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Preface

Catalysis and catalyst is a key technology to solve the problems in energy and
environment issues to sustain our human society. We believe that comprehensive
understanding of the catalysis and catalyst provides us a chance to develop a new
catalyst and contributes greatly to our society. However, the field of heterogeneous
catalyst is difficult to study and still stays behind more developed fields of chemistry
such as organic and physical chemistries. This is a dilemma to the chemists who
study the catalysis and catalyst. While we can accomplish the progress in the in-
dustrial application, the scientific understanding is not complete yet. A gap between
the useful application and incomplete scientific understanding, however, becomes
smaller and smaller in recent years.

Because zeolites are fine crystals, and the structure is clearly known, the study
on the catalysis using the zeolites is easier than those encountered in other catalysts
such as metals and metal oxides. Very fortunately, zeolites provide us the strong
acidity with the fine distribution which enables various useful catalytic reactions.
When some metals and cations are loaded in close to the acid sites, these loaded ele-
ments show extraordinary characters, and many catalytic reactions proceed thereon.
Microporosity provides us a unique property of the shape selectivity, and the excel-
lent selectivity is observed. These various beneficial properties of zeolites lead us to
study the fundamental chemistry which is related to the catalytic properties. In this
book, we want to summarize three important properties of zeolites: solid acidity,
shape selectivity, and loading property. To accomplish the study on them, three kinds
of important techniques are explained in detail, i.e., temperature-programmed des-
orption of ammonia, chemical vapor deposition of silica, and EXAFS measurement.
We will focus on our interests on these characterization techniques and introduce the
reader of this book to our characterization school for zeolite catalysts.

Three of us are staffs in Tottori University, Japan, and education and research
are our duty. It is our pleasure that we study and learn the chemistry of catalysis by
collaborating with many students in this laboratory. Our study depends greatly on
the collaboration with them.

We first proposed the publication of this book to Mr. Ippei Ohta belonging to
Tokyo Institute of Technology Press, but unfortunately this publication was not
related to his recent job. However, he introduced to us Dr. Claus E. Ascheron,
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Springer Science and Business Media, Heidelberg, Germany; and he accepted our
proposal. Without his strong support to our activity, this book would never be pub-
lished. We want to express our sincere thanks to Mr. Ohta and Dr. Ascheron.

Tottori, Japan Miki Niwa
May 2010 Naonobu Katada

Kazu Okumura
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Chapter 1
Introduction to Zeolite Science and Catalysis

Abstract General trend of the zeolite acid catalyst is explained as an introduction.
Species, structure, and industrial application of the zeolites are explained. Function
of zeolites as a catalyst is based on three important properties: solid acidity, shape
selectivity, and loading property. The purpose of the chapter is, therefore, not only to
review the important functions of zeolite catalyst, but also to explain the application
of these properties to the developed zeolite catalysts.

1.1 General Trend of the Zeolite Acid Catalyst: Species,
Structure, and Industrial Application

Zeolite is a porous crystal typically consisting of Si, Al, and O atoms, and a catalytic
material with vast industrial applications. From the early application to petroleum
refinery into the recent utilization in the green sustainable chemical processes, many
kinds of zeolites are developed and applied for the industrial applications.

About 190 kinds of framework type codes have been given to only known struc-
tures of zeolites, zeolitic silicates and phosphates to date (2010), and every year
the number of zeolite species is increasing, according to the International Zeolite
Association Web site [1]. Since the remarkable developments of the mesoporous
materials such as MCM-41 and FSM-16, many kinds of mesoporous materials also
are synthesized and studied. Therefore, many opportunities to develop a new cata-
lyst based on these porous materials are given.

However, actually, there are only about ten kinds of zeolites which have been
applied to the industrial processes, as shown in Table 1.1. Because the thermal and
mechanical stabilities are not enough to use the industrial process, and the zeolite
synthesis requires too much cost and time, so many kinds of zeolite species are
not available industrially. Therefore, Y-zeolite, ZSM-5, mordenite, MCM-22, and
“ zeolites are most typical zeolite catalysts. These are modified adequately, for ex-
ample, by steaming, HCl dealumination, cation-exchange, and metal loading to be
utilized as industrial catalysts. Almost all the processes listed in Table 1.1 are acid-
catalyzed reactions only except for H2O2 oxidation on titanosilicate. In other words,
the catalytic processes utilized for the zeolite species are associated with catalysis

1
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Table 1.1 Zeolite catalysts applied for the industrial processes and the environmental protection

Zeolite species Process Company

Y (FAU) USY, CaHY,
LaHY

Catalytic cracking

ZSM-5 (MFI) Isomerization
Alkylation
Disproportionation

Silicalite Beckmann rearrangement [2] Sumitomo Chemical
Me-MFI Pyridine bases synthesis [3] Koei Chemical
(dispersed) Hydration of cyclohexene [4] Asahi Chemical

Diethanolamine synthesis [5] Nippon Shokubai
Me(Cu [6], Fe [7],

Co [8])-MFI
NO reduction

Mo-MFI [9] Aromatization of methane
Mordenite (MOR) Trans-alkylation,

Isomerization,
Disproportionation

(modified) Methylamine synthesis [10] Nitto Chemical
MCM-22 (MWW) Alkylation of benzene [11] Mobil
“ (BEA) Alkylation of benzene

Acylation with acetic
anhydride [12]

L (LTL) Pt-L Aromatization [13, 14]
SAPO-34 Methanol to olefin UOP
Titanosilicate H2O2 oxidation [15, 16] Eni-Chem

on acid sites. Strong acidity with a fine distribution must be the most important
property observed in the zeolite catalyst.

Structures of these typical zeolites are shown in Figs. 1.1–1.5, in which the mi-
cropore is clearly observed, and the details of the pore channel system are described
in Table 1.2 [17]. Structure of zeolites is one (MOR and FER), two (MWW), or
three (FAU, MFI, CHA, and LTA) dimensional. Two channels are interconnected
(MFI, MOR, �BEA, and FER), or separated (MWW). In FAU, CHA, and LTA, one
kind of channel forms the pore in the three-dimensional structure, and the struc-
ture of FAU is shown in Fig. 1.1. MFI has the interconnected channels parallel to
[100] and [010] to form the three-dimensional structure, as shown in Figs. 1.2 and
1.3, respectively. MOR shows the outstanding one-dimensional tube of 12-ring (12
oxygen-membered ring) shown in Fig. 1.4, but another channel is interconnected to
make the so-called side pocket of 8-ring shown in Fig. 1.5. Beta zeolite is shown by
�BEA with the asterisk, because it is not consisted of a pure crystal phase but three
polymorphs [18].

The micropore of zeolite is typically constructed from 12-, 10- and 8-rings, and
sizes of the pores are roughly 0.7 nm, 0.55 nm, and 0.4 nm, respectively. The shape
and size of pore, which is similar to the size of small molecules, is a fundamental
reason of the shape selectivity. Zeolites are thus clearly discriminated from other
kinds of catalytic materials based on the shape selectivity.
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Fig. 1.1 FAU structure

Fig. 1.2 MFI structure viewed from X-axis
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Fig. 1.3 MFI structure viewed from Y -axis

Fig. 1.4 MOR structure viewed from Z-axis
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Fig. 1.5 MOR structure viewed from Y -axis

Table 1.2 Zeolite channel system

Zeolite name Framework type code Channelsa T -siteb

Y FAU <111> 12 7:4 � 7:4��� 1

ZSM-5 MFI fŒ100� 10 5:1 � 5:5 $ Œ010� 10 5:3 � 5:6g��� 12

Mordenite MOR Œ001� 12 6:5 � 7:0� $ Œ001� 8 2:6 � 5:7��� 4

MCM-22 MWW ?Œ001� 10 4:0 � 5:5�� j ?Œ001� 10 4:1 � 5:1�� 8

“ �BEA <100> 12 6:6 � 6:7�� $ Œ001�12 5:6 � 5:6� 9

Chabazite CHA ?Œ001� 8 3:8 � 3:8��� 1

Ferrierite FER Œ001� 10 4:2 � 5:4� $ Œ010� 8 3:5 � 4:8� 4

A LTA <100> 8 4:1 � 4:1��� 1

aNumber of asterisk (�) means that the structure is one, two, or three-dimensional. Bold type
character 8, 10, or 12 means number of oxygen to form the pore ring which has the sizes shown
by a � b in Å. Two channels in zeolites MFI, MOR, MWW, �BEA, and FER are interconnected
($) or separated (j). The channel is viewed parallel to a specific direction or not; and the former is
shown by, e.g. [100], and the latter by, e.g. <100>. Rings in MWW and CHA are viewed normal
(?) to [001]
bNumber of non-equivalent T -site

1.2 Property of Zeolite Catalyst: Acidity, Shape Selectivity,
and Loading Property

Functions of the zeolite as catalytic materials are based on three important proper-
ties, strong acidity, shape selectivity, and loading property, and new zeolite catalysts
have been developed utilizing these properties effectively.
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Zeolite is one of the metal oxides which have the strong solid acidity. The strong
acidity in zeolites is generated by aluminum atoms incorporated into the T -site
(tetrahedral site) of the framework, and the strength of the acidity depends on the
microstructure of zeolite framework. On the other hand, metal oxides do not have
such a fine and sharp distribution of the acid strength. In many cases, the genera-
tion of acid sites on metal oxides is not known unambiguously. Fine property of the
zeolite acidity, therefore, leads us to the design of active and selective catalysts.

Among zeolite catalysts applied to the industrial processes, ultra stable Y (USY)
contributes greatly to our human society, because it plays a role of the active cata-
lyst working in the petroleum refinery process for a long time. Catalytic cracking of
the petroleum makes a fundamental basis of the global economy. However, chemi-
cal processes do not require the strong acidity always, but the weak acidity may be
enough. The number of acid site is controlled by decreasing the content of alu-
minum in the framework, for example, in order to elongate the life of catalyst.
Zeolite species have the acidity, of which strength is weak to strong in the distri-
bution sequence, Y < “ < ZSM-5 � MCM-22 < mordenite. A zeolite catalyst is
selected from the species depending on the desired catalytic activity.

Shape selectivity is a unique property of the zeolite. Catalytic reactions are
controlled by utilizing the property, and the high selectivity of reactions could be
achieved. Selectivity due to the molecular sizes of reactant or product is a concept
only available for the zeolite catalyst. However, as mentioned above, there are not so
many kinds of zeolites available for use. Adjusting the pore size is therefore required
to have the fine shape selectivity. Chemical vapor deposition of silica on the external
surface of zeolites is one of the methods to effectively control the pore-opening size
without affecting the internal solid acidity.

Zeolites have a high surface area, which is ca. 400 m2 g�1. Because the compo-
sition of Al and Si atoms in the framework can be controlled, the overall property
of acidity and basicity of the zeolite surface is controlled. The high surface area and
the controllable acid and base property are the fundamental reasons why the zeolite
is utilized as a support of metals and metal oxides. Loaded metals and cations are
affected by the zeolite structure to become electron-rich or poor in nature. Such an
alteration could induce the new catalytic activity. Thus, an extremely high dispersion
of loaded metal or metal oxide can be achieved in the interior of zeolites.

1.3 Intention of the Publication with the Background
of the Zeolite Chemistry

The purpose of the chapter is, therefore, not only to review the important func-
tions of zeolite catalyst, but also to explain the application of these properties to the
developed zeolite catalysts.

Characterizations of the zeolite acidity are extremely important, and understand-
ing of the acidic property is necessary to develop new types of zeolite catalyst.
Therefore, the investigation on the zeolite acidity is the first topic of this chapter.



1.3 Intention of the Publication with the Background of the Zeolite Chemistry 7

We will summarize our own investigation on the zeolite acidity by means of a
method of temperature-programmed desorption (TPD) of ammonia. Fundamentals
and utilization of the TPD experiment are explained in detail. Practical measurement
methods to determine number and strength of the zeolite acidity are introduced,
from which even the beginners can measure the solid acidity precisely. As an
advanced method, infrared spectroscopy/mass spectroscopy combined method of
ammonia TPD (IRMS-TPD) is summarized. By means of this method, the structure
of acid site (Brønsted and Lewis acid sites) is studied, and the distribution of the
Brønsted acid sites is revealed. In addition, theoretical study of density functional
theory (DFT) calculation is introduced, and further combining with the ammonia
TPD measurements provides us an elegant tool for the characterization of acid sites.
Based on these measurements, the zeolite acidity is precisely explained in an atomic
level.

Relationship between the solid acidity and catalytic activity is so important to
the researchers in this field of catalysis investigation. Catalytic cracking of hydro-
carbons on the Brønsted acid site and Friedel–Crafts alkylation on the Lewis acid
site are explained based on the characterized zeolite acidity.

Property of the zeolite, which is discriminated from other kinds of catalysts, is
the shape-selectivity. This is based on the molecular sieving property of zeolites.
Utilization of the microporosity is benefit for the industrial application, because the
energy utilization is optimized. We propose a method of chemical vapor deposition
(CVD) of silicon alkoxide to control the pore-opening size precisely, because the
obtained pore size is insufficient to realize the 100% selectivity of the catalytic reac-
tion. Using the CVD technique, an extremely high selectivity to produce p-xylene
as a result of methylation or disproportionation of toluene is achieved. Prepara-
tion of the CVD zeolite, mechanism of the deposition of silica, and selectivity of
p-xylene formation are mentioned precisely. This study is applied to many other
kinds of zeolite, and the separation of small molecules is made possible. Chemical
liquid deposition (CLD) of silicon alkoxide is also proposed for the same purpose,
and it will be compared with the CVD technique.

Metal-loaded zeolites are utilized for multiple purposes, e.g., oxidation, hy-
drogenation, organic reactions, etc. Activity and selectivity depend on the loaded
species and their stabilized positions. Among various methods of characteriza-
tion, EXAFS (extended X-ray absorption fine spectrum) measurements are recently
known to be the most powerful technique. Fundamentals of EXAFS and XANES
(X-ray absorption near edge spectrum) measurements of the loaded Pd are eluci-
dated. Based on these measurements, Pd metal and PdO formed in the exterior and
interior of the zeolite, respectively, are revealed. The utilization of the character-
ized data toward understanding the catalytic activity will be mentioned exemplified
with the reactions of combustion of methane and selective reduction of NO with
methane in the presence of oxygen. Pd nano cluster is stabilized in the Y zeolite
cavity, and the size of the Pd cluster is adjusted by repetition of oxidation and reduc-
tion cycles. In particular, an extremely high catalytic activity of the Pd monoatomic
species stabilized in the super cage of Y zeolite for the Suzuki–Miyaura reaction is
described.
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Heterogeneous catalysis is a key technology which enables us to realize the
green sustainable chemical process. Energy saving, low cost to the environment,
and utilization of a small amount of precious element are required to do the green
chemistry. The main purpose of this book is, therefore, to introduce the researcher
in the field of zeolite chemistry to develop the new environment benign chemical
process based on the utilization of zeolite catalysts.
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Chapter 2
Solid Acidity of Zeolites

Abstract Principle and method of the ammonia temperature-programmed
desorption (TPD) are introduced to characterize the zeolite acidity. Quantitative
measurements of number and strength of the acid sites on zeolites using the am-
monia TPD are described. Number and strength on zeolites thus measured are well
correlated with the content of Al in the framework and the structure of zeolites,
respectively.

2.1 Multiple Characterization Techniques

Fundamental characterization techniques are all inevitable to study the zeolite prop-
erty and catalytic activity. However, depending on the research conditions, some
of them can be skipped. Because zeolite is a crystal material with a microporosity,
following physical and chemical characterization techniques are usually required.

2.1.1 Physical Properties

X-ray diffraction (XRD) is measured for identification of the crystal phase. Simulta-
neously, the distance between lattice planes is measured using the Bragg equation.
From the lattice constant, the concentration of Al in the zeolite framework is es-
timated [1]. The degree of crystalline formation is estimated from the diffraction
intensity.

Scanning electron microscopy (SEM) is taken to see the crystal morphology,
and used for a direct measurement of the crystal size. However, it is often difficult
to identify whether the observed grain consists of a true crystalline. Transmission
electron spectroscopy (TEM) is also utilized to show the crystal morphology, con-
tent of crystallized phase in a particle, and preferentially grown plane. TEM is, in
addition, only a method that can directly visualize the microporous structure. Re-
cently, TEM is combined with electron diffraction to determine the structure of new
zeolite framework [2].

9
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Magic angle spinning nuclear magnetic resonance (MAS NMR) is measured to
distinguish between tetrahedral and octahedral configurations of 27Al, and in some
cases, to analyze the detailed microstructure of each species. In addition, the en-
vironmental conditions of 29Si are measured mainly to estimate the framework Al
concentration and the amount of SiOH [3]. The acidic OH group can be observed
directly by 1H-NMR, if sufficiently high resolution is obtained [4].

X-ray photoelectron spectroscopy (XPS) of Al is measured to identify the dis-
tribution of Al along the depth of zeolite crystal. When the Al concentration as
measured from XPS is larger than the chemical composition, Al atom is enriched
on the external surface; at the conditions, the acid sites are not uniformly distributed
in the zeolite crystal to be enriched on the external surface.

Adsorption isotherm of nitrogen is measured to study the microporosity. Type I
of the nitrogen isotherm is a proof of the microporosity. Deviation from the type I
isotherm indicates the presence of amorphous materials mixed with the zeolite crys-
tal. The degree of crystalline formation can be estimated from micropore volume.
Mesoporosity is also known from the type IV isotherm.

A method of benzene-filled pore, namely, nitrogen adsorption after filling the
micropore with benzene is used for measurements of the external surface area [5],
as shown in Chap. 6.

2.1.2 Chemical Properties

Chemical compositions of metal elements such as Al and Na are measured after
digestion of zeolite into the solution by HF. Induced coupled plasma–emission spec-
troscopy (ICP-ES) is used usually for the analysis of elements. Previously atomic
absorption spectroscopy (AAS) was often used especially for alkaline elements, but
recently, ICP-ES is preferentially used as a result of improvement of the ICP-ES
technique.

Infrared (IR) spectroscopy is measured to see the surface conditions. A stretching
vibrations band of Brønsted OH group is observed in the region of 3;600 cm�1, and
isolated Si–OH, a fine absorption, is found at 3;745 cm�1. Usually, the region below
1;200 cm�1 is less transparent because of an intense absorption of Si–O lattice. IR
spectrum after adsorption of pyridine is used to differentiate between Brønsted and
Lewis acidity. Although it has been known that the adsorption of pyridine is affected
by steric hindrance in the micropores, this method has been used for semiquanti-
tative analysis of Brønsted and Lewis acid sites [6]. Decomposition of adsorbed
pyridine molecule is another problem disturbing the quantitative analysis.

Microcalorimetry operated at a high temperature (e.g., 473 K) can determine the
amount of adsorbed ammonia molecule and the heat of ammonia adsorption on
zeolite [7]. Early studies of the adsorption microcalorimetry were suffered from
the low accuracy, and improvements have been attempted. This method needs a
long time to wait for a complete equilibrium achievement, and this often causes a
practical problem.
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2.2 Fundamentals for the TPD of Ammonia

Temperature-programmed desorption (TPD) of ammonia is a method most fre-
quently utilized for the characterization of zeolite acidity. Information on the amount
of adsorbed ammonia and the heat of ammonia adsorption can be obtained by the
TPD as well as the microcalorimetry but more easily and quickly by the TPD. How-
ever, it is not easy to measure the acidity correctly by means of this method. Thus,
critical comments have been raised on the method, e.g., as reported by Gorte [8].
In the present chapter, we want to summarize our previous studies on the TPD
method as a quantitative tool for the characterization of zeolite acidity [9–11].
Number and strength of the acid sites on zeolites are precisely measured by a usual
method of ammonia TPD. Furthermore, this method is effectively advanced to si-
multaneous measurements of the IR spectroscopy, as mentioned in Chap. 3. Not
only ammonia in the gas phase but on the solid is followed during the TPD mea-
surements, from which the structure of acid site is also provided. Fundamentals of
the method are studied from experiments and theoretical approaches, on which the
practical measurements depend strongly.

2.2.1 Experimental Apparatus of the TPD Method

Figure 2.1 shows an example of the experimental apparatus. An apparatus must be
designed to detect desorption profile of ammonia correctly. To install the experi-
mental apparatus, following items are required to be taken care of:

� Metal pipe and connector are to be avoided, because the interaction of ammonia
with the metal surface cannot be avoided, even when it is made of a stainless steel.
All glass or glass lining pipe installation is recommended. If it is necessary to use
metal parts, it is recommended to keep the parts at 373 K in order to suppress the
adsorption of ammonia.

