ACIDITY CHARACTERIZATION AND ADSORPTION CHARACTERISTICS
OF COBALT AND LEAD DOPED SBA-15 MESOPOROUS MATERIALS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY
ÖZGE GÜNER

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
CHEMICAL ENGINEERING

SEPTEMBER 2007

Approval of the thesis:
ACIDITY CHARACTERIZATION AND ADSORPTION
CHARACTERISTICS OF COBALT AND LEAD DOPED SBA15
MESOPOROUS MATERIALS

submitted by ÖZGE GÜNER in partial fulfillment of the requirements for the
degree of Master of Science in Chemical Engineering Department, Middle East
Technical University by,
Prof. Dr. Canan Özgen
_____________________
Dean, Graduate School of Natural and Applied Sciences
Prof. Dr. Gürkan Karakaş
Head of Department, Chemical Engineering

_____________________

Prof. Dr. Deniz Üner
Supervisor, Chemical Engineering Dept., METU

_____________________

Asst. Prof. Dr. Mehmet Akçay
Co-Supervisor, Chemistry Dept., Dicle University

_____________________

Examining Committee Members:
Prof. Dr. Timur Doğu
Chemical Engineering Dept., METU

_____________________

Prof. Dr. Deniz Üner
Chemical Engineering Dept., METU

_____________________

Prof. Dr. Gürkan Karakaş
Chemical Engineering Dept., METU

_____________________

Asst. Prof. Dr. Emrah Özensoy
Chemistry Dept., Bilkent University

_____________________

Asst. Prof. Dr. Ayşen Yılmaz
Chemistry Dept., METU

_____________________

Date:
b

September 7, 2007

I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also
declare that, as required by these rules and conduct, I have fully cited and
referenced all material and results that are not original to this work.

Name, Last name : Özge GÜNER
Signature :

iii

ABSTRACT

ACIDITY CHARACTERIZATION AND ADSORPTION CHARACTERISTICS
OF COBALT AND LEAD DOPED SBA15 MESOPOROUS MATERIALS

Güner, Özge
M.S., Department of Chemical Engineering
Supervisor: Prof. Dr. Deniz Üner
Co-Supervisor: Asst. Prof. Dr. Mehmet Akçay
September 2007, 62 Pages

In this study, the surface acidity of Co and/or Pb doped SBA15 mesoporous
catalysts were investigated by both diffuse reflectance fourier transform (DRIFT)
infrared spectroscopy and transmission mode fourier transform infrared
spectroscopy. Pyridine was used to identify the Brønsted and Lewis acid sites of the
surface, at room temperature. From the DRIFT spectrum typical stretching
vibrations of isolated terminal silanol (Si-OH) groups were observed for all the
catalysts. These silanol group bands dissappeared after pyridine adsorption,
indicating that these silanol groups are acidic and serve as chemical adsorption sites
for pyridine. Pyridine adsorption on these catalysts revealed that while
monometallic additions did not influence the overall acidity of SBA15, in the
bimetallic system, characteristic bands due to pyridine adsorption on Co2+ ions were
observed.
Keywords: SBA15, Co, Pb, DRIFTS, pyridine
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ÖZ

KOBALT VE KURŞUN KATKILI SBA15 MESAPOROUS YAPILI
MALZEMELERİN ASİTLİĞİ VE ADSORPSİYON ÖZELLİĞİ

Güner, Özge
Yüksek Lisans, Kimya Mühendisliği Bölümü
Tez Yöneticisi: Prof. Dr. Deniz Üner
Ortak Tez Yöneticisi: Yrd. Doç. Dr. Mehmet Akçay
Eylül 2007, 62 Sayfa

Bu çalışmada Co ve/veya Pb katkılı SBA15 mezapor yapılı katalizörlerin yüzey
asitliği incelenmiştir. Analizler hem Diffuse Reflectance Fourier Transform
(DRIFT) infrared spectroscopy hem de transmisyon spektroskopisi yöntemiyle
yapılmıştır. Yüzeydeki Lewis ve Brønsted asitliğini ayırt edebilmek için piridin
adsorpsiyonu yöntemi kullanılmıştır. DRIFT analizi sonucunda tüm katalizör
yüzeylerinde silisyum oksit yüzeyinde görülen tipik Si-OH grubuna ait spektrum
görüldü.

Piridin

adsorpsiyonu

sonunda

alınan

spektrumda

Si-OH

band

kaybolmuştur; bu da yüzeydeki silanol gruplarının asidik özelliğe sahip olduğunu
göstermektedir. Piridin adsorpsiyonu, tek başına Co veya Pb eklenmesinin
SBA15’in asitliğine bir etkisinin olmadığını göstermiştir. Co ve Pb’un beraber
eklenmesi sonucu oluşan bimetalik malzemelerde Co2+ iyonundan kaynaklanan
belirgin bir bandın ortaya çıktığı görülmüştür.
Anahtar kelimeler : SBA15, Co, Pb, DRIFTS, piridin
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CHAPTER I

1. INTRODUCTION

1.1

Exhaust Emissions and Aftertreatment Techniques

The Diesel exhaust contains principally three primary pollutants, unburned or
partially burned hydrocarbons (HCs), carbon monoxide (CO) and nitrogen oxides
(NOx), mostly NO, as well as particulate matter (PM) in addition to other
compounds such as water, hydrogen, nitrogen and oxygen [1].
There are strict regulations for the emission values and thus, research for reducing
the emissions gains importance. In 1980 or 1981 (earlier on some California
vehicles) most vehicle manufacturers began using converters which were designed
to reduce nitrogen oxides (NOx) in addition to HC and CO. Along with these
converters, computer control systems and oxygen sensors were also usually
employed to precisely control the air to fuel (A/F) ratio and mixture controls. These
converters are referred to as three-way converters (TWC) and usually contain the
noble metals platinum and rhodium [2]. Three-way catalyst technology can be
applied in gasoline engine operation under stoichiometric conditions. It is possible
to operate the gasoline engine under lean-burn conditions and this provides some
fuel economy benefit. However, the three-way catalyst is not able to reduce NOx
when running lean. In the presence of excess oxygen in the exhaust gas, NOx can
not be removed by Three Way Catalytic Converters (TWC) [3].
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The pollutant gases emitted from Diesel and Otto engines are reported in
Table 1.1. The effect of the introduction of TWC decreasing the emissions for
gasoline engine is obviously seen.

Table 1.1 Typical emissions of combustion processes (g/kg fuel) [4]

CO

HC

NOx

SOx

Particulate

3-30

0.5-10

5-20

0.5-5

1-10

20-200

10-50

10-60

0.1-1

0.1-0.4

2-30

0.5-5

0.2-4

0.1-1

0.05-0.3

Diesel engine
(light-duty engine)
Otto engine
Otto engine with
TWC

1.2

Health Effects

Vehicles are important sources of air pollution due to the emission of pollutants
including oxides of nitrogen (NOx), carbon monoxide (CO) and particulate matter
(PM). Studies have indicated a correlation between the exposure to exhaust
emissions and increased respiratory symptoms, hospitalization for respiratory
diseases and premature mortality among general population [5].
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1.3

Regulations

Emissions are subject to strict regulations worldwide, due to their environmental
and health hazards. Diesel engine exhaust is a mixture of gases, vapours, liquid
aerosols and particulate matter. It contains combustion products including: carbon
(soot); nitrogen; water; carbon monoxide; aldehydes; nitrogen dioxide; sulphur
dioxide; polycyclic aromatic hydrocarbons. Despite diesel engines have a good fuel
economy, the carbon particle or soot content varies from 60% to 80% depending on
the fuel used and the type of engine. Most of the contaminants are adsorbed onto the
soot. Petrol engines produce more carbon monoxide but much less soot than diesel
engines [6]. Lean fuel mixtures (high A/F ratios) will typically produce higher
amounts of NOx (especially during very hot, lean conditions) and lower amounts of
CO and HC because combustion is more facile [3]. Emission standards adopted by
European Union for passenger cars and light commercial vehicles are summarized
in Table 1.2.

