desiccator.
Measurement procedure
The absorbance spectra were measured in the range 5000 – 400 cm-1 using 500
scans being averaged and a resolution of 4 cm-1. A spectrum of pure potassium bromide
was used as background measured with 1000 scans being averaged.
After the sample was placed into the sample cell, it was purged with nitrogen for
30 minutes followed by the measurement at room temperature. Then the sample was
heated to a desired temperature with the rate 5 K/min and kept at the temperature for 30
minutes as well. After that the sample was scanned. When the measurements in a whole
temperature range were finished, the sample was cooled to the room temperature and
removed from the cell.
Materials silylized with trimethylchlorosilane and BCDMS and sulfonated ones
were studied in the temperature range 393 – 723 K with a step of 50 K. Composites
modified with APTES were studied up to 623 K.

3.2.2 Nitrogen adsorption / desorption (BET)
The specific surface area and adsorption isotherm of the composites were
determined by nitrogen adsorption experiments carried out on an Autosorb 1
(Quantachrome, USA) at 77 K. Surface area and pore size distribution were calculated on
basis of the BET isotherm using the BJH method. 200 mg of the composite were used and
dried at 403 K in vacuum for 3 hours prior to the measurement.
The procedure of the determination of surface area by BET method consists of the
measuring of the amount of adsorbed nitrogen, which builds a monolayer on a surface of
a sample at some equilibrium pressure of vapor. Knowing the parameters of one gas
molecule, the surface area of the studied material is calculated. Distribution of the pore
sizes in a solid can be determined from equilibrium gas pressures with computational
methods, particularly with the BJH method (Barrett, Joyner and Halenda). One can
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generate isotherms linking volumes of adsorbed gas with relative saturation pressure at
equilibrium and transform them to differential pore size distribution.
When the equilibrium pressures of adsorbate reaches saturation, the pores of a
material are entirely filled with gas molecules. Since the density of the adsorbate is
known, the total pore volume of the sample can be calculated.
Data acquisition and calculations were performed by Quantachrome Autosorb
software.

3.2.3 X – Ray diffraction
The structural characteristics of the composites were analyzed by the X-ray powder
diffraction. The XRD patterns were recorded on a DRON-4 automated diffractometer
(CuKα radiation, graphite monochromator, reflected beam) over a 2range of 2° to 10°.

3.2.4 Solid state Nuclear Magnetic Resonance (NMR)
NMR patterns of the composites were obtained on a Bruker NMR spectrometer
equipped with Magic Angle Spinning (MAS). Measurements on 29Si, 13C, 1H nuclei were
carried out.

3.2.5 Rastro Electron Microscopy (REM)
Structure images of the initial and modified composite materials were obtained on
Hitachi s-3200 N Rastro Electron Microscop.
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3.2.6 Thansmission Electron Microscopy (TEM)
TEM patterns of the initial and modified composite materials were obtained on
JEOL JEM-2100Transmission Electron Microscope.

3.2.7 Catalytic test reaction: conversion of methylbutynol (MBOH)
The catalytic activity was studied by conversion of methylbutynol (MBOH) in a
continuous plug flow reactor.
Toluene was used in the reaction as an internal standard. The mixture of 95 vol %
MBOH and 5 vol % toluene was used. Prior to the experiment it was cooled to 286 K in a
storage container. By using the permanent pressure of nitrogen, the constant flow of the
mixture was achieved, which was 0.02 mL/min. The mixture was evaporated and
conducted with nitrogen flow to a reactor containing a probe.
The sample of a composite in amount of 200 mg was taken from the fraction of
particles 200-315 µm. Prior to the reaction, the probe was activated in a nitrogen flow at
403 K to remove water adsorbed on a composite surface. After that, the sample was
cooled to the reaction temperature, which was 393 K. Samples of the gas stream were
periodically analyzed on-line on a Hewlett Packard 5890 Series II gas-chromatograph
equipped with flame ionization detector. An Optima-Wax capillary column (MachereyNagel, 60 m, 0.25 mm, 0.25 μm) was used for sample separation. The products amounts
were calculated on the basis of sum peak areas.
The reaction setup is schematically shown in figure 6. It consists of several units:
the educt feeding, the heating part, the reactor containing a catalyst and an analyzing part.

The educt feeding consists of a valve unit that enables the time controlled influx of
the gases. The gas flow is controlled by a mass flow controller with corresponding
control. Liquid educts are feed by an evaporator. A capillary filled with the mixture of
MBOH and toluene is put in water at 286 K; that helps to keep a constant flow (0.02
mL/min). This amount of MBOH and toluene proceeds to the evaporator, which is
heated and thermally isolated. There, the mixture is transformed to a gas and
transported to the reactor unit where a reaction takes place and the products proceed
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3.2.9 Adsorption
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Tyroosine (Tyr)
It iss a non-esseential aminoo acid with a
polar side group. It diiffers from phenylalanin
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o hydroxyl ggroup in para
position. This acid is allso hydrophoobic, but at th
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c
prop
operties of am
mino acids
Table 3.1 Physical chemical
pK
Amiino acid

Phenyylalanine

Tyyrosine

Trypptophan

Other naame

2--Amino-3phhenylpropanoiic acid
2--Amino-3-(4-h
hydroxyphhenyl)propano
oic acid
2--Amino-3-(1H
H-indol-3yll) propanoic acid

Mr
(g mol−1)

pI
p

pK1

РК2

COOH

- +NH3

РКR
R - RAD

165.19

5.91

2.20

9.31

181.19

5.63

2.20

9.11

10.07

204.23

5.88

2.38

9.49

11.60

3 Diagram of ionic form
m distributio
on for phenylalanine [1211]
Figure 3.7
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3 Diagram of ionic form
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Figure 3.8

Figure 3.9
3 Diagram of ionic form
m distributio
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phan [121]
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3.2.10 Study of amino acids solutions by UV-Vis spectroscopy
Theoretical background
Amino acids detection by the method of UV spectroscopy is based on the
absorption of their solutions in the UV region due to the presence of a π – electronic
system in the side chains of amino acids molecules. Absorption in UV and visible regions
of the spectrum for the aqueous solutions of amino acids is associated with the transition
of valence electrons of single and multiple bonds (σ and π electrons) and those of
unshared electron pairs. Position of the absorption band is determined by the energy
difference of the states, between which the transition takes place. It can be characterized
by the wavelength absorption maximum. Amino acids studied in this work
(phenylalanine, tyrosine and tryptophan) have an aromatic ring in their structure.
Spectrum of benzene contains three absorption bands at 180, 203 and 256 nm, which are
preserved in the spectra of all benzene derivatives with only slight changes in the position
and intensity.
One of the important characteristics in the spectrophotometric determination of
amino acids is a solvent, which has to be transparent in the studied region of the
spectrum. For this reason, water is considered as the best solvent.
Among the other important characteristics affecting spectrophotometric detection
of amino acids are the pH of the solution, the concentration and the equilibration time
during amino acids dissolution.
Absorption spectra of these compounds depend on pH. Amino acids can exist in
different ionic forms, as determined by the pH of a solution. Acidity of the solution may
affect the position the absorption band and its broadening.
For optimal values of absorption, an analyzed compound must have a concentration
of about 10-4 mol/L. To improve the accuracy of the solution preparation, it has to be
prepared by the method of successive dilution.
The formation of the associates due to H – bonding of protonated amino groups
with dissociated carboxylic groups of the neighboring amino acids molecules also has to
be taken into account. The structure of these molecules causes hydrophobic and
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hydrophilic effects in their solutions. Changes in the environment of the amino acid
molecules affect the value of the molar absorption coefficient; therefore, the increase of
the concentration above some limit may lead to the deviation from the basic law of the
light absorption.
Equilibration time also affects optical characteristics of amino acids solutions. So it
can lead to a decrease of the intensity and a broadening of the absorption maximum due
to the change of number of absorbing particles, the formation of intra- and intermolecular
H-bonds or the transfer of amino acid in mesomeric form.
Table 3.2 Optimal conditions for UV-Vis detection of aqueous solutions of amino acids

Amino acid

Absorption

Equilibration Optimal

peaks

time

pH range

24 h

1.0 < pH < 9.0

Optimal
concentration
range

191 nm
Phenylalanine

205 nm

0.5·10-3-5·10-3

257 nm
5.5 < pH < 10.0

193 nm
Tyrosine

222 nm

10 min

274 nm

pH < 5.5 – reduce in
intensity, preserva-

0.1·10-3 -0.7·10-3

tion of peak position
3.0 < pH < 9.2

196 nm
Tryptophan

219 nm
279 nm

pH > 9.2 – increase
18 h

in intensity with

0.04·10-3 -

preservation of peak

0.15·10-3

position
The selection of optimal conditions for the qualitative analysis of amino acids
consists of the determination of pH influence, equilibrating time at the formation of the
solution in the range of the concentrations, where the law of light absorption is complied.
The region of absorption, where the error is the lowest, is from 0.2 to 0.8.
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The meethod of a calibration curve is th
he most suiitable for thhe quantitatiive
a
in aqueeous solutions. However, for solutioons containiing
deetermination of amino acids
seeveral acids Firordt
F
additiivity methodd also should be applied [121].
In the table 3.2 the optimal connditions for the
t spectrophotometric sstudy of amiino
accids solutionss are listed.

Figure 3.10
3 UV specctrum of tyroosine

Adsorp
ption proceedure
Adsorpttion of Phe, Tyr and Trpp from aqueo
ous solutions on the synthhesized silicate
coomposites was
w studied by
b analysis of adsorption isotherm
ms (amount oof amino accid
addsorbed as a function off equilibrium
m concentrattion in the solution).
s
Thhe experimen
nts
weere performeed at room temperature . The conceentration of amino
a
acidss solutions was
w
deetected by UV-Vis
U
specttrometric meeasurements. The UV-Viis spectromeeter SPECOR
RD
2000 (Analyticc Jena AG
G) equippedd with 1 ml
m quartz cuvettes
c
waas applied for
m
measurementss.
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4 Results and discussion
4.1 Modification and characterization of the composite materials
4.1.1 Silylation
Silylation with trimethylchlorosilane
Materials were silylized with trimethylchlorosilane (TMS) to find the amount of a
modifying agent required to bond all Si-OH groups and so the number of silanol groups.
Thereto, different amounts of TMS were used. Obtained compounds were analyzed by IR
spectroscopy. The spectra of pure and silylized silica gel are shown in the figure 4.1 and
figure 4.2 correspondingly.
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Figure 4.1 Infrared spectrum of parent SiO2 at 393K
The structural bands of silica are the following: the broad band at 1090 cm-1,
representing antisymmetric vibration of the Si-O-bond in SiO4 tetrahedron, band 803 cm-1
corresponding to symmetric vibrations of the tetrahedron. The band 970 cm-1 can be
assigned to the vibrations of a bond silicon - oxigen in Si-O-Si [124]. Obertones of the
framework vibrations are represented by bands 1870 and 1970 cm-1[124]. Beside the
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characteristic skeletal vibrations, the deformation vibration of physically adsorbed water
was observed at 1630 cm-1.
A broad band between 3200 and 3700 cm-1 is the result of superposition of the
hydrogen bonded stretching vibrations of hydroxyl groups, both in silanols and water.
The band 3600-3700 cm-1 demonstrates the hydroxyl groups connected by the H-bonds.
The vibration at 3743 cm-1 corresponds to free silanol groups [125-126]. The broad band

absorbance, a.u.