� Vacuum pumps are installed before and after the TPD cell; the former is available
for pumping the sample before the measurement, and the latter is used to keep
the pressure inside the cell less than ambient pressure, for example, 100 Torr
.D13:3 kPa/. Thus, carrier gas He is passed through the cell in an enhanced
rapid flow rate under the evacuated conditions. When the TPD is measured in
a slow flow rate, a high temperature is required to desorb ammonia completely,
thus leading to the destruction of zeolite structure during the TPD measurement.
Experiments of the TPD should be done at the temperatures less than 873 K.

� A liquid nitrogen trap is recommended to install between the vacuum pump and
the sample, because the oil mist from the pump may be adsorbed on the sample
to disturb the measurements.

� A TPD cell is made of quartz to measure the profile of desorption at temperatures
above 773 K. Carrier gas is at first lead into the outside part of the cell to warm
up enough, and then to the sample at the inside part of the cell, as illustrated
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Fig. 2.1 An apparatus of ammonia TPD and the cell with sample

by Cvetanović and Amenomiya [12]. Temperature must be measured with a
thermocouple attached to the sample separated through a thin glass wall.

� A mass spectrometer (MS) is recommended as a detector of ammonia, be-
cause only ammonia desorption can be measured with MS operating at m=e

.mass=charge ratio/D 16. Use of the signal at m=eD 17 is not recommended,
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because it is interfered by the fragmentation of water molecule. Both mass num-
bers of 16 and 17 are usually measured simultaneously, because, though not often
needed, it is required to confirm the profile of desorption at m=e of 16 being al-
most the same as those of 17. When such an oxygen-containing gas as CO2 is
contained in the desorbed material, a fragment with m=e D 16 may disturb the
analysis. Other detectors, such as thermal conductivity detector (TCD), are not
recommended, because it is impossible to identify the desorbed molecule.

As an example, the experimental conditions usually adapted are shown below:
Sample weight is 0.1 g. Powder or granule sample is used.
Flow rate of carrier (usually He) is 60 cm3 min�1 .D 10�6 m3 s�1/ under an at-

mospheric pressure .1:013� 105 Pa/, and pumped into 100 Torr .D 1:33� 104 Pa/.

Flow rate of the carrier inside the cell is therefore
10�6 � 1:013 � 105

1:33 � 104
m3 s�1 D

7:6 � 10�6 m3 s�1.
The sample is evacuated at 773 K for 1 h before the measurements. Ammonia is

then admitted at 373 K for the adsorption, followed by pumping the gaseous ammo-
nia for ca. 30 min.

Temperature is elevated from 373 K in a ramp rate of 10 K min�1.D0:167 K s�1/

until all the ammonia is desorbed completely.

2.2.2 Identification of the Desorption, l- and h-Peaks

Identification of desorption peaks is recently made by the simultaneous measure-
ments of infrared spectroscopy, i.e., IRMS-TPD experiment. However, the expla-
nation of previously studied experiments to identify desorption peaks is helpful to
understand the TPD experiment.

In a usual experiment of ammonia TPD on a typical H-form zeolite, such as
HZSM-5 and H-mordenite, two desorptions are observed and named l- and
h-peaks for those of ammonia desorbed at low and high temperatures, respectively.
Figure 2.2 shows an example of TPD profile observed on H-mordenite, HZSM-5
and H-“. The l-peak is, however, not assignable to ammonia adsorbed directly on
the acid site, but weakly on the NH4

C cation which has been adsorbed on Brønsted
acid site. The intensity depends on the experimental conditions of W=F (W , weight
of sample, kg; F , flow rate of carrier gas, m3 s�1/, i.e., contact time of the carrier
gas, and it becomes small at a small W=F . Strong and effective evacuation removes
the l-peak completely, but usually the intensity decreases with decreasing the W=F .
At a small weight of zeolite and/or a fast flow rate of carrier, the degree of evacu-
ation becomes high to remove fully the ammonia weakly adsorbed on the zeolite.
Physical adsorption of NH3 or .NH3/n polymeric species on NH4

C was revealed
by an NMR study [13]. Therefore, the intensity of the l-peak cannot be measured
quantitatively. In other words, the intensity of the l-peak does not provide us with
any physical meaning at all.

Usually, the h-peak shows the desorption profile of ammonia which had been ad-
sorbed on the acid sites. The intensity of h-peak does not depend on the experimental



14 2 Solid Acidity of Zeolites

400 500 600 700 800
0

0.01

0.02

C
on

ce
nt

ra
ti
on

 o
f 
am

m
on

ia
 i
n 

ga
s 

ph
as

e/
m

ol
 m

-3

H

Temperature/K

H-β

H

H-ZSM-5

H-mordenite

Fig. 2.2 Examples of TPD profile observed on H-mordenite, H-ZSM-5, and H-“

conditions, therefore, we can measure the amount of ammonia desorbed in a unit of
mol kg�1 of zeolite, quantitatively.

On the other hand, a large l-peak appears on such a cation exchanged zeolite as
NaH-zeolites, because NH3 is adsorbed on Na cation weakly. NaC cation could be
regarded as a Lewis acid site with a property of the electron acceptor. However, the
quantitative measurements have not been studied sufficiently.

2.2.3 Identification of Ammonia Desorbed from Y Zeolite

It is easy to identify desorption peaks from the zeolite having the strong acidity,
because the h-peak could be distinctively identified. On the Y zeolite, however, it is
difficult to identify ammonia desorbed from the acid site. Because the Y zeolite has
the acidity so weak that the desorbed ammonia is observed at low temperatures, thus
overlapping with the l-peak. In other words, it is impossible to discriminate between
the portions of ammonia adsorbed on acid sites and on NH4

C cation because of the
fully overlapped profile. To remove only the portion of ammonia on the NH4

C,
a method of water vapor treatment has been conducted. Principle of the method
is that water is adsorbed on the NH4

C in preference to NH3 [14]. Therefore, an
input of humidity into He carrier gas during the TPD measurement or a treatment
immediately after the adsorption of ammonia is performed to replace the removable
ammonia with water, thus remaining only the h-peak assignable to the acid site [15].
Figure 2.3 shows an example of ammonia TPD on H-mordenite without and with a
water vapor treatment. Two desorptions are distinctively observed as l- and h-peaks



2.3 Theory for the TPD of Ammonia 15

400 500 600 700 800 900
Temperature/K

C
g  

=
 1

0−
2 

m
ol

 m
−3

a

b

c

d

l-peak
h-peak

Fig. 2.3 Ammonia TPD on H-mordenite without (a) and with a water vapor treatment, one, two,
and three times conducted (b), (c), and (d), respectively

at low and high temperatures, respectively. The intensity of the l-peak disappears
gradually by conducting the treatment by water vapor, while that of the h-peak does
not change. It is therefore confirmed that only the l-peak is removed by the water
vapor treatment. Then, this method is applied to the H-Y zeolite in Fig. 2.4. By the
conventional method shown in Fig. 2.4a, an ammonia desorption peak is observed
at ca. 450 K, and it is impossible to discriminate between l- and h-peaks. With
the water vapor treatment, the intensity of desorbed ammonia decreases, because
the portion of l-peak is removed. Therefore, we identify the profiles of acidity on
the H-Y zeolite from the TPD of ammonia observed after the water vapor treatment.
Bagnasco also reports a similar method to remove the l-peak selectively using the
water vapor treatment [16].

2.3 Theory for the TPD of Ammonia

2.3.1 Conditions of the Equilibrium

Cvetanović and Amenomiya classified the TPD experiments into three categories
[12], in which the TPD experiments are controlled by

1. Kinetics of desorption
2. Equilibrium between molecules in the gas phase and on the solid or
3. Diffusion of molecule
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Among three categories, usual TPD experiments on zeolites are measured at the con-
ditions of 2: equilibrium in which ammonia readsorption occurs freely. Figure 2.5
shows an experimental evidence to show the conditions of ammonia TPD. Based on
a research project planned and organized by the Committee of Reference Catalyst,
Catalysis Society of Japan, ammonia TPD was studied among people belonging not
only to the universities but also to the companies. People belonging to more than
ten groups measured the TPD of ammonia on a zeolite which was distributed as a
Reference Catalyst, and reported their measurements to the Committee. It was thus
found that the temperature of ammonia desorption from H-mordenite depended on
a parameter of W=F ; i.e., the larger the W=F , the higher the peak temperature. The
difference in the reported temperatures is more than 200 K by varying W=F from
10�5 to 10�2 g min cm�3. The strong dependence of the peak temperature upon
the W=F suggests that the TPD experiment is controlled by the equilibrium, as men-
tioned precisely below. It is sure to indicate that the peak temperature of desorption
is not a parameter specific for the measured zeolite. In other words, the strength of
the acid site cannot be measured from the desorption temperature directly. When
the samples are measured under the common experimental conditions, the strength
of acid site is not measured from the peak temperature precisely; because it actu-
ally depends on a parameter of A0W=F (A0, number of acid sites in mol kg�1/, as
explained below. The temperature for the TPD experiment shifts high with increas-
ing number of acid sites and/or the contact time of carrier gas, as mentioned below.
This is an important conclusion for ammonia TPD as a method of characterization
of zeolite acidity.
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Fig. 2.5 Temperature maximum .Tm/ plotted against the W=F , contact time of carrier gas with the
zeolite sample based on the study by various research groups shown by the numbers 2–10. A curve
for the relation is simulated based on the equation proposed by Cvetanović and Amenomiya [12],

2 log Tm � log ˇ D �H

2:303RTm
C log Q, Q D .1 � �/2

V�H

FAR
and V D W

�
, using parameters,

ramp rate of temperature (ˇ), coverage by ammonia at the Tm.�/, density of zeolite (�), and an
assumed parameter A

2.3.2 Derivation of a Fundamental Equation

Thermodynamics and kinetics equations shown below are summarized into a fun-
damental equation of ammonia TPD. Because the equilibrium is attained between
ammonia molecules on the surface and in the gas phase during the experiment, (2.1)
is written as follows:

.NH3/a
 ����! NH3.g/C . /a (2.1)

where (NH3/a and ( )a show ammonia adsorbed on the site and vacant site, respec-
tively. An equilibrium constant K can be written as

K D 1 � �

�

Pg

P 0
D 1 � �

�

RT

P 0
Cg (2.2)

where � is coverage by ammonia on the acid sites, Pg and Cg are partial pressure
(Pa) and concentration of ammonia in the gas phase .mol m�3/, respectively,
and P 0; R, and T are standard pressure .1:013 � 105 Pa/, gas constant
.8:314 J K�1 mol�1/, and temperature (K), respectively. On the other hand, material
balance of ammonia molecule is kept always in the measurement system. In other
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words, sum of the changes of ammonia molecules in the gas phase and on the
surface during the experiment must be zero, and therefore

F Cg D �A0W
d�

dt
: (2.3)

From (2.2) and (2.3), it follows that

Cg D �A0W

F

d�

dt
D �

1 � �

P 0

RT
Kp: (2.4)

Because temperature is elevated in a ramp rate ˇ.D dT=dt; K s�1/, and also from
the Gibbs free energy relation, we can derive

Cg D �ˇA0

F

d�

dT
D �

1 � �

P 0

RT
exp

�
��H

RT

�
exp

�
�S

R

�
; (2.5)

where �H and �S are changes of enthalpy and entropy upon desorption of ammo-
nia, respectively. Equation (2.5) shows a change of ammonia concentration in the
gas phase with respect to the temperature, i.e., it is exactly the same as the TPD
profile. A fundamental equation of ammonia TPD is thus derived.

A simulated spectrum can be obtained from (2.5) based on the assumption of a set
of appropriate parameters, and it is benefit to explain the characteristics of the TPD
spectrum. Figure 2.6 shows simulated spectra of ammonia TPD which are obtained
at different numbers of acid site, A0. Following important remarks are noticeable
from the simulation.

Temperature of the desorption shifts high with increasing A0, when a constant
�H is assumed. This means that the temperature of desorption does not correspond
to the strength of acid site, as mentioned above. TPD profile with a constant �H is
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Fig. 2.6 Simulated TPD spectra with assumed parameters; W , 1�10�4 kg; F , 7:6�10�6 m3 s�1;
�H , 140 kJ mol�1; �S , 150 J K�1 mol�1 and variable parameters of A0 of 0.2 (a), 0.4 (b), 0.6
(c), 0.8 (d), 1.0 (e), and 1.2 (f) mol kg�1
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similar to the experimental observation. Therefore, the desorption profile with about
150 K of half width temperature, as shown in Fig. 2.6, is not caused by the distribu-
tion of acid strength, but by the readsorption of ammonia. Actually, a small standard
deviation of �H is required to do the curve fitting calculation, because the simulated
spectrum has the width which is sharper than experimentally observed (vide infra).

2.3.3 Determination of �H and Constancy of �S (Desorption)

At the temperature of desorption peak, dCg=dT D 0, therefore the differentiation of
Cg shown by (2.5) with respect to T gives us

ln Tm � ln
A0W

F
D �H

RTm
C ln

ˇ.1 � �m/2.�H � RTm/

P 0 exp.�S=R/
; (2.6)

where Tm and �m are each parameters at the peak maximum. The logarithm term
in the right side of (2.6) changes little by varying values of the parameter W=F ,
because RTm <<�H , �m changes small, and the logarithm of these variable param-
eters is calculated. Therefore, it may be regarded as a constant. Thus, experiments
by varying the W=F are conducted; and plotting the value of the left side of (2.6)
against 1=Tm gives a straight line with a slope of �H=R, from which the �H is
determined. This method of determination of �H was applied to H-mordenite and
H-ZSM-5, as shown in Fig. 2.7. Measured values of �H are satisfactorily consistent
with the values on the same zeolite measured by a microcalorimeter [17]. Thus, the
method stated above is supported by another experiment.

Fig. 2.7 Determination of �H applied to mordenite .HMn/, ferrierite .HFn/, and ZSM-5 .nH/,
where numbers show the silica to alumina molar ratio of the zeolites
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Once when the �H is determined, �S is calculated from (2.6). �S thus mea-
sured is, however, almost constant independent of zeolite species. The interesting
finding of �S constancy suggests the physical chemistry of desorption of ammonia
from the solid. The entropy increases not only upon the desorption of ammonia, but
also upon the mixing with the He carrier, i.e.,

�S D �S.desorption/C�S.mixing/; (2.7)

where �S (mixing) for ammonia molecule is calculated from the concentration of
ammonia in the gas phase given by (2.8):

�S.mixing/ D �R

�
ln xNH3

C xHe

xNH3

ln xHe

�
; (2.8)

where x denotes the mole fraction of ammonia or He. Be aware that �S (mixing)
thus calculated is the change of entropy of ammonia in the mixing procedure.
�S (desorption) is thus calculated to be ca. 95 J K�1 mol�1. This value of
�S (desorption) is very close to �S for vaporization of liquid NH3; 97:2 J K�1

mol�1. Similar values of �S suggest that liquid and adsorbed phases of ammonia
are in similar entropy levels. Phase transformations, vaporization and desorp-
tion, both accompany an increase of translational entropy primarily, but changes
of rotation and vibration entropies are so small that these could be disregarded.
Therefore, the physical chemical consideration accounts for �S (desorption) con-
stancy of ca. 95 J K�1mol�1, and strongly supports the validity of the method. The
�S (desorption) constancy upon desorption is the most fundamental and important
principle for the ammonia TPD to measure the zeolite acidity quantitatively [18].

2.4 Practical Measurements of Ammonia TPD

2.4.1 Curve Fitting Method to Measure the Strength of Acid Site

Simulation of ammonia TPD based on (2.5) can be performed on a personal
computer. A spreadsheet program such as Microsoft Excel can be used for the
simulation. Coverage � decreases from 1 to 0, as the temperature is elevated dur-
ing the TPD experiment; but actually the initial value of � is set to be a slightly
smaller value such as 0.999 at the start-up temperature, e.g., 373 K, because the
term .1 � �/ in a denominator must be positive. Because digital parameters of
experimental observation, time, temperature, and intensity of MS, are measured and
transferred to a computer at every finite interval, the calculation is performed at ev-
ery step to compare with the observed spectra. The change of coverage by ammonia
� with increasing the temperature can be described as

�iC1 D �i C
�

d�

dT

�
i

�T: (2.9)
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Fig. 2.8 Observed (a) and simulated spectra from the assumption of constant �H and �S

(b) and of constant �H and corrected �S ( c), and of small-distributed �H.142 ˙ 6 kJ mol�1/
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d�=dT is calculated from (2.5), and, in addition, �S is given from (2.7) and (2.8).
Therefore, the simulated spectrum of ammonia desorption is obtained with assumed
parameters of A0 and �H . To compare with the experimental TPD spectrum, the
value of A0 is known from the h-peak and only the �H is an unknown parameter.

Figure 2.8 shows a comparison of thus simulated spectrum with the experimen-
tally observed one on the H-mordenite. The simulated spectrum shows a sharp TPD
profile against the temperature compared with the actual observation. This is be-
cause, obviously, a constant �H only is provided, and any distribution of the acid
strength is not taken into consideration. Therefore, the Gaussian distribution with a
standard deviation is produced, and sum of the distributed intensities is compared
with the experimental spectrum. Seven fractions of the Gaussian distribution are
produced with �H C n�.n D �3;�2;�1; 0; 1; 2; 3; � , standard deviation), and
sum of the simulated spectrum is compared with the experimental observation. The
simulated spectrum with the �H of 142 ˙ 6 kJ mol�1 is shown in Fig. 2.8d; and
thus simulated profile is fitted well to the experimental observation (Fig. 2.8a). Thus,
�H as an index of acid strength is determined as above. The small value of the stan-
dard deviation is noteworthy, meaning the small distribution of the acid strength in
the zeolite. Fine distribution of acid strength is an important profile in a usual zeo-
lite, which differs greatly from those of metal oxides.

2.4.2 �H on Various Zeolites with Different Concentrations
of Acid Site

The acid strengths of H-mordenite, H-ZSM-5, H-“, H-Y, and MFI-gallosilicate
with different numbers of acid sites are measured by the method of curve fitting
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Fig. 2.9 Dependence of heat
of ammonia desorption (�H )
against the composition over
mordenite (open triangle),
ZSM-5 (open circle),
“ (open inverted triangle),
Y (open diamond), and
MFI-gallosilicate (closed
circle). The vertical bar shows
the standard deviation of �H
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mentioned above. Zeolite samples with different concentrations of acid site are pre-
pared by the synthesis with varying the Si/Al ratio in the parent gel, the ion exchange
of Na cation with proton, or the dealumination using HCl. Thus measured �H is
summarized in Fig. 2.9. From the measurements, it is found that the strength of acid
site does not change largely with changing the number of acid sites, but it depends on
the zeolite species [18]. The �H on HZSM-5 is nearly constant, 130˙ 8 kJ mol�1,
independent of the concentration of acid site. Those on H-mordenite are, however,
decreased small in the high concentration of acid sites. Smaller values of �H

observed on the large number of acid sites on H-mordenite are difficult to explain
only based on usual measurements of ammonia TPD. This method is applied to
“-zeolites synthesized by a dry-gel conversion method, in which the number of acid
sites is varied from 0.20 to 0:80 mol kg�1 [19]. The values of �H on the “ zeolites
are almost constant, 124–127 kJ mol�1, similar to on HZSM-5 and H-mordenite. Y
zeolites prepared by changing the acid site concentration are also studied from the
same viewpoints. The conclusion for the strength of acid site that we have reached
is that the �H is independent of the concentration, and shows the almost constant
value, ca. 110 kJ mol�1 [14]. The strength of MFI-gallosilicate is similar or slightly
weaker than the aluminosilicate analogue (HZSM-5) [20].

Principles for the acid strength observed in these studies are summarized below:

� The acid strength is mainly controlled by the crystal type as MOR > MFI > BEA
> FAU.

� Small variations of averaged �H in one kind of zeolite with varying Al and Na
contents are observed, but they are less than 10 kJ mol�1 and obviously smaller
than differences in those of zeolite species. This indicates that the composition
(Al and Na concentrations) does not give a remarkable influence on the acid
strength, at least in the experimental range.
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The conclusion might be surprising for some researchers, because previously it
has been believed that the higher Al concentration gives the weaker acidity [21].
Nevertheless, this is a misunderstanding due to incorrect measurements of acid
strength. The misunderstandings also are induced from the following shortages of
observations:

� It is sure that the zeolite species such as MFI and MOR, which tends to have
highly siliceous composition, has the stronger acidity. This does not tell us that
the Al content directly influences the acid strength.