Table 1.2 EU emission standards for Diesel passenger cars, g/km [7]
EURO III

EURO IV

EURO V

EURO VI

(2000)

(2005)

(2009)

(2014)

Gasoline

Diesel

Gasoline

Diesel

Gasoline

Diesel

Gasoline

Diesel

CO

2.30

0.64

1.00

0.50

1.00

0.50

1.00

0.50

HC

0.20

-

0.10

-

0.10

-

0.10

-

NOx

0.15

0.5

0.08

0.25

0.06

0.18

0.06

0.08

PM

-

0.05

-

0.025

0.005

0.005

0.005

0.005
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1.4

NOx Emissions

Nitrogen oxides or NOx is the generic term for a group of highly reactive gases, all
of which contain nitrogen and oxygen in varying amounts. Nitrogen monoxide
(NO) accounts for 95% of all nitrogen oxide emissions [8]. Nitrogen oxides form
when fuel is burned at high temperatures, as in a combustion process. The primary
manmade sources of NOx are motor vehicles, electric utilities, and other industrial,
commercial, and residential sources that burn fuels. NOx causes a wide variety of
health and environmental impacts because of various compounds and derivatives in
the family of nitrogen oxides, including nitrogen dioxide, nitric acid, nitrous oxide,
nitrates, and nitric oxide. NOx leads to the formation of ground-level ozone when
NOx and volatile organic compounds (VOCs) react in the presence of sunlight.

1.5

NOx Abatement

Abatement of dilute NOx in the exhaust gas from lean-burn and diesel engines is of
great concern, since in spite of the application of the two established catalytic
DeNOx technologies, NH3-SCR (selective catalytic reduction) and TWC (three-way
catalyst), the NOx concentration in the atmosphere is still high. Reduction of NOx
with hydrocarbons (HC-SCR) is a promising catalytic technology and much effort
has been devoted to this subject. However, several problems regarding catalysis
remain to be solved [9]. Another method is NOx storage and reduction (NSR) that
is capable of reducing NOx in excess oxygen. As NOx storage component, several
metal oxides (mainly alkaline earth metal oxides) have been proven to be effective
in forming nitrates with NO2. Examples of such metals are barium and strontium
[10]. In a recent study, it was presented that an advanced HC-SCR type of
mesoporous catalysts (HC-SCR catalysts supported on mesoporous materials)
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effectively achieve de-NOx of the lean-burn emissions. Platinum catalysts
supported on the silica and metal substituted silicates established high NO
conversions [11]. The de-NOx properties of the HC-SCR mesoporous catalysts
were compared with those for a typical NOx-storage–reduction-catalyst. The new
catalysts, which basically consist of mesoporous silica or metal-substituted silicates
for supports and platinum for catalytically active species, were found to be very
useful and stable for cleaning lean-burn NOx emissions and alternative to the
conventional NOx-adsorption– reduction-catalysts [12].

1.6

Mesoporous Materials

Mesoporous materials are porous materials with pore diameters in the range of 2-50
nanometers. The mesoporous silicas are made up of frameworks (pore walls) which
are crystallographically amorphous [13]. These materials are special types of
nanomaterials with ordered arrays of uniform nanochannels. They have important
applications in a wide variety of fields such as separation, catalysis, adsorption and
advanced nanomaterials [14]. These mesoporous materials exhibit high surface area
(600–1300 m2/g), and large pore sizes, exhibiting widely potential applications in
industrial catalytic reactions [15 and references therein]. Indeed, these ordered
mesoporous solids were discovered in the early 1990s [16] and have regular, welldefined, and uniform channels. They display both the molecular sieving properties
of zeolites (with much larger pores than the usual microporous aluminosilicates)
and the chemical reactivity of the amorphous silica surface (e.g., they can be
covalently grafted with organic groups, or their organic–inorganic hybrid forms can
be prepared in one-step according to the sol-gel process in the presence of a
structure-directing agent) [17 and references therein]. Stucky et al. [18] have
studied the synthesis of a highly ordered hexagonal mesoporous silica SBA15 with
ultra-large d(100) spacings of 10.4–32.0 nm by using poly (alkylene oxide) triblock
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copolymer. SBA15 has BET surface areas of 690–1040 m2 g-1, large pore sizes of
4.6–30.0 nm, and unusually large pore volumes of up to 2.5 cm3 g-1, with silica wall
thicknesses ranging from 3.1 to 6.4 nm. The improved hydrothermal and thermal
stability make them some of the most promising catalytic materials. One of the
advantages of the thicker walls is the ability to form stable crystal nuclei of the
constitutive oxide within the walls [19 and references therein].
Substituents such as aluminum, titanium and zirconium can be incorporated into the
silica framework to obtain materials for applications such as catalysis and ion
exchange. For this reason, these materials are excellent candidates to be used in
heterogeneous catalysis as both acid catalysts and supports [16 and references
therein]. Among the metal substituted mesoporous materials, aluminumincorporated mesoporous materials have great potential in moderating acidcatalyzed reactions for large molecules [16 and references therein]. However, it is
very difficult to introduce the metal ions directly into SBA15 due to the easy
dissociation of metal-O–Si bonds under strong acidic conditions. In fact, to date,
only a few studies on the direct synthesis of Al-SBA15 have been reported [16 and
references therein]. Many studies have shown that aluminum can be effectively
incorporated into siliceous MCM-41 and MCM-48 materials via various postsynthesis procedures [16].
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1.7

Use of Mesoporous Materials in Catalysis

Mesoporous materials have several possible applications within heterogeneous
catalysis, due to their high surface area and ordered pore structure [20]. 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. In recent years,
environmental and economic considerations have raised strong interest to redesign
commercially important processes so that the use of harmful substances and the
generation of toxic waste could be avoided. In this respect, heterogeneous catalysis
can play a key role in the development of environmentally benign processes in
petroleum chemistry and in the production of chemicals [21]. The amorphous pore
walls give mesoporous silicas a great deal of flexibility in terms of their
composition and pore channel structure and allow post-synthesis modifications
which may be performed for pore size control framework stabilization,
compositional modifications or the formation of mesoporous/zeolite composite
materials [22 and references therein]. But unfortunately, these mesoporous
materials have relatively low catalytic activity and hydrothermal stability, which
severely hinders their practical applications in catalysis. The relatively low
catalytical activities of mesoporous materials can be typically attributed to the low
acidity or low oxidation ability of catalytically active species, which is strongly
related to the amorphous nature of the pore walls. Therefore, increasing acidity,
oxidation ability, and hydrothermal stability are great tasks for rational syntheses of
ordered mesoporous materials [15 and references therein].
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1.8

Cobalt-based catalysts

Heterogeneous cobalt-based catalysts have several applications in the chemical
industry and have been investigated for several different reactions. In fact, due to
the redox properties of cobalt species, they can be applied in the reduced state for
hydrogenation reactions, but also in the oxidized state for oxidation. In particular,
reduced Co catalysts are active for CO hydrogenation to methanol and higher
alcohols [23] and to hydrocarbons, in the Fischer–Tropsch (FT) synthesis process
[24]. In the former case, good selectivities to linear higher alcohols can be obtained,
while in the latter case, good activity/selectivity properties in hydrocarbons
synthesis and, at the same time, higher resistance to oxidation and low water-gas
shift activity are observed. Deactivation processes, however, are reported and
mainly attributed to re-oxidation of metal centers by water [25,26], one of the FT
process products. Various studies, applying several analytic techniques, have also
been performed on the nature of the interaction between Co ions and the support
[27], the reducibility of Co species [28], their dispersion and the influence of
calcination temperature [29]. Oxidized cobalt species are active for several
oxidation reactions, such as total oxidation of hydrocarbons [30] and of ammonia to
NO [31]. Co containing zeolites are active in hydrocarbon ammoxidation [32] and
for reducing NO with methane in oxidizing atmosphere [33,34] so allowing the
denitrification (De-NOxing) of waste gases. Co2+ ions exchanging the protons of the
protonic zeolites are considered to be the active sites [30,35]. Recently, it has been
proposed that a cooperation between the transition metal cations and Brønsted acid
sites can occur upon CH4-SCR [36]. According to Yan et al. [37], Co cations act in
the oxidation of NO to NO2 while Brønsted sites act in the true reduction step by
methane. On the contrary, Kauchy et al. [34] suggest that Brønsted sites enhance the
activity in oxidizing NO to NO2. Strong drawbacks are the hydrothermal instability
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of these catalysts [38], their poisoning by SOx [39] and their strong activity only in
oxidizing NO to NO2 [40].

1.9

Infrared Spectroscopy

Infrared spectroscopy can be considered as one of the first important modern
spectroscopic technique that found general acceptance in catalysis. The most
common application of infrared spectroscopy in catalysis is to identify adsorbed
species and to study the way in which these species are chemisorbed on the surface
of the catalyst. In addition, the technique is useful in identifying phases that are
present in precursor stages of the catalyst during its preparation. Sometimes the
infrared spectra of adsorbed probe molecules such as CO, NO, pyridine, NH3 give
valuable information on the adsorption sites that are present on a catalyst [41].
Infrared spectroscopy (IR Spectroscopy) is the subset of spectroscopy that deals
with the infrared (IR) region of the electromagnetic spectrum. It covers a range of
techniques, with the most common type by far being a form of absorption
spectroscopy.