2923
2960

0,6

3660

at 3400-3500 cm-1 is assigned to molecular adsorbed water [22].
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0,4
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0,2
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0,0
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3000

3500

wave number, cm

4000

-1

Figure 4.2 Infrared spectrum of SiO2 silylized with trimethylchlorosilane (TMS) at
393K
Figure 4.2 shows the 2500 – 4000 cm-1 region of the spectra of the silylized silica
gel, where the composites modified with different amounts of TMS are represented with
different colors. The band 3743 cm-1 corresponding to the vibrations of free silanol
groups is not presented in the spectra of any synthesized material. It indicates a successful
bonding of free silanol groups of the silica gel sample. Thus, the smallest used amount of
the silylating agent used for the reaction (1.5 ml) is sufficient for the modification of the
Si-OH groups in this particular silica gel production lot. Correspondingly, other types of
silylizing compounds should be taken in the amount equivalent to that of
trimethylchlorosilane. The presence of the introduced functionality is demonstrated by the
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vibrations at 2966 and 2923 cm-1, which are typical for trimethylchlorosilane [126]. These
bands represent CH3 groups.

Silylation with benzylchlorodimethylsilane
Silylation with benzylchlorodimethylsilane was carried out on silica gel and MCM41 according to the technique described above. Synthesized materials were analyzed by
IR spectroscopy in order to verify if the functionalization was successful. The spectra of
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the silylized silica gel and MCM-41 are shown in figure 4.3 and 4.4.
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Figure 4.3 IR spectra of SiO2 initial and silylized
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From the comparison of the spectra of the initial silica gel and MCM-41 with those
of the silylized samples, the absence of the band 3743 cm-1, corresponding to the free
silanol, groups is clearly visible. This is the evidence that the free silanol groups act as an
anchoring site for the silicon organic compound. At the same time the bands representing
grafted functional groups can be observed. The bands at 3030, 3090, 3129 cm-1 can be
assigned to stretching vibration C-H in the aromatic ring. Bands at 1580 and 1600 cm-1
represent C=C vibrations of the aromatic ring, 2960 and 1495 cm-1 to CH3 group
vibrations of the methyl groups bonded to the silicon atom of BCDMS and 2880 and
1410-1450 cm-1 to CH2 group vibrations [127].
The presence of the mentioned bands in the spectra of silylized materials and the
absence of the band 3743 cm-1 indicate the successful grafting of BCDMS on the surface
by a reaction with free silanol groups.
The vibration at 1630 cm-1 represents physically adsorbed water. The band in the
wave length region 3650-3680 could be assigned to hydroxyl groups bonded by H-bonds.
This fact indicates, that mentioned type of Si-OH groups does not act as an anchor center.

Silylation with aminopropyltriethoxysilane
Silylation with aminopropyltriethoxysilane was carried out according to the
procedure described in 3.1.2. The IR spectra of the composites are shown in the figures
4.5 and 4.6.
The spectra of the silylized materials do not possess band 3473 cm-1, what indicates
a successful functionalization of the free silanol groups. The bonds of the introduced
groups are represented by the vibrations of CH3, CH2 and NH2 groups. The vibrations of
CH3 were detected at 2975 cm-1 (asymmetric vibrations) and 2886 cm-1 (symmetric
vibrations). On the spectra of both silylized silica gel and MCM-41, these bands are
represented as low intensity shoulders. On one hand, this proves the presence of the
methyl groups in the silylized samples and indicates the remaining ethoxy groups, which
were not hydrolyzed. On the other hand, such a low intensity of the peaks suggests that
the number of the groups is low. Bands at 2928 cm-1 and 2870 cm-1 are characteristic for
CH2 groups. Correspondingly, the vibrations at 2928 cm-1 are asymmetric and symmetric
at 2870 cm-1. The presence of amino groups in the modified silicate materials is

65

represented by the bands at 3358 cm-1, which is asymmetric, and 3279 cm-1, which is
symmetric [127-128].
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Figure 4.5 IR spectra of silica gel pure and silylized with APTES
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Figure 4.6 IR spectra of MCM-41 pure and silylized with APTES
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4.1.2 Characteriz
C
zation of th e silylized materials
m
4.1.2.1 Structurall characterristics
Structurral characterristics of the materials were
w
analyzed using X-R
Ray Diffractiion
m
method, BET and electron
n microscope technique.
The pow
wder XRD patterns were obtained forr the materials. The charaacteristic peaaks
foor pure mesooporous MCM
M-41 are d1100, d110 an
nd d200 (Fig
g. 4.7). Theyy appear in the
t
diiffractogramm
m at 2θ=2.350, 4.200 annd 4.800, resspectively. Also
A
the peakk d210 can be
foound at 2θ=66.300. Mentio
oned peaks aare characterristically for the hexagonnal structure of
M
MCM-41 typpe materials [129]. In figure 3.8, the XRD patterns off the silylizzed
coompounds arre shown. Heere, the charaacteristic inteensive peak d100
d
is also ppresented. Th
his
faact indicates the preserv
vation of thee hexagonal structure off the materiaal after it was
w
m
modified witth organo silane com
mpounds. However, thee sample silylized with
w
am
minopropyltrriethoxysilan
ne possesses besides d10
00 only one broad peak at about 4.8
800
vaalue of 2θ innstead of 2 reesolved peakks as primary
y MCM-41 and
a MCM-4 1 / BCDMS. It
shhows that thee order of a sttructure of thhe material does
d
not extent over a lonng range [130
0].

4 XRD pattern of unmoodified MCM
M-41
Figure 4.7

67

Figure 4.8
4 XRD patterns of MCM
M-41 unmod
dified (a), silylated with B
BCDMS (b)
annd silylated with
w APTES (c)
The deccrease of the intensity of a peak d100 for the mateerial silylizedd with BCDM
MS
caan be observved. This factt indicates thhe slight red
duce of the lo
ong-range orrdering of po
ore
arrrangement inn the samplee. On the othher hand a reeduce of the intensity cann be caused by
thhe uneven distribution off functional groups in a pore. Furtheermore, the patterns of the
t
sillylized compposites show the shifts off the peak d100 to the hig
gher values (22θ=2.450-2.5
550
foor samples siilylated with BCDMS annd APTES); that is indicative of a deecrease in po
ore
diiameter. It caan be explain
ned by the inntroduction of
o new organic groups onn the pore waalls
o
the same graduual shift of the
t
off MCM-41. Matsumoto and co-workkers [131] observed
reeflex d100 too higher 2Θ values.
v
This was attributted to the inccrease of thee number of the
t
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fuunctional groups attached
d to the pore walls and th
hus to the deccrease of thee effective po
ore
sizze.
Figure 4.9
4 shows XRD
X
patterns of the following silica gel
g samples: a – pure SiO
O2,
b – SiO2 / BCDMS and c – SiO2 / AP TES. Amorp
phous silica has
h only onee broad peak
k at
porous mater
erial [132]. The
T
2θθ=30, which indicates thee formation of poorly orrdered mesop
inntensity of the peak increases after the treatment of the coompound with
w
beenzylchloroddimethylsilan
ne (BCDMS)). Moreover,, two small reflexes at 44.200 and 4.8
800
2θθ appear in this
t
sample; that could iindicate on the
t higher orrder in the sstructure of the
t
coomposite as in pure SiO2. The patterrn of the SiO
O2 sample siilylized withh APTES hass a
baand in the reggion of 2θ=3
30, where the initial silicaa gel has a peak. Howeverr, this band has
h
a rreduced resoolution compared to pure SiO2.

4 XRD patterns of SiO2 pure (a), sillylized with BCDMS (b)) and silylized
Figure 4.9
wiith APTES (c)
(
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4.1.2.2 BET
Nitrogen adsorption/desorption measurements provide information about the
textural characteristics of the materials. One can analyze the porosity of samples. The
adsorption isotherms, pore parameters and distribution of the initial and modified
compounds were studied. The adsorption isotherms for SiO2 samples (Fig.4.10) can be
assigned to Type IV isotherm according to the IUPAC classification [133]. This type of
isotherm is characteristic for mesoporous silicas. A multilayer of adsorbate is formed with
increasing relative pressures. The isotherm consists of three regions: formation of a
monolayer, formation of a multilayer and finally capillary condensation. A capillary
condensation takes place depending on the pore diameter. Generally, it happens at p/p0 >
0.4. This phenomenon results in further increase of the amount of adsorbed gas [22]. In
our particular case the capillary condensation takes place at relative pressure values above
0.6. The silylized samples are characterized by similar isotherms. The difference is
represented by the decrease of the volume of nitrogen adsorbed. This fact is caused by the
decrease of free pore volume and it consequently indicates the filling of pores with the
introduced functional groups. However, for the isotherm of the silica gel / APTES sample
the decrease of the volume in comparison to silica gel / BCDMS sample is much lower
and the isotherm is more identical to that of the initial compound.
Pore size distribution (Fig. 4.11) shows a quite broad distribution for the silica gel
samples. According to the IUPAC classification the pores of these materials belong to the
meso pores sizes, which are in the range from 20 to 500 Å. Also the tendency to micro
pores could be recognized on the graph; the diameter is less than 20 Å. The distribution of
pores for the sample silylized with benzylchlorodimethylsilane has a more distinct peak
in comparison with the pure one as well as with APTES silylized one. This fact can
indicate the higher structural order of this sample, which allows assuming, that this
modification procedure has increased the structural order of the amorphous silica. This
fact also complies with the XRD results (Fig. 4.9).
From the data presented in the table 4.1 the decrease of the surface area, pore
volume and pore diameter of the modified samples in comparison with pure silica can be
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observed. Pore diameter of the composite increases after the silylation with BCDMS. It
can be caused by filling and blockage of the micro pores, which contribute to the average
pore size as well. Thus, after this silylation procedure only the size of the meso-pores can
be observed.
The differences in the pore volume, pore diameter and surface area of the sample
silylized with APTES compared to the initial silica gel is not as high as in case of the
compound modified with benzylchlorodimethylsilane. This fact, as well as the similarity
of the adsorption isotherm of SiO2 / APTES and the pore size distribution to that of the
initial material, suggests that the coverage of the surface of pure silica with amynopropyl
groups is not as high as with BCDMS.
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Figure 4.10 N2 adsorption isotherms for SiO2 pure and silylized
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Figure 4.11 Pore size distribution for SiO2 pure and silylized
The isotherms of low temperature adsorption of nitrogen samples on the
mesoporous MCM-41 correspond to Type IV (Fig. 4.12), according to the IUPAC
classification [133]. This type of isotherm appears when two surface layers are formed on
the walls of a pore, which is very much wider than the diameter of a molecule of sorbate
[134].The hysteresis loops can be also observed on the graphs of the composites
isotherms. The beginning of the capillary condensation stays the same for the modified
compounds as it is for the primary sample at p/p0=0.3. In the case of MCM-41 samples,
the isotherm character after the functionalization reactions is preserved. Similarly to silica
gel composites, the decrease of the volume of the adsorbed nitrogen by the modified
samples in comparison with pure one was registered. Compared to SiO2/APTES the
isotherms of MCM-41/APTES and MCM-41/BCDMS are more similar and the decrease
in adsorbed volume by these samples is comparable.
The pore size distribution for MCM-41 samples (Fig. 4.13) lies in the range from
20-28 Ǻ, which belongs to the range of sizes of meso pores. The shift of the peak to the
smaller numbers for the silylized materials is recognizable. It is due to the grafting of new
functional groups onto the surface of hexagonal pores and consequently the decrease of
the pore’s size. Table 4.1 also demonstrates the decrease of surface area, pore volume and
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pore diameter of the materials after the functionalization reactions. In the case of MCM41/APTES material these characteristics decrease more significant as for silica gel
modified with the same silane compound. In this case the condensation of ethoxy groups
can also take place, which leads to the filling of pores as well. Supplemented with the
decrease of the volume of adsorbed nitrogen showed by the isotherm and the shift in pore
sizes distribution graph, this fact indicates the similar efficiency of this silylating
technique with the BCMDS one for MCM-41.
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Figure 4.12 N2 adsorption isotherms of MCM-41 pure and silylized
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Figure 4.13 Pore size distribution for MCM-41 pure and silylized
Table 4.1 Porosity characteristics of the initial and silylized materials
material
SiO2 pure