� At a very high Al content, the acid site is destroyed by contact with water vapor
in atmosphere as shown in Sect. 2.5.2, and it looks that the acidity is absent on
the highly aluminated zeolite. However, as long as the structure of acid site is
kept, it shows the acidity, as stated below in this chapter.

� Generation of extra-framework Al with dealumination often enhances the acid
strength of framework acid site, as demonstrated on ultrastable Y (USY) in
Chap. 3. It looks as if the decrease in framework Al concentration increases the
acid strength.

� Small difference in the acid strengths is seen; for example, in MOR, the acid
strength decreases with increasing the [Al]–[Na] from 1.5 to 2:5 mol kg�1, as
shown in Fig. 2.9.

The correct measurements of acid strength by ammonia TPD methods deny these
considerations, and it is concluded that the strength of framework acid site in zeolite
is mainly controlled by the crystal type.

Table 2.1 shows the averaged acid strengths of various zeolites. In some cases, the
different OH groups are individually measured by means of the IRMS-TPD method
[22] as described in detail in Chap. 3. When the distribution of Brønsted acid sites

Table 2.1 Acid strengths of
framework OH groups on
zeolites with various crystal
types

Framework type code and position �H .kJ mol�1/

MOR (12-ring) 142
MOR (8-ring) 153
MWW 140
MFI 137
FER (10-ring) 142
FER (6/8-ring) 141
CHA (O2H) 139
CHA (O1H) 136
CHA (O3H) 133
CHA (O1H) 105
�BEA 128
FAU (O1H) 108
FAU .O10H/ 110
FAU (O2H) 119
FAU (O3H) 105
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is clearly identified, the dependence of the strength of acidity upon the structure
is concluded in more detail, e.g., MOR 8-ring (8-oxygen membered ring) > MOR
12-ring and FAU O2H (sodalite cage) > FAU O10H � FAU O1H (supercage). The
general trend of the structure dependence will be discussed in Chap. 4.

2.5 Number of Acid Sites on Various Zeolites

2.5.1 Number of Acid Sites Correlated with Al Concentration

The number of acid sites is a practical parameter more than the strength of acid site,
and it is relatively easy to understand, because the Brønsted acid site is generated
due to the mechanism of T -site replacement by Al (isomorphous replacement), as
shown by the scheme in Fig. 2.10. Negative charge formed due to the replaced Al
must be balanced with such a cation as HC, thus producing the Brønsted acid site.

Figure 2.11 shows an experimental observation about the relationship between
the number of acid sites and Al concentration in the framework of the HZSM-5 and
H-mordenite. A clear coincidence is found between them to support the generation
mechanism of the acid site due to the Al in the framework, as expected. When Na
cations remain, Al–Na is used as a parameter, because Na cation is exchanged with
HC. However, the principle of acid site generation correlated with Al is found only
in less than ca. 1:5 mol kg�1 of the acid site, and the number of acid sites decreases
gradually in more than 1:5 mol kg�1 of Al concentration. Siliceous zeolites such as
H-ZSM-5 and H-“ has the concentration of Al of less than 1:5 mol kg�1; and there-
fore, the maximum number of acid sites is not found at all. The maximum number
of acid sites is observed on mordenite in Fig. 2.11, and particularly remarkable on
Y zeolite.

It has been known that the number of acid sites on the Y zeolite shows the maxi-
mum value against the concentration of framework Al. Figure 2.12 shows the typical
observation of the number of acid sites on the Y zeolite dependent on the concen-
tration of Al. On the left side of the maximum, the number of acid sites increases
with the Al concentration. However, the decrease in the number of acid sites with
the Al concentration at the right side of the maximum is unexpected from the simple
generation mechanism of acid site. The following experiment helps us to understand
the peculiar and abnormal behavior of the acid site.

Fig. 2.10 Brønsted acid sites
generated by the isomorphous
replacement
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In a usual experiment, the NH4-type zeolite is thermally treated to remove NH3

at a high temperature such as 773 K and to convert into the H-type zeolite; the pro-
duced H-type zeolite is usually stored in a bottle at room temperature. The sample
stored is then put into a measurement cell or a reactor for the run of measurement or
reaction, respectively. The measurement data shown in Fig. 2.12 with the maximum
number of acid sites against the Al concentration are obtained at the usual procedure
of the TPD measurements. However, the H-type zeolite prepared in situ in the TPD
cell and measured without exposing the atmosphere shows the value completely
different from those of above mentioned. Those in situ prepared samples show the
number of acid sites almost proportional to the Al concentration in the framework;
in other words, an abnormal decrease of the acid site with Al is not found at all. This
finding indicates clearly that the number of acid sites in a large concentration of Al
.>1:5 mol kg�1/ depends on the method of preparation [23].

2.5.2 In Situ and Ex Situ Prepared H-type Zeolites

In situ prepared samples that we named are those of H-type zeolite prepared in situ
in the reactor and not exposed to atmosphere. In contrast, the usual H-type zeolites
are named ex situ prepared one, because the H-type zeolite is prepared before the
measurement ex situ in the reactor. The difference in the preparation procedures, in
situ and ex situ preparations, strongly affects the number of acid sites only at the
large concentration of framework Al.

The reason for the difference is studied, and it is found that the moisture con-
tained in the atmosphere results in dealumination and a decrease in the number of
acid sites [24]. Even a small concentration of water causes the destruction of zeolite
structure. Influence of the humidity upon the zeolite structure is not expected quan-
titatively, but it is sure that the degree becomes large at the high concentration of Al;
and this may be related to the hydrophobic property due to the large concentration
of Al.

In situ preparation of H-type zeolite, on the other hand, exhibits the number of
acid sites which is nearly equal to Al even at its large concentration. Therefore, the
Al atom included in the framework contributes to the formation of acid site, and
the number of acid sites increases to ca. 5 mol kg�1. In situ prepared H-type zeolite
preserves the solid acidity dignity, as long as it is kept unexposed to the moisture.
However, the high concentration of the solid acidity is not available under the usual
conditions, because so usually the zeolite sample is used in the presence of humidity.
Therefore, the large number of the acid sites is not available in use practically. The
principle of the formation of acid site in the in situ H-type zeolite is important to
understand the generation mechanism of the Brønsted acid site.

The in situ preparation of H-type zeolite is important, when it is utilized for the
IR measurements. The IR spectra on the in situ H-type zeolite are fine and clean;
therefore, it is advantageous to study the IR spectra precisely. This is true also for
the zeolite with a low concentration of Al. Therefore, it is expected that a subtle
change of surface structure occurs under the presence of water.
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An interesting subject that we learn from the maximum number of acid sites
is the surface density of acid site. Because the zeolite has the surface area of ca.
400 m2 g�1, the acid site concentration, 1:5 mol kg�1, corresponds to ca. 2 nm�2 of
the surface concentration. The maximum surface concentration found in the zeolite
is almost the same as the maximum surface concentration observed on the metal
oxides. Studies on the acid site generation on the metal oxide monolayer show that
the maximum surface concentration is observed when the support surface is fully
covered by the monolayer with the surface concentration, ca. 2 nm�2 [25]. The co-
incidence between them may indicate how the acid site is maintained in the presence
of water vapor. It is expected that the acid sites would be collapsed easily at the con-
ditions of more than 2 nm�2 of the surface acid site concentration, maybe due to the
mutual interaction of OH groups.
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Chapter 3
IRMS-TPD Measurements of Acid Sites

Abstract An improved method of ammonia TPD, named IRMS-TPD, i.e., simul-
taneous measurements of ammonia probe adsorbed on the zeolite and desorbed in
the gas phase by means of infrared and mass spectroscopies, respectively, is eluci-
dated. Distribution of Brønsted acid sites on pure and modified zeolites is measured
precisely and its dependence on the zeolite structure is clarified.

3.1 Measurement Method

3.1.1 What Is Obtained from the TPD Measurement

As mentioned in Chap. 2, ammonia TPD measurements provide us with informa-
tion about number and strength of acid site. With careful experiments conducted,
precise and useful information is provided. However, a serious drawback exists in
the TPD measurements because no information on the acid site structure is provided
at all. Therefore, another experiment has to be conducted together with the TPD ex-
periments. In the TPD measurements, a differentiation between Brønsted and Lewis
acid sites is impossible. Thereby, such an additional experiment as infrared observa-
tion of the adsorbed pyridine must be conducted to differentiate between Brønsted
and Lewis acid sites. Direct and simultaneous measurements, if possible, would be
carried out to characterize the zeolite acidity in more detail. When information of
the structure of acid site is added to the ammonia TPD measurements, a signifi-
cant progress in the characterization is anticipated. In this chapter, infrared/mass
spectroscopy-ammonia TPD (IRMS-TPD) measurement, which is a method of total
characterization, is described precisely.

3.1.2 Experimental Methods

An idea to develop the IRMS-TPD experiments is simple, but challenging; i.e., an
infrared spectroscopy is simultaneously measured to follow the change of adsorbed

29
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ammonia species during ammonia TPD. Infrared spectroscopy is a method to
provide us principally with qualitative information of the studied molecule and ma-
terial, but the precisely quantitative measurements are not easy to do. On the other
hand, mass spectroscopy is an analytical instrument which enables us to measure
the gaseous component quantitatively. Therefore, infrared and mass spectroscopies
are complementary, when both instruments are working simultaneously. IRMS-TPD
experiments are therefore designed so adequately to complement the drawback of
each methodology.

Infrared spectroscopy is measured through a thin wafer of the sample; therefore,
high transparency of infrared beam is indispensable. Because the sample weight
is so small and only 5–20 mg, mass spectroscopy must keep a high sensitivity to
enable us to detect a small change of the intensity. These difficult requirements are
however overcome. Current progresses of IR and MS spectroscopies allow us to
measure both simultaneously.

Figure 3.1 shows the experimental apparatus of the ammonia IRMS-TPD. Be-
cause IR and MS spectroscopies must be measured at the same time, the so-called
dead volume of the instrument must be as small as possible, and the carrier gas
helium is flown at a fast flow rate. The time lag of IR measurements becomes short-
ened. Thus, the flow rate of the carrier is ca. ten times faster than usual, and the
amount of sample is ca. one-tenth; thus, the experimental conditions of W=F are
about one hundredth of the usual (MS-) TPD measurement shown in Chap. 2.

Before the ammonia adsorption, reference spectra are measured at every 10 K
with raising the temperature up to the maximum in a ramp rate of 10 K min�1.
Because some of IR profiles change with the temperature, the measurements of ref-
erence spectra without adsorbed ammonia are necessary. Ammonia is then adsorbed
on the evacuated sample, usually at 373 K, followed by evacuation. Temperature is
again elevated; infrared spectra are measured at every 10 K, and mass spectroscopy
is working to measure the change of ammonia concentration in the gas phase. Ref-
erence spectra, A.T /�N.T /, are calculated after the experiments, where A.T / and
N.T / are IR absorbances at a temperature T before and after ammonia adsorption,

Mass spec.

Rotary pump × 2

Rotary pump

Diffusion pump
Liquid N2trap

Liquid N2 trap with
silica gel column

Flow meter

He

Greaseless 
stopcock

Vacuum
meter

NH3

IR beam

Sample wafer

Sampling loop for 
calibration

Fig. 3.1 Experimental apparatus of the ammonia IRMS-TPD
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respectively. At the selected band positions, differential changes of the reference
spectra against the temperature, i.e., dfA.T / � N.T /g=dT , are calculated, which
we call the IR-TPD of adsorbed ammonia or OH bands. The IR-TPD is compared
with the MS-TPD, and on the basis of the comparison, the number and strength of
individual acid sites are measured. Practical measurement procedures are described
in detail as follows.

3.1.3 Required Corrections, IR Band Position and �S

Two important corrections are required in the IRMS-TPD experiment [1].
The OH band position shifts to low wavenumber by increasing the temperature.

It is found experimentally that the band position of OH shifts almost linearly with
the measurement temperature. Therefore, a linear equation is used to correct the
band position, i.e.,

�v=�T D �a.cm�1 K�1/; (3.1)

where �v and �T are the changes of band position and temperature, and a is a
parameter, equal to 0:034.H-Y/� 0:056.H-mordenite/.

�S constancy is a principle for the ammonia TPD under the equilibrium con-
ditions to measure the �H, as mentioned in Chap. 2. However, the equilibrium
between ammonia molecules on the sample and in the gas phase is not fully satis-
fied at W=F < 0:5 kg s m�3, where usually the IRMS-TPD is operated. Figure 3.2b
shows the plot of confirmation of equilibrium in the TPD experiment, and the equi-
librium is satisfied under the conditions shown by the linear plot. As shown by the
figure, a deviation from the linear relation is observed under the fast flow rate, where
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(b) derived plot of equilibrium confirmation in the TPD experiment, where the equilibrium is
satisfied under the conditions shown by the linear plot
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the IRMS-TPD experiment is conducted actually. Because of the requirement for a
fast flow rate and a small weight of sample, the conditions of equilibrium between
ammonia molecules in the gas phase and on the surface are not satisfied sufficiently.
�S is therefore corrected so as to determine the �H measured in the IRMS-TPD
which is exactly equal to the �H in usual ammonia TPD. �S value correction will
be described in the next chapter exemplified with a study on H-mordenite. The �S

correction will not be required, however, when the experimental apparatus is de-
signed with a time gap between IR and MS made small, because at the conditions
the flow rate of carrier gas can be decreased.

3.2 Proton Form Zeolite

3.2.1 H-Mordenite [1]

Mordenite has a large amount of strong acid sites, and it is easy to measure the solid
acidity. Experimental observations and following procedures for measurements of
IRMS-TPD are, therefore, explained using an example of H-mordenite. Figure 3.3
shows the difference IR spectra obtained at 373–773 K during the TPD experiments.
A fine absorption at ca. 1;450 cm�1 is ascribable to the bending vibration of NH4

C,
and a broad absorption from 3,500 to 1;500 cm�1 is due to the stretching vibra-
tion of N–H bond which is combined with the vibration of Si–O in the zeolite
lattice. In the OH region, a negative absorption band profile is observed, because
the OH intensity diminishes completely by the adsorption of ammonia. It is easy
to identify that the OH band lost the intensity by accommodating NH3 to become
NH4

C. With elevating the temperature, the NH4
C intensity decreases and the OH

intensity recovers because of the desorption of ammonia as shown in the equation:
.O�NH4

C/! NH3 C .O�HC/.

Fig. 3.3 Difference IR spectra obtained at 373–873 K during the TPD experiments on in situ
prepared HM-15 (H-mordenite with 15 of Si=Al2 ratio)
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Fig. 3.4 Enlarged portion
of the OH band intensity in
the difference spectra
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Fig. 3.5 Comparison of the calculated IR-TPD with MS-TPD .Cg/

As an enlarged portion of the OH band intensity is shown in Fig. 3.4, the band
position shifts to low wavenumber with increasing the temperature. The band po-
sition of this figure has been corrected based on the equation shown above. The
shift of band position of OH suggests that two kinds of OH change their intensities
with changing the temperature and the sites’ distribution depends on the tempera-
ture. It is identified that two kinds of OH are observed at 3,616 and 3;585 cm�1.
Therefore, the OH band intensity is divided into two portions at these wavenum-
bers with Gaussian distributions assumed. Figure 3.5 shows a comparison of thus
calculated IR-TPD with MS-TPD. First, a coincidence of IR-TPD of NH4

C with
MS-TPD is noteworthy; and this clear finding suggests that the studied mordenite
has the Brønsted acidity preferentially. The IR-TPD of NH4

C should have a mirror
image in relation with IR-TPD of two OH bands because the Brønsted acid sites
are formed on the hydroxides. Because the hydroxide bands have different extinc-
tion coefficients, parameters to cancel the difference in extinction coefficients are
required. It has been previously reported that the H-mordenite has two kinds of
Brønsted OH located at 8- and 12-rings, and extinction coefficients are determined
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to be 1.55 and 3:50 cm mmol�1, respectively [2]. Actually, the intensities of the
hydroxides at 3,585 and 3;616 cm�1 are multiplied by 1.8 and 0.85, respectively,
and the sum of them is fitted well to the MS-TPD. Because the ratio of reciprocal of
these parameters is close to the ratio of extinction coefficients, the selection of these
parameters is supported experimentally. The measured MS-TPD is thus divided into
two portions of OH bands from which the number and strength of two Brønsted
hydroxides are measured individually.

The procedure for the data analysis is summarized as follows.

1. Band position is corrected, and difference spectra are calculated.
2. Absorption band positions are identified from the difference spectra.
3. IR-TPD for each adsorbed species and OH is calculated.
4. Parameters to cancel the difference in extinction coefficients are determined

so as to fit the IR-TPD to the MS-TPD.
5. The number and strength of the acid sites are measured. When the distribution

is observed, numbers and strengths of acid sites are measured individually.

Thus not only the number and the strength are measured, but also the structure of
acid site is determined. Discrimination between Brønsted and Lewis acidities is
possible, and the IR band position of the Brønsted acid sites is measured; such an
advantageous characterization technique has not been known yet. Very informative
and suggestive characterized data are provided.

3.2.2 H-Y and H-Chabazite

H-Y zeolite has the characteristic that all T sites are equivalent. Thus, four kinds
of the Brønsted OH are possible to be stabilized. However, only three kinds of the
Brønsted OH were detected by an experiment of the neutron diffraction. Such a
simple structure of the zeolite is observed typically on H-Y and H-chabazite. In
addition, the H-Y is an industrially important zeolite, because various catalytic re-
actions are available using the H-Y and H-Y based catalysts. Therefore, a precise
characterization of the H-Y must be conducted [3].

Difference spectra obtained after adsorption of ammonia on the H-Y zeolite
exhibit profiles almost similar to those on the H-mordenite mentioned above. An
additional absorption of ammonia at 1;665 cm�1 was observed together with the
bending vibration of NH4

C at ca. 1;430 cm�1; and this could be identified as
the bending vibration of NH3. Therefore, adsorbed NH4

C and NH3 are identified
on the H-Y zeolite. Absorption intensities of the bending vibration of NH4

C can be
calculated by dividing into three portions at 1,496, 1,430, and 1; 369 cm�1, although
these are unidentified yet.

Enlarged portion of OH bands shows an interesting profile, as shown in Fig. 3.6.
Usually, two kinds of OH are identified in the usual IR spectrum of H-Y zeo-
lite, whereas four kinds of OH band are observed in the IRMS-TPD experiment.
Two OH bands observed at high and low wavenumbers are further split into each two
OH bands.
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Fig. 3.6 Difference IR spectra of the OH bands obtained on the in situ prepared H-Y zeolite
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As shown in Fig. 3.7, the H-Y zeolite has four kinds of Brønsted OH which are
structurally different, named O1H–O4H. The protons of O1H and O4H are located
in the super cage, that of O2H is in the sodalite cage, and that of O3H is in the
double 6-rings. However, the previous neutron diffraction study did not detect the
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O4H [4]. Provided that the neutron diffraction study is accepted, only three kinds
of OH are detected. Therefore, the band observed at 3;526 cm�1 is identified as the
O3H due to the previously reported identification [5]. One more OH band at the low
wavenumber of 3;571 cm�1 is then identified as the O2H in the sodalite cage. On
the other hand, the band at 3;648 cm�1 is identified as the O1H located at the super
cage, and the band at 3;625 cm�1 is either due to the O1H with different attached
Al atoms or the O4H previously unidentified. Datka et al. report that the distribu-
tion of Brønsted OH depends on the number of Al in the nearest next neighbor
[6]. One of the OH bands located on the super cage is thus tentatively named as
the O10H.

Intensities of the absorptions are calculated precisely, and the IR-TPD is calcu-
lated to be compared with the MS-TPD, as shown in Fig. 3.8. However, the MS-TPD
cannot be simply compared with the IR-TPD of adsorbed ammonia and OH. First,
by assuming the parameters to cancel the difference in extinction coefficients, sum
of IR-TPD of NH4

C and NH3 is fitted to the MS-TPD. The MS-TPD has two des-
orptions at 430 and 500 K, which correspond to the IR-TPD of NH3 and of NH4

C,
respectively. Secondly, the IR-TPD summation of three OH bands at 3,648, 3,625,
and 3;571 cm�1, and one OH band at 3;526 cm�1 are fitted to the IR-TPD of NH4

C
and of NH3, respectively.