1.10

Subdivisions of the Infrared Region

The infrared portion of the electromagnetic spectrum is divided into three regions;
the near-infrared, mid-infrared or fundemental infrared, and far- infrared, named for
their relation to the visible spectrum. The reason for this subdivision are that there
are variations in the instrumentation employed in each subdivision, and also
differences in the kind of information obtained from each region [41].
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-

Far-infrared: The far-infrared, approx. 10-200 cm-1 (1000-50 µm), lying
adjacent to the microwave region, has low energy and may be used for
rotational spectroscopy.

-

Mid- infrared: The mid- infrared, approx. 200-4000 cm-1 (50-2.5 µm),
may be used to study the fundamental vibrations and associated
rotational-vibrational structure. In this region majority of molecular
vibrations of chemical significance occur, and which therefore is the
most widely useful region of the infrared electromagnetic spectrum.

-

Near-infrared: While the higher energy near-IR (4000-10000 cm-1 (2.5-1
µm)) can excite overtone or harmonic vibrations.

In IR-spectroscopy units of µ (micron) is generally used to express wavelength,
whereas cm-1 (wavenumber) is used to express frequency.

1.11

Infrared Spectrum

The presence of chemical bonds in a material is a necessary condition for infrared
absorbance to occur, because atoms groups or molecules have specific frequencies
at which they vibrate corresponding to energy levels. Functional groups tend to
absorb infrared radiation in the similar wavenumber range regardless of the
structure of the rest of the molecule. This means that there is a correlation between
the energy at which a molecule absorbs infrared radiation and its structure. This
correlation allows the structure of an unknown molecule to be determined from its
infrared spectrum, and allows spectra of different samples to be compared to each
other to see if they are the same. The correlation between infrared band positions
and the chemical structure is what makes infrared spectroscopy a useful chemical
analysis tool. Most commonly, spectra are obtained from 4000 to 400 cm-1. The
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wavenumber range of a spectrum is usually determined by the infrared spectrometer
on which the sample is examined.
The y-axis of an infrared spectrum is plotted in absorbance or in transmittance units.
Absorbance is defined as follows:
A = log(I 0 I)

(1-1)

Where
A = Absorbance
I = light intensity with a sample in the infrared beam (sample spectrum)
I0=light intensity measured with no sample in the infrared beam
(background spectrum)
The I0 in equation (1-1) is the “background” spectrum typically measured before the
sample spectrum in an FTIR (Fourier Transform Infrared Spectrometer). The
purpose of I0 is to measure the contribution of the spectrometer and the environment
to a spectrum. The parameter I contains contributions from the sample, instrument,
and the environment. By taking the ratio of I0 to I, the instrument and environment
contributions cancel and only the sample’s spectrum is retained. Absorbance is the
log of I0/I, and is a unitless quantity. The upward pointing peaks in an absorbance
spectrum represent wavenumbers at which the sample absorbed infrared radiation.
Transmittance is defined as follows:
T = I I0

(1-2)

Where
T = Transmittance
I = light intensity with a sample in the infrared beam (sample spectrum)
I0=light intensity measured with no sample in the infrared beam
(background spectrum)
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In a transmittance spectrum, the peaks point down and represent wavenumbers at
which the sample transmitted little infrared radiation. The units of transmittance are
percent, with the scale typically from 0 to 100%.
Combination of the equations (1-1) and (1-2) gives the relationship between
absorbance and transmittance as:

A = log(1 T)

(1-3)

For spectra being used in quantitative analysis (measuring concentrations), the Y
axis unit must be in absorbance. This is because absorbance and concentration of an
absorbing species are linearly proportional [42]. Transmittance and concentration
are not linearly proportional. When interpreting a spectrum for qualitative purposes
one is not concerned about concentration, but the positions, relative intensities, and
widths of the features in a spectrum, it is a matter of personal preference whether to
plot spectra in absorbance or transmittance [43].

1.12

Theory of molecular vibrations

Vibrations in molecules or in solid lattices are excited by the absorption of photons
(infrared spectroscopy), or by scattering of photons (Raman spectroscopy), electons
(electron energy loss spectroscopy) or neutrons (inelastic neutron scattering). If the
vibration is excited by the interaction of the bond with a wave fields, as with
photons and electrons, the excitation is subject to strict selection rules [41].
The vibrational motion excited by infrared absorbance is complex. Fortunately, the
complex vibrational motion of a molecule can be broken down into a number of
constituent vibrations called normal modes. Molecules vibrate at specific
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frequencies. Different molecules vibrate at different frequencies because their
structures are different. This is why molecules can be distinguished using infrared
spectroscopy.
Total number of normal modes for a molecule, which gives the total number of
vibrations that a molecule possesses follows from the following considerations. A
molecule consisting of N atoms has 3N degrees of freedom. Three of these are
translational degrees of freedom of the molecule and three are rotations of the
molecule along the three principle axes of inertia. Linear molecules have only two
rotational degrees of freedom, as no energy change is involved in the rotation along
the main axis. Thus, the number of fundamental vibrations is 3N-6 for a non-linear
and 3N-5 for a linear molecule. In addition, there are overtones and combinations of
fundamental vibrations. Fortunately, however, not all vibrations are visible.
There are four types of vibrations, as illustrated in Figure 1.1, each with a
characteristic symbol;

•

Stretch vibrations (symbol ν ), changing the length of a bond,

•

Bending vibrations in one plane (symbol δ ), changing bond angles
but leaving bond lengths unaltered (in larger molecules further
divided into rock, twist and wag vibrations),

•

Bending vibrations out of plane (symbol γ ), in which one atom
oscillates through a plane defined by at least three neighboring
atoms,

•

Torsion vibrations (symbol σ ) changing the angle between two
planes through atoms.
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Figure 1.1 Fundamental vibrations of several molecules [41]

When a molecule absorbs infrared light, it gives rise to a peak in the infrared
spectrum of the molecule at the wave number of light absorbed. However, not every
vibration of a molecule can be excited by infrared radiation. The number of normal
modes acts as a rough guide to how many infrared bands a molecule may have, but
cannot provide an exact number.
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1.13

Absorption of Infrared Radiation

In order for a molecule to absorb radiation it must (1) possess a vibrational or
rotational frequency the same as that of the electromagnetic radiation, and (2) a
change in the magnitude and/or direction of the dipole moment must take place. It
is not necessary that the molecule should possess a permanent dipole: it is sufficient
if a dipole moment changes during the vibration. The intensity of the infrared band
is proportional to the square of the change in dipole moment.
The resonant frequencies or vibrational frequencies are determined by the shape of
the molecular potential energy surfaces, the masses of the atoms and, eventually by
the associated vibronic coupling. In order for a vibrational mode in a molecule to be
IR active, it must be associated with changes in the permanent dipole. Nevertheless,
the resonant frequencies can be in a first approach related to the strength of the
bond, and the mass of the atoms at either end of it. Thus, the frequency of the
vibrations can be associated with a particular bond type.
Simple diatomic molecules have one bond, double or triple bonds, which may
stretch. More complex molecules may have many bonds, and vibrations can be
conjugated, leading to infrared absorptions at characteristic frequencies that may be
related to chemical groups.
The group frequency concept states that functional groups in molecules may be
treated as independent oscillators, irrespective of the larger structure to which they
belong. Infrared frequencies are characteristic to certain bonds in molecules and can
also be used to identify species on surfaces.
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The infrared region between 4000 and 200 cm-1 can be roughly divided into four
regions [41]:

•

The X-H stretch region (4000-2500 cm-1), where strong
contributions from OH, NH, CH and SH stretch vibrations are
observed,

•

The triple band region (2500-2000 cm-1), where contributions from
gas

phase

CO

(2143

cm-1)

and

linearly

adsorbed

CO

-1

(2000-2200 cm ) are seen,
•

The double band region (2000-1500 cm-1), where in catalytic
studies bridge-bonded CO and CO adsorbed on threefold sites, as
well as carbonyl groups in adsorbed molecules (around 1700 cm-1),
absorb

•

The fingerprint region (1500-500 cm-1), where all single bonds
between carbon and elements such as nitrogen, oxygen, sulfur and
halogens absorbed

•

The M-H or metal-adsorbate region ( around 200-450 cm-1), where
the

metal-carbon,

metal-oxygen

and

metal-nitrogen

stretch

frequencies in the spectra of adsorbed species are observed,
In order to measure IR spectrum of a sample, a beam of infrared light is passed
through the sample, and the amount of energy absorbed at each wavelength is
recorded. This may be done by scanning through the spectrum with a
monochromatic beam, which changes in wavelength over time, or by using a
Fourier transform instrument to measure all wavelengths at once. From this, a
transmittance or absorbance spectrum may be plotted, which shows at which
wavelengths the sample absorbs the IR, and allows an interpretation of which bonds
are present.
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This technique works almost exclusively on covalent bonds. Clear spectra are
obtained from samples with few IR active bonds and high levels of purity. More
complex molecular structures lead to more absorption bands and more complex
spectra. The technique has been used for the characterization of very complex
mixtures however.