surface

Pore volume,

Pore

area, m2/g

cm3/g

diameter, Å

328.0

0.91

111.4

SiO2 / BCDMS

208.7

0.64

123.1

SiO2 / APTES

319.9

0.88

110.0

1.01

32.9

MCM-41 pure

1223.
0

MCM-41 / BCDMS

976.6

0.79

32.1

MCM-41 / APTES

852.3

0.66

31.0
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4.1.2.3 Nuclear Magnetic Resonance
Nuclear Magnetic Resonance analysis could be successfully used for several
purposes: on the one hand spectra can give information of the silica surroundings (e.g.
ratio between silanol and siloxane sites) and on the other hand an attachment of silane
molecules as well as a presence of the organic functionalities can be confirmed.

3
Q
4
Q

2
Q

100
ppm (t1)

50

0

-50

-100

-150

-200

Figure 4.14 29Si MAS NMR spectrum of parent MCM-41
Figures 4.14 - 4.17 show the 29Si MAS NMR spectra of parent and modified silica
gel and MCM-41 samples. Typically, the Si MAS spectra of silicon containing solids are
characterized by five lines, which are reflecting the neighborhood of the studied atom.
The next neighbored atom can be zero (Q0), one (Q1), two (Q2), three (Q3) or four (Q4)
silicon atoms. The spectrum of unmodified MCM-41 is similar to that of regular silica. It
has quite broad lines characteristic for an amorphous silica gel [135]. The spectrum of a
parent MCM-41 material is presented in the figure 4.14. One can observe three peaks
here. The most intensive line appears at -101 ppm.
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Figure 4.15 29Si MAS NMR spectrum of MCM-41 modified with BCDMS
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Figure 4.16 29Si MAS NMR spectrum of MCM-41 modified with APTES
According to Maciel et al. [136], the characteristic lines for silicates are the high
intensity peak at -101 ppm attributed to Q3, where the fourth group is the OH group. The
resonance at -110 ppm is ascribed to the surface silicon atoms with four siloxane bonds,
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i.e., (SiO)4*Si (Q4). The low intensity peak at -92 ppm corresponds to the surface silicon
atoms with two siloxane bonds and two silanol groups, i.e., geminal silanol sites,
(SiO)2*Si(OH)2 (Q2) which may be either single or hydrogen-bonded. According to
Antochshuk et. al. [135] geminal silanols Q2 are usually presented in silicate materials in
the amount of 0.5% or even less; that might be difficult to extract definitely from a broad
signal in 29Si NMR analysis.
MCM-41 modified with BCDMS (fig. 4.15), in comparison with the pure one, can
be characterized by two representative resonances: Q3 and Q4. In addition, a strong
resonance at 10 ppm was observed. This peak is assigned to the silicon atoms bonded to
the carbon atoms [137]. Correspondingly, the intensity for the Q3 silicon resonance is
decreased after the modification reaction while the Q4 silicon resonance is increased.
Change of Q3 into Q4 species is caused by the transformation of Si-OH – bond into Si-OSi by grafting.
MCM-41 sample silylized with APTES (Fig. 4.16) is also represented by two
resonances Q3 and Q4. Here the increase of Q4 peak and decrease of Q3 also can be
observed, indicating the transformation of silanols into Si-O-Si groups that is caused by
the modification reaction. Furthermore, two peaks at -59 ppm and -67 ppm are presented
on the spectrum of MCM-41 / APTES sample. These peaks are assigned as T2 and T3
correspondingly. They represent the following groups: T2 - (SiO)2R-Si(OH) and T3 RSi(OSi)3 [138]. The presence of these species also proves a successful introduction of
aminopropyl groups into the structure of MCM-41.
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Figure 4.17 Si MAS NMR spectrum of SiO2 modified with BCDMS
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Figure 4.18 29Si MAS NMR spectrum of SiO2 modified with APTES
Figures 4.17 and 4.18 show 29Si MAS NMR spectra of silylized silica gel samples.
The results are identical with those of MCM-41. Two representative peaks Q3 and Q4 can
be observed for both materials. Changes of the intensities of these peaks also can be seen.
Q4 is more intensive as Q3; that indicates the predominance of Si-O-Si species against
Si-OH.
Similarly to silylized MCM-41/BCDMS the spectrum of SiO2 / BCDMS has one
additional peak at -10 ppm assigned to Si – C bond, that proves the successful reaction
between organo silane molecule and silanols of the silicate.
The spectrum of SiO2 / APTES shows the presence of above discussed T2 and T3
species (at -59 ppm and -67 ppm, correspondingly), that indicates the introduction of
aminopropyl group into the structure of amorphous silica. It can be observed that the
intensities of T2 and T3 peaks are approximately equal, which is probably caused by the
presence of comparable numbers of (SiO)2R-Si(OH) and RSi(OSi)3 groups in the sample.
13

C MAS NMR analysis is also a good tool to study the carbon surroundings in a

material. In figure 4.19 the spectrum of the silylized MCM-41 / BCDMS sample is
shown. The signal at -2 ppm is assigned to the methyl groups bonded to the silicon atom.
The line at 27 ppm is assigned to the benzylic methylene group. The aromatic ring
carbons are registered by signals in the range 125 – 128 ppm [139].
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prrobes at 9.1, 24, 43 ppm and at 9.3, 225, 43 ppm, correspondin
c
ngly. These ppeaks represeent
thhree carbon atoms
a
of amiinopropyl chhain: 1 - conn
nected directtly to amino group, 2 – the
t
m
middle carbonn atom and 3 – carbon connnected to th
he silicon mo
oiety [140].
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4.1.2.4 Transmisssion Elecctron Micrroscopy an
nd Scanniing Electron
M
Microscopy
TEM

RE
EM

Figure 4.23
4
TEM and
a REM im
mages of parent MCM-41 (a), MCM
M-41 / BCDM
MS
(bb), MCM-41 / APTES (c))
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The moorphology of the samplles was deteermined by TEM and R
REM analyssis.
M
Micrographs show some differences in the morrphology off the compou
ounds after the
t
inncorporation of functionaal groups. In figure 4.23 TEM and REM
R
images for parent and
a
sillylized MCM
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h of a parentt MCM-41 the
t
chhannels of the hexagonallly arranged ppores can be observed. Siilylized MCM
M-41 materials
reestore this orrdered structu
ure after posst-synthesis treatment,
t
which
w
indicattes the stabillity
o the applied modification
n methods.
off a hexagonal structure to
Howeveer, REM micrographs
m
show a diffference in the morphoology of theese
coomposite maaterials. Parent MCM-441 can be characterized
c
d by the prresence of the
t
paarticles of noon-uniform siizes. A sampple synthesizzed with APT
TES shows a decreased and
a
also more uniiform grain size
s
comparred to an unm
modified maaterial. Howe
wever, a samp
ple
sillylized with BCDMS haas the most uuniform partticles. Thus, it illustratess that differeent
reeaction condiitions can inffluence the m
morphologicaal structure of
o the MCM--41 surface.
REM micrographs
m
of
o silica gel samples aree shown in figure
f
4.24. Here, one also
modified on
p
materrial and the m
nes.
caan see the diifferences in the morphoology of the parent
Thhe surface off the silylized samples iss uneven and
d rugged com
mpared to thee flat surface of
unnmodified paarticles (show
wn on the m
micrograms to
ogether with
h the modifieed particles – b
annd c) as welll as pure siliica gel. Thiss fact also in
ndicates the effect
e
of thee post-syntheesis
treeatment of thhe surface morphology off a silicate material.
m
a

b

c

4
REM im
mages of paarent silica gel
g (a), silyliized with BC
CDMS (b) and
a
Figure 4.24
sillylized with APTES (c)
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4.1.2.5 Catalytic test reaction
As a catalytic test reaction methylbutinol conversion was chosen. This reaction was
already described in literature [141]. Depending on the type of the active centers being
present in the sample, the reaction can result in three groups of products. In case of basic
centers, acetone and acetylene are formed. The samples with acidic centers give 2methyl-1-buten-3-in (MBYNE) and prenal. If the reaction takes place on coordinative
unsaturated sites, hydroxymethylbutanone (HMB) and methylbutynone (MIPK) are
formed.
The conversion of methylbutinol on parent and modified MCM-41 and silica gel
samples was carried out. The results are presented in figures 4.25-4.28. Contrarily to pure
silica gel (see Fig. 4.27), which gives only a degree of conversion of about 10 %, caused
by the low activity of silanol groups, the unmodified MCM-41 (Fig. 4.25) has a high
initial activity, which declines very rapidly. MBYNE and prenal and quite low amount of
acetone (about 5%) are a typical products’ indication on the acidic character of reacting
centers. However, the conversion on pure silica gel results in different products’
distribution: here, acetone dominates over MBYNE. These results show one more time
that silanol groups are neither strong acidic nor strong basic.
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Figure 4.25 MBOH conversion on MCM-41 unmodified and MCM-41 silylized
with BCDMS and APTES

83

MCM-41 composite silylized with benzylchlorodimethylsilane did not show any
activity. This fact confirms the success of the silylation reaction and shows the absence of
free silanol groups. This result correlates well with the results of the IR spectroscopy,
where the disappearance of free silanol groups was observed (see Fig. 4.4). A sample
modified with aminopropyltrietoxysilane had only a low conversion of about 7 %. The
major synthesized products were acetone and acetylene, which are representative for a
basic reaction pathway. This result indicates a successful introduction of amino groups,
which have basic properties. However, the low conversion on this sample could be caused
by a small number of functional groups in the composite.
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Figure 4.26 Yields of the products of MBOH test reaction on parent and modified
MCM-41 samples after 66 min of experiment (MCM-41 pure – 1, MCM-41 / BCDMS –
2, MCM-41 / APTES – 3)
The ratio of acetone to acetylene is 2.7 to 1. Zadrozna et al. [142] reported the results of