The l-peak with a high intensity observed in usual ammonia TPD has been as-
signed to NH3 adsorbed on NH4

C, as mentioned in Chap. 2. On the other hand, the
so-called l-peak seems to be neglected in the experiment of IRMS-TPD, because
the adapted experimental conditions of W=F are so small.

Thus, four OH bands are assigned, and the number and strength of these OH
are determined, as shown in Table 3.1. Simultaneously, the extinction coefficients
of these OH bands are measured. Careful discussion is however required to fully
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Table 3.1 Assignment, number, strength, and extinction coefficient of OH, and accommodating
ammonia species on the H-Y zeolite

Band
position
.cm�1/ Assignment Position

A0

.mol kg�1/

�H
.kJ mol�1/ " .cm �mol�1/

Ammonia
species

3,648 O1H Super
cage

0.58 108 1.4

3,625 O10H 0.57 110 1.3 NH4
C

3,571 O2H Sodalite
cage

1.1 119 0.52

3,526 O3H Double
6-rings

0.8 105 1.3 NH3

understand two different behaviors of OH bands; i.e., these hydroxides are classi-
fied into those of OH on which the NH4

C is adsorbed, and one another with which
adsorbed NH3 species interacts. The former three are usual Brønsted OH, and from
higher to lower wavenumber the strength of acid site increases and the extinction co-
efficient decreases. On the other hand, the OH observed at the lowest band position
shows the extraordinary character; it shows the smallest value of �H for ammonia
desorption in spite of the lowest wavenumber, and its intensity changes upon desorp-
tion of NH3. Such an unusual behavior may be due to the location of the OH, which
is inside of the double 6-ring. Most probably, it is not stabilized as NH4

C species
due to the constraint in cage structure. Thus formed weak interaction of OH with
adsorbed NH3 influences on the vibration of OH, and thereby ammonia is desorbed
at the low temperature. The weak acidity found by the ammonia TPD is therefore
not caused by the intrinsic property of the OH but by the physical structure of the
adsorption site.

IRMS-TPD experimental profiles observed on the H-chabazite are explained in
this section, because these zeolites show similar profiles based on the similar struc-
ture [7]. Difference spectra in the OH region observed on the H-chabazite and thus
measured IR-TPD and MS-TPD are shown in Figs. 3.9 and 3.10, respectively. The
energy parameter measured by the IRMS-TPD experiment on the chabazite is sum-
marized in Table 3.2.

The H-chabazite also has those four kinds of the Brønsted OH bands, labeled
O1H–O4H. Among them, three OHs are located in the 8-ring, and the one in the
small pore of 6-ring. The OH band observed at the lowest wavenumber, 3;538 cm�1,
is identified as the OH in the small pore, and does not form the NH4

C cation by the
interaction with NH3, as shown in Fig. 3.10. Ammonia molecule is thus readily
desorbed at low temperature. The IR band position for the O4H located in the small
pore and the derived weak acid strength are similar to those on the O3H in the H-Y
zeolite. The OH band named O4H of chabazite should have the Brønsted acidity;
however, it does not show the property to accommodate NH4

C cation, but to interact
with NH3; such an unusual behavior is most probably due to the steric constraint in
the small pore. Other three OH bands observed from the high- to low wavenumber
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Fig. 3.9 Difference IR spectra in the OH region observed on the H-chabazite
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Table 3.2 Assignment, number, strength, and extinction coefficient of OH, and accommodating
ammonia species on the H-chabazite

Band
position
.cm�1/ Assignment Position

A0

.mol kg�1/

�H
.kJ mol�1/ " .cm �mol�1/

Ammonia
species

3,644 O2H 0.50 139 2.9
3,616 O1H 8-ring 0.65 136 3.2 NH4

C

3,575 O3H 0.52 133 3.6
3,538 O4H 6-ring 0.40 105 4.7 NH3
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are identified as O2H, O1H, and O3H, but unlike those on the H-Y zeolite, the acid
strength becomes weak in this sequence, as shown in Table 3.2.

Four kinds of OH bands are distinctively observed in the IRMS-TPD experiment,
and the distributions of the acid strength are measured on the H-Y and H-chabazite.
The dependence of the strength upon the structure is learned from the observation.
However, the steric hindrance due to the small pore to suppress the formation of
NH4

C is required explanation of the observation.

3.3 Modified Zeolites

3.3.1 Multivalent Cation-Modified Zeolite

Multivalent metal cation-exchanged Y zeolites are known to be active for the crack-
ing of hydrocarbons. Divalent alkaline earth cations such as Ca and Ba and trivalent
rare earth cation such as La are introduced into the Y zeolite by means of an
ion-exchange, and the modified Y zeolites are utilized for the catalytic reaction.
Therefore, the characterization of these metal ion-exchanged zeolites is extremely
important to understand an effect by these exchanged cations on the enhanced solid
acidity. Basic understanding of the cation-exchanged zeolites is also required for
the design of active acid catalysts. A method of the IRMS-TPD is applied to these
zeolites in order to reveal the enhanced Brønsted acidity [8].

Introduction of Ba and Ca cations to the Y zeolite diminishes the OH band lo-
cated in the sodalite cage and double 6-rings preferentially. This means that such
metal cations as Ba and Ca are exchanged at the cation site which is near the sodalite
cage. Remaining OH bands located at the super cage form NH4

C upon adsorption
of ammonia due to the Brønsted acidity, and the diminished intensity of OH is re-
covered accompanied by the desorption of ammonia, as shown in Fig. 3.11. The
behavior of recovery of the OH band intensity during the TPD experiment shows
the presence of two kinds of OH, both located on the super cage. Another fine ab-
sorption of adsorbed ammonia is found at 1;661 cm�1, thus showing the presence
of the Lewis acid sites. Thus measured changes of the intensity due not only to the
adsorbed NH4

C and NH3 but also the OH bands are summarized into the IRMS-
TPD profile which could be compared with the MS-TPD, as shown in Fig. 3.12. It is
clearly identified that the Brønsted acidity is prevailing on the modified Y zeolites,
and the distribution of the sites is outstanding. A strongly enhanced Brønsted acid
site is found based on this experiment. Number and strength of two Brønsted acid
sites are calculated, and the �H for ammonia desorption on the stronger Brønsted
OH is plotted against the degree of cation exchange in Fig. 3.13. We understand
from this relation that the strength of the Brønsted OH in the super cage is enhanced
by the introduction of metal cations: Ca, Ba, and La. On the other hand, a small
amount of Lewis acid site is found based on the desorption of ammonia at 430 K,
which corresponds to the absorption of NH3 at 1;665 cm�1.
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The role of the cations for the enhancement of the acidity of Brønsted OH is an
interesting subject. Based on the findings of IRMS-TPD, it is found that the multiva-
lent metal cations located on the small pore play the role of enhancing the acidity of
Brønsted OH located in the large pore. The electron accepting, i.e., the Lewis acidic
property of the cation is not outstanding. Thus, the mechanism most probably esti-
mated is as follows, i.e., first, the cation withdraws electron from the OH to increase
the partial charge of HC; and thus the strength of Brønsted OH is enhanced. The
property of the cation as an electron acceptor leads to the strong Brønsted acidity.
Quantitative study is possible by applying the DFT calculation to this system, which
is mentioned in Chap. 4.



3.3 Modified Zeolites 41

0 20 40 60 80 100
100

110

120

130

140

Ca

Ba

Cation exchange degree (%)

ΔH
 (

kJ
 m

ol
−1

)

La

Fig. 3.13 �H for ammonia desorption on the stronger Brønsted OH plotted against the degree of
cations Ba, Ca, and La exchange

3.3.2 Ultrastable Y (USY) Zeolite

Ultrastable Y (USY) zeolite has been utilized for cracking of hydrocarbons in the
petroleum refinery process. Therefore, the solid acidity which would play an impor-
tant role in the catalytic reaction has to be fully studied. Many studies from various
view-points have already been performed. It has been found that the steaming of Y
zeolite creates the mesoporosity, and produces the extra-framework Al. Although
such modifications of structure and composition are found clearly, these effects on
the solid acidity remain unsolved. Because of the complex profiles of the acidity
and structure, it is not easy to reveal the solid acidity sufficiently. Therefore, it is
interesting to apply the method of IRMS-TPD to the study on USY zeolite.

In the present chapter, the EDTA (ethylenediaminetetraacetic acid)-treated USY
zeolite is used as an example of the material. USY is first prepared from ammonium
Y zeolite by steaming at a high temperature, for example 823 K. Thus obtained USY
is further treated by Na2H2–EDTA. Al atoms in the framework are released from
the zeolite lattice in the first step (steaming), and the locations and environments
of Al atoms outside of the framework are changed in the next step (treatment in
a chelating agent). Control of the positions of extra-framework Al atoms is a key
issue to create the strong solid acidity. Treatments of USY with acidic and basic
solutions provide various phenomena such as further removal of the framework Al,
washing out of the extra-framework Al, and/or reinsertion of the extra-framework
Al. Such multiple changes cause a controversy over the origin of high activity of
USY. Unlike the acidic and basic solutions, a chelating agent with weak basicity
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Fig. 3.14 Difference IR spectra in the OH region observed on the USY zeolite

(Na2H2–EDTA) mainly changes the location of extra-framework Al, resulting in
the following properties. Experimental conditions for the preparations are optimized
[9], and the most adequately prepared USY is used in the measurements of the solid
acidity.

Difference spectra in the OH region of USY are shown in Fig. 3.14 [10]. Neg-
ative observation is due to the decrease of the intensity, and the Brønsted acidities
of these OH bands are observed. Two large negative changes of the OH at high-
and low wavenumbers are due to the differences in intensities of two kinds of OH
bands in the Y zeolite. Unlike on the H-Y zeolite shown above, these OH band in-
tensities do not split further. However, in addition, one more OH band is observed
at 3;595 cm�1 between two inherent OH bands. The OH band newly detected in the
present study has already been discerned to be ascribed to the active acid sites by
Lunsford et al. [11]. Assumed that there are three kinds of OH bands, IRMS-TPD
profiles are calculated as shown in Fig. 3.15. As in the preceding explanation, the
MS-TPD is well fitted to the IR-TPD of NH4

C to prove the predominant distribu-
tion of Brønsted acidity. The Brønsted acidity consists of three OHs at 3,630, 3,545,
and 3;595 cm�1, which show different thermal behaviors. The procedure mentioned
above is applied to the calculation of the number and the strength of three Brønsted
OH bands, as shown in Table 3.3. The OH clearly detected at 3;595 cm�1 has the
�H value of 137 kJ mol�1. The value of �H corresponds to the strong acidity com-
parable to the HZSM-5. Most probably, this is the strong Brønsted acid site active
for the cracking of hydrocarbons. It is important to notice that the OH band, which
is covered by the large and broad absorptions of other bands, is discovered by using
a technique of TPD experiment.
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Fig. 3.15 IRMS-TPD profiles and MS-TPD .Cg/ on the USY zeolite

Table 3.3 Assignment, number, strength, and extinction coefficient of OH, and accommodating
ammonia species on the H-Chabazite

Band position .cm�1/ Assignment A0 .mol kg�1/ �H .kJ mol�1/ " (cm �mol�1/

3,635 In super cage 0.39 116 2.9
3,595 Created 0.47 137 3.2
3,540 In sodalite cage 0.27 122 4.7

The present method of IRMS-TPD unveils the important character of the acidity
in USY. Combined with other studies, e.g., NMR observation and DFT (den-
sity functional theory) calculation, further clear characterization is undertaken to
reveal the structure and its relation with the strong Brønsted acidity, as shown in
Chap. 4.

3.4 Distribution of Brønsted Acid Sites Dependent
on the Concentration

Brønsted acidities on the proton form mordenite, chabazite, and Y zeolite, i.e.,
zeolite species with ca. 100% exchange degree with proton, have been elucidated
in previous sections. It is interesting that two to four kinds of acid sites are clearly
revealed by utilizing an advantageous property of the IRMS-TPD experiment. In the
next step, the distribution of these acid sites is studied with varying the degree of
exchange on the NaH-type mordenite and chabazite. The stability of the acid site
which depends on the structure or the site location is studied.



44 3 IRMS-TPD Measurements of Acid Sites

0 20 40 60 80 100
0

0.5

1

1-[Na]/[Al] (ion exchange degree)/%

A
ci

d 
am

ou
nt

/m
ol

 k
g−1

8-ring

12-ring

Total

Fig. 3.16 Plots of numbers of OH groups in 12- (solid line) and 8-rings (dotted line) against the
ion exchange degree of ammonium cation

As shown in the previous sections, the IR-TPD spectra of Brønsted OH groups at
3,585 and 3;616 cm�1 on H-mordenite are multiplied by 1.8 and 0.85, respectively,
and the sum of them is fitted well to the MS-TPD; thus, the numbers of two kinds
of OH groups are quantitatively measured. By means of this method, the OH groups
on NaH–mordenite samples with different ion exchange degrees (different Na/Al
ratios) are quantified. Figure 3.16 shows the numbers of acidic OH groups in 12-
and 8-rings against the ion exchange degree of proton/ammonium cation [1]. At
a low exchange degree of proton, only the acid site in 12-ring is detected. In the
region between 0 and 40% of the ion exchange degree, the number of acidic OH
groups in 12-ring linearly increases with increasing the number of H.DAl–Na/. In
this region, the Na cation is preferentially located in 8-ring; and in other words,
the proton is located preferentially in 12-ring. The number of OH in 12-ring in-
creases up to ca. 0:4 mol kg�1, and further increase in the ion exchange generates
the acidic OH located in 8-ring. The OH in 8-ring increases linearly with increas-
ing the exchange degree, and the concentration finally arrives at ca. 0:8 mol kg�1

on the fully exchanged H-mordenite. This indicates that, at least on this sample (in
situ H-mordenite prepared from a reference catalyst JRC-Z-M15 (Na-form)), about
two-thirds of the Al atoms are located at T3 position.

The Brønsted acid strengths of the two kinds of OH groups are also quantified.
The heats of ammonia adsorption on the OH groups in 12- and 8-rings are ca. 140
and 150 kJ mol�1, respectively, indicating the stronger acidity of the Brønsted OH
located in the 8-ring [1].

Also in the case of Y zeolite, the change in the numbers of OH groups with
varying the ion exchange degree is studied, as shown in Fig. 3.17. The Brønsted OH
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Fig. 3.17 Amounts of four
kinds of OH in H-Y zeolite
observed at 3,648 (O1H),
3,625 .O10H/, 3,571 (O2H),
and 3;526 cm�1 (O3H)
plotted against the ion
exchange degree
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stabilized at a small exchange degree is the O1H observed at 3;648 cm�1, and other
three kinds of OH appear above ca. 30% of the exchange degree. The O1H at the
highest wavenumber is most readily stabilized.

3.5 Relationship Between Stretching Frequency and Ammonia
Desorption Heat of OH Group

When the averaged heat of ammonia desorption obtained by the conventional MS-
TPD method is plotted against the IR band position measured by individual IR
experiments, no relation is observed between them, as shown in Fig. 3.18. The
improved IRMS-TPD method, however, provides us with new information. The
quantification of distribution of acid sites in MOR, FER, and FAU gives a new in-
sight into the interpretation of the acid strength, as mentioned below.

� On MOR, the high averaged desorption heat is largely owing to the stronger acid
site in 8-ring which shows a shoulder of IR band, while the major part of IR band
is due to the weaker acid site in 12-ring.

� On FER, the acid sites in 10- and 6-rings are distinguished.
� On the cation-exchanged Y zeolite and USY, the OH band whose acid strength

is enhanced by the multivalent cation is identified.

With this information, the revised relation is shown in Fig. 3.19. In this figure, the
acid sites located in oxygen member rings larger than 8-rings are shown by the
filled symbols, and those in 6-rings are shown by the open symbols. A correlation
is found between the ammonia desorption heat and the wavenumber (therefore, fre-
quency of the OH stretching vibration) in which the lower wavenumber gives the
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Fig. 3.18 Plots of �H against IR band position based on individual measurements of MS-TPD
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Fig. 3.19 Relation between �H and IR band position based on IRMS-TPD measurements

stronger acidity. The low frequency must show the weak OH bond and/or the large
OH distance, corresponding to the high proton-donating ability to a basic molecule,
namely, the strong Brønsted acidity.

This correlation is obtained on acid sites in the pores larger than 8-ring, while
the acid sites in 6-ring show the weaker acidities than those predicted from their
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low wavenumbers. The OH frequency in the 6-ring is lowered by hydrogen bond(s)
between H in the OH group and O in the pore wall due to the small pore size, and/or
the adsorption of ammonia on the OH is structurally hindered by the small pore,
resulting in the low desorption heat.

3.6 Distorted Structure of Zeolite and Related Material with
Lewis Acidity and Broad Distribution of Acid Strength

In this section, some examples of Lewis acid sites observed on zeolites are ex-
plained. As described in the previous sections, the framework Al generates Brønsted
acid site. Lewis acidity is observed on zeolites with defects, amorphous parts, and/or
extra-framework Al species.

Recently, novel synthesis of mesoporous zeolite, a zeolite with mesoporosity or
large external surface area, is being attempted by many researchers. Newly devel-
oped zeolites often have distorted structures on the initial stage of development.
Therefore, analysis of physical structure is carried out at first. Then, because the
most important purpose of these studies is to obtain a highly active solid acid cata-
lyst, the analysis of acidic property should be important.

Ryoo et al. develop a synthesis method of mesoporous ZSM-5 zeolite using an
organosilane SDA (structure directing agent) [12]. They first developed a method
in which tetraethoxysilane as a silicon source and the SDAs were simultaneously
mixed (hereafter, method 1). The IR spectra of a sample prepared by method 1 are
shown in Figs. 3.20 and 3.21. In the low wavenumber region (Fig. 3.20), in addition
to the NH4

C band .1;448 cm�1/, a band is observed at 1;321 cm�1. A symmetric
deformation vibration of NH3 bounded to a metal cation must show a band around
1;200 cm�1 [13], and the skeletal vibration of silicate is considered to diminish
major part of the deformation band. The 1;321 cm�1 band is believed to be the
remaining part of 1;200 cm�1 band, and thus attributable to NH3 coordinated to
Lewis acid site. The overlapping bands of NH4

C and NH3 are deconvoluted, as
shown in Fig. 3.20b.

On the other hand, in the high wavenumber region (Fig. 3.21), OH on dislodged
Al .3;781 cm�1/, isolated Si–OH .3;746 cm�1/ and Al–OH .3;670 cm�1/ are de-
tected as well as the acidic SiOHAl .3;607 cm�1/. The overlapping spectrum is
divided into five portions as shown in Fig. 3.21b, with an assumption of additional
fraction of SiOH with an interaction .3;738 cm�1/.

IR-TPD spectra of these bands are shown in Fig. 3.22 with overlapping the MS-
TPD. In this figure, the IR-TPDs of NH4

C (IR-TPD of Brønsted acid site) and
of NH3 (IR-TPD of Lewis acid site) are shown. The IR-TPDs have been magni-
fied by selecting a pair of coefficients1 to obtain the best fitting between MS-TPD

1 The coefficients should be in inversely proportional to the molar extinction coefficients of NH4
C

and NH3, but in this case, they are disturbed by the skeletal vibration of silicate.
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Fig. 3.20 (a) The 1;250–1;800 cm�1 region of difference IR spectra A.T / � N.T / caused by ad-
sorption and desorption of ammonia in the TPD experiment on mesoporous H-ZSM-5 synthesized
by method 1 (see text). (b) An example of the deconvolution

and the sum of IR-TPDs. The MS-TPD and the sum of IR-TPDs are well fitted at
500–700 K, and thus Brønsted and Lewis acid sites are individually quantified.