1.14

FTIR (Fourier Transform Infrared Spectrometer)

A Fourier Transform is a mathematical conversion that allows the split of the entire
infrared light spectrum simultaneously, then converting the scanning results
mathematically into a wavelength versus absorbance spectra. Combined together
these two functions provide Fourier Transform Infrared Spectroscopy (FTIR) as an
instrument that can be used in the identification and characterization of both organic
and inorganic compounds. The relative simplicity of the resulting FTIR analytical
methods allows it to be widely used for the analysis of a wide range of different
materials [44].
The early-stage IR instrument is of the dispersive type, which uses a prism or a
grating monochromator. The dispersive instrument is characteristic of a slow
scanning. As shown in Figure 1.2, a Fourier Transform Infrared (FTIR)
spectrometer obtains infrared spectra by first collecting an interferogram of a
sample signal with an interferometer, which measures all of infrared frequencies
simultaneously. An FTIR spectrometer acquires and digitizes the interferogram,
performs the FT function, and outputs the spectrum.
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Figure 1.2 Schematic illustration of FTIR system [45]

An interferometer utilizes a beamsplitter to split the incoming infrared beam into
two optical beams. One beam reflects off of a flat mirror which is fixed in place.
Another beam reflects off of a flat mirror which travels a very short distance
(typically a few millimeters) away from the beamsplitter. The two beams reflect off
of their respective mirrors and are recombined when they meet together at the
beamsplitter. The re-combined signal results from the “interfering” with each other.
Consequently, the resulting signal is called interferogram, which has every infrared
frequency “encoded” into it. When the interferogram signal is transmitted through
or reflected off of the sample surface, the specific frequencies of energy are
absorbed by the sample due to the excited vibration of function groups in
molecules. The infrared signal after interaction with the sample is uniquely
characteristic of the sample. The beam finally arrives at the detector and is measure
by the detector. The detected interferogram can not be directly interpreted. It has to
be “decoded” with a well-known mathematical technique, Fourier Transformation.
The computer can perform the Fourier transformation calculation and present an
infrared spectrum, which plots absorbance (or transmittance) versus wavenumbers.
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IR instruments today can be operated in either the transmission or reflectance mode.
In the past, analyses were often limited by the thickness of the samples, the sample
shape, and the sample's bulk quantity. These limitations have been largely
overcome by the use of adapters that change the presentation of the samples to the
IR beam. Diffuse Reflectance accessories allow the analysis of the surface of the
coatings and allow comparison of the bulk properties with the surface properties of
a material.
Several forms of infrared spectroscopy are in use, as illustrated in Figure 1.3. Each
has its own unique advantages for optimizing the quality of the spectrum obtained.

Figure 1.3 Ways to perform vibrational spectroscopy [41]
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The application of IR in catalysis and surface science can be presented in a similar
way in Figure 1.4. Two of the classical IR techniques are still the most popular.
They are transmission and diffuse reflectance [46].

This is largely connected of the difficulties encountered with in situ studies, which
nevertheless are of increasing significance. Moreover, monitoring of the presence
and behavior of adsorbed molecules on metal surfaces during heterogeneous
catalytic reactions is of central importance for elucidating reaction mechanisms.

Figure 1.4 Application of IR spectroscopy in catalysis and surface science [46]
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1.14.1 Transmission Infrared

The most common form of the technique is transmission infrared spectroscopy. The
transmission sampling technique involves passing the infrared energy through the
sample and detecting that portion of the beam that is transmitted, i.e. not absorbed.
The infrared beam passes through the sample and the energy that comes through the
sample is measured versus the respective wavelength to generate a spectrum.
Widely used technique for the investigation of solid samples in the transmission
mode is the pressing of an alkali halide pellet (most often a potassium bromide
pellet). The method consists of grinding the sample together with pure, dry
spectroscopic grade KBr to a fine powder, then transferring the mixture to a
compression die. The mixture is then placed under high pressure until the mixture
forms a pellet that is transparent to infrared light [44]. In this case the sample
consists typically 10-100 mg catalyst, pressed into a self-supporting disk of
approximately 1 cm2 and a few tenths of millimeters in thickness.

1.14.2 Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS)

When Diffuse Reflectance is applied in MIR area with an Fourier transform it is
known as diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
[46]. DRIFTS is a technique that collects and analyzes scattered IR energy. It is
used for measurement of fine particles and powders, as well as rough surfaces (e.g.,
the interaction of a surfactant with the inner particle, the adsorption of molecules on
the particle surface). Sampling is fast and easy because little or no sample
preparation is required.
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When the IR beam enters the sample, it can either be reflected off the surface of a
particle or be transmitted through a particle. The IR energy reflecting off the surface
is typically lost. The IR beam that passes through a particle can either reflect off the
next particle or be transmitted through the next particle. This transmissionreflectance event can occur many times in the sample, which increases the path
length. Finally, as shown in Figure 1.5 such scattered IR energy is collected by a
spherical mirror that is focused onto the detector. The detected IR light is partially
absorbed by particles of the sample, bringing the sample information.

Figure 1.5 Schematic illustration of DRIFTS system [47]

DRIFT eliminates the need for tedious and time-consuming preparation of KBr
pellets. Samples (powders, organics, inorganics) can be analyzed neat or easily
mixed into a sampling matrix consisting of potassium bromide (KBr) or potassium
chloride (KCl). The precision on-axis optics of the accessory provides the ultimate
energy throughput for nanogram (low ppm) levels of sensitivity for most samples.
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There are three ways to prepare samples for DRIFTS measurement [47]:
1. Fill the micro-cup with the powder (or the mixture of the powder and KBr).The
diffuse reflectance accessory uses a focusing mirror to focus the beam on the
sample surface and collect the IR photons. The micro-cup needs to be filled
consistently in order to keep the focus.
2. Scratch the sample surface with a piece of abrasive (SiC) paper and then
measuring the particles adhering to the paper.
3. Place drops of solution on a substrate. If colloids or powders are dissolved or
suspended in a volatile solvent, you can place a few drops of the solution on a
substrate, and then evaporate the solvent, subsequently analyze the remaining
particles on the substrate.
It is well known that particle size is a key variable in a transmission measurement
with the pellet method. Large particles will result in the scattering of the energy,
leading to the shift of the spectrum baseline and the broadening of IR bands. The
scenario becomes worse in a diffuse reflectance measurement, because the infrared
light travels in the sample for a long period and the optics collects a large portion of
the distorted energy. Therefore, it is important to grind the sample particles to 5
microns or less [47].
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1.14.3 Advantages of FTIR Spectroscopy

FTIR spectroscopy produces conventional spectrum and it has several important
advantages.
-

The amount of sample required is relatively small.

-

FTIR method is a rapid and sensitive technique with sampling
techniques that are easy to use.

-

Since a computer is already used to obtain the Fourier transform, it is
easy to perform many scans to improve the signal-to-noise ratio (noise
adds up as the square root of the number of scans, whereas signal adds
linearly).

-

The instrumentation operation is simple. Interpretation of the spectra is
not particularly difficult and can be learned easily.

-

There is no light scattering or fluorescent effects.

-

Kinetic and time-resolved studies are possible
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CHAPTER II

2.LITERATURE SURVEY

3.

The first report of the systematic use of infrared radiation is due to Coblentz in
1905, who investigated water in minerals [48]. Investigations of hydroxyl groups
and adsorbed molecules on oxides were made by Terenin and coworkers in Russia
in the forties, as described by Kiselev and Lygin [49]. This work was done in the
near infrared region, which offers the advantages that glass is transparent to
radiation in this region and the construction of cell is easy. Commercial infrared
instruments became available in the 1940s [41]. The first study in the mid-infrared
region in catalysis were done in the pioneering work of Einchens and Plinskin, as
described in their review of 1958 [50].