MBOH conversion, where higher yield of acetone in comparison with acetylene was
observed. This fact was explained by the polymerization process of acetylene on the
acidic surface (containing basic active centers), which also led to coking and to fast
deactivation of the catalyst. Comparable situation could take place in the case of
MCM-41, having acidic centers, which was modified with basic amino – groups. The
results of the acetone / acetylene ratio indicate simultaneous presence of acidic and
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basic centers in the material that could be explained by the combination of the
properties of pure MCM-41 and one with introduced aminopropyl-groups. This also
means that the silanol groups were only partially replaced by NH2-groups.
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Figure 4.27 MBOH conversion on SiO2 unmodified and SiO2 silylized with
BCDMS and APTES
Silica gel samples showed the results similar to those of the MCM-41 probes. It
was already mentioned that the conversion on a parent material was much lower as on
pure MCM-41. The composite silylized with BCDMS had an extremely low conversion
degree (about 1.5%) that indicates that not all silanol groups were bonded by the
modifying agent. The products of the reaction on SiO2 / APTES sample had an expected
basic character, but the conversion was even lower as on similarly functionalized MCM41 material. Probably it could be caused by the very low number of the introduced
functional groups.
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Figure 4.28 Yields of the products of MBOH test reaction on parent and modified
MCM-41 samples after 66 min of experiment (SiO2 pure – 1, SiO2 / BCDMS – 2, SiO2 /
APTES – 3)
However, the products built in this reaction do not give clear information according
to the origin of the active centers: the main product here is acetone, which is typical for
the basic pathway of the reaction. On the other hand, MBYNE is also produced, though in
much smaller amount. Acetone and MBYNE are also built in the conversion of MBOH
on parent silica gel. Thus, this experiment would leave an uncertainty, if the test reaction
on the SiO2 / APTES composite shows the presence of basic active centers (introduced by
the silylation) or the reaction takes place on the still presented silanol groups.
Nevertheless, the results of IR and NMR measurements proof the successful introduction
of the aminopropyl groups that helps to distinguish between the issues of the test reaction.

4.1.2.6 Thermal stability of the materials
To study thermal stability and transformations of the parent and synthesized
materials, IR spectroscopy together with thermo gravimetrical analysis were applied.
The IR spectra of pure silica gel heated up to 723 K are shown in figure 4.29. The
structural bands of silica were already discussed above. With the increase of the
temperature the intensity of the bands in the range 3200-3700 cm-1 (represent the
superposition of the hydrogen bonded stretching vibrations of hydroxyl groups in silanols
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and water) and at 1630 cm-1(Fig. 4.29) decreased. That can be explained by water
desorption. Continuous heating up to 723 K leads to a gradual decrease of intensity of the
band at 3440 cm-1, corresponding to the loss of water. The decrease of the band 3670cm-1,
which represents the vibrations of the bonded hydroxyl groups, is also observed.
Furthermore, an increase of the intensity of the band at 3743 cm-1(represent the vibration
of free silanol groups) is observed.
Note, that the intensity of the vibration of free silanol groups increases during
thermal activation. This is the result of a hydrogen bonds breakage between adjacent
silanol groups caused by partial dehydroxylation. Thus new free, formerly hydrogen
bonded, silanol groups are formed. Such a process was already described in the literature
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[143].
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Figure 4.29 IR-spectra of unmodified SiO2 recorded at different temperatures
The spectra of the SiO2 silylized with BCDMS, scanned in the range 393-723 K,
are displayed in figure 4.30. The intensity of the bands of the grafted functional groups is
constant up to 623 K (3030, 3090, 3129 cm-1 - stretching vibration C-H in aromatic
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ring,1580 and 1600 cm-1 - C=C vibrations of aromatic ring, 2960 and 1495 cm-1 - CH3,
2880 and 1410-1450 cm-1 - CH2 group). After that, it slightly decreases, that can indicate
the destruction of the groups. The intensity of the CH3-vibration band at 1495 cm-1
decreases especially considerably. It can be probably caused by the elimination of methyl
groups. Since the intensity of the band of aromatic C-C vibration is not changed, a
degradation of the organic functionality should proceed via elimination of the methyl
group of the grafted BCDMS (Fig. 4.31). The complete absence of CH3-vibration at
higher temperatures could be explained by the complete rearrangement of the grafted
BCDMS. In the final stage the tetrahedrally coordinated silicon atom in BCDMS should
be bonded not only via one oxygen bridge, but via the plane of the tetrahedron, i.e. via
three Si-O - bonds.
On the other hand, the vibrations of the grafted groups are preserved up to 723 K,
which means that the mentioned temperature is not high enough for the complete removal
of the groups from the surface of the silicate (see Fig. 4.30). The broad band is observed
in the range 3200-3750 cm-1 at T=393 K (see above). At 723 K the band 3743 cm-1
reappears on the spectrum. This fact points out the restoration of free silanol groups.
Simultaneously with the presence of the bands corresponded to the grafted groups, it
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proofs the assumption about the partial destruction of the organic functional groups.
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Figure 4.30 IR spectra of SiO2 silylized with BCDMS, measured at different temperatures
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Figure 4.32 IR spectra of SiO2 silylized with APTES, measured at different
temperatures
In the figure 4.32 the spectra of MCM-41 silylized with APTES scanned in the
temperature range 393 K – 573 K are shown. The characteristic vibrations (CH3 -2975
cm-1 and 2886 cm-1, CH2 - 2928 cm-1 and 2870 cm-1, NH2 - 3358 cm-1 and 3279 cm-1) are
presented in almost constant intensity up to 473 K. After that the intensity decreases.
Particularly the bands at 3358 cm-1 and 3279 cm-1, which represent amino groups, become
difficult to distinguish. At 573 K the vibrations of these groups do not appear on the
spectrum any more. However, the vibrations of CH2 and CH3 groups are stable up to 573
K. Furthermore, the restoration of the silanol groups begins at this temperature: the band
at 3743 cm-1 is again presented on the spectrum of the composite. Thus, one can assume
the partial destruction of the introduced functional layer, which takes place with the
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increase of temperature. From the comparison of thermo stability of SiO2 / BCDMS and
SiO2 / APTES is evident that the first material preserves its structure up to higher

3743

temperatures than SiO2 / APTES.
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Figure 4.33 IR-spectra of MCM-41 silylized with BCDMS, measured at different
temperatures
The spectra of the modified mesoporous MCM-41 (Fig. 4.33-4.34) are quite similar
to those of modified silica gel. The bands of the functional groups appear on the spectra
of the modified samples (bands description see above). The thermal stability of MCM-41/
BCDMS composite is lower as the stability of a silica sample according to the spectra
recorded at different temperatures (Fig. 4.33). The bands representing grafted groups are
to see up to 623 K. Up to this temperature the intensity of the bands is constant. At 673 K
the restoration of silanol groups starts, the band at 3743 cm-1 appears on the spectrum
again. Simultaneously, the intensity of the vibration of functional groups decreases.
However, as in the case of the modified silica gel materials, the bands corresponding to
the grafted groups do not completely disappear up to 723 K. Thus, partial destruction of
functional groups can be assumed.
According to the results of IR measurements MCM-41 / APTES sample has higher
thermo stability as SiO2 / APTES, where the amino group is presented on the spectrum
just up to 523 K and the other groups – up to 573 K. In the case of mesoporous MCM-41
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silylized with aminopropyltriethoxisilane the bands characteristic for NH2 are presented
on the spectra (Fig. 4.34) up to 573 K, CH2 and CH3 groups are preserved up to 623 K.
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Figure 4.34 IR spectra of MCM-41 silylized with APTES, measured at different
temperatures
Comparison of the IR spectra collected at different temperatures for modified
MCM-41 and silica gel samples indicates higher thermal stability of MCM-41-based
composites. This effect could be caused by the differences in the structure of the
materials.
Anion exchange materials with amino groups, in comparison to the substances
synthesized in the presented work, demonstrate thermal stability up to 553K – 673K.
However, cleavage of NH2-groups takes place in this case already at 453K-553K [144].
In MCM-41 and SiO2 based anion exchangers the functional groups are preserved up to
523K and 573K, for SiO2/APTES and MCM-41/APTES correspondingly that is
correlates (and in the case of MCM-41 composite even exceeds) the stability of the
typical ion exchange materials.
To round off the information about the transformations of the compounds under
temperature treatment and their thermal stability, the thermo gravimetrical analysis was
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applied (Fig. 4.35-4.38). The TG curves (Fig. 4.35 and 4.36) can be separated into several
ranges of weight loss. For pure silica gel and MCM-41 two regions can be distinguished.
The loss of weight at 373-423 K is assigned to endothermic desorption (Fig. 4.37-4.38) of
physically adsorbed water, which agrees with the IR data (see Fig. 4.29). This step is
representative for all samples. According to the TG curves, the silylized materials have
lower weight loss range in comparison to pure (MCM-41- 9 wt %, SiO2 – 3.7 wt %) ones:
5.5 wt % and 5 wt % (MCM-41 / BCDMS and MCM-41 / APTES) and 2.1 wt % and 2,8
wt. % (SiO2 / BCDMS and SiO2 / APTES). On the one hand it can be explained by more
hydrophobic properties of the silylized surfaces compared to that, covered with free
silanol groups, and, consequently by the small amount of adsorbed water in the samples.
On the other hand the partial decomposition of unreacted silylizing compounds also takes
place for the modified samples in the discussed temperature range. For MCM-41 /
BCDMS and MCM-41 / APTES this step on the TG curve is even shifted to higher
temperature (473 K) indicating the degradation of organic residues.
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Figure 4.35 TG curves for MCM-41 pure,

Figure 4.36 TG curves for SiO2 pure,

and silylized, heated in O2

and silylized, heated in O2

The second step on the TG curve for pure silicates at higher temperatures is due to
dehydroxylation of the surface, which is accompanied by the formation of the siloxane
bonds and water. At the same time, for MCM-41, the removal of the surfactant, which
remains after the production procedure of the substances, can also take place. In this
temperature range the curves of the samples have a plateau shape. The weight loss for
silica gel here is about 2 wt %, for MCM-41 – 1.8 wt %.
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For the samples silylized with BCDMS two desorption steps can be distinguished
at temperatures above 423 K (for MCM-41 / BCDMS above 473K): 473 K – 580 K and
580 K – 973 K for MCM-41 and 423 K – 620 K and 620 K – 973 K for SiO2. These
composites have the total weight loss at the range 423-973 K about 13.5 wt % and 12
wt% for MCM-41 and SiO2, respectively. Contrarily to these, for the samples silylized
with APTES only one stage on a TG curve can be observed at higher temperatures. It
represents the degradation of organo-functional groups. The total weight losses for the
compounds in the discussed stage are respectively 8 wt % for MCM-41 / APTES and 5.7
wt % for SiO2 / APTES; that is less than the values for the samples silylized with
BCDMS. This fact could be probably caused by the lower mass of aminopropyl groups.
The DTA curves show the presence of exothermic effects in the discussed
temperature range. This fact is probably caused by the oxidation of the grafted groups. In
the case of the samples silylized with BCDMS the first step can presumably be assigned
to the oxidation of the aliphatic group and the second – to the aromatic functionality.
Moreover, this hypothesis is in a good correlation with the results of the IR spectroscopy,
where methyl groups were found to be present up to 623 – 673 K and the aromatic rings
had a higher stability. According to the DTA curves the degradation of the grafted groups
from the aminopropyl modified samples starts at about 530 K and 510 K for MCM-41
and SiO2 samples, respectively. This result correlates well with the IR data about the
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higher thermal stability of MCM-41 / APTES compared to SiO2 / APTES. The presented
results are in a good correlation with the results of other investigations on the
modifications of silicates surfaces. Thus, in literature [145-146] an introduction of the
methyl groups onto the silica surface was studied. The thermal stability of the synthesized
materials varied from 548 to 923 K.
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4.1.3 Sulfonation of the composite materials
Synthesis
Acid sites were introduced by the grafting of strong acidic sulfo groups onto the
organo modified silicate surface. A scheme of the reaction is shown in chapter 3. The sulfonation takes place due to the replacement of a proton of aromatic ring in para position
by sulfonic group.
To synthesize desired composites different techniques were applied. First of all, the
sulfonation of the silylized silica gel and MCM-41 samples with 0.1M sulfuric acid was
carried out. However, the introduction of the sulfonic groups did not take place in this
case, but the functional organic layer was destructed. It was registered by the IR measurements. It is known, that water hinders the aromatic sulfonation with H2SO4 [147].
Therefore it was decided to use concentrated sulfuric acid instead of a low concentrated
one. The functionalization led to the introduction of sulfonic groups into the aromatic
ring. Synthesized composites showed a high thermal stability and were catalytically active (detailed discussion see below). However, the results of this synthesis procedure
were not reproducible. In some cases the functionalization worked successfully, in other
cases the destruction of the organic layer introduced by silylation took place. The reason
for that could be the reversibility of the reaction. Thus, an alternative modification method had to be found: sulfuric acid as a functionalizing agent war replaced with chlorosulfonic acid, which works well in the presence of electron donor groups in an inert solvent
(as chloroform) under relatively mild conditions (from 268 K to 298 K) [148]. The functionalization of silylized samples with chlorosulfonic acid was fulfilled at 276 K. The
properties of the compounds synthesized by the introduction of sulfonic groups will be
discussed in the next section.