The IR-TPD of SiOHAl .3;607 cm�1/ is close to the mirror image of the IR-TPD
of Brønsted acid site, showing that the Brønsted acid site is mainly ascribed to the
framework SiOHAl group. However, thermal behaviors other OH groups2 are not
related with the TPD of Brønsted acid site. The number of the Brønsted acid sites
(not shown) is much lower than the Al atoms. Considerable amount of Lewis acid
sites is found. In addition, the MS-TPD shows a peak at 450 K, where neither a

2 These OH groups are not Brønsted acid sites, but the stretching vibration of OH is affected by
the adsorption of ammonia. Probably the adsorption changes the vibration frequency through such
a reaction as (continued on next page)
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Fig. 3.21 (a) The 3;500–3;800 cm�1 region of difference IR spectra A.T / � N.T / caused by ad-
sorption and desorption of ammonia in the TPD experiment on mesoporous H-ZSM-5 synthesized
by method 1. (b) An example of the deconvolution

(continued from previous page)

M-O-H + NH3 ®

H
N

H
H

H  ’O

H

where the dotted line between O and H shows the weakened OH bond.
Among these OHs, the isolated SiOH .3;746 cm�1/ seems to be related with relatively strong
Lewis acid site. Probably a defect with such an SiOH modifies the acidic property of adjacent
SiOHAl. On the other hand, the AlOHs (3,781 and 3;670 cm�1) are related with both of the Lewis
acid site (1;320 cm�1 band) and undetected species showing the MS-TPD peak at 450 K; the lat-
ter is possibly related with the 1;600 cm�1 band. The precise attribution of these bands has not
been clear.
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Fig. 3.23 Difference IR spectra A.T / � N.T / caused by adsorption and desorption of ammonia
in the TPD experiment on mesoporous H-ZSM-5 synthesized by method 2

distinct desorption of NH4
C nor NH3 is observed in the IR-TPD. It is believed that

only a small fraction of Al atoms contributes to generate the Brønsted acid site in
this sample.

Based on this information, the synthesis method is improved. In place of
tetraethoxysilane, water glass is used as a silicon source, and the mixing proce-
dure is improved; after mixing the silicon and aluminum sources, the SDA is added
(method 2), in order to disperse Al in the silicate matrix. Figures 3.23 and 3.24 show
the spectra of a sample prepared by method 2. Figure 3.23 shows the decrease of
Lewis acid sites .1;320 cm�1/, extra-framework AlOH (3,781 and 3;670 cm�1) in
the improved synthesis method compared to method 1. Figure 3.24 shows a large
amount of Brønsted acid sites and a small amount of Lewis acid sites, thus justifying
the presence of the acid site in the ZSM-5 framework.
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Fig. 3.25 IR-TPD for NH4
C (Cg, B), NH3 (Cg, L) to be compared with MS-TPD on Al-MCM-41

Examples of IRMS-TPD spectra on amorphous aluminosilicates can be seen in
Figs. 3.25 and 3.26. The former shows the spectrum on Al-MCM-41, a mesoporous
aluminosilicate with an amorphous microstructure. The latter is that of a commer-
cially available silica alumina catalyst also with an amorphous structure. The acidic
properties of these amorphous materials are summarized as follows [14].

� Considerable amount of Lewis acid sites is observed.
� Distributions of acid strengths of both of Lewis and Brønsted acid sites are broad.

The former indicates that defect and extra-framework Al generate Lewis acidity.
The latter tells us that the acid strength is controlled by bond angles and lengths
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Fig. 3.26 IR-TPD for NH4
C (Cg, B), NH3 (Cg, L) to be compared with MS-TPD on amorphous

silica–alumina Nikki N-631L (a commercially available sample)

around the acid site, and hence it is widely distributed in the amorphous materials
where the bond angles and lengths are not strictly limited unlike pure crystals.

As shown above, the newly synthesized mesoporous ZSM-5 has considerable
amount of Lewis acidity. This is presumably due to the presence of defects and
extra-framework Al. On an ex situ H-“ zeolite, similar Lewis acidity is observed.
Steaming of the zeolite at a high temperature decreases the Brønsted acid sites and
increases the Lewis acid sites [15].

3.7 Measurements of Metal Oxide Overlayer

Loading of acidic oxides on basic metal oxides provides us various kinds of solid
acid catalysts (Table 3.4). Generally, a monolayer of the acid promoter spreads over
the surface, and the catalytic activity is generated where the monolayer covers the
surface, suggesting the generation of acid site on the monolayer. WO3=ZrO2 and
SO4

2�=ZrO2 are representatives of these monolayer-type solid acids. They are be-
lieved to possess very strong acidity, because such a difficult acid-catalyzed reaction
as alkane skeletal isomerization proceeds on them [16]. Some of these oxides are
known to be oxidation or reduction catalysts; for example, MoO3=SnO2 catalyzes a
partial oxidation of methanol into formaldehyde, and V2O5=TiO2 catalyzes a selec-
tive reduction of NO with NH3. For these red–ox reactions, the acid site (especially
Brønsted acid site) is believed to play a role of active site or promoter.

The distribution of acid strength on such a combined metal oxide, similarly to
the amorphous aluminosilicate shown in the previous section, is generally broad
compared to that on zeolites. Brønsted and Lewis acid sites always coexist, and
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Table 3.4 Combination of acidic oxide and basic metal oxide support forming a monolayer of
acidic oxide on the surface and acid site on it

Promoter Support Responsible reaction Ref.

SO4
2� ZrO2 Skeletal isomerization of alkane, Friedel-Crafts type alkylation [16, 17]

WO3 ZrO2 Alkylation of alkane by alkane, alkylation of aromatics [18]
WO3 TiO2 Hydration of ethene into ethanol [19]
MoO3 ZrO2 Selective oxidation of methanol into formaldehyde [20, 21]
MoO3 SnO2 Selective oxidation of methanol into formaldehyde [22, 23]
V2O5 TiO2 Selective reduction of NO with NH3 [24]
V2O5 Al2O3 [25]
V2O5 ZrO2 [26]
V2O5 SnO2 [26]
SiO2 Al2O3 Double bond isomerization of butane [27]
SiO2 TiO2 Double bond isomerization of butane [28]
SiO2 ZrO2 Double bond isomerization of butane [28]
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Fig. 3.27 Difference IR spectra of ammonia adsorbed on WO3=TiO2 with a reference spectrum

therefore, individual quantification of these acid sites is important. The IRMS-TPD
method is a powerful tool for analysis of the acidic property of the combined metal
oxide.

Figure 3.27 shows IR spectra of ammonia adsorbed on WO3=TiO2 with 6 nm�2

of W atom density on the surface. Bending bands of NH4
C (1;430 cm�1) and NH3
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Fig. 3.28 Curve fitting of IR- and MS-TPD on WO3=TiO2

(1;220 cm�1) are observed after the adsorption of ammonia at 373 K, and their in-
tensities gradually decrease with heating the catalyst. From the rates of decrease in
intensities of these bands, IR-TPD spectra are calculated for Brønsted and Lewis
acid sites. Coefficients are searched in order to fit the sum of IR-TPDs of Brønsted
and Lewis acid sites with MS-TPD. The curve fitting is well carried out in this
case, as shown in Fig. 3.28. Thus, TPD spectra of Brønsted and Lewis acid sites are
calculated. From the peak intensity, position and shape, the number and strength
(ammonia adsorption heat) are determined for each type of acid site [19].

The acid strength of the combined metal oxide has a broad distribution unlike
those of zeolites, as imagined from the broad TPD peaks. We have developed a
method to calculate the distribution of ammonia desorption heat. Fraction .f�H /

acid sites with different �H are assumed. The �H is assumed at every 5 kJ mol�1

from 90 to 250 kJ mol�1. The acid amount is assumed to be the total acid amount.
The desorption profile is simulated based on (3.2).

Cg D �ˇA0W

F

d�

dT
D �

1 � �

P 0

RT
exp

�
��H 0

RT

�
exp

�
�S0

R

�
: (3.2)

A TPD spectrum is assumed to be the sum of these fractions with suitable set of
coefficients .A90–A250/ as follows:

TPD D A90f90 C A95f95 C � � � C A250f250: (3.3)

The set of coefficients .A90–A250/ is searched to fit thus simulated TPD with the
experimentally observed IR-TPD of Brønsted or Lewis acid site. The numerical
searching is carried out using a solver function of Microsoft Excel. The set is
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selected based on a minimum square method. Figure 3.29 shows the distribution
of �H thus determined from TPD spectra shown in Fig. 3.28.

Hydration of ethene (ethylene) into ethanol is performed using an H3PO4=SiO2

catalyst, and this catalyst causes environmental problem due to eluted phosphoric
compounds. Replacement of this catalyst by insoluble solid acid catalyst has been
demanded. The acidic property of WO3=TiO2 thus measured well explains the cat-
alytic activity for this reaction; the activity is dependent on strong Brønsted acidity.
As a result of application of the ammonia IRMS-TPD method to this system, a
promising candidate, WO3 monolayer loaded on TiO2 has been found [19].

The acidic property of SO4
2�=ZrO2 has also been analyzed. The effect of cal-

cination temperature of support zirconia is clarified; the strong Brønsted acidity is
generated when the support is uncalcined or calcined at a low temperature before
loading of sulfate species [29]. An example of TPD spectra of Brønsted and Lewis
acid sites on SO4

2�=ZrO2 is shown in Fig. 3.30.

3.8 Extinction Coefficients of NH4
C and NH3 Adsorbed

on Brønsted and Lewis Acid Sites, Respectively

To determine the extinction coefficient, the exact equation correlating the MS-TPD
and IR-TPD is derived. From the material balance in the system,

�ˇCwW
d�

dT
D F Cg; (3.4)
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Fig. 3.30 TPD spectra of Brønsted (B) and Lewis (L) acid sites on SO4
2�=ZrO2

where ˇ, Cw, W , � , T , F , and Cg are ramp rate .K s�1/, number of the discussed
type of adsorption site .mol kg�1/, sample weight (kg), coverage, temperature (K),
flow rate of carrier .m3 s�1/, and concentration of desorbed gas in the gas phase
.mol m�3/, respectively, as shown in Chap. 2.

On the other hand, Lambert–Beer law states

A D "cl; (3.5)

where A, ", c, and l are absorbance, molar extinction coefficient, concentration
.mol m�3/, and beam length (m), respectively. If the absorbance A is expressed
by the peak height in an IR spectrum, A is a dimensionless parameter, and the unit
of " is m2 mol�1. Or, if A is expressed by the peak area, the units of A and " are
m�1 (as well as the wavenumber) and m mol�1, respectively.

Here, a sample wafer is assumed to have a cross-sectional area S (m2) and a
thickness l (m). The volume of wafer v (m3) is

v D Sl: (3.6)

When all the adsorption sites are occupied, the concentration of an adsorbed com-
pound c in this wafer is

c D CwW

v
D CwW

Sl
: (3.7)

From (3.5) and (3.7),

A D "CwW

S
: (3.8)
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The IR-TPD, namely, the rate of decrease in IR band intensity, �dA=dT , is corre-
lated with the decrease of coverage �d�=dT as

�dA

dT
D �"CwW

S

d�

dT
: (3.9)

Comparison of (3.4) and (3.9) gives

Cg D ˇS

"F

�
�dA

dT

�
: (3.10)

This tells us that the MS-TPD .Cg/ is a product of a constant determined by the
experimental conditions .ˇS=F /, a reciprocal of ", and the IR-TPD .�dA=dT /.

From the IRMS-TPD experiments, one can determine the molar extinction coef-
ficients of 1;450 cm�1 band (NH4

C bound to Brønsted acid site), 1;200 cm�1 band
(NH3 coordinated to Lewis acid site), and various OH groups by two procedures.

� Based on (3.10), the coefficient ˇS="F can be obtained from the fitting of MS-
and IR-TPDs as shown in Fig. 3.28. From this value, " is determined.

� Based on (3.8), the IR peak intensity at 373 K is proportional to CwW=S , and the
slope should be ", if " is a constant on various samples with different Cw.

Theoretically both methods give the same answer, but practically experimental er-
rors affect the results. Here the latter method is shown.

In the experiments dealt in this chapter, the diameter of wafer is 1 cm and there-
fore S is fixed to be 7:9� 10�5 m2. Figure 3.31 shows the plots of A of 1;450 cm�1

Fig. 3.31 Relationship
between absorbance of
1;450 cm�1 band (NH4

C on
Brønsted acid site) at 373 K
and CwW=S , where Cw is the
number of Brønsted acid site,
on zeolites (filled circle) and
non-zeolitic solid acids (open
triangle: TiO2, ZrO2, Al2O3,
WO3=TiO2, WO3=ZrO2,
WO3=Al2O3, MoO3=TiO2,
MoO3=ZrO2, MoO3=Al2O3,
and V2O5=TiO2/
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band (NH4
C on Brønsted acid site) at 373 K against CwW=S on various samples,

i.e., zeolites and non-zeolitic materials. Although there are large deviations proba-
bly due to experimental errors, a proportional relationship is found between A and
CwW=S . The slope, ", is thus determined to be 938 cm�1 m2 mol�1.

The above analysis is based on the peak intensities expressed by peak areas, and
errors become large when the peak height is adopted [30]. Thus determined extinc-
tion coefficient of deformation vibration of NH4

C can be compared to literature,
but only the values based on the peak height has been known. Datka et al. reported
a value of coefficient based on the peak height; 14:7 m2 mol�1 on mordenite [31].
This is reasonably in agreement with our study on mordenite .13:7 m2 mol�1/ [1].
These findings support the validity of IRMS-TPD measurements, but simultane-
ously, the largely scattered relations in Fig. 3.31 indicate that the quantification of
acid sites only from the IR peak intensity is not easy. However, it is possible to mea-
sure approximately the amount of Brønsted acid site only from the IR absorption
intensity based on this averaged value.

Figure 3.32 shows plots of A of 1;200 cm�1 band (NH3 on Lewis acid site) at
373 K against CwW=S . The coefficient is determined to be 725 cm�1 m2 mol�1.
This parameter of Lewis acid site has been determined for the first time in this
study.
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Fig. 3.32 Relationship between absorbance of 1;200 cm�1 band (NH3 on Lewis acid site) at 373 K
and CwW=S , where Cw is the number of Lewis acid site, on TiO2, ZrO2, Al2O3, WO3=TiO2,
WO3=ZrO2, WO3=Al2O3, MoO3=TiO2, MoO3=ZrO2, MoO3=Al2O3, and V2O5=TiO2
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Chapter 4
DFT Calculation of the Solid Acidity

Abstract Density functional theory (DFT) is applied to calculate the ammonia
desorption energies on zeolites with various framework types and Y zeolites with
various exchange cations. The calculated desorption energy is in good agree-
ment with the ammonia IRMS-TPD measurements. Relationships between the acid
strength and geometric parameters are found.

4.1 DFT Calculation

4.1.1 DFT Calculation Applied to the Study on Brønsted Acidity

Density functional theory (DFT) calculation is a method for the quantum chemical
study, which has recently been utilized most frequently. Its applications are very
broad and directed to every field of science and engineering. By applying the the-
oretical calculations, deep insights into the research subject are given. It may be
possible to change the viewpoints of the investigation dramatically. Dr. Kohn who
is a Nobel laureate for developing the DFT method, in his Nobel lecture in 1999,
first showed the structure of methanol included in the cavity of sodalite as an exam-
ple of the calculation [1]. Zeolite is a fine crystal consisting of a simple structure,
and the adsorption of a simple molecule methanol may be a good example to show
the significance of the DFT calculation. We learn from the historical event that the
adsorption of ammonia on the H-type zeolite also is a subject to which the DFT is
applied most adequately. The study on the solid acidity of zeolite by a method of
DFT not only supports the experimental observation by the ammonia TPD, but also
leads us to understanding the acidity of zeolite on an atomic level. IRMS-TPD ex-
periment, described above, reveals clearly the acidity on Brønsted sites, individually.
Accumulation of such precise acidity profiles of zeolites provides us a good chance
for the theoretical investigation, because a comparison of the theoretical calculation
with the experimental observation is possible. A combination of the DFT calcula-
tion with the IRMS-TPD experiment becomes a powerful method to characterize
the acidity.

61
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In the DFT study, energy of desorption of ammonia (E) is calculated as an impor-
tant parameter. E is written as follows,

E D EHZ CENH3 �ENH4Z; (4.1)

where EHZ, ENH3, and ENH4Z are energies calculated for H-type zeolite, ammonia
molecule, and H-type zeolite which accommodates ammonium cation, respectively.
E is positive, and therefore�E is energy for adsorption of ammonia on the Brønsted
acid sites.

All the calculations stated here are performed on the DMol3 software com-
mercially available from Accelrys Co. Calculations are based on a generalized
gradient approximation (GGA) level using Becke–Lee–Yang–Parr (BLYP) [2] or
Hamprecht–Cohen–Tozer–Handy (HCTH) [3] exchange and correlation functional.
Selection of the functional affects the calculation results strongly; GGA is recom-
mended for the energy evaluation, and BLYP and HCTH are typical functionals
working on the system [4]. Localized density approximation (LDA) is also used,
but not recommended for use (vide infra). When the calculation is successfully
completed, the geometry of the studied zeolite is optimized, and the minimum to-
tal energy for the optimized structure is calculated. Then E is given from (4.1) to
be compared with the experimentally observed �U (change of internal energy upon
desorption). The optimized geometry is used to justify the calculation because it can
be directly compared with the experimental observation. The agreement between the
calculated and experimental lattice parameters supports the theoretical calculation
strongly. In addition, the precise geometry of the optimized structure of acid site
affords us valuable information about the geometry and the strength of Brønsted
acidity.

Various calculation methods are proposed, and precision and time cost depend
on the method. The following is one of the examples selected in our calculations,
and the calculated values are in satisfactorily agreement with the measurement val-
ues. Double numerical plus polarization (DNP) basis set is used for the numerical
integration, and all the electrons are calculated. The convergence criteria of en-
ergy, force, and displacement are set to be of medium accuracy as 2 � 10�5 Ha,
4 � 10�3 Ha Å

�1
and 0.005 Å (Ha: hartree, equal to 4:36 � 10�18 J), respectively.

4.1.2 Embedded Cluster and Periodic Boundary Conditions

A structure model is required in the initial step for the calculation. The commer-
cially available software, for example Material Studio by Accelrys, is sold with an
attached library package of crystal structure; therefore, the structure of usual zeolite
is easily obtained. Web site of International Zeolite Association has a database of
the structure in a crystal information file (CIF) format, from which the structure of
zeolite is constructed for the calculation.
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Computational study requires time cost, which depends on the number of elec-
tron calculated. Therefore, very large models containing many elements are not
practical for the calculation, but the precision of the calculation should be kept as
high as possible. Cluster models are used for a fast and simple calculation. On the
other hand, models prepared within the periodic boundary conditions are used for
a more precise calculation. Examples of these models and calculation are shown
below in detail.

4.2 Application to Chabazite, a Simple Zeolite

4.2.1 Brønsted Acid Sites in Chabazite Based on the Models
Within the Periodic Boundary Conditions

Chabazite (CHA) has a simple structure with the characteristic that all T sites are
equivalents. Therefore, only four kinds of Brønsted acid site are formed on the T

sites with a tetrahedral configuration. This feature is found on the Y zeolite as well
as on the CHA. The number of atoms in the unit cell of CHA is only 36, which is
so small that a fast calculation is possible. CHA is therefore a zeolite to which the
DFT is most easily applied with the structure model constructed within the periodic
boundary conditions [5].

Figure 4.1 shows the structure of CHA within the periodic boundary conditions.
Calculated geometrical parameters are compared with the experimentally observed
values on H-SSZ-13, as shown in Table 4.1. H-SSZ-13 is a high silica zeolite with
the structure of CHA. Calculated Si–O bond distances are 1.626–1.639Å, and

Fig. 4.1 Structure of
chabazite (CHA) HAlSi11O24

constructed within the
periodic boundary conditions
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Table 4.1 Geometrical parameters of the optimized structures of
siliceous CHA structure and experimental parameters of SSZ-13a

Si-O (Å) SiOSi (ı)

Calc. Exp. Calc. Exp.

O1 1.626 1.617 146.8 144.8
O2 1.630 1.613 151.0 150.0
O3 1.631 1.599 150.0 149.4
O4 1.639 1.615 147.6 147.8
aExperimental values are taken from the neutron diffraction study of
the H-SSZ-13 .Si=Al2 D 32/ in [6]

Table 4.2 Comparison between energies of ammonia desorption on four kinds of
Brønsted OH in chabazite calculated based on periodic boundary and embedded cluster
models using different functionals, and experimentally observed �U

Acid sites MRa Periodic Embedded clusterb �U

GGA-HCTH GGA-BLYP LDA-VWN
O1H 128 127 139 204 131
O2H 8 129 125 137 207 134
O3H 131 129 139 207 128
O4H 6 110 111 127 204 101
aOxygen-membered ring
bHAlSi65O102H60

nearly the same as the experimental values 1.599–1.615Å. Likewise, calculated Si–
O–Si bond angles are 146:8–151:0ı, and are very close to the experimental values
144:8–150:0ı. Both parameters of distance and angle calculated are, therefore, in
good agreement with the experimental observations; and the DFT calculation under
the present conditions is proved to be a good method.