2.1

Hydroxyl Groups on the Surface of Silica

Hydroxyl groups on the surface of oxidic supports are important in catalyst
preparation, because they provide sites where catalyst precursors may anchor to the
support. These OH groups may posses positive, zero or negative charge and are
called acidic, neutral or basic, respectively [41].
In the book of J.W. Niemantsverdriet [41] (Figure 2.1), DRIFT spectrum of
hydroxyl on silica support is shown. The hydroxyl range between 3800 and 3000
cm-1 contains contributions from adsorbed water and several hydroxyl groups on the
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SiO2 surface. The broad absorption band around 3550 cm-1 is due to hydrogen
bonded OH groups, the sharp peak at 3740 cm-1 corresponds to single OH groups
that have no interaction with other hydroxyls [41]. The peak around 3660 cm-1 is
through to belong to OH groups inside the silica, because unlike the other OH
signals it is not affected by exposing the sample to heavy water, D2O [41 and
references therein].

Figure 2.1 DRIFT spectrum of a silica support [41]

The active silica surface with large specific surface area is of great importance in
adsorption and ion exchange. These properties are well studied, even though shape
of silica surface is basically unknown. At the surface, the structure terminates in
either siloxane group (≡Si–O–Si≡) with the oxygen atom on the surface, or one of
the several forms of silanol groups (≡Si–OH) [51].
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The silanol groups could be isolated (free silanol groups), where the surface silicon
atom has three bonds into the bulk structure and the fourth to OH group and the
vicinal or bridged silanols, where two isolated silanol groups attached to two
different silicon atoms are bridged by H-bond. A third type of silanols called
geminal silanols consists of two hydroxyl groups attached to one silicon atom
(Figure 2.2) [51 and references there in]. The geminal silanols are close enough to
have H-bond whereas free silanols are too far separated. The pioneering work by
Ong et al. has shown the presence of two types of silanol at the silica/water
interface with pKa values 4.9 and 8.5 with surface population of 19 and 81%,
respectively [52]. The silanol groups with lower pKa value (4.9) are believed to be
isolated silanol groups with no hydrogen bonding with its neighbor. The fact for
considering them as isolated silanol is due to easy dissociation of hydroxyl
hydrogen compared to other silanols coupled through hydrogen bond. Other type of
silanols with higher pKa value (8.5) is believed to be those connected to each other
through H-bonding directly or via the bridging water molecule. Allen et al. reported
similar results for silanol groups on the surface of silica sol particles, where isolated
silanol and bridged silanols have pKa values 5.5 and 9.0 with surface population of
15 and 85%, respectively [53].

Figure 2.2 The silanol groups [51]
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Instrumental methods of surface characterization provide supports for presence of
geminal hydroxyl groups on silica surface. In silica, using infrared spectroscopy,
Van Cauwelaert et al. [54] identified the 3745 cm−1 band to be due to both isolated
and geminal silanols. McFarlan and Morrow [55,56] reported the same band at 3743
cm−1 for precipitated silica and aerosil to be due to a pair of vicinal isolated silanols,
which are sufficiently far away from each other and do not have significant
interaction, e.g. strong hydrogen bonding and behave as isolated silanol. Smirnov
[57] assigned the bands of 3745 and 3747 cm−1 to isolated and geminal silanols,
respectively.
Quantitative determination of surface bound groups, especially isolated silanols, on
silica particles by IR spectroscopy can be achieved by using suspensions of silica
powder in CCl4. According to Laufer [58] this reproducible and rapid technique of
silanol determination can be used for a clear distinction between the “isolated” and
“bonded” silanol groups.
In the region 400–4000 cm−1, it is difficult to distinguish between adsorbed water
and actual surface silanols by IR spectroscopy. Kratochvila et al. [59] investigated
the near infrared spectrum of silica gel to test a concluded hypothesis regarding
number of hydroxyl groups (αOH). They assigned the peak positions at 5235, 4425
and 4505 cm−1 to adsorbed water, free OH and free + bridged water, respectively.
The silicon atoms to which they are attached are presumably tetrahedrally
coordinated to three other oxygen atoms and hence to the bulk silica, the inference
being that, at low temperatures, the surface silicon atoms prefer to complete their
coordination requirements by attachment to the monovalent hydroxyl groups than
by formation of stained siloxane-type groups, or charged species such as –O- (first
group in Figure 2.2) [60].
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The term vicinal hydroxyl groups is sometimes applied to OH groups that are
adjacent on the surface (second group in Figure 2.2) and, where two hydroxyl
groups are attached to the same silicon atom the term geminal groups has been
used (third group in Figure 2.2) [60] .
The strong, broad adsorption band that appears to peak at about 3500 cm-1 is
attributed to molecular water that is physically adsorbed upon the surface. Addition
of water to a completely dehydrated sample of silica gel causes the appearance of
bands at 3400 and 1635 cm-1 [60].
Heating a fully hydroxylated silica gel to 400°C evidently causes a fundamental
change to occur in the nature of the silica surfaces. From the gravimetric data on the
number of condensed hydroxyl sites that can be rehydrated, as compared with the
total number of hydroxyl sites existing on the silica surface it was seen that [60] :
1. Truly physically adsorbed water is completely removed by pumping at room
temperature.
2. Surface silanol groups start to condense and eliminate water at about 170°C
3. The dehydration is completely reversible up to about 400°C
4. Above 400°C the dehydration is not reversible and the amount of
chemisorption that can occur is an inverse function of the temperature of
heat treatment.
5. Above 850°C no chemisorption of water can occur and the surface is
hydrophobic.
6. Sintering starts to occur above 900°C.
Hydroxyl groups can range from the basic OH- group to the covalent phenolic
group to the acidic O-H+ group, and the physical adsorption process can be regarded
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as an acid-base solvent interaction between the surface hydroxyl groups and the
basic adsorbate. The acid hydroxyl groups have been termed Bronsted sites in order
to distinguish these protonic acids from the electron-abstracting or Lewis acid sites
that exist on many surfaces [60].
Silanol group in liquid silanols occurs at about 3670-3690 cm-1. The same group,
freely vibrating on the silica surface, is observed at 3750 cm-1 [60].

2.2

Surface Acidity

Although the surface is the place of catalytic activity, only a part is utilized in the
catalytic reaction. In catalysts based on supported metals only a little fraction of the
solid total surface is occupied by the active centre (that is the metal particle). Acidic
sites are generally regarded as the active centers on certain oxides, which catalyse
with hydrocarbons, such reactions as cracking, isomerization and polymerization. In
acid catalysts the acid sites not only occupy a little fraction of the surface, but also
differ in acid strength and sometimes in nature. To understand how a catalyst
works, why a sample gives better performance than others or why activity decays
by time, the knowledge on the number and on the nature of active sites is
indispensable [61]. Catalytic activity of mixed metal oxide systems for reactions
involving hydrocarbons is largely dependent upon the nature, strength and
concentration of surface acid sites. Weak acid centres may not be catalytically
active, while very strong acid sites often lead to catalyst deactivation by coking.
Hence, characterization of surface acidity is a prime requirement to understand
catalytic activity, and it also helps proper design of convenient synthesis routes
[62]. Qualitative information concerning the relative strengths of the sites has been
sought studying the ability of the surface to chemisorbed bases of different strength.
Information regarding the concentration of acid sites of various types has been
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obtained by quantitative measurements of the amounts of bases that have been
adsorbed [63].
The acid sites on oxides surfaces are considered to be of two types. Lewis acid sites,
capable of accepting electrons from the adsorbate molecules and Brønsted acid
sites, which can donate a proton to the adsorbate molecule. These two sites,
generally are considered to be independent [63]. The addition of small amounts of
water to the surface with Lewis acid sites will convert these to Brønsted sites, which
are able to donate protons required for the formation of carbonium ions. Excess
water will compete with hydrocarbons for adsorption sites and thus lead to decrease
catalytic activity. It has been reported often that, an optimum amount of water needs
to be needed to obtain maximum activity [63].