4.1.4 Characterization of the sulfonated silicate compounds
4.1.4.1 Infrared spectroscopy
The success of the sulfonation was studied with IR measurements at first place.
The spectra of unmodified, silylized with benzyldimethylchlorosilane and sulfonated sili-
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ca gel and MCM-41 samples are presented in the figures 4.39 and 4.40. The spectra of the
samples sulfonated with chlorosulfonic acid are shown as examples of a successful functionalization. The spectra of the composites modified with sulfuric acid, in which case the
sulfonation worked well, are identical to them and not shown for that reason. The cases,
where the sulfonation with H2SO4 led to a destruction of the organic layer, are represented in the figures.
Characteristic bands for the silicates as well as for the introduced organic groups
were described in chapter 4.1.1. The band at 3743 cm-1 corresponding to the free silanol
groups is not presented in the spectra of the composites silylized and sulfonated with
ClSO3H. At the same time the bands representing grafted functional groups can be observed. The presence of the mentioned bands in the spectra of sulfonated materials and
the absence of the band 3743 cm-1 indicate the preservation of the grafted functionality after the reaction with the sulfonating agent. However, the absorption bands for the sulfo
groups are in the same range (1120-1220 and 1000-1050 - νas and νs vibrations correspondingly [149]) as those of silica structural bands, which have a high intensity. Therefore, the bands for the sulfo groups cannot be distinguished on the spectrum.
The spectra of the samples MCM-41 / BCDMS / H2SO4 and SiO2 / BCDMS /
H2SO4 in comparison to other sulfonated samples show only a few bands characteristic
for the introduced organic groups: 2960 cm-1 and 1495 cm-1 representing CH3 group and
one band characteristic for C=C bond in aromatic ring. Methyl groups could be still presented in a composite. The absence of other vibrations of a benzene ring probably indicates that some of these groups after they were detached from the composite were adsorbed on its surface. Moreover, on the spectra of some sulfonated composites, where the
destruction of organic groups took place, the band at 3743 cm-1 is presented (sample
MCM-41 / BCDMS / H2SO4 in figure 4.41). This fact indicates the restoration of free silanol groups and the bond breakage between the introduced groups and the surface of the
silicates.
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Figure 4.41 IR spectra of MCM-41 pure, silylized and sulfonated with H2SO4 and
ClSO3H at 393 K

0,4

3660
3743

2895
2960
3030
3090
3129

1640

1580
1600

SiO2 /BCDMS/H2SO4

absorption, a.u.

absorption, a.u.

1410
1440

0,4

1495

0,6

SiO2/BCDMS/H2SO4

SiO2 /BCDMS/ClSO3H

0,2

0,2

SiO2/BCDMS/ClSO3H

SiO2 /BCDMS

SiO2 pure
0,0
1300

1400

1500

1600

1700

1800

wave number, cm

SiO2/BCDMS
SiO2 pure

0,0
2500

3000

3500

4000

-1

wave number, cm

-1

Figure 4.42 SiO2 unmodified, silylized and sulfonated with H2SO4 and ClSO3H at
393 K

4.1.4.2 Structural characteristics
Structural characteristics of the materials were analyzed using X-Ray Diffraction
method, BET and electron microscope technique.
The powder XRD patterns were obtained for the materials. The characteristic peaks
for pure mesoporous MCM-41 are d100, d110 and d200 (description see above). The
presence of these peaks in the sulfonated samples shows the preservation of the wellordered hexagonal mesostructure in these composites. However, for the sulfonated sam-
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4.1.4.3 BET
The adsorption isotherms for sulfonated samples as well as the pore sizes distribution are shown in figures 4.45-4.48. Pure and silylized samples are also shown for the
visualization of differences between the materials before and after modification. The adsorption isotherms for the sample SiO2 /BCDMS / ClSO3H (Fig. 4.45) can be assigned to
Type IV isotherm according to the IUPAC classification [133], which is the same for the
initial and silylized materials. The shape of the isotherm stays unchanged after the functionalization reactions. The difference is represented by the decrease of the volume of adsorbed nitrogen. This fact can be explained by the decrease of the pore volume and it consequently indicates the filling of pores with the introduced functional groups.
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Figure 4.45 N2 adsorption isotherms for SiO2 pure, silylized and sulfonated with ClSO3H

Pore size distribution (Fig. 4.46) shows that the sulfonated material, similarly with
the silylized one, has a more distinct peak in comparison with the pure SiO2, which is represented by a quite broad distribution. This fact can indicate on the higher structural order
of these samples, which allows to assume, that the modification has increased the structural order of amorphous silica. That is also in agreement with the XRD results.
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MCM-41. It is due to the grafting of new functional groups on to the surface of the hexagonal pores and consequently the decrease of the pore’s size. The porosity characteristics of the sulfonated MCM-41 are decreased in comparison to unmodified and silylized
materials (table 4.2). In the case of MCM-41 composites these characteristics decrease
consequently during the modification steps, which could be caused by the higher uniformity of the material structure in comparison with amorphous silica gel. The slight shift
of the peak for the silylized and sulfonated materials is recognizable. Table 1 also demonstrates the decrease of surface area, pore volume and pore size of materials after the functionalization reactions.
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Table 4.2 Porosity characteristics
material
SiO2 pure
SiO2 / BCDMS
SiO2/BCDMS /
ClSO3H
MCM-41 pure
MCM-41 / BCDMS
MCM-41 / BCDMS /
ClSO3H

surface
area, m2/g
328.0
208.7

Pore volume,
m3/g
0.913
0.640

Pore diameter,
Å
111.4
123.1

230.3

0.592

102.9

1223.0
976.6

1.005
0.785

32.87
32.14

778.3

0.510

26.20

4.1.4.4 Nuclear Magnetic Resonance
The presence of functional groups in the sulfonated materials was also studied by
29

Si and 13C NMR spectroscopy (Fig. 4.49-4.52). The characteristic lines for the silicon

atom in

29

Si MAS NMR were mentioned above. The MCM-41 modified with BCDMS

and afterwards sulfonated with chlorosulfonic acid (Fig.4.51) can be characterized by two
representative resonances: Q3 and Q4. A strong resonance at -10 ppm, assigned to the silicon atoms bonded to the carbon atoms [137], was also observed. The decrease of the intensity of Q3 sites and an increase of that for Q4 species was observed, as in the case of
the silylized samples (see above). This change of Q3 into Q4 species was explained by the
transformation of Si-OH – bond into Si-O-Si by grafting.
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tween them is the presence of one additional line for the sulfonated material. This signal
at 140 ppm is assigned to the carbon atom of aromatic ring linked to sulfur in the sulfonic
group [139]. The presence of the additional line together with all other lines of the organic groups, introduced by silylation (see Fig. 4.19), is a proof of a successful functionalization of MCM-41.
29

Si MAS NMR spectrum of SiO2 / BCDMS / ClSO3H (Fig. 4.51) also contains two

lines characteristic for silicates, Q3 and Q4, and a signal indicating a silicon – carbon bond
at 10 ppm. However, in this case the intensity of Q3 is higher as of a Q4 site; that is the in
opposite way for the silylized SiO2 sample (see Fig. 4.17). This fact indicates a rearrangement of the silanol and siloxane groups after the sulfonation reaction. It could be
explained by the partial destruction of an organic layer by chlorosulfonic acid, i.e. by the
detachment of a part of functional groups from the surface of silica gel and, consequently,
a transformation of a siloxane bond back to silanol. On the other hand, the Si-C bond is
also presented in the sample, what indicates the preservation of a part of the introduced
layer after the sulfonation.
13

C NMR spectrum of the sulfonated SiO2 sample (Fig. 4.52) is similar with that of

the sulfonated mesoporous material. The signals of the organic groups are preserved after
the functionalization. The line at 140 ppm, representing the carbon – sulfur connection,
also appears on the spectrum after the sulfonation of the silicate.
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The 29Si and 13C MAS NMR patterns of SiO2 / BCDMS / ClSO3H and MCM-41 /
BCDMS / ClSO3H allow to assume, that the introduction of the acidic centers in the case
of the mesoporous material successfully occurred without the destruction of the organic
groups grafted by the silylation procedure. Sulfonation of the amorphous silica gel was
also successful, but a partial destruction of the functional layer took place. This conclusion could mean, that the density of the sulfonic groups is higher for the MCM-41 based
composite.