Table 4.2 shows the energies of ammonia desorption on the H-type CHA thus cal-
culated. IR absorptions of OH bands have already been identified by a comparison
with the data cited in literatures, and the energy of ammonia desorption has already
been determined experimentally, as shown in Chap. 3. Because �H D�U CP�V

and �V > 0 for ammonia desorption, �U D�H � RT , where T is set to be the
peak temperature. Thus corrected �U should be compared with the E calculated.
As found from the table, values of the calculated E are divided into two en-
ergy regions, i.e., 128–131 and 110 kJ mol�1 for O1H, O2H, and O3H sites on
the 8-ring, and O4H site on the double 6-rings, respectively. These calculated
values are, therefore, approximately equal to those of experimentally observed
�U . Thus, we can confirm that the heats of ammonia desorption experimentally
measured by the IRMS-TPD are supported by the theoretical calculation. This co-
incidence is an example of the important progress for the characterization of the
zeolite acidity, in which the DFT calculation is utilized to confirm the experimental
observation.
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4.2.2 Brønsted Acid Site in an Embedded Cluster Model

Periodic boundary conditions are not easily applicable because the calculation cost
is very high. One method to overcome the problem is a utilization of a simple struc-
ture of an embedded cluster model. A Brønsted acid site cluster is embedded in a ze-
olite, and the energy is calculated totally on the zeolite with the cluster. The Brønsted
acid site cluster is prepared from 8 T sites owned by seven Si and one Al, which
is embedded in the CHA. The structure of the embedded Brønsted acid site clus-
ter is optimized, but the surrounding siliceous CHA structure is not optimized, and
the energy is calculated for the total structure with 66 T sites. Table 4.2 shows thus
calculated energies for ammonia desorption based on the cluster model using vari-
ous functionals. Energies obtained from the GGA-HCTH functional agree well with
those obtained under the periodic boundary conditions using the HCTH functional.
The calculation on the cluster model with the GGA-BLYP functional shows some-
what larger values and the LDA-VWN functional results in the energy values much
larger than others. Therefore, the embedded cluster model is also applicable, as long
as the BLYP or HCTH functional under the GGA level is utilized for the calculation.

From an application of DFT calculation to the acid site in CHA, we learn that
the selection of either an LDA or a GGA potential affects the calculation strongly,
and the GGA level is recommended. Furthermore, it is identified that the embedded
cluster model is correctly working for the precise determination of the energy.

4.3 Application to Other Zeolites

4.3.1 FAU, MOR, and BEA Calculated Under the Conditions
of the Embedded Cluster and the Periodic Boundary

DFT calculations are successfully applied to the CHA, a zeolite with the simple
structure, based on the models prepared under the embedded cluster and the peri-
odic boundary conditions, and the calculated energies for the ammonia desorption
are satisfactorily agreed with the experimental values. In next step, therefore, our
interests are directed to the application of these methods to other usual zeolites.
However, application conditions for the calculation depend on the structure of zeo-
lite; i.e., the time cost for the calculation depends strongly on the zeolite structure.
Therefore, an application to FAU and MOR that have the relatively simple structure
will be mentioned. In addition, because of an interest to the catalytic application,
some of the Brønsted acid sites of BEA zeolite are also studied based on the same
methodology.

As mentioned above, the FAU has a simple structure of zeolite, similarly to CHA,
and all the T sites included are equivalents; therefore four kinds of OH are possi-
bly located in the framework of Y zeolite. However, the O4H in the super cage
is not detected by the neutron diffraction experiment. In other words, only three
kinds of Brønsted OH are observed. Therefore, O1H in the super cage, O2H in the
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sodalite cage, and O3H inside the double 6-rings are calculated by the DFT method.
Calculations are performed not only on the embedded cluster with BLYP and HCTH
functionals [7], but also on the periodic boundary with HCTH functional [8], and
these are compared with the measured �U . The embedded cluster model of FAU is
shown in Fig. 4.2, in which a Brønsted acid site consisting of eight T .HAlSi7O7/

sites is included. Hydrogen is put on each terminal element, and total chemical
formula in the calculated model of Y zeolite is HAlSi47O78H37 (164 atoms). The
precision of calculation depends not only on the number of atoms in the acid site
cluster, but also on the size of surrounding zeolite groups. In the present calculation,
two more outside neighbor T sites are calculated without optimization.

On the other hand, mordenite has four kinds of T sites and ten kinds of oxygen.
Among four T sites, three .T1; T2, and T4) are on the large pore of 12-ring, and
one .T3/ on the small pore of 8-ring. Because of the stabilities and previous studies,
eight kinds of Brønsted OH are selected, as shown in Table 4.3. Only the O2H is

Fig. 4.2 Embedded cluster model of a Brønsted acid in FAU (a) and MFI (b)

Table 4.3 Comparison of the energies of ammonia desorption .kJ mol�1/ calculated on periodic
boundary and embedded cluster models

8 T cluster Periodic

Zeolite
Brønsted
OH MR

LDA-
VWN

GGA-
BLYP

GGA-
HCTH

LDA-
VWN

GGA-
HCTH �U a

O1 177 100 100 122 105FAU
O2

12
196 110 101 110 115

O3 6 178 93 86 101 101

Al1O3Si2 194 132 122 215 –MOR
Al2O2Si4 211 143 131 213 – 142
Al4O2Si2 12 206 140 129 – –
Al2O5Si2 218 147 136 – 135
Al4O10Si4 210 143 129 220 141

Al3O1Si1 230 146 132 – –
Al1O6Si1 8 239 155 142 – 136 147
Al3O9Si3 238 142 126 235 150

BEA Al9O12Si4 12 194 133 119 127 125
Al1O4Si8 6 197 119 116 122

aMeasured by the IRMS-TPD experiment
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calculated in two different neighbor positions of Al, Al2, and Al4. The O6H in the
Al1O6HSi1 is stabilized to be directed into the 8-ring, though it is attached to the
Al1 in the 12-ring.

BEA has nine kinds of T sites and 17 kinds of oxygen. Among them, two sites
are selected for the Brønsted OH, because ammonium cation is highly stabilized on
these sites.

Table 4.3 shows the energies calculated for the embedded acid site cluster and
the models prepared within the periodic boundary conditions on FAU, MOR, and
BEA zeolites, in which various functionals are applied for a comparison. Energies
calculated on the cluster models are compared; these values of energy are always in
the sequence, LDA-VWN > GGA-BLYP > GGA-HCTH, and these values roughly
correlate with each other. The energies calculated within the periodic boundary con-
ditions using LDA-VWN are similar or a little larger than those obtained on the
cluster models using the same functional. On the other hand, the energies obtained
with the GGA-HCTH functional under the periodic conditions are similar to those
obtained under the cluster models using the same functional. Therefore, the calcu-
lated values are influenced by the selected potential, LDA or GGA, but not so much
by the selected functionals, similarly to the CHA as mentioned above. Because the
calculated values should be compared with the experimentally observed values, the
selection of GGA level is preferentially recommended, and BLYP and HCTH func-
tionals based on periodic boundary and embedded cluster models are working well
to afford us the reasonable values of ammonia desorption.

On the Y zeolite, it is found that the energy on the O3H in the 8-ring is smaller
than that on others in the 12-ring, and the calculation is in agreement with the exper-
imental observation. Furthermore, it is proved without exception that mordenite has
the Brønsted acidity on the 8-ring which is stronger than that on the 12-ring. This
calculation result on MOR is also supported by the experimental findings. In other
words, the distribution of the Brønsted acid sites depending on the site location is
consistently concluded based on any selected method of calculation, although the
absolute values are somewhat different. Therefore, the experimental observations
are strongly supported by the DFT calculation.

4.3.2 MFI, FER, and MWW Calculated Under the Embedded
Cluster Model

Other zeolites contain various structurally different T sites, and therefore many
kinds of the Brønsted acid sites are possibly stabilized, as shown in Table 4.4. The
calculation is limited to the model of embedded cluster.

MFI has 12 kinds of T sites and 26 kinds of oxygen, and it is not easy to select the
calculated Brønsted acid sites. Our calculation followed the selection by Simperler
et al. [9] and five kinds of Brønsted acid sites are studied, as shown in Table 4.5.
Likewise, four kinds of acid sites on FER and five kinds of acid sites on MWW are
studied, as shown in Table 4.5.
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Table 4.4 Number of different T and O sites and T site multiplicity

Zeolite code Zeolite name T sites O sites Multiplicitya

ANA Analcime 1 1 48

LTA Linde A 1 3 24

CHA Chabazite 1 4 36

FAU Y (Faujasite) 1 4 192

FER Ferrierite 4 8 36

MOR Mordenite 4 10 48

MEL ZSM-11 7 15 96

MWW MCM-22 8 13 72

BEA “ 9 17 64

MFI ZSM-5 12 26 96

aThe number of T sites in a unit cell

Table 4.5 Energies of ammonia desorption .kJ mol�1/ calculated on embedded cluster models

8 T cluster

Zeolite Brønsted OH MR LDA-VWN GGA-BLYP GGA-HCTH �U

Al11O11Si12 198 137 126 132
Al7O17Si4 213 146 136

MFI Al12O24Si12 10 189 125 117
Al7O7Si8 202 142 131
Al9O18Si6 196 135 125

FER Al2O7Si4 10 202 123 111 135
Al4O6Si4 10 198 124 114
Al3O4Si1 Cage 204 135 126
Al2O1Si2 10 209 132 127

MWW Al4O3Si1 12 213 156 142
Al3O1Si2 10 196 134 128
Al5O9Si2 10 203 140 124
Al5O6Si4 12 208 142 127 135
Al5O8Si5 12 204 140 127
Al6OSi1 10 201 133 119

As found from the table, a similar trend of the calculated values is observed;
i.e., the energies are in the sequence, on LDA-VWN > on GGA-BLYP > on
GGA-HCTH. A comparison between the calculated energies and the experimen-
tal �U does not lead to a simple conclusion of the consistence. So far, the location
of Al is not known yet, and therefore, a strict comparison of the Brønsted OH is dif-
ficult. We can understand from the calculation, however, the upper and lower limits
of the energy values, and the experimental value of �U is within this region.

Finally, a comparison between the calculated values of E and the experimentally
observed �U is summarized in Fig. 4.3. The values obtained using the GGA-BLYP
functional on the embedded cluster model and using the GGA-HCTH functional
under the periodic boundary conditions are compared with the experimentally
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Fig. 4.3 Comparison between E calculated and �U experimentally measured on zeolites, CHA
(filled circle, open circle), FAU (filled triangle, open triangle), MOR (filled square, open square),
BEA (filled inverted triangle, open inverted triangle), FER (open diamond), MWW (positive sym-
bol), and MFI (multiplication symbol). Energies were calculated under the periodic boundary
conditions with the HCTH functional (closed symbols) and the embedded cluster models with
the BLYP functional (open symbols, multiplication symbol and positive symbol)

observed values. It is found that the periodic boundary conditions provide the value
which is more consistent with the experimental observation than the cluster model.
Large deviations are found on the comparison in MFI and MWW. However, maybe,
the scattered values could be neglected because the locations of acid sites are not
found exactly, and the acid site on a scattered location may not be stabilized ener-
getically.

4.4 Modified Zeolites

4.4.1 Divalent Cation-Exchanged Y Zeolites Based
on the Embedded Cluster Model

Computational calculations as shown above support the experimental observation of
IRMS-TPD. Although the absolute values of energy depend on the method of cal-
culation, the calculated energy values tell us the sequence of zeolites which enables
us to understand their acid strengths. This method of DFT calculation, therefore,
can be applied to the modified zeolites, and the change of solid acidity and catalytic
activity caused by the modification is studied in detail. Cation-exchanged Y zeolites
are now studied by the DFT calculations [10].
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Fig. 4.4 Structure of Y zeolite with definitions of the oxygen sites 1, 2, 3, and 4 and the cation-
exchanged sites I, I0, II, II0, III, and III0

As mentioned in the last chapter, Ca, Ba, and La ion-exchanged Y zeolites have
been utilized for the catalytic reaction, and the enhanced acidity is an interesting
subject of the catalytic chemistry. Physical chemistry observed in the experiment is
now thoroughly studied from the view-point of the computational calculation.

The IRMS-TPD experiment on these cation-exchanged Y zeolites reveals the
enhancement of the Brønsted acidity. Therefore, calculations are performed on the
Brønsted OH in the Y zeolite, and the mechanism of the enhancement of acid site
strength is studied. First, the structure of the cation-exchanged Y zeolite is created.
Previous studies of inorganic chemistry determined the site of alkaline earth cation
exchanged in a Y zeolite, and sites of I, I0, II, II0, and III are selected for the divalent
cation M D Mg2C, Ca2C, and Ba2C, as shown in Fig. 4.4. Site occupancy depends
on the cation, and these cations are preferentially located on the sites I, I0, II, and II0.
These sites are located close to the sodalite cage, and have a chance of interacting
with the OH in the sodalite cage. The position of cations’ location is in agreement
with the infrared observation of OH, because the OH in the sodalite, O2H and O3H,
diminishes preferentially by the exchange of cations (Fig. 3.11). The Brønsted OH
sites in the super cage still remain after the ion exchange, and the strength of one
of the OH bands is enhanced according to the experimental observation of IRMS-
TPD. DFT calculations are studied on the embedded cluster model modified by the
exchange of cation.

Table 4.6 shows the calculated heats of ammonia desorption on the O1H in the
super cage. LaOH cation is also assumed to be located, and studied simultaneously.
When a comparison is made between the calculated and observed values of ener-
gies, cations located in sites I0 and II are most probable because the Brønsted OH
is enhanced by the cation exchange on these sites. Metal cations are regarded as
electron acceptors; thus, the Brønsted OH situated close to the cation becomes elec-
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Table 4.6 Energy of ammonia desorption on the O1H unmodified and
modified by the divalent cation

Metal E (DFT) .kJ mol�1/ �U (TPD)
cation Site I Site I0 Site II .kJ mol�1/

(no) 99 100 95 106
Ba 116 104 109 114
Ca 97 106 116 118
LaOH � 110 � 114

tron deficient, thus becoming a strong Brønsted acid site. Increment of the acid site
strength introduced by the divalent cation is thus theoretically supported.

4.4.2 Modified Brønsted OH in Y Zeolite Based on the Periodic
Boundary Conditions

In the last chapter, La cation is studied with an assumption that La cation is sta-
bilized as the divalent La-OH2C. Because of the basicity, lanthanum cation readily
becomes stabilized as a cation containing hydroxyl group. Similarly, Al cation in the
extra framework of Y zeolite may be stabilized as Al-OH2C in the cation-exchanged
sites, thus enhancing the Brønsted acidity. The metal hydroxide formation is known
because of the equation,

M2C C H2OC Si �O �Al! M.OH/C C Si� .OHC/� Al: (4.2)

This reaction takes place readily on the metal cation with a high electrostatic poten-
tial (D valence/cation size). Al3C has a high electrostatic potential .5:61 Å

�1
/; thus

it is readily hydrolyzed. Al atom in the framework is released during the steaming
of Y zeolite at high temperatures to produce the ultra stable Y (USY) zeolite, and
is stabilized in exchange sites of Y zeolite. Therefore, DFT calculations are stud-
ied under the periodic boundary conditions in order to understand the production of
active Brønsted OH in USY zeolite in more detail [11].

Table 4.7 shows the list of the calculated energy for divalent cation-exchanged Y
zeolites under the periodic boundary conditions. Ba and Ca are assumed to be lo-
cated in the cation-exchanged sites, I, I0, and II, while Al-OH is in the sites I0 and II0.
The Brønsted O1H on unmodified H-Y zeolite is calculated under the environment
of 1Al or 3Al; however, nearly the same value of E is calculated. Enhancement of
the Brønsted acid strength is calculated, and as shown in Table 4.7, the values of E

calculated on the conditions of metal cations located on I0, II, and II0 are reasonably
agreed with the experimental observation. Thus, the present calculation also sup-
ports the IRMS-TPD experiment, and the exchange sites I0, II, and II0 are probably
occupied by these cations.
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Table 4.7 Energy of ammonia desorption and IR absorption band shift of the O1H unmodified
and modified by the divalent cation

E .kJ mol�1/ �U .kJ mol�1/ �� .cm�1/

Cation
sites

ENa of
added
element

Calculated
(DFT)

Measured
(TPD)

Calculated
(DFT)

Measured
(TPD)

HC.1Al/ 122
105

(3,797) (3,648)
HC.3Al/ 119

HCBa2C.3Al/
I

0.78
118

114
�6 �16

I0 135 �21

II 122 �10

HCCa2C.3Al/
I

1.22
122

118
5

�16I0 136 �36

II 128 �14

HCAlOH2C.3Al/
I0

3.47
144

133
�48 �53

II0 135 �46

aElectro-negativity

The stretching vibration of OH is also studied for these cation-exchanged Y
zeolites. Because of the assumption of anharmonic oscillation, the absolute IR
absorption band calculated on the unmodified H-Y zeolite is 3;797 cm�1, a little
larger than the experimental value of 3; 648 cm�1. Therefore, only the shift of IR
band position .�v/ due to the introduction of metal cation is compared with the
experimental finding. As shown in Table 4.7, the stretching vibration of O1H shifts
to lower wavenumber to confirm the experimental observation. Therefore, the IR
observation is also supported by DFT calculation.

The calculated model of the USY, in which Al-OH is located in the sites I0 in
the sodalite cage, is shown in Fig. 4.5. Extra-framework Al is surrounded by three
oxygen species in the zeolite wall and one more OH; bond lengths of three Al–O and
one Al–OH are 1.86–1.94 and 1.71 Å, respectively, and therefore the structure could
be regarded as the pseudo tetrahedron. The structure is in agreement with suspects
from 27 Al MQMAS NMR study [12].

4.5 Dependence of Brønsted Acid Strength
on Local Geometry [13]

In Sects. 4.1–4.3, the DFT calculation is applied to typical zeolites, and the op-
timized geometry of Brønsted acid sites Si(OH)Al and the energy of ammonia
desorption are provided. Over a wide range of zeolites, DFT calculations and am-
monia IRMS-TPD experiments give a reasonable agreement between the ammonia
adsorption energies calculated and measured. This means that the clusters or peri-
odic unit cells assumed in such DFT calculations are reliable from a view of their
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Fig. 4.5 The optimized
structure model of USY;
Al-OH is located in the site I0

in the sodalite cage

structures. Thus, the database of the acid sites about the structure and energy is cre-
ated. Therefore, based on the calculated parameters, it may be possible to find how
the acid strength is controlled by the framework structure (topology).

It is presumed that the local geometry, i.e., bond lengths and angles among atoms
surrounding the acid site, controls the acid strength through some quantum chemical
effects. The correlation between the geometric and energy parameters will help us
to design a new type zeolite with a desired strong acidity. Purely theoretical studies
have proposed that the shorter Al–O bond and the larger Si–O–Al angle bring about
the stronger acidity [14,15]. Our study is devoted to find the parameter which affects
the acid strength most strongly through the experimental confirmation, and then to
correlate these quantum effects with the crystal topology of the strong acid site.

The structural parameters shown in Fig. 4.6 are calculated, and correlations
between E (ammonia desorption energy) and these geometrical parameters are an-
alyzed. Relationships among the parameters are analyzed based on the following
assumptions.

1. The acid strength is controlled by the local structure of the Si(OH)Al unit. The
local structure can be expressed by parameters such as Al–Oa distance (a) and
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and B ŒOAl;1-OAl;2-OAl;3]. ! is the planar angle between the two triangles

Si–Oa–Al angle (�). Because electrons in an SiOH group can be withdrawn by
the Lewis acidic Al to cause the Brønsted acidic property, the shorter the a, the
less negative the OaH charge, resulting in the higher acid strength. On the other
hand, the p-character of the Oa–H bond should be increased with increasing � .
The increase in p-character should correspond to weakness of the Oa–H bond,
and therefore, larger � should render the higher acid strength [14, 15].

2. The crystal structure determines the positions of atoms surrounding the Si(OH)Al
unit, and these positions decide the local structure. In order to express mathemat-
ically the influence of the positions of surrounding atoms, the parameters b and
! can be used, because the atoms forming triangles A and B (Fig. 4.6) are close
to the outer part fixed as the crystal structure.