2.3

Characterization of surface acidity

Catalytic activity of mixed metal oxide systems for reactions involving
hydrocarbons is largely dependent upon the nature, strength and concentration of
surface acid sites. Weak acid centres may not be catalytically active, while very
strong acid sites often lead to catalyst deactivation by coking. Hence,
characterisation of surface acidity is a prime requirement to understand catalytic
activity, and it also helps proper design of convenient synthesis routes [64].
Several techniques had been used to measure acidity including the use of indicators,
titration with bases using indicators, measurement of quantity of chemisorbed
ammonia at various temperatures, the use of dealkylation rates, the use of
isomerization and dehydration rates , and the determination of the IR spectrum of
chemisorbed small base molecules often pyridine, CO, NH3, or NO. None of the
methods mention above except the last one distinguishes between protonic acidity
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(Brønsted) and aprotonic acidity of the Lewis type. Some of the procedures also
suffer from other disadvantages such as diffusion limitations and/or extraneous
physical adsorption.

2.3.1 Spectroscopic detection of the surface acid sites: The method of the
adsorbed probe-molecules

The IR and Raman spectroscopic detection of the surface acido-basic centers is
based on the observation of the vibrational perturbation undergone by probemolecules when they adsorb on them. Adsorption on ionic oxides mainly involves
acido-basic interactions. Basic molecules adsorb on acid sites while acid molecules
adsorb on basic sites.
As the type of probe molecule chosen will influence the obtained characteristics of
the probed solid and, hence, will also affect the structure–activity relationship
derived, the choice of the appropriate molecule is very important. It is summarised
the most important criteria [46]:
-

The probe molecule should have dominating and rather weak acidic
properties;

-

The IR spectrum of the sorbed probe molecule should allow to distinguish
between protonic (Brønsted) and aprotic (Lewis) acid sites;

-

The probe molecule should allow to differentiate between acid sites of the
same type, but of different strength;

-

The size of the probe molecule should be comparable to the size of the
reactant to probe the concentration of acid sites relevant for a particular
reaction
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In spite of its toxicity, bad smell, given rise to pollution of the vapor-manipulation
ramps, pyridine is the most largely used basic probe molecule for surface acidity
characterization [63]. The adsorption of pyridine was first employed by Parry [65]
to detect Lewis and Brønsted acid sites on acidic solids. While pyridine is also a
relatively strong base, it is a significantly weaker base than ammonia (pKb pyridine
∼9; pKb ammonia ∼5), and thus will not react with some of the weaker sites that
would react with ammonia [65]. An indication might thus be obtained of the
strength of the protonic sites on some weakly acidic solids. The use of much weaker
bases would be helpful to further delineate acid strength.
Pyridine spectrum is very similar to that of benzene, the normal modes of vibration
of the two molecules is also very similar. The pyridine molecule, C5H5N, is
constituted by 11 atoms, so that 27 vibrational degrees of freedom (3x11-6)
correspond to vibrational modes of pyridine is derived from that of the parent
molecule benzene, C6H6, which has one atom more and consequently three
additional vibrational modes. The lower symmetry of pyridine (point group C2v)
with respect to benzene (point group D6h) gives rise to the splitting of all doubly
degenerate vibrational modes of benzene into two non-degenerate vibrational
modes. Almost all vibrational modes of the pyridine molecule, strongly coupled, are
sensitive to the strength of the interaction involving its nitrogen lone pair [63].

The normal modes of vibration of benzene are shown schematically in Figure 2.3
[66 and references therein]. The normal modes of pyridine, as a first approximation,
may be taken as those of benzene, except that three hydrogen vibrations (one
stretching and two bending) will be lacking in pyridine [66]. In the study of
Turkevich and Kline [66], the pyridine vibrations had been numbered according to
the more and less analogous benzene vibrations, and vibrations 7a, 9b, and 17b had
been omitted.
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The ring vibration modes 19a, 19b, 8a and 8b, especially modes 8a and 19b
according to the assignment of Kline and Turkevich [66], are the most sensitive
vibrations with regard to the nature of inter molecular interactions via the nitrogen
lone pair electrons.
Parry [65], found that coordinately bonded pyridine and hydrogen bonded pyridine
have bond in the region 1440-1465 cm-1 region, pyridinium ion does not have a
band in this region.

Figure 2.3 Normal modes of vibrations of benzene [66]
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In Figure 2.3, the two component of each degenerate vibration are donated by a and
b. Component of a is symmetrical to a twofold axis through the para carbon atoms,
and component b asymmetrical [66].

The adsorption of pyridine on catalyst surfaces giving rise at least to four adsorbed
species as reported by Busca [63] are presented in Figure 2.4. Species I is the
product of the interaction of pyridine with Lewis acidic M cationic centers. Species
II and/or III are the product of the interaction of pyridine molecules via H-bonding
with the weakly acidic surface hydroxyl groups of the catalyst. Species IV is the
interaction of pyridinium cations, associated to a total proton transfer from the
Bronsted acidic surface OH group to the basic molecule.
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Figure 2.4 Adsorption of pyridine on catalyst surfaces [63]
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In Table 2.1 the position of the sensitive vibration modes 19a, 19b, 8a, 8b of
pyridine is reported.

Table 2.1 Position of the sensitive vibration modes of pyridine [63]

Lewis acidity

Bronsted acidity

Mode

Position (cm-1)

Mode

Position (cm-1)

ν8a

1632-1580

ν8a

∼1640

ν8b

1577

ν8b

∼1608

ν19a

1481

ν19a

1535

ν19b

1455-1438

ν19b

∼1540
1485

In the study of G. Busca [63], the interaction of pyridine with silica-alumina, the
bands at 1597 and 1446 cm-1 are due to the 8a and 19b modes of pyridine molecules
interacting via H-bonding with the weakly acidic surface hydroxyl-groups of the
catalyst (species II and/or III in Figure 2.4) while the bands at 1623 and 1455 cm-1
are due to the same modes of pyridine molecularly coordinated on Al+3 cations,
acting as Lewis acid sites (species I in Figure 2.4) [63].
In the study of A.L. Petre et al. [67], for supported gallium oxide catalysts, bands
were observed at 1620 and 1610 cm-1 and 1455 and 1448 cm-1 (two split broad
bands) for Ga12-Ti, 1619 cm-1 (shoulder at 1445 cm-1) for Ga12-Zr, 1622 and 1458
cm-1 for Ga22-Al, 1621 and 1458 cm-1 for Ga32-Si, and 1620 and 1456 cm-1 for
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bulk Ga2O3 . These bands are due to pyridine coordinatively adsorbed at Lewis acid
sites.
In the study of Z.Luan et al. [68], the adsorption of pyridine on SBA15 and
AlSBA15 results in the appearance of a band at 1545 cm-1 due to pyridinium ions
formed on Brønsted-acid sites and another band at 1450 cm-1 attributed to a
pyridine complex bonded to Lewis-acid sites.
In the study of Chen et al. [69], after the adsorption pyridine on Pt and H3PW12O40
doped Zr-MCM41 catalyst Lewis acid sites were formed on the surface of all the
samples as characterized by the bands at 1445, 1578 and 1595 cm-1. Brønsted acid
sites were also formed as indicated by the absorption band at 1545 cm-1 and 1637
cm-1. In addition to these bands, a band corresponding to pyridine associated with
both, Lewis and Brønsted acid sites, was observed at 1490 cm-1 (noted as B + L acid
sites).
In the study of Russo et al. [70], for Al-MCM41 and Al-MCM48 bands at 1547 and
1638 cm-1 assigned to pyridine adsorbed on Brønsted acid sites, bands at 1455 and
1623 cm-1 assigned to pyridine adsorbed on Lewis acid sites and a band at
1491 cm-1 associated with both Lewis and Brønsted acid sites. There are also
present on the spectra bands at 1447 and 1598 cm-1, which have been ascribed to
hydrogen-bonded pyridine or also to pyridine adsorbed on Lewis acid sites
interacting with Brønsted acid sites.
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CHAPTER III

4. EXPERIMENTAL

5.