4.1.4.5 Catalytic test reaction
The catalytic test reaction of methylbutinol conversion was applied to find out the
presence of active centers in the sulfonated materials based on MCM-41 and silica gel.
The product distribution for the sulfonated MCM-41 clearly indicates the domination of acidic pathway giving mostly (95%) MBYNE and prenal. In other words, it indicates the successful introduction of the acidic sulfo groups. In contrast to bridged hydroxyl groups in silica-alumina, the introduced sulfogroups do not deactivate for at least 100
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min time on stream [150]. A small amount of acetone (5%) is probably built on free silanol groups, which number seems to be under the limit of detection by IR.
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Figure 4.53 MBOH conversion on MCM-41 and silica gel modified by silylation
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Figure 4.54 Yields of the products of MBOH test reaction on MCM41/BCDMS/ClSO3H (1) and SiO2/BCDMS/ClSO3H (2)
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4.1.4.6 Thermal stability of the sulfonated materials
To find out the structural transformations of the sulfonated materials taking place
with the increase of the temperature, the IR spectra at different temperatures were
scanned. The spectra of SiO2 sulfonated with ClSO3H, scanned in the range 393-723 K,
are displayed as a representative example (figure 4.56). The intensity of the bands of the
grafted functional groups is constant up to 573 K. After that it slightly decreases, that can
indicate on the destruction of the groups. Exactly as in the case of the silylized samples,
the intensity of the CH3-vibration band at 1495 cm-1 decreases especially significantly.
That could probably indicate the elimination of methyl groups and, as already discussed
above, the rearrangement of grafted BCDMS (see Fig. 4.31). The vibrations of other
groups are preserved up to 723 K. However, the band at 3743 cm-1 appears again on the
spectrum scanned at 723 K that indicates the restoration of free silanol groups. Simultaneous presence of the vibrations of introduced functionality and free silanols could be
caused, as in the case of silylized materials, by partial destruction of the grafted layer at
this temperature.
To complete the information about the transformations of the compounds under
temperature treatment and their thermal stability, a thermo gravimetrical analysis was applied (Fig. 4.57 - 4.59). TG and DTA curves for pure and silylized samples are represented for visualization of the differences between the materials. In the case of silica gel the
TG and DTA curves for the probe sulfonated with H2SO4 (where the destruction of organic layer took place) are also shown.
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Figure 4.56 IR spectra of SiO2 sulfonated with ClSO3H scanned at different temperatures
For the sulfonated samples, as for pure and silylized, the TG curves (Fig.4.57) can
be separated into several ranges of weight loss. The loss of weight at 373-423 K is assigned to endothermic desorption of physically adsorbed water. The sulfonated composites have a higher weight loss as silylized ones (sulfonated with ClSO3H MCM-41
8 wt % and SiO2 2.8 wt %) in this temperature range due to the hydrophilic properties of
the introduced sulfonic groups. On the DTA curves the higher endothermic effect for these samples at T=298-423 K can be observed.
The composites sulfonated with sulfuric acid, where the destruction took place,
have the highest first stage on the TG curve in comparison to all other samples (see
SiO2/BCDMS/H2SO4 in Fig.4.57). It is also represented by the highest endothermic effect
on a DTA curve. This fact can be explained, as well as for every probe, by desorption of
physically adsorbed water. Since organic groups were detached from material and free silanol groups were restored, the amount of adsorbed moiety increased compared to the silylized samples. Furthermore, at this temperature the removal of the detached functionality from the surface of a silicate also takes place. Other stages on TG curve for the discussed materials are due to further oxidation of the destroyed organic layer, as well as to
the oxidation of the remaining groups. The loss of weight for the displayed SiO2 /
BCDMS / H2SO4 sample in the temperature range 298-432 K was 17 wt %, at T=423-973
K the total weight loss was 20 wt %.
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For other sulfonated samples two desorption steps can be distinguished at temperatures above 423 K: 423 K – 720 K and 720 K – 973 K. The sulfonated samples lost
6.5 wt % and 15 wt % of weight for SiO2 and MCM-41, respectively, in temperature
range 423-973 K.
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Figure 4.57 TG curves for pure, silylized and sulfonated silica gel and MCM-41,
heated in O2
The DTA curves (Fig. 4.58 and 4.59) show the presence of exothermic effects in
the discussed temperature range. This fact is probably caused, as in the case of the silylized compounds, by the oxidation of the grafted groups. The first step could be assigned
to the oxidation of the aliphatic group and the second one – to the aromatic functionality
and sulfonic groups. It correlates well with IR spectroscopy results, where methyl groups
were found to be present up to 623 – 673 K and about the higher stability of the aromatic
rings. Furthermore, the second exothermic effect of the sulfonated samples is shifted to
the higher temperatures compared with silylized ones for about 15 K for SiO2 and 50 K
for MCM-41. This indicates a higher stability of these composites. The presented results
are in a good correlation with the results of other investigations on the modifications of
silicates surfaces. According to Yang et al. [151] the oxidation of propylsulfonic acid
functionality grafted on silicates takes place at about 653 K. That means that the samples
synthesized in present work have higher thermal stability. Hamoudi et al suggest the degradation of arene-sulfonic groups at 673-873 K [152].
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From the comparison of the TG curves of the silylized and sulfonated composites
of SiO2 and MCM-41 the differences are recognizable: the loss of mass of sulfonated
MCM-41 is 22.7 wt %, which is higher than of the silylized one – 19 wt %. This fact can
be explained by the increase of mass of the functional layer after sulfonation and hence
the increase of the detected mass loss. The difference in mass loss of two sample types is
3.7 wt %, which would corresponds to 0,516 mmol SO3H groups per 1 gram of the sulfonated composite.
In contrast to this, SiO2, sulfonated with ClSO3H, is characterized by the lower
mass loss compared to the silylized sample. In this case the partial destruction of the introduced by the silylizing procedure functionality during the sulfonation can be presumed.
As it could have been demonstrated, the sulfonated composites, based on amorphous silica gel and ordered mesoporous MCM-41, synthesized in the presented work,
showed high thermo stability and the preservation of the structure of the initial materials.
In comparison to them, typical cation exchange materials are stable only up to 533-543K
[144]. The presence of the catalytically active acidic centers was shown by the test reaction of MBOH conversion. However, sulfonated SiO2 material demonstrated lower conversion of MBOH, as MCM-41 / BCDMS /SO3H that is probably caused by the smaller
number of sulfonic groups. Moreover, simultaneous presence of acidic and basic centers
was registered for this material, indicating the silanol groups. So, the sulfonation of silylized MCM-41 resulted in the material with high thermal stability and catalytic activity.
The silica gel based composite also showed high thermal stability, however its catalytic
efficiency should be improved.
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4.2 Adsorption of amino acids from aqueous solutions
4.2.1 Adsorption of amino acids on mesoporous materials based on
MCM-41
Adsorption of amino acids on the parent and modified silicate composites was
studied by the batch technique. Adsorption isotherms as well as the dependence of amino
acids uptake on the pH of solution and on the presence of competitive ions were
analyzed.

4.2.2 Adsorption of phenylalanine on the MCM-41 composites
The time required to reach equilibrium in a system adsorbate-adsorbent (in our
case: amino acid-silicate composite) for the adsorption of phenylalanine on the MCM-41
based materials was found to be 1.5 ± 0.25 hours (see Appendix). Thus, all the
experiments for the mentioned group of systems were interrupted after 2 hours of
adsorption. According to Kubota et al. [15] such short equilibration times indicate the
narrow pore size distribution of a porous adsorbent and the fact that the adsorption sites
are well exposed on the surface of a material.
It is known, that the surface of pure ordered mesoporous materials consists of
several types of charged and uncharged groups: ≡SiOH+2, ≡SiO- and ≡SiOH. It suggests
that there should be also different types of interaction between amino acid and the silicate
surface, contributing to the adsorption of the acid. They are: 1) the electrostatic force
between the positive and negative charged cites of the surface and the ions of an amino
acid, 2) the formation of a hydrogen bond between amino acid and uncharged ≡SiOH
sites of the silicate, 3) hydrophobic interactions between the siloxane groups and the side
chain of an acid molecule [16]. However, as it was already discussed in the chapter 2,
amino acids can form hydrogen bonds not only with the silanol sites of the adsorbent, but
also with water. The second type of bonding is stronger compared to the first one, that is
why the contribution of the H-bond formation to the adsorption of amino acids onto
mesoporous materials should not be taken into account. Therefore, electrostatic and
hydrophobic types of interaction can contribute to the adsorption and should be analyzed.
Here the points of zero charge of the studied silicates should be mentioned: the value for
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amorphous silica gel is usually reported to be at pH = 2 ± 0.5 [12], the surface of MCM41, as it was found by several research groups [10, 12], has zero charge at pH = 3.2.
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Figure 4.60 Adsorption isotherms of Phe on MCM-41 pure, MCM-41/BCDMS and
MCM-41/BCDMS/SO3H at solution pH = 5.5
It is well known, that phenylalanine is characterized as one of the most
hydrophobic amino acids. Black et al. [153] calculated the hydrophobicity of the side
chains of 20 essential amino acids and found Phe to have the highest characteristics.
Thus, in the adsorption of this amino acid the contribution of the hydrophobic component
should play an important role. This kind of interaction can take place not only between
amino acid molecules and siloxane groups, but also between the adsorbed adsorbate
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molecules. This assumption is proved by the results of phenylalanine adsorption on the
MCM-41silylized with BCDMS. The silanol groups in this composite material are
replaced by hydrophobic benzyl groups. As it was already discussed in chapter 2.10, the
hydrophobic interaction increases with the increase of the length of the hydrophobic
chain. So, the interaction between the side chains of amino acids molecules and the
introduced into the material groups should be stronger than that with siloxane species.
From figure 4.60 the increase of the amount of adsorbed Phe on the silylized sample in
comparison to the unmodified compound can be seen, that proves the assumption
discussed above.
The amount of the adsorbed amino acid increased after the silylized composite was
sulfonated (Fig. 4.60). In this case the composite represents a cation exchanger with
dissociative SO3H groups. The improvement in the adsorption characteristics of the
sulfonated material can be attributed to the electrostatic attraction between the SO-3
groups of the adsorbent and the positively charged ammonium groups of amino acid.
However, the increase in adsorption compared to the uptake on MCM-41 / BCDMS was
only 0.04 mmol/g. The improvement achieved by the silylation (in comparison to the
parent MCM-41) was 0.09 mmol/g. Thus, one can conclude that the driving force of the
adsorption of phenylalanine is a hydrophobic interaction of adsorbate-adsorbent
character, as well as of adsorbate - adsorbate character. The contribution of the
electrostatic interaction seems to be less significant in this case. These conclusions are in
a good correlation with the results obtained by other research groups. Gao et al. [16]
studied influence of types of amino acids and modification of mesoporous materials on
the amino acids adsorption. It was found that the adsorption of Phe on mesoporous
adsorbent came mainly from the hydrophobic interactions. Furthermore, it was reported
that the increasing degree of the functionalization of a material with methyl groups led to
the increased adsorption capability of Phe. Ernst et al. [10] studied the uptake of selected
amino acids on mesoporous molecular sieves. The authors also suggest that the
contribution of the hydrophobic interactions in the adsorption of neutral amino acids, and
particularly phenylalanine, is much higher as for amino acids with acidic and basic side
chains.
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Influence of solution pH on the adsorption of phenylalanine on MCM41 based materials
The contribution of the electrostatic interactions in the system phenylalanine –
MCM-41 based composite was more precisely studied by the analysis of the pH influence
on the adsorption of amino acid. According to the ion distribution diagram of
phenylalanine (see chapter 3.2.9), the amino acid appears in cationic form at pH values
below 2.2, in anionic form at pH > 9.31, and at 2.2< pH <9.31 phenylalanine is mainly
presented as zwitterions with small number of cations (pH < pI) and anions (pH > pI). In
figure 4.61 the plots for phenylalanine adsorption are shown as a function of pH. The
maximum adsorption of Phe on parent MCM-41, as well as on the silylized and
sulfonated materials, is registered in a broad pH range at the isoelectric point. The pH of
the solutions was adjusted by small additions of HCl and NaOH. The decrease in the
adsorption with the pH decrease is due to the increased competition by hydrogen ions.
The reduction of the amino acid uptake at pH values higher as isoelectric point is
attributed to a competition of Na ions, and especially to a conversion of Phe to the
negatively charged form. The same character of the pH influence on the adsorption of Phe
on the pure SBA-15 was reported by Gao et al. [16]. Ernst et al. [10] studied the pH
influence on the adsorption of amino acids with different types of side chains on pure
aluminum-free MCM-41. They found the maximum of the Phe uptake to be at pH ≈ 4 and
at pH values higher pI and much lower pI they reported, as in the presented work, the
decrease in the amount of adsorbed amino acid. The reduced uptake of Phe at pH > pI
was explained as a result of a conversion of the amino acid into anionic form, which leads
to its repulsion from the negatively charged MCM-41 surface.
The system Phe - MCM-41 / BCDMS shows a relative insensitivity to pH of a
solution. The influence of pH on the Phe uptake on the silylized MCM-41 is less
significant as for the parent material, which is caused by the predominant influence of the
hydrophobic interactions in this adsorbate-adsorbent system and the absence of the
electrostatic attraction/repulsion. Slight decrease in the adsorption at very high and very
low pH values could be caused by the electrostatic effects of the small number of silanol
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groups retained in the material after silylation, which number lies beyond the limit of
detection of IR spectroscopy.
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Figure 4.61 Effect of pH on the uptake of phenylalanine on pure MCM-41, MCM41 / BCDSM and MCM-41 / BCDMS /SO3H; Ceq(Phe) = 0.004mol/l
The regularities in change of the amount of adsorbed Phe as a function of pH for
the sulfonated adsorbent are similar to that for unmodified MCM-41: the maximum
adsorption of Phe is registered at pH = 5.6, which is very close to the isoelectric point of
the amino acid. The uptake stays quite stable in the pH range from 4 to 7, at the values pH
<4 and pH > 7 the amount of the adsorbed amino acid reduces because of the competitive
adsorption of H+ and Na+ ions and due to the change of the ionic form of Phe. In the case
of the sulfonated adsorbent the contribution of the electrostatic effects rises, compared to
the silylized material. Here the adsorbent is presented, which combines electrostatic
effects of the sulfonic groups and the improved hydrophobic properties due to the
introduced benzyldimethylsilane chains. The above discussed regularities in the
adsorption of neutral Phe on MCM-41 / BCDMS /SO3H are similar to the processes
occurring during its adsorption on cation exchangers. Seño et al. [154] studied the ionexchange behavior of several neutral amino acids on ion-exchange resins. It was found
that the maximum uptake of neutral amino acids takes place in a rather broad pH range at
the isoelectric point, which correlates well with the results discussed above. The authors
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report high adsorption of the acids on the H- and OH- forms of cation- and anionexchanger resins, and the reduced one on the sodium and chloride forms of exchangers.
The reason is the competition between amino acids ions and hydrogen and hydroxyl ions.
Saunders et al. [155] presented the research in the adsorption of phenylalanine and
tyrosine by a strong-acid cation-exchanger. The authors give the same explanations for
the reduction of amino acids uptake at high and low pH values.