Therefore, relationships among E , a, and � are first analyzed to clarify
(1) whether a negative relationship between a and E exists; (2) whether a posi-
tive relationship between � and E exists. Then, relationships among a, � , b, and !

are analyzed to show whether the relations can be correlated to acid strength.
Figure 4.7 shows that a simple relationship is not obtained between a and E . This

is because the coordination environment of NH4
C affects the desorption heat. For-

mation of the NH4
C species B and C shown in Fig. 4.8, which have exceptionally

short distances to the wall oxygen species, is probably affected by the confinement
effect [16] or the steric hindrance. In contrast, the species A is believed to show
the ammonia desorption energy reflecting the intrinsic acidity. In Fig. 4.7, the group
A is shown by filled symbols. At least with respect to A, a relationship between E

and a can be drawn, with the shorter a giving the higher acid strength (higher E).
In contrast, any dependence of E is neither found on � nor on '.

A more in-depth rationalization of the reason that explains the correlation be-
tween a and E can be seen in Fig. 4.9. An inverse relationship between OaH
Mulliken charge and a shown here suggests again that the intrinsic origin of the
Brønsted acidic property is due to the electron withdrawing from OaH by the Lewis
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Fig. 4.7 Plots of E (calculated value) against a (Al–Oa distance). The coordination environment
of NH4

C is shown by the following symbols; the coordination environment is A (filled circle, filled
triangle, filled square, and filled inverted triangle: H D H�, H D H��, H D H D �, and H � H�,
respectively), B (open triangle and open inverted triangle for H � H� � and H � H D �, respec-
tively) or C (open square and open diamond for H � H D H D �� and H � H � H�, respectively)
species shown in Fig. 4.8. p shows the results based on the periodic boundary conditions, while the
others are based on the cluster method

acidic Al. The shorter a yields the stronger interaction between Al and OaH; thus, it
results in the smaller charge and the higher acid strength of OaH.

In Fig. 4.8, we notice a following relationship between E and a:

E � 488� 187a; (4.3)

where E and a are shown in kJ mol�1 and Å, respectively. On the other hand, a
numerical analysis shows that the distance a can be expressed by a simple function
of b and ! as follows.

a D 0:29bC 0:0037!C 0:56: (4.4)

This supports that the relationship is purely geometric; (1) a is strained when b
and/or ! are increased; (2) longer b gives longer lengths for all bonds in the
Si(OH)Al unit when ! is fixed; (3) larger ! should move Oa to the upper direc-
tion shown in Fig. 4.6, elongating a when b is fixed.

By combining these relationships, a simple relationship is found, as shown in
Fig. 4.10.

E � 419� .67b C 0:84!/; (4.5)

where E , b, and ! are shown in kJ mol�1, Å, and degree, respectively.
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Fig. 4.9 Relationship
between Mulliken charge
eOaH and a (Al–Oa distance).
Symbols show the crystal type
and coordination environment
as defined in Fig. 4.7
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This equation gives us an important conclusion that the topological centers with
small b and ! give the higher Brønsted acid strength. When the Si(OH)Al unit
is pushed from both sides, the acid strength becomes higher, because the Al–Oa

distance is shortened. Zeolite framework topology that realizes such a situation is
the origin of acid strength.
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Interestingly, the strong acid sites have a trend to be found in relatively small mic-
ropores. This is observed in the acid strength order of MFI > BEA > FAU, 8-ring >

12-ring in MOR or 6-ring > 12-ring in FAU, as shown in Chaps. 2 and 3. The present
finding also explains that it has been difficult to detect strong acid sites on the so-
called mesoporous zeolites, although many attempts have been carried out. On a flat
surface or on a wall of relatively wide pore with a small curvature, b and ! should
be large, resulting in the low acid strength according to the present proposal. From
these considerations, an important conclusion can be extracted; a strong acid site is
difficult to be constructed on an opened space. This is very important information
for a design of new catalysts especially for the reaction of heavy hydrocarbons that
is demanded to establish an alternative fuel technology.

Nevertheless, there remain some possibilities. Because the zeolite framework is
complex, it is possible to realize both the strong acidity and the high accessibility by
a precise design of the structure based on this information. An easier strategy is to
utilize the extra-framework cation because the extra-framework Al or other cations
can vary the acid strength based on different rules, as stated in the previous sections.
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Chapter 5
Catalytic Activity and Adsorption Property

Abstract Functions of zeolites as catalysts and adsorbents are related with the
observed acidic properties. The turnover frequency and activation energy of alkane
cracking depend on the ammonia desorption heat. Desorption heat of toluene on
Na-zeolite is related with the ammonia adsorption heat of corresponding H-zeolite.
Highly active catalysts for Friedel–Crafts alkylation (Ga/MCM-41) and amination
of phenol (Ga/ZSM-5) are found based on the ammonia TPD analysis.

5.1 Paraffin Cracking

5.1.1 Evaluation of Intrinsic Activity of Acid Site

Cracking of alkane (paraffin) allows mankind to convert petroleum into gasoline
and other necessary feedstocks efficiently. Natural clay materials, synthesized amor-
phous silica-aluminas, and, at last, USY (ultrastable Y) zeolite-based materials have
been used as main components of the catalysts for fluid catalytic cracking (FCC)
process since 1960s. Subsequently, so-called high silica zeolites, e.g., ZSM-5, “ and
MCM-22, have been found to possess high activities for the alkane cracking, and
they are used as catalysts or catalyst additives for specific purposes. Solid acidity of
these catalysts is the intrinsic origin of the catalytic activity. In this section, quanti-
tative analysis of the role of acid site on the catalytic cracking of alkane is reviewed.

According to Haag and Dessau, a penta-coordinated carbonium cation (1) is
formed from an alkane and a Brønsted acid site on a zeolite as (5.1) [1].

R–C+

H

H H

R–CH2–CH2–CH2–R� + H+ ® –CH2–CH2–R�

1

(5.1)

79
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Later, the microstructure of 1 is drawn as 2 or 3, or it is interpreted that an equi-
librium (5.2) exists between the isomers [2–4]. All these isomers are so-called
nonclassic carbonium cations that are formed by the protonation of alkane.

R–C

H

+ +

H H

CH2–CH2–R� R–C

H

H H

–CH2–CH2–R�R–C

H

H

–H+–CH2–CH2–R�

2 3 1 (5.2)

Following the formation of such a carbonium cation, subsequent reactions readily
proceed. For example, a reaction (5.3), cracking of the carbonium cation into a short
alkane, and a carbenium cation 4 is possible.

R-C

H

+

H
H

CH2-CH2-R�® R-CH3 + H2C
+-CH2-R

4

(5.3)

The carbenium cation, which has a triangle sp2 hybrid orbital and a void   or-
bital, readily reacts via various pathways. When a proton in the carbenium cation
is rebounded to the Brønsted acid site, an alkene (olefin) molecule is formed
by (5.4).

H2CC�CH2�R! H2C D CH�RC HC (5.4)

Through reactions (5.1), (5.3), and (5.4), a long alkane is cracked into a pair of a
short alkane and a short alkene. From the carbenium cation, other reactions such as
alkylation, isomerization, dimerization, and further cracking (5.5) are also possible.

R�HC D CH�CH2�R0 CHC ! R�HCC�CH2�CH2�R0 ! R�HC

D CH2 C CCH2�R0 (5.5)

Aromatic compound also forms a carbenium cation, and various reactions are
possible.

Haag and Dessau have clarified the following reaction mechanisms through
careful analysis of kinetics [1].

� At relatively low temperatures, high conversions, and/or high partial pressures of
reactants, the successive reactions of the formed carbenium cation are predom-
inant under bimolecular mechanism. The carbenium cation plays an important
role to determine the total reaction rate under these conditions.
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Fig. 5.1 Reaction rate of
octane cracking on
NaH-ZSM-5 zeolite as a
function of partial pressure of
octane. Reproduced with
permission from [5].
Copyright Elsevier 2004

� At relatively high temperatures, low conversions, and/or low partial pressures of
reactants, the rate-determining step is the formation of nonclassical carbonium
cation 1 under monomolecular mechanism, and thereby the number and strength
of Brønsted acid site determine the total reaction rate.

In the former mechanism, the reaction between two intermediates is important, and
therefore the reaction rate should neither be linearly proportional to the partial pres-
sure of reactant nor the number of active site. In addition, the extraction of a hydride
anion from an alkane by Lewis acid site can form a carbenium cation, which pos-
sibly contributes to the total reaction rate. The contribution of Brønsted acid site
should be unclear under the conditions where the bimolecular mechanism is pre-
dominant. On the contrary, the intrinsic contribution of active site is evaluated under
the latter mechanism.

As shown in Fig. 5.1, the reaction rate of octane cracking shows the first-order de-
pendency on the partial pressure of octane at 723 K, while the reaction order is high
at 673 K. This evidences that monomolecular mechanism proceeds above 723 K.
Under such conditions (723 K), the reaction rate on NaH-ZSM-5 zeolite shows the
first-order dependency also on the number of Brønsted acid site (Fig. 5.2), which
is measured by the ammonia IRMS-TPD method with varying the Na content [5].
The turnover frequency (TOF) can be determined from the slope, and it shows the
intrinsic contribution of Brønsted acid site to the catalytic cracking. It should be
noted that the intrinsic TOF cannot be obtained at lower temperatures where the
bimolecular mechanism affects the total reaction rate.

5.1.2 Dependence of Activity on Acid Strength

Relationships between the TOFs for hexane and octane cracking at 773 K and the
Brønsted acid strength (ammonia desorption heat) under monomolecular conditions
are shown in Fig. 5.3a, b. At < 135 kJ mol�1 of the ammonia desorption heat, the
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Fig. 5.2 Reaction rate of octane cracking as a function of number of Brønsted acid sites. Repro-
duced with permission from [5]. Copyright Elsevier 2004
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Fig. 5.3 Relationship between TOFs for cracking of hexane (a) and octane (b) and ammonia
desorption heat of Brønsted acid site

TOF increases with increasing the acid strength. In this region, the logarithm of TOF
shows a linear relationship with the ammonia desorption heat. The activation energy
measured around 773 K also shows a linear relationship with the ammonia desorp-
tion heat at < 140 kJ mol�1, as shown in Fig. 5.4 [6]. These relationships clearly
indicate the contribution of acidic property of zeolite to the catalytic activity for the
reaction of alkane. The Brønsted acid site catalyzes the monomolecular mechanism
of alkane cracking, and the stronger Brønsted acid brings about the higher reaction
rate via the reduction of activation energy.

Such a simple explanation was not obtained previously, and the interpretation of
cracking activity of zeolite has been under controversy. The main reason is caused
by the difficulty in the measurements of solid acidity, especially on the USY zeolite,
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Fig. 5.4 Plots of activation energies for cracking of hexane (white) and octane (black) against
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which is the most important component of cracking catalyst. It is invoked in a lit-
erature that at least 17 kJ mol�1 of the difference in ammonia desorption heats is
needed to explain the large difference in the catalytic activities between H-Y and
USY [7]; however, previous measurements of ammonia desorption heat by means
of the ammonia TPD and microcalorimetry could not detect such a large differ-
ence between H-Y and USY. The readers of this book have already known that the
ammonia IRMS-TPD shows a clear difference in the ammonia desorption heats (ca.
20 kJ mol�1) between H-Y and USY, as presented in Chaps. 2–4. Previous studies
without this knowledge proposed other interpretations as follows.

� The apparent activity of catalyst depends on the diffusion rate and hence on the
mesoporosity. Especially, the enhancement of activity by steaming of Y into USY
is mainly owing to the formation of mesopores [8].

� As shown later, physical adsorption heat of an alkane on zeolites apparently
compensates the activation energy of cracking of the alkane. The activation step
seems to be controlled by the physical adsorption property [9].

Steaming of an NH4-Y zeolite at such a temperature as 823 K forms a USY zeolite
with a high mesopore capacity, and simultaneously generates a high activity. The
reactivity of bulky molecules such as alkyl aromatics and branched alkanes may be
affected by the accessible surface area including the wall of mesopore. However, this
is questionable at least for linear alkanes. Treatment of USY with Na2H2-EDTA so-
lution generates strong Brønsted acid sites, because the extra-framework Al.OH/2C
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in the sodalite cage is increased by this treatment to enhance the Brønsted acid site
in 12-ring, as shown in Chaps. 3 and 4. The change in activity is in good agreement
with the number of strong Brønsted acid site, but not with the mesopore volume
[10]. Moreover, TOF is quantitatively correlated with the strength of Brønsted acid
site as shown above.

It has been reported that the physical adsorption heat of alkane (more exactly,
the desorption enthalpy of physically adsorbed alkane molecule) is in the order of
H-ZSM-5 > H-“ > H-Y [9, 11], which is approximately dependent on the frame-
work density of zeolite [12]. This is also a reverse sequence of micropore size,
indicating that the physical adsorption property of alkane is mainly controlled by
the curvature of micropore wall, which is believed to induce the confinement effect
[13]. The order of cracking activity is also H-ZSM-5 > H-“ > H-Y. Thus, it looks
as if the physical adsorption property of zeolite, namely the confinement effect, con-
trols the activity.

A broader study, however, makes it clear that the activity is not completely re-
lated with the physical adsorption heat. In Fig. 5.5, the activation energies of alkane
cracking are plotted against the physical adsorption heats of corresponding alkane.
One can find an inverse and linear relationship between the activation energy and
physical adsorption heat over H-Y (1), H-“ (5), and H-ZSM-5 (6), as shown by a
dotted line in Fig. 5.5. It is noteworthy that the dependence of activity on the phys-
ical adsorption property was proposed from the results mainly on these zeolites.
When other zeolites such as ion-exchanged Y and MCM-22 are taken into account,
there is no relationship between the activation energy and adsorption heat. The
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Fig. 5.5 Plots of activation energies for cracking of hexane (open) and octane (filled) against
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and NaH-mordenite (9)
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most important finding is observed on the EDTA-USY (7 in Fig. 5.5). The heat of
alkane adsorption of EDTA-USY is close to that on H-Y, as well as those on CaH-Y,
BaH-Y, and LaH-Y. This tells us that the physical adsorption property is constant
when the framework topology is fixed, but the cation is changed. The activation
energy on EDTA-USY is much lower than that on H-Y. This should be ascribed
to the strong Brønsted acidity of EDTA-USY shown in Chaps. 3 and 4. Also on
H-MCM-22, the activation energy is low although the alkane adsorption heat is low.
The activation energy depends on the Brønsted acid strength, but not on the physical
adsorption property.

Then, why does it look as if the activation energy depends on the physical ad-
sorption property? On most of H-form zeolites such as H-Y, H-“, and H-ZSM-5, the
desorption enthalpy of alkane and the ammonia desorption heat (acid strength) can
be correlated, as shown in Fig. 5.6. The higher the desorption enthalpy of alkane,
the higher the ammonia desorption heat on these zeolites. This is because the acid
strength is controlled by the strain around the acid site, as shown in Chap. 4. The
stronger compression from both sides of a SiOHAl unit gives the stronger acidity
to this group. The compression becomes strong usually in a narrow micropore wall
with a high curvature. On the other hand, the stronger physical adsorption property
is due to the high curvature of micropore wall. Therefore, both the strong acidity
and the high physical adsorption heat of alkane are observed in an associate manner
on these zeolites. However, exceptions are possible for the curvature–acid strength
relationship. On the ion-exchanged Y zeolites, the acid strength is controlled by
a completely different manner, namely, the electron withdrawing nature of the
extra-framework multivalent cation, as shown in Chap. 4. In addition, without such
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Fig. 5.6 Plots of physical adsorption heats (desorption enthalpies) of hexane (open) and octane
(filled) against desorption heat of ammonia on H-Y (1), LaH-Y (2), BaH-Y (3), CaH-Y (4), ex situ
H-“ (5), H-ZSM-5 (6), EDTA-USY (7), H-MCM-22 (8), and NaH-mordenite (9)
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extra-framework cations, there can be exceptions where the relationship between the
curvature and acid strength is ruled out, because the zeolite framework structure is
complex. H-MCM-22 seems to be the case where the acid strength is high although
it has a relatively large micropore. Therefore, the acid strength is higher than on
H-“, whereas the physical adsorption heat is similar. In these exceptional cases, the
activation energy depends on the acid strength but not on the physical adsorption
heat at all. The advancement in the measurement method of the acidic property of
solid thus provides more precise interpretation [6].

5.1.3 Thermodynamic Description on Correlation Between
Activation Energy and Ammonia Desorption Heat

The following discussion further clarifies the meaning of the relationship between
ammonia desorption heat and activation energy.

It is believed that pKas of conjugated acids of a series of basic compounds have a
parallel relationship in different acidic solvents as (5.6) or (5.7) [14]. For any acidic
solvent AH,

pKa
�
BiHC=AH

� � pKa
�
BiiHC=AH

� D const; (5.6)

Ka
�
BiHC=AH

�
Ka .BiiHC=AH/

D const; (5.7)

where Bi and Bii are two kinds of bases, AH is an acidic solvent, BHC is the conju-
gated acid of a base B, and pKa (BHC=AH) is the pKa of BHC in AH.1 Although
these relationships have been confirmed only in the cases where acetic acid and wa-
ter were the acidic solvents and amines were the bases [14], traditional theories on
acid–base reactions such as the definition of H0 index [15] are based on the assumed
equation (5.6), which holds for the acids and bases discussed without exception.

On a Brønsted acid site (H-Z) in a zeolite, desorption of a gaseous and strong
base NH3 can be written as follows:

NH4
C � Z� ! H � ZC NH3 .g/ (5.8)

1 Equation (5.6) is exactly based on the following definitions.

BHC.AH sol:/ C A�.AH sol:/ ! B .AH sol:/ C AH .l/

Ka

�
BHC=AH

� D aB.AH sol:/

aBHC.AH sol:/aA�.AH sol:/

pKa

�
BHC=AH

� D � log Ka D � log
aB.AH sol:/

aBHC.AH sol:/aA�.AH sol:/

where x (AH sol.) shows a solute x in a solvent of AH, and Ka .BHC=AH/ is the acid dissociation
constant of BHC.



5.1 Paraffin Cracking 87

On the contrary, a reactant alkane R, a gaseous and weak base, is assumed to form
an intermediate RHC-Z�, and the reverse step is written as

RHC � Z� ! H � ZC R .g/ (5.9)

Here a relationship equivalent to (5.7) is assumed between the reactions (5.8) and
(5.9) on a zeolite. This relationship can be written as (5.10). For any zeolite H-Z and
a reactant,

Ka
�
NH4

C=H � Z
�

Ka
�
RHC=H � Z

� D const: (5.10)

As shown in Chap. 2, the standard entropy of desorption of ammonia is approxi-
mately constant on various zeolites [16] as well as solid acids such as WO3=ZrO2

[17] and SO4
2�=ZrO2 [18]. Likewise, it is assumed that the desorption entropy

of the reactant R is constant, or at least similar, also on various zeolites like that
of ammonia. This provides us a linear relationship (5.11) between the desorption
enthalpies of ammonia and reactant R on various zeolites.2

�H
�
RHC=Z�� D �H

�
NH4

C=Z��C const; (5.11)

2 Logarithm of (5.10) gives the following relationships.

ln
Ka

�
NH4

C=H � Z
�

Ka

�
RHC=H � Z

�

D ��H
�
NH4

C=Z�

�
RT

C �S
�
NH4

C=Z�

�
R

C �H
�
RHC=Z�

�
RT

� �S
�
RHC=Z�

�
R

D const:

�H
�
NH4

C=Z�

� � �H
�
RHC=Z�

�
D T

˚
�S

�
NH4

C=Z�
� � �S

�
RHC=Z�

��
; Cconst:

where �H
�
XHC=Z�

�
and �S

�
XHC=Z�

�
denote the standard enthalpy and entropy, respec-

tively, of the desorption of X from XHC-Z�. Here it is assumed that the desorption entropy of the
reactant R is constant, or at least similar. This is expressed as follows:

�S
�
NH4

C=Z�
� � �S

�
RHC=Z�

� D ˇ

where “ is a constant.
As a result, the equation can be simplified.

�H
�
NH4

C=Z�
� � �H

�
RHC=Z�

� D ˇT C const:

This provides a linear relationship (5.11) between the desorption enthalpies of ammonia and
reactant R at a fixed temperature on various zeolites. Because the enthalpy change is hardly affected
by the temperature (at least in a limited temperature range), availability of eq. (5.11) should not be
limited at a fixed temperature.
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where �H
�
NH4

C=Z��
and �H

�
RHC=Z��

denote the standard enthalpies of
reactions (5.8) and (5.9), respectively. The former is the ammonia desorption heat,
and the latter is the heat of decomposition of RHC; a constant in (5.11) depends on
the reactant alkane.