3.1

The Catalysts

Co or Pb incorporated SBA15 samples with 5-20% Pb and 5-40% Co weight
loadings were prepared in the study of Akça [71]. Co/Pb doped mixed oxide
catalysts

were

also

synthesized

10%Co25%Pb40%Si,

at

different

10%Co30%Pb40%Si,

weight

percentages

of

20%Co17%Pb15%Si,

40%Co17%Pb15%Si [71].
The synthesis of the pure and metal doped SBA15 mesoporous silica materials were
peformed by following the procedure [71]: In order to prepare pure SBA15
molecular sieve, 9 ml of tetraethyl orthosilicate (TEOS) was added to 150 ml of 1.6
M HCl solution containing 4 g triblock poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide) (EO20-PO70EO20, Aldrich). The mixture was stirred for
24 h at 40 ˚C and was allowed to react at 100 ˚C overnight in Teflon bottles. The
solid material obtained after filtering was finally calcined in air flow at 500 ˚C for
5h. In the preparation of the cobalt modified SBA15, an appropriate amount of
cobalt was introduced simultaneously with TEOS in the form of cobalt chloride
(CoCl2·6H2O, Merck). Pb modified catalyst was prepared similarly introducing lead
in the form of lead acetate ((CH3COO)2Pb·3H2O, Riedel-de Haen) simultaneously
with TEOS. Different loadings of catalysts were prepared with respect to content of
SiO2.
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Brunauer, Emet and Teller (BET) measurements, transmission electron
microscopes (TEM) measurements and atomic absorbance analysis (AAS) were
also done previously [71].
During the previous study [71], it was concluded that the increase in the loadings of
metals in SBA15 causes a decrease in the surface area due to the substitution of
pores with metal atoms (catalyst compositions and surface areas of the catalysts are
shown in Appendix A). [71]. Furthermore, lead contents as determined from AAS
reported previously [71] were also presented in Appendix B.
From the TEM images [71], it was reported that, Pb and Co loaded samples
indicate that the catalysts possess the typical two-dimensional hexagonal structure
of SBA15. No nanoparticles were found within the mesochannels in the Co or Pb
loaded samples. The TEM results showed that the cobalt and lead oxides are highly
dispersed in the silicon framework. Larger nanoparticles were observed in the Co
and Pb mixed oxide catalysts. The decrease in surface area of these mixed oxide
catalysts may be due to the partial blockage of pores by forming cobalt oxide
particles inside the pore channels.
In this study, the acid base characteristics of these previously synthesized [71] Co
and/or Pb incorporated mesoporous silica SBA15 were done by FTIR spectroscopy
of adsorbed pyridine.

3.2

DRIFT Spectroscopy

DRIFT spectra were obtained using a Perkin-Elmer Spectrum one FTIR
spectrometer equipped with a triglycline sulfate (TGS) detector. Spectra were
recorded by accumulating 8 scans at 2 cm ~ resolution using a mirror velocity of 0.2
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cm/s. After the background KBr spectra were obtained, spectra originating from the
samples were recorded in the mid-IR region (4000 – 450 cm-1). Experiments were
done both in air and with adsorbed pyridine. The pyridine adsorbed samples were
analyzed under open atmosphere conditions after the powder was soaked in
pyridine by dropping liquid pyridine on to the catalysts. Since a controlled
atmosphere was not available, only the pyridine saturated spectra could be recorded.

3.3

Transmission mode in situ FTIR Spectroscopy

IR spectra of pyridine have been measured following adsorption on and subsequent
desorption from synthesized Co doped SBA15 sample.
FTIR measurements were performed using self-supporting pressed discs contained
in a cell with NaCl windows. FTIR spectra have been recorded in situ at room
temperature by a Mattson 1000 FTIR instrument, equipped with a conventional
evacuation-gas manipulation ramp (10-3 Pa). Pressed disks are prepared by pressing
the catalysts under maximum 8 ton without using KBr. Pressed sample (16 mg/cm2
thickness) placed into the IR sample cell .After placing pressed sample IR sample
cell vacuumed for 1 hour at 298K. After 1 hour IR spectra measured. The FTIR
instrument was typically operated at a scan speed of 0.1 cm/s and a resolution of
2 cm-1 collecting 50 scans per spectrum. The spectrum measured initial, 15 min, 30
min, 45 min, 60 min, and desorption for 10 minutes at 298 K.

40

CHAPTER IV

4

4.1

RESULTS & DISCUSSION

Characterization by DRIFT Spectroscopy

The DRIFT spectra of all the samples were collected in air. First, the spectra of
untreated samples were collected. Then the samples were soaked in pyridine and the
spectra were collected.

4.1.1 Hydroxyl Groups

Selected IR absorption spectra in the hydroxyl stretching region (4000-2800 cm-1)
obtained from pure SBA15, Co/SBA15 and Pb/SBA15, consisting of different
weight loadings are shown in Figure 4.1. They concur widely with previously
published spectra of SBA15 based catalysts [68]. FTIR spectra of these catalysts are
similar, there is a shoulder at 3740 cm-1 and another broad band centered at
3400 cm-1.
Based on extensive literature reports, the band at 3740 cm-1 can be assigned to the
stretching vibration of isolated terminal silanol (Si-OH) groups, typical of silica
materials [68 and references there in]. These silanol groups interact with template
molecules located inside the pore channels of the SBA15 material which are
released upon calcination. As mentioned in the literature [68], the presence of the
broad low-frequency band at 3400 cm-1 indicates the adsorption of moisture bonded
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with the silanol groups via hydrogen bonding. As shown in Figure 4.1B, the broad
band centered at 3400 cm-1 gets smaller by the increase in Pb content. The atomic
absorbance analysis (AAS) of the samples [71] are given in Appendix B and shows
the actual wt% Pb loading of the catalysis after calcination. As it can be seen in
Appendix B, 10PbSBA15 has the highest actual Pb content, and if the result is
compared with the Figure 4.1B it can be concluded that the increase in Pb content
decrease the ability of adsorption of moisture which is bonded with the silanol
groups via hydrogen bonding.
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Figure 4.1 DRIFT spectra of (A) Co/SBA15, (B) Pb/SBA15 in air (in the hydroxyl
region)

The DRIFT spectra of pure SBA15 and Co- Pb/SBA15 consisting of different
loadings in the hydroxyl stretching region are given in Figure 4.2.
As it can be seen in Figure 4.2, the band at 3740 cm-1 and the broad band centered at
3400 cm-1 decreased by loading Co- Pb. Silanol groups and adsorption of moisture
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bonded with silanol groups via hydrogen bonding are related with surface area.
Only 10Co30PbSBA15, which has a surface area of 207.7 m2/g where the other CoPb/SBA15 catalysis have surface areas smaller than 60 m2/g [data are taken from
the [71] and shown in appendix A], shows a broad band centered at 3400 cm-1 and a
significant band at 3740 cm-1. Band at 3551 and 3519 cm-1 are due to bridging OH
groups [72].
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3551
3519

SBA-15

Absorbance

3400

40Co17PbSBA-15
20Co17PbSBA-15

10Co30PbSBA-15
10Co25PbSBA-15

4200

4000

3800

3600

3400

3200

3000

-1

Wave number (cm )
Figure 4.2 DRIFT spectra of Co-Pb/SBA15 in air (in the hydroxyl region)
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2800

4.1.2 Pyridine Adsorption
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Figure 4.3 DRIFT spectra in different regions (A and B) of Co/SBA15 after

pyridine adsorption (solid line) and in air (dotted line)
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In Figure 4.3 the DRIFT spectra of the pure SBA15 and Co/SBA15 consisting of
different weight loading before and after pyridine adsorption are shown. Before
pyridine adsorption, there is a shoulder at 3740 cm-1 and a broad band centered at
3400 cm-1 (Figure 4.3A, dotted line). After adsorption of pyridine at 25°C, silanol
group band at 3740 cm-1 disappears indicating that these silanol groups are acidic
and serve as chemical adsorption sites for pyridine (Figure 4.3A, solid lines). Since
the evacuation was not done, it is not clear which portion of these silanol groups are
acidic. In the study of Z. Luan et al.[68] upon evacuation 3740 cm-1 band recovered
but does not reach its initial intensity, indicating strong interactions between silica
and pyridine.
The adsorption of pyridine is indicated by the appearance of resolved band at 3074
cm-1 (Figure 4.3A, solid line). This band can be attributed to perturbed vibrations of
silanol groups due to weak hydrogen-bonding interaction with pyridine molecules
[68].

46

3079
3022

A

B

3740

1596
1581
1630

20PbSBA-15

1445
1438

1483
20PbSBA-15

3400

15PbSBA-15

Absorbance

15PbSBA-15

10PbSBA-15

10PbSBA-15

5PbSBA-15

5PbSBA-15

SBA-15
SBA-15

42004000380036003400320030002800 1700 1650 1600 1550 1500 1450 1400
-1

-1

Wave number (cm )

Wave number (cm )

Figure 4.4 DRIFT spectra in different regions (A and B) of Pb/SBA15 after

pyridine adsorption (solid line) and in air (dotted line)

Figure 4.4 shows the DRIFT spectra of the pure SBA15 and Pb/SBA15 consisting
of different weight loading before and after pyridine adsorption. After adsorption of
pyridine at 25°C, silanol group band at 3740 cm-1 disappears indicating that these
silanol groups are acidic and serve as chemical adsorption sites for pyridine (Figure
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4.4A, solid lines).