Influence of ionic strength
In order to investigate the influence of ionic strength on the adsorption of Phe on MCM41 based materials, the experiments were carried out in the solutions with different
concentrations of NaCl at pH = 5.5. The results are presented in figure 4.62.
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Figure 4.62 Phe adsorption on MCM-41 materials at pH 5.5 with different added
NaCl concentrations, Ceq(Phe) = 0.004mol/l
The adsorption of Phe on unmodified MCM-41 decreased strongly from 0.46
mmol/g to 0.26 mmol/g. The reason could lay according to [16] in the changed solubility
of the amino acid due to the addition of the electrolyte: at low NaCl concentrations salt
effect could take place, enhancing amino acid solubility. In this case, as authors suggest,
amino acid would escape from the adsorbent surface into solution. With the increase of
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the electrolyte concentration the solubility of amino acid could be decreased because of
desolvation. Here Phe could separate out from solution. Among the other reasons of the
decrease in amino acid adsorption, the electrostatic effects of the added electrolyte should
be mentioned. In this case the competitive adsorption of Na+ ions on the surface of MCM41 takes place. As a result, the uptake of phenylalanine by the adsorbent decreases with
the increase of the salt concentration.
The silylized material shows insensitivity to ionic strength of the solution, as to pH:
the uptake of Phe reduced from 0.55 to 0.52 mmol/g. It can be explained by the absence
of electrostatically active centers in the adsorbent and thus, the predomination of
hydrophobic interaction in the system. The small decrease in the adsorption could be
explained by the influence of the electrolyte on the solubility of the amino acid.
In the case of sulfonated material electrostatically active centers are represented by
sulfonic groups. From figure 4.62 the decrease in the uptake of Phe on MCM-41 /
/BCDMS / SO3H can be observed with the increase of NaCl concentration from 0.57 to
0.42 mmol/g. This effect has the same reasons as in the case of pure MCM-41: at low
NaCl concentrations – an increased solubility of phenylalanine due to salt effect and at
high – a decrease in the acid solubility and a competitive adsorption of Na+ ions.
However, the reduction in the uptake of the amino acid is not as significant as for the pure
MCM-41. It can be explained by the quite high contribution of the hydrophobic
interactions of the groups, introduced into the material by silylation, into the adsorption
process.

4.2.3 Adsorption of tryptophan and tyrosine on MCM-41 based materials
The adsorption plots for Trp are presented in figure 4.63. Here, as in the case of
Phe, the uptake of amino acid by an adsorbent increases after the modification of the
material. The maximum adsorbed amounts for MCM-41 pure, MCM-41 / BCDMS and
MCM-41 / BCDMS / SO3H are 0.26 mmol/g, 0.28 mmol/g and 0.32 mmol/g,
respectively.
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Figure 4.63 Adsorption isotherms of Trp on MCM-41 pure, MCM-41/BCDMS and
MCM-41 / BCDMS / SO3H at solution pH = 5.5
The isotherms of tyrosine adsorption are shown in figure 4.64. The maximum
adsorption of the amino acid on pure, silylized and sulfonated adsorbents are 0.24, 0.28
and 0.32 mmol/g, respectively.
The uptake of Tyr and Trp on the MCM-41 based adsorbents is approximately two
times lower as of Phe. However, the adsorbed amount increases after the modification of
the materials, as in the case of Phe.
These differences and similarities in the adsorption of Tyr, Trp and Phe can be
explained by the properties of the amino acids. Tryptophan and tyrosine are aromatic
amino acids, as phenylalanine. The behavior of the acids at pH < 6 is qualitatively quite
similar. Their isoelectric points are at pH = 5.63 and 5.88 for Tyr and Trp, respectively.
Tryptophan has an additional pK of a side chain group at pH = 11.6: this amino acid
contains an indole group, which could influence the adsorption at higher pH. However,
the solutions at such high pH values were not studied in the presented work. Tyrosine, in
comparison to Phe, has an additional OH group in the side chain (pKside chain = 10.07).
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Figure 5.5 Adsorption isotherms of Tyr on MCM-41 pure, MCM-41/BCDMS and
MCM-41 / BCDMS / SO3H at solution pH = 5.5
The indole group of Trp and hydroxyl group of Tyr make these amino acids a little less
hydrophobic as phenylalanine [153]. So, comparing the isotherms of Tyr and Trp
adsorption on MCM-41 composites with those of Phe it can be observed, that they also fit
the Langmuir model. The increase of the uptake for the silylized MCM-41 indicates the
contribution of the hydrophobic interaction in the adsorption of the discussed adsorbates.
For example, the indole group of Trp and the aromatic group of the introduced functional
layer of MCM-41 tend to the development of significant dispersion forces [156].
However, this increase is not as significant as in the case of Phe; that could be caused by
a lower hydrophobicity of these amino acids. Further increase of the amount of the
adsorbed amino acids for the sulfonated cation exchanger shows the contribution of the
electrostatic forces, which indicate that in the adsorption of Tyr and Trp on the
mesoporous MCM-41 materials two types of interactions take place. The smaller uptake
of the amino acids could be caused by the reduction of the smaller contribution of the
hydrophobic attraction. Furthermore, the reduced adsorbed amount for Tyr in comparison
to Phe can be explained by its lower solubility: 0.05 g/100g H2O vs. 2.96 g/100g H2O for
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Phe. Trp has the value 1.14 g/100g H2O that is also two times less, than for phenylalanine
[121].
The experiments of adsorption of phenylalanine, tryptophan and tyrosine from
aqueous solutions on MCM-41 silylized with APTES were carried out. MCM-41 /
APTES composite material was expected to behave as a weak basic cation exchanger
because of the amino group of the side chain. The obtained results showed, however, the
no adsorption of amino acids on the adsorbent. This fact could only be explained, if one
would assume, that the modification of MCM-41 with aminopropyltrietoxisylane led to
the destruction of the mesoporous structure of the material and so, the transformation of
MCM-41 to amorphous silica gel. On the other hand, the analysis of the MCM-41 /
APTES, presented in the previous chapters of this work, showed the preservation of the
structure of a composite and also the success of the modification reaction. So, the authors
of the work suppose, that the adsorption of amino acids on the discussed composite
material should be studied further.

Influence of pH on the adsorption of Tyr and Trp
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Figure 4.65 Effect of pH on the uptake of Trp on pure MCM-41, MCM-41 /
BCDSM and MCM-41 / BCDMS /SO3H; Ceq(Trp) = 0.00015 mol/l
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To study the contribution of the electrostatic interactions on the adsorption of Tyr
and Trp on pure and modified MCM-41, the experiments with gradually increased pH of
the solutions were carried out. The results are presented in the figures 4.65 and 4.66. The
regularities of the pH influence on the Phe adsorption are applicable in the cases of Tyr
and Trp as well. The uptake of both acids on pure MCM-41 is the highest in a broad pH
range at isoelectric points of amino acids. The increase of pH higher pI leads to the
reduced adsorption. Here the conversion of zwitterions into anionic form takes place. The
negatively charged at this pH values surface of MCM-41 and anions of amino acids repel.
On the other hand, as it was already mentioned for phenylalanine, the competitive
adsorption of Na+ ions takes place. At pH < 4, hydrogen ions compete with amino acid
ions.
In the case of Tyr the decrease of uptake at pH < pI seems to be insignificant,
which could be explained by the reduction of the intensity of the analytical signal in this
pH region (see chapter 3.2.10).
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Figure 4.66 Effect of pH on the uptake of Tyr on pure MCM-41, MCM-41 /
BCDSM and MCM-41 / BCDMS /SO3H; Ceq(Tyr) = 0.0006 mol/l
The adsorption of Tyr and Trp on the silylized MCM-41 is almost insensitive to the
changes of pH of a solution, similarly to Phe. Here, the hydrophobic interactions are the
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driving force of the adsorption. A decrease of the acids uptake at high and low pH values
can be caused by the small amount of silanol groups, preserved after the silylation
procedure. The systems amino acid - sulfonated material are more affected by the change
of a solution pH. In this case a decrease of uptake is caused by the same reasons, as for
the unmodified MCM-41. The authors in [155] suggest the same reasons for the reduction
of the adsorbed amount of Tyr on a cation exchanger at pH values significantly lower and
higher pI, as discussed above.
In comparison to phenylalanine, the effect of pH on the adsorption of Tyr and Trp
on pure and sulfonated MCM-41 at values higher than 6 is more significant.