In the monomolecular mechanism, the formation of a carbonium cation from a
Brønsted acid site and an alkane molecule due to (5.1) is the rate-determining step,
and therefore, the activation energy experimentally observed (Ea/ should be equal
to the energy shown by ��H

�
RHC=Z��

.3

Ea D ��H.RHC=Z�/: (5.12)

From (5.11) and (5.12), (5.13) is derived.

Ea D ��H
�
NH4

C=Z��C const: (5.13)

A linear relationship between the activation energy of alkane cracking and the am-
monia desorption heat with a slope of �1 is shown by this equation. The slope of
observed linear relationship in Fig. 5.4 is ca. �1:3, close to �1, indicating the appli-
cability of these assumptions.

The dependence of catalytic activity on the Brønsted acid strength is thus theoret-
ically described based on the measurements with the ammonia IRMS-TPD method.
The found principles can be summarized as follows:

� The activation energy of (linear) alkane cracking under the monomolecular con-
ditions is controlled by the Brønsted acid strength; the stronger the acidity, the
lower the activation energy, generally resulting in the high activity. The activa-
tion energy has a linear relationship with the ammonia desorption heat on the
Brønsted acid site. On exceptionally strong acid site (the ammonia desorption
heat > 140 kJ mol�1/, the relationship is unclear.

� The TOF is also determined by the acid strength, and therefore, the total activity
is controlled by the number and strength of Brønsted acid sites.

� This principle is well explained by the Haag–Dessau model of alkane cracking.

5.1.4 Behavior of Acid Sites in 8- and 12-Rings of Mordenite

As shown in Chap. 2, H-mordenite possesses two types of acid sites. The Brønsted
acid site in 12-ring is slightly weaker than that in 8-ring. The former is contained
in the NaH-mordenite over a wide range of ion exchange degree, while the latter is

3 As �H
�
RHC=Z�

�
is the standard enthalpy of the reaction (5.9), the income of enthalpy by the

reaction (5.1) [D the reverse reaction of (5.9) on a zeolite] should be ��H
�
RHC=Z�

�
. If the re-

action (5.1) is the rate-determining step, the activation energy should be the energy income of this
reaction, and hence equal to ��H

�
RHC=Z�

�
.
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Fig. 5.7 Time course of catalytic activity for octane cracking on in situ NaH-mordenites. The
exchange degree (ŒH�=ŒAl� D 1� ŒNa�=ŒAl�) is shown in parentheses. Reproduced with permission
from [19]. Copyright American Chemical Society 2005

present only on the sample with a low Na content (high ion exchange degree), as
shown in Chap. 3. Catalytic behaviors of these acid sites are significantly different.
As shown in Fig. 5.7, a stable activity is observed at 7% of the ion exchange degree
([H]/[Al]), while rapid deactivation is observed at higher ion exchange degrees [19].
It is speculated that the strong acid site in 8-ring forms a coke precursor, and it
disperses in both of the 8- and 12-rings to block all the acid sites.

5.2 Adsorption of Aromatic Hydrocarbons

Adsorption of such an aromatic compound as toluene on zeolites gathers attention
from multiple viewpoints as follows, and TPD of the aromatic hydrocarbons has
been used to study their adsorption properties [20].

Ammonia can be used as a probe molecule to analyze the acidic property of solid,
as reviewed in this book. The adsorption of ammonia, as well as adsorption of other
molecules, can be affected by steric hindrance or, in contrast, “confinement effect”
[13] in a small cavity. These steric effects disturb the estimation of intrinsic acid
strength from the adsorption heat of a probe. From this sense, it is proposed that a
small alkaline cation, e.g., NaC, should be an ideal base probe for the acidity eval-
uation of a solid surface to avoid from any steric effects. An aromatic hydrocarbon
such as toluene is strongly adsorbed on NaC in zeolites [21], and it may be possible
to study the nature of interaction between the acid site (or ion-exchange site) and
NaC through the adsorption behavior.

The adsorption of aromatic compound is also a subject of research on diffusion of
molecules in micropore [22], because the molecular size is similar to the micropore
size. Moreover, the adsorption of aromatic compound can be a tool for probing the
cation position in very narrow pores [23].
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Apart from the above applications as a probe to investigate the physico-chemical
properties of zeolite, the adsorption of such a hydrocarbon compound as toluene, it-
self, gathers attention. Nowadays, efforts are being made to control the emission of
unburned hydrocarbon and NOx from automobile engines during “cold-start period”
when catalyst temperature has not reached to a suitably high level. It is promis-
ing for the removal of the hydrocarbons to store them at a low temperature and
release to send them to the combustion catalyst after it is heated [24, 25]. In addi-
tion, for the removal of NOx , the storage of hydrocarbons as a reductant is useful
[26]. Moreover, toluene is a typical volatile organic compound (VOC), and removal
of it from atmosphere by catalytic combustion or adsorption is being attempted
widely [27].

In this section, the quantitative analysis of toluene TPD on Na-zeolites [28] is
reviewed.

Figure 5.8 shows the change in TPD spectrum with varying the W=F ratio (see
Chap. 2) on a sample of Na-ZSM-5. The TPD of toluene on a Na-zeolite shows l-
(low temperature) and h- (high temperature) peaks. At a low W=F , the l-peak is not
observed, because the weakly adsorbed toluene is purged during the preevacuation
before the TPD measurement. The peak temperature of h-peak shifts with varying
the W=F ratio, as observed in the ammonia TPD on an H-zeolite. A linear relation-

ship between ln Tm� ln
A0W

F
and

1

Tm
is observed in Fig. 5.9. This indicates that the
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Fig. 5.8 Toluene TPD profiles on Na-ZSM-5 (SiO2=Al2O3 D 24/ at different W=F ratios;
(a) W D 0:1 g, F D 400 cm3 min�1; (b1) and (b2) W D 0:1 g, F D 200 cm3 min�1;
(c) W D 0:1 g, F D 100 cm3 min�1; (d) W D 0:3 g, F D 200 cm3 min�1; (e) W D 0:5 g,
F D 200 cm3 min�1. The experiments at W D 0:1 g, F D 200 cm3 min�1 were repeated as
(b1) and (b2) under the same conditions. The measurements were carried out under atmospheric
conditions
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TPD process under these conditions is controlled by the equilibrium, and the read-
sorption of toluene from the gas phase freely occurs, as observed in the ammonia
TPD on solid acids.

Moreover, �S (standard entropy change of desorption) is calculated to be
148 J K�1 mol�1 from the slope and intercept of the linear relationship in Fig. 5.9.
The entropy consists of entropy changes due to the phase transformation [�Strans]
and the mixing [�Smix.T /]. The latter term is calculated to be about 60 J K�1 mol�1

from the gaseous composition at the peak maximum, and the former is hence es-
timated to be ca. 90 J K�1 mol�1. Trouton’s rule states that the entropy change
with respect to the liquid vaporization is approximately constant (in many
cases 80–110 J K�1 mol�1, and 87:3 J K�1 mol�1 for toluene) for various mate-
rials, showing that the entropy change is mainly determined by the free volume of
a gas molecule [29]. The entropy change for desorption can also be determined by
the free volume of gas molecule. Therefore, the entropy change due to the phase
transformation estimated by the present study (ca. 90 J K�1 mol�1), which agrees
with the vaporization entropy change shown by Trouton’s rule, supports the validity
of the present analysis.

A similar value of entropy has been obtained in the ammonia TPD on various
solid acids, as shown in Chap. 2. This indicates

� The same analytical method can be applied to both the ammonia TPD on the
solid acid and the toluene TPD on the Na-zeolite.

� Validity of the both experiments is well supported by thermodynamics.
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Fig. 5.10 TPD profiles of
toluene over various zeolites;
sample amount 0.1 g; He flow
rate 200 cm3 min�1; heating
rate 5 K min�1
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From the toluene TPD spectra on various Na-zeolites shown in Fig. 5.10, the number
of toluene molecules showing the h-peak is calculated. Figure 5.11 shows that the
number of toluene molecules equals the number of Na atoms on most of the Na-
zeolites. It demonstrates that toluene is strongly adsorbed on the NaC cation in the
Na-zeolite. As an exception, a Na-MOR shows the number of toluene molecules
smaller than the number of Na atoms, presumably because the adsorption on the
NaC cation located in the 8-ring is suppressed or weakened by steric hindrance.

The heat of toluene desorption is calculated by the curve-fitting method derived
in Chap. 2. The heat was in the order of MOR > MFI > BEA > FAU. This is
in agreement with the order of heat of ammonia desorption on the corresponding
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Fig. 5.12 Relationship
between heats of toluene
desorption on NaC and
ammonia desorption on HC
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H-zeolite, as shown in Fig. 5.12. As shown in Chap. 4, the electron withdrawing
nature of ion exchange site is determined by the framework structure of zeolite.
This electron-withdrawing property is supposed to control the two chemical na-
tures. One is the acid strength, namely the positive charge of proton in the H-form
zeolite to give the strong interaction between a base and the H-zeolite. Another is a
more positive charge of NaC cation in the Na-form, providing the strong interaction
between toluene and the Na-zeolite. The interaction presumably exists between the
 -electrons of aromatic ring and the empty orbital of NaC cation, and therefore, it is
believed that the similar adsorption behaviors are observed also for other aromatic
compounds.

In summary, the following knowledge is obtained by these studies.

� An aromatic hydrocarbon molecule is strongly adsorbed by a NaC cation in a
Na-zeolite.

� The adsorption strength is controlled by the electron-withdrawing nature of zeo-
lite framework, as well as the acid strength of the corresponding H-form zeolite.

5.3 Friedel–Crafts Alkylation on Ga-MCM-41

Mesoporous4 silicas such as FSM-16 [30] and MCM-41 [31] have been synthesized
in the early of 1990s. It was expected that introduction of Al into such materi-
als yielded a highly active catalyst for cracking of large molecule, because the

4 Definition of “mesopore” is pores with diameters 2–50 nm. The smaller pore is called micropore,
while the larger one is called macropore.
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accessibility to the active site on the mesopore wall should be highly compared
to that in the conventional zeolite, namely, microporous material. However, based
on the knowledge about the generation of Brønsted acidity studied through the pre-
vious chapters, it has to say that the strong Brønsted acidity is generated only in
specific framework topologies. Although many efforts have been paid, it has been
difficult to generate strong Brønsted acidity on the mesopore wall of such a material
with amorphous structure. However, other applications have been found. Here an
example is shown.

Introduction of Ga with a gel equilibrium adjustment method [32] gives a
gallium-containing MCM-41 (referred as Ga-MCM-41 hereafter). Similarly to an
MFI type gallosilicate, all Ga atoms are in the tetra-coordinated environment,
as shown by EXAFS (extended X-ray adsorption fine structure) spectrum of
Ga K-edge (Fig. 5.13c). However, after the conversion into H-form via ion-exchange
with an NH4 salt and calcination, the coordination number is reduced (Fig. 5.13d),
indicating that a fraction of Ga moves onto the external surface (mesopore wall).
Infrared spectrum of adsorbed pyridine shows that most of the acid site generated
by such an extra-framework Ga species is Lewis type. Impregnation of Ga gives the
similar Ga species mainly on the external surface and Lewis acidity, as shown in
Fig. 5.13e. Ammonia MS-TPD shows the presence of very strong acid sites (large
desorption peaks at high temperatures) on both Ga-MCM-41 and Ga-impregnated
MCM-41 (Fig. 5.14a, b). At a low Ga content, the number of acid site was close
to the number of Ga atom, whereas the acid amount looks saturated in the region
ŒGa� > 0:4 mol kg�1, as shown in Fig. 5.15.

Fig. 5.13 Fourier transform
of k3-weighted Ga K-edge
EXAFS spectra; (a) “-Ga2O3,
(b) MFI gallosilicate
(H-Form,
ŒGa� D 0:24 mol kg�1),
(c) Ga-MCM-41
(as-synthesized form,
ŒGa� D 0:55 mol kg�1),
(d) Ga-MCM-41 (H-form,
ŒGa� D 0:55 mol kg�1), and
(e) Ga-impregnated MCM-41
(ŒGa� D 0:45 mol kg�1).
Reproduced with permission
from [33]. Copyright Elsevier
2001
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Fig. 5.14 Ammonia MS-TPD spectra of (a) Ga-MCM-41, (b) Ga-impregnated MCM-41, and
(c) Al-MCM-41. Reproduced with permission from [33]. Copyright Elsevier 2001

On the Al-introduced MCM-41, also Lewis acidity is observed, and its strength
should be weak, as apparently from the MS-TPD peak at a low temperature
(Fig. 5.14c).

Friedel–Crafts alkylation of benzene with benzyl chloride (5.14) in a liquid phase
proceeds on the Lewis acid site, as shown in Fig. 5.16.

(5.14)
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Fig. 5.15 Acid amount determined by ammonia MS-TPD on Ga-MCM-41 (filled circle) and
Ga-impregnated MCM-41 (filled triangle). Reproduced with permission from [33]. Copyright
Elsevier 2001

Fig. 5.16 Catalytic activity
for Friedel–Crafts alkylation
of benzene with
benzylchloride into
diphenylmethane (DPM) on
Ga-MCM-41 (filled circle)
and Ga-impregnated
MCM-41 (filled triangle).
Reproduced with permission
from [33]. Copyright Elsevier
2001
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However, it is not simple to interpret the change in activity with varying the
preparation method and Ga content. The activity is higher on Ga-impregnated
MCM-41 than Ga-MCM-41. The acid amount is higher on Ga-MCM-41, which is
inconsistent with the catalytic activity. The activities on the both series of catalysts
show a marked increase at ca. 0:4 mol kg�1 of the Ga content, where the increase
of acid amount is saturated. Not only the strong Lewis acidity but also additional
character of catalyst seems to be required for this kind of reaction. It is speculated
that agglomeration of Ga is necessary to accelerate the reaction [33].

Further study on the relationship between the acidic property and activity re-
sulted in findings of new heteropoly acid-related solid acid catalysts such as
H4NbW11O40=WO3-Nb2O5 [34] and H9P2W15Nb3O62=SiO2 [35] active for
various liquid-phase reactions.

5.4 Amination of Phenol into Aniline on Ga/ZSM-5

Aniline is an industrially important chemical substance and has been produced by
amination of phenol (5.15).

OH NH3 H2ONH2+ + (5.15)

This reaction has been carried out in the gas phase under a high pressure of ammonia
with alumina catalyst [36, 37]. Researches to find a more active catalyst have been
continued in order to suppress the energy consumption for operation under the high
pressure and high temperature conditions. H-form zeolites such as H-ZSM-5 [38]
and H-“ [39] have been found to possess relatively high activities, and therefore,
Brønsted acidity should be necessary for this reaction.

Katada et al. found a high activity of Ga-containing silicate for this reaction.
Compared to zeolites such as H-ZSM-5 and H-“, MFI type gallosilicate shows ob-
viously higher activity, as shown in Fig. 5.17. Dependence of the activity on the Ga
content is unclear, but the activity is observed only on the samples with a high Ga
content (ŒGa� > 0:5 mol kg�1/ [40].

Structural analysis based on the d -spacing of (10 0 0) plane, micropore volume,
and crystal morphology shows that Ga is easily incorporated into the framework in
the low Ga concentration region up to ca. 0:4 mol kg�1, but further Ga incorporation
is difficult. Ammonia MS-TPD (Fig. 5.18) shows a desorption peak around 600 K
with a shoulder at ca. 800 K. The former is attributed to the acid site generated
by isomorphous substitution of Si by Ga, because the number of this type of acid
site is almost equal to the number of Ga atom at ŒGa� < 0:4 mol kg�1, as shown in
Fig. 5.19. On the contrary, the latter is ascribed to the extra-framework Ga species,
because the latter increased significantly at ŒGa� > 0:4 mol kg�1 [41].

From these findings it is concluded that the activity for amination of aniline on
the gallosilicate is ascribed to the combination of extra-framework Ga species and
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Fig. 5.17 Comparison
of catalytic activity for
amination of phenol after
0.5–1 (white) and 3.5–4 h
(black) of the time on stream
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Brønsted acid site, but not to the Brønsted acid site generated by the isomorphous
substitution only. The strength of Brønsted acid site due to the Ga in MFI frame-
work (�H D 130 kJ mol�1) is similar to that due to the Al in MFI framework [41],
supporting that the exceptionally high activity of gallosilicate is not simply due to
the Brønsted acid site only.

A more active catalyst can be designed based on this information. The above
findings indicate that the combination of Ga species and Brønsted acid site with
130 kJ mol�1 of the ammonia desorption heat generated a high activity. The lat-
ter can be more easily obtained by Al-containing MFI silicate, i.e., ZSM-5 zeolite.
It is expected that the impregnation of Ga on ZSM-5 yields an active catalyst.
Figure 5.17 shows a remarkable activity of Ga/ZSM-5 for the amination of phe-
nol [40]. This catalyst shows an extremely long life, as shown in Fig. 5.20. The role
of extra-framework Ga species is the acceleration of NH2 formation, as discussed
from kinetic and spectroscopic analyses [42]. Useful information from the ammonia
TPD thus makes us to design a new catalyst.
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Fig. 5.18 Ammonia MS-TPD spectra of silicalite (a) and H-gallosilicate [the Ga content
(mol kg�1), (b): 0.13, (c): 0.17, (d): 0.21, (e): 0.25, (f): 0.26, (g): 0.31, (h): 0.48, (i): 0.60, and
(j): 0.81] after water vapor treatment
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Fig. 5.19 Plot of the acid amount determined from the whole peak area (open circle and open
triangle) and from the simulated h-peak (filled circle and filled triangle) against ŒGa��ŒNa� content
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Fig. 5.20 Catalytic activity
and its time course on
alumina (open triangle
JRC-ALO4, open diamond
Neobeads), H-“ (open
square), H-ZSM-5 (open
circle) and Ga/ZSM-5 (filled
circle, ŒGa� D
0:3 mol kg-zeolite
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Chapter 6
CVD of Silica for the Shape Selective Reaction

Abstract Chemical vapor deposition (CVD) of silicon alkoxide on the external
surface of zeolite is proposed to realize the shape selective reaction and adsorption.
Formation, characterization and control function of the silica overlayer on zeolites,
mordenite, ZSM-5, A, and Y-zeolites are elucidated. The fine control of the pore-
opening size of zeolite is an example of the molecular engineering of zeolites.

6.1 Reactants and Products Shape Selectivity, Concept
and Definition

Shape selectivity is a concept for the selective formation of the desired product based
on the zeolite catalysts. The generation of the shape selectivity is realized only with
the micro porosity of zeolites effectively utilized. Various energy-saving processes
of the catalytic reaction and the adsorption separation are realized by utilizing the
excellent property of the shape selectivity on zeolites. Thus, the enhancement of the
shape selectivity has been studied extensively from various view-points. The study
on the selective production using the modified zeolites is a subject which is most
typical on the zeolite catalysts. It includes utilizations of various available reagents,
effective modification processing, and preparation mechanism.

Shape selectivity is divided into following three categories, as shown in Fig. 6.1.
Reactant selectivity is defined as that any molecule which cannot enter into the pore
does not react. In a similar way, product selectivity is defined as that any molecule
which cannot be desorbed from the pore is not produced. Transition-state selectiv-
ity is not usual but has been indicated in a following, i.e., any product of which
intermediate in the transition state is not formed inside the pore is not formed [1].
The latter selectivity should be caused by the three dimensional inherent structure
of the zeolite, and will not be a subject in the present description. Improvement of
the reactant and product selectivity based upon the control of pore-opening size is
reviewed in this chapter.

103
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6.2 Chemical Vapor Deposition of Silica and the Procedure

Niwa et al. have found that chemical vapor deposition of silica on the external
surface of zeolite remarkably (in some cases, perfectly) enhances the shape selectiv-
ity [2]. The chemical vapor deposition (CVD) method has been studied extensively
on various zeolites. Usually, silicon tetra-alkoxide, i.e., Si.OCH3/4 or Si.OC2H5/4,

(I) Reactant selectivity

(II) Product selectivity

Fig. 6.1 Three categories of the shape selectivity in zeolites
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(III) Transition state selectivity

+ +

Fig. 6.1 (continued)

is utilized as a reagent to modify the zeolite property