Similar with the Co/SBA15, the bands at 3079 cm-1 and

3022 cm-1 can be attributed to perturbed vibrations of silanol groups due to weak
hydrogen-bonding interaction with pyridine molecules (Figure 4.4A, solid line).

Intense bands were observed at 1438 and 1448 cm-1 (two split bands), 1582 and
1597 cm-1 (two split broad bands) for SBA15, 1446 (shoulder at 1439 cm-1), 1582
and 1597 cm-1 (two split broad bands) for Co/SBA15, 1438 and 1445 cm-1 (two
split broad bands), 1581 and 1596 cm-1 (two split broad bands) for Pb/SBA15
(Figure 4.3B and Figure 4.4B, solid line, respectively). These bands are specific of
the 8a and 19b vibration modes and are due to pyridine coordinatively adsorbed at
Lewis acid sites or H-bonded pyridine with the weakly acidic surface hydroxyl
groups (Table 4.1). Since these 8a and 19b vibration mode bands are observed both
for SBA15, Co or Pb doped SBA15 it can be said that deposition of Co or Pb does
not create Lewis sites on SBA15.
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Figure 4.5 DRIFT spectra in different regions (A and B) of Co-Pb/SBA15 after

pyridine adsorption (solid line) and in air (dotted line)

Figure 4.5 shows the Co-Pb/SBA15 spectra recorded before (dotted line) and after
(solid line) pyridine adsorption at room temperature. 3740 cm-1 silanol group band
disappears indicating that these silanol groups are acidic. Peaks at 3092 cm-1, 3040
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cm-1, 2995 cm-1 appear (Figure 4.5A, solid line). Similar with the Pb/SBA15 and
Co/SBA15, these bands can be attributed to perturbed vibrations of silanol groups
due to weak hydrogen-bonding interaction with pyridine molecules (Figure 4.5A,
solid line).
Intense bands were observed at 1445 cm-1, 1592 cm-1 and 1622 cm-1 for CoPb/SBA15 [Figure 4.5B, solid line]. The observation of the 8a vibration mode band,
considered as the most sensitive one for coordinatively adsorbed pyridine, reveals
the presence in Figure 4.5B, solid line of specific bands characteristic of pyridine
adsorbed on Lewis sites [67 and references therein]. No bands at 1622 cm-1
appeared for SBA15 and Co or Pb doped SBA15. This indicates that depositing Co
and Pb together on SBA15 creates unique Lewis acid sites not present on the other
monometallic samples. In the study of Akça [71], larger nanoparticles were
observed in the Co and Pb mixed oxide catalysts. The TEM results, in the study of
Akça [71] showed that the cobalt and lead oxides are highly dispersed in the silicon
framework. It is not clear with the results of the present study whether these newly
created Lewis acid sites belong to the nanoparticles or to the framework species.
But, based on the literature [73] the 1622 cm-1 band was attributed to Co2+ ions.
The formation of cobalt silicates during the direct synthesis can not be ruled out. It
could be possible that the formation of Cobalt silicates are inhibited in the presence
of Pb and nanoparticles are formed with the mixed oxide catalysts.
The Lewis-acid concentration for both the Co-Pb/SBA15 materials were calculated
by integrating peak areas of the band at 1622 cm-1, the result are presented in Figure
4.6 The data indicate that the Lewis-acid concentration increases with the cobalt
content.
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Figure 4.6 A comparison of Lewis-acid concentration of Co-Pb/SBA15 (A)
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(C)

20Co17PbSBA15,

(D)

Table 4.1 Vibrational mode assignments of pyridine on Co and/or Pb doped SBA15

Surface

FTIR bands in this study (cm-1)
1438
1448

SBA15

Two split broad band

1483
1582
1592

Two split broad band

1446 (shoulder at 1439)

Co/SBA15

Pb/SBA15

Vibrational
mode

Adsorbed
species

Ref

ν19b

Lewis Acid
site

63,74

ν19a, ν19b

Brønsted
and Lewis
acid sites

63

ν8a

Physisorbed

63

ν19b

Lewis Acid
site
Brønsted
and
Lewis acid
sites

ν19a, ν19b

1483

63
63

1582
1597

Two split broad band

ν8a

Physisorbed

74

1438
1445

Two split broad band

ν19b

Lewis Acid
site

63,74

ν19a, ν19b

Brønsted
and Lewis
acid sites

63

ν8a

Physisorbed

74

1483
1581
1596

Two split broad band

1445

ν19b

1485

ν19a, ν19b

CoPb-SBA15 1570

ν8b

1592

ν8a

1622

ν8a
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Lewis Acid
63
site
Brønsted
63
and Lewis
acid sites
Lewis Acid
63
site
Lewis Acid
63
site
Lewis Acid
16,
site
63, 73

4.2

Characterization by Transmission mode in situ FTIR Spectroscopy
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Figure 4.7 FTIR spectra of pyridine adsorbed and desorbed on 15CoSBA15: (a)

reference; (b) initial adsorption; (c) 15 min adsorption; (d) 30 min adsorption; (e) 45
min adsorption; (f) 60 min adsorption (g) 298 K, 10 min desorption

Intense bands were observed at 1450, 1490 and 1609 cm-1 for Co/SBA15 (Figure
4.7). These bands are specific of the 8a and 19b vibration modes and are due to
pyridine coordinatively adsorbed at Lewis acid sites or H-bonded pyridine with the
weakly acidic surface hydroxyl groups (Table 4.2). These results are compared to
the DRIFT spectroscopy results in Figure 4.3B: Similarly in DRIFT results, the
band at 1450 cm-1 observed in transmission mode FTIR. After the desorption 1490
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and 1450 cm-1 bands still exist and a band at 1609 cm-1 appears. So it can be
intepreted as Co doped SBA15 has strong acid sites that are capable of adsorbing
pyridine irreversibly at 298K.
Transmission mode FTIR measurements were done for all the catalysts but because
of the problems in FTIR spectrometer the spectra were not clear (results are not
shown).

Table 4.2 Vibrational mode assignments of pyridine on 15CoSBA15

Surface

Co/SBA15

FTIR bands in this
study (cm-1)

Vibrational
mode

Adsorbed
species

Ref

1450

ν19b

Lewis acid sites

62

1490

ν19a, ν19b

Brønsted and
Lewis acid sites

16, 62

1609

ν8b

Brønsted and
Lewis acid sites

62, 63
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CHAPTER V

5

CONCLUSIONS

6

Surface hydroxyl groups and surface acidity of the synthesized by direct synthesis
method, Co and Pb incorporated SBA15 mesoporous materials were investigated.
The characterization of the synthesized samples was done by XRD, N2 adsorption
isotherms, TEM images and XPS analysis in the study before [71]. In this study, it
was shown that deposition of Co or Pb does not create Lewis sites on SBA15. On
the other hand depositing Co and Pb together on SBA15 creates unique Lewis acid
sites not present on the other monometallic samples. In the TEM pictures, large
nanoparticles were observed in the Co and Pb mixed oxide catalysts. It is not clear
with the results of the present study whether these newly created Lewis acid sites
belong to the nanoparticles or to the framework species. Pyridine adsorption on
these catalysts indicated that in the presence of Pb, Co+2 sites were generated. No
generation of Co2+ for the Co/SBA-15 may be due to the formation of cobalt
silicates in the direct synthesis of the catalysts which are not formed in the presence
of Pb. Since in the transmission mode FTIR spectra of the Co/SBA-15 the acidic
bands did not disappear, it can be intepreted as Co doped SBA-15 has strong acid
sites that are capable of adsorbing pyridine irreversibly at 298K.
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APPENDIX A

A. BET SURFACE AREA OF THE CATALYSTS

Table A.1. The mixed oxide catalyst compositions and surface areas [71]
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APPENDIX B

AAS ANALYSIS OF THE CATALYSTS

Table B.1 Lead Content of the Samples [71]

Intended

Actual

wt Pb% loading

wt Pb% loading

5PbSBA15

5

0.9

10PbSBA15

10

4.1

15PbSBA15

15

1.3

17Pb20CoSBA15

17

13.9

17Pb40CoSBA15

17

15.1

25Pb10CoSBA15

25

12.5

30Pb10CoSBA15

30

9.6

Sample
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