Influence of ionic strength on the uptake of Tyr and Trp
The influence of ionic strength of the solution on the adsorption of tryptophan and
tyrosine on MCM-41 based materials has similar character as in the case of Phe: the
systems amino acid – pure MCM-41 and amino acid – sulfonated MCM-41 are affected
by I much more than amino acid – MCM-41 / BCDMS. The insensitivity of the last
system to the I of a solution can be explained, as it was already mentioned, by the
predominance of the hydrophobic interactions in adsorption. In other cases, the solubility
of Tyr and Trp reduces due to the addition of NaCl. Furthermore, the competitive
adsorption of Na+ ions takes place, which also leads to a reduction of the amino acids
uptake.
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Figure 4.67 Trp adsorption on MCM-41 materials at pH 5.5 with different added
NaCl concentrations, Ceq(Trp) = 0.00015 mol/l
0,00035
MCM-41
unmodified

0,0003

A ads, mol/g

0,00025

MCM-41 /
BCDMS

0,0002

MCM-41 /
BCDMS /
SO3H

0,00015
0,0001
0,00005
0
-0,01

0,01

0,03

0,05

0,07
C(NaCl), mol/l

Figure 4.68 Tyr adsorption on MCM-41 materials at pH 5.5 with different added
NaCl concentrations, Ceq(Tyr) = 0.0006 mol/l
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4.2.4 Influence of an adsorbent structure on the adsorption of amino
acids: adsorption experiments on amorphous silica gel materials
To study the influence of the structure of an adsorbent on the adsorption of amino
acids, the uptake experiments on the materials, based on amorphous silica gel, were
carried out. The initial silica gel and the materials, synthesized in the presented work,
were used. The obtained results showed negative or zero values (depending on the used
adsorbent) of the studied amino acids uptake. Munsch [9] reported more successful
results: the amino acids were adsorbed by SiO2. However, the data for amorphous silica
gel were significantly lower, as for the mesoporous aluminum-free MCM-41. Basiuk et
al. [157] also discussed the adsorption of small biomolecules on silica from diluted
aqueous solutions. The authors reported no adsorption of the majority of the studied
amino acids inclusive phenylalanine, tyrosine and tryptophan. The authors presented
some calculations, among those the equilibrium constants (K) of amino acids adsorption
on silica in neutral aqueous media were reported. For the majority of the studied
biomolecules this value was reported to be less than 1; that means that the concentration
of amino acids in the adsorbate is lower as in the adsorption solution and so, the Aads is
negative.
The explanation of such a striking difference in the adsorption behavior of two
types of adsorbents, as it was already reported by Musch [9], lies in the difference of the
structure of the materials. The curvature of the surface of MCM-41 pores causes a
decrease in the distance of the side chains of the adsorbed amino acid molecules. It favors
the attractive Van der Waals forces, that does not take place in the case of silica gel. The
geometry of SiO2 particles hinders these forces (see fig.4.69).
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Figure 4.69 Scheme of the adsorption of Phe on the silica gel surface (1) and in the
pore of MCM-41 (2) [9].
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5. Conclusion
In the presented research work amorphous silica gel and mesoporous MCM-41
were studied to find out the influence of the structure of a silicate as a source material on
the properties of the synthesized composites, on the procedure of their synthesis, on the
effectiveness of the resulting compounds in the catalytic and adsorption applications.
Therefore, the modification of SiO2 and MCM-41 by silylation technique was
carried out. According to it, benzyl- and aminopropyl - groups were introduced on the
silicates’ surface. The detailed analysis of the initial and modified compound was
performed. The success of the silylation procedure was proved by IR and solid state
MAS-NMR methods. Moreover, from the infrared spectra of pure and silylized materials
was found, that silanol groups act as anchor for the modifier. The

29

Si MAS NMR

analysis proved this conclusion: the change of the intensities of Q3 and Q4 lines indicate
the transformation of Si-OH groups into Si-O-Si by grafting. XRD measurements showed
the preservation of the ordered hexagonal pore structure of MCM-41 after the
modification. In the case of amorphous silica gel, the assumption was made according to
the XRD patterns that the structure of the material becomes more ordered after the
reaction with BCDMS. The preservation of the structure of the MCM-41 based
substances after their modification was also proved by the measurements of low
temperature nitrogen adsorption. The initial material showed Type IV isotherm, which
was also characteristic for the silylized sample. The same type of the isotherm was
registered for the parent silica gel, as well as for the silylized one. The recorded decrease
of the amount of adsorbed nitrogen was an indication of the filling of pores of the
substances with the introduced functional groups. This hypothesis was also proved by the
reduced values of the pores diameters and by the shift of the peak of pores sizes
distribution to the smaller numbers. However, the analysis of SiO2 functionalized with
APTES pointed out the low efficiency of this silylating technique for the amorphous
material, which resulted in insignificant differences of the registered data for the sample
compared to the parent material. For MCM-41 the introduction of aminopropyl-groups
was found to be as effective as the other used modification technique, according to the
results of XRD and BET measurements. The microscopically registered pattern of the
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materials showed, on the one hand, the preservation of the ordered mesoporous structure
of MCM-41; on the other hand, they clearly visualized the influence of the modification
of a substance on its morphology.
The thermal stability of the modified compounds was studied by IR and thermogravimetric methods. The results demonstrated a stability of the materials functionalized
with BCDMS up to 723 K and for the samples, modified with APTES – up to 573 K and
623 K for SiO2 and MCM-41, respectively. It was registered, that the destruction of the
materials with the increase of temperature has a stepwise character. So, for the materials
silylized with BCDMS, the suggestion was made, that the partial degradation of a
compound starts with the elimination of methyl groups.
One of the primary objectives of the research was to analyze the catalytic activity
of modified materials, which was studied by the test reaction of methylbutynol
conversion. The results of the analysis also demonstrated the success of the silylation
with BCDMS: almost no conversion of MBOH was registered on these samples in
comparison to the initial materials, indicating the absence of silanol groups in the
modified probes. The analysis of the compounds silylized with APTES showed low basic
activity of the samples: that, on the one hand, satisfied the expectation of basic centers in
the materials. On the other hand, it indicated a low coverage of the silicates with these
groups.
The results and inferences discussed above allow the conclusion, that the impact of
the structure of a silicate on the modification procedures and the properties of the
silylized materials is insignificant.
The materials grafted with benzyl-groups were sulfonated to introduce the acidic
properties in to the silicates. The optimization of the sulfonation technique was one of the
important tasks of the work. It was found that the modification with sulfuric acid (at 293
K, as well as at 276 K) leads to the destruction of the organic groups, introduced into the
material. However, functionalization of the silylized samples with chlorosulfonic acid at
276K gave successful results of good reproducibility. Detailed analysis of the synthesized
composites showed the preservation of the structures of the parent materials. The success
of the modification was demonstrated by IR and NMR techniques. The sulfonated
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silicates, according to the results of IR and thermo gravimetric analysis, demonstrated
high thermal stability. At temperatures of about 700K a stepwise degradation of the
materials starts, as in the case of the composites silylized with BCDMS. The catalytic test
reaction showed the presence of the active acidic sites in the sulfonated materials. Both
synthesized amorphous and mesoporous composites show similar properties of the
introduced functional layers, but in the case of silica gel the low MBOH conversion was
registered, indicating the presence of a smaller number of sulfonic groups in the sample in
comparison to the MCM-41 based one. One of the reasons for that could be the structural
differences of the silicates.
The synthesized materials were applied to study the adsorption of amino acids from
aqueous solutions on the parent and modified silicates. The contribution of the
hydrophobic and electrostatic interactions into the adsorption of phenylalanine,
tryptophan and tyrosine on the MCM-41 based composites was analyzed. It was found,
that the hydrophobic part of driving forces is more significant in the observed cases,
which is caused by the properties of the adsorbates and mostly by their high
hydrophobicity. The increase of the uptake was registered on the modified silicate
adsorbents, which is also indicative for a high contribution of the hydrophobic
interactions into the adsorption. Furthermore, the electrostatic attraction between
negatively charged surface of MCM-41 and positively charged amino group of amino
acid was found to influence the uptake as well. The contribution of the electrostatic effect
was analyzed in the experiments at varied pH and I of the solutions. It was found that the
adsorption is maximal at the pH values close to the isoelectric points of the studied amino
acids, where mentioned electrostatic interactions are of high importance for the
adsorption. The adsorption on MCM-41 / BCDMS was found to be insensitive to the pH
of a solution, because of the high contribution of the hydrophobic forces in this case.
However, the uptake on the initial and sulfonated adsorbents decreased at pH values
much higher and lower as isoelectric points of amino acids, indicating the influence of the
electrostatic interaction on the adsorption. With the increase of the ionic strength,
adsorption in every system decreased, which could be explained by the competitive
adsorption of other ions from the solution, as well as by the decreased solubility of the
amino acids.
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The most important result, found in the experiments, is the decisive influence of
the structure of the silicate on the amino acids uptake. The curvature of the surface of
MCM-41 pores causes the decrease in the distance of the side chains of the adsorbed
amino acid molecules. It favors the attractive Van der Waals forces. That does not take
place in the case of silica gel. The geometry of SiO2 particles hinders these forces.
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7.1 UV
V spectra off amino aciids

Figure 7.1
7 UV specttrum of phennylalanine

Figure 7.2
7 UV specttrum of tyrossine
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Figure 77.3 UV specttrum of trypttophan
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7.2 Calibration curves of amino acids for UV-Vis analysis
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Figure 7.4 Calibration curve of phenylalanine with trendline
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Figure 7.5 Calibration curve of tryptophan with trendline
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Figure 7.6 Calibration curve of tryptophan with trendline

7.3 Equilibration time of amino acids adsorption on MCM-41 based
materials
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Figure 7.7 Phe adsorption on unmodified MCM-41as a function of time, C(Phe) =
0.003 mol/l, solution pH = 5.5

143

0,0006

Aads, mol/g

0,0005
0,0004
0,0003
0,0002
0,0001
0
0

20

40

60

80

100

120

140
t, min

Figure 7.8 Phe adsorption on MCM-41 / BCDMS as a function of time, C(Phe) =
0.003 mol/l, solution pH = 5.5
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Figure 7.9 Phe adsorption on MCM-41/BCDMS/SO3H as a function of time,
C(Phe) = 0.003 mol/l, solution pH = 5.5
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Figure 7.10 Trp adsorption on unmodified MCM-41 as a function of time, C(Trp) =
0.00015 mol/l, solution pH = 5.5
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Figure 7.11 Trp adsorption on MCM-41 / BCDMS as a function of time, C(Trp) =
0.00015 mol/l, solution pH = 5.5
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Figure 7.12 Trp adsorption on MCM-41 / BCDMS / SO3H as a function of time,
C(Trp) = 0.00015 mol/l, solution pH = 5.5
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Figure 7.13 Tyr adsorption on unmodified MCM-41 as a function of time, C(Tyr) =
0.0005 mol/l, solution pH = 5.5
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Figure 7.14 Tyr adsorption on MCM-41 / BCDMS as a function of time, C(Tyr) =
0.0005 mol/l, solution pH = 5.5
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Figure 7.15 Tyr adsorption on MCM-41 / BCDMS / SO3H as a function of time,
C(Tyr) = 0.0005 mol/l, solution pH = 5.5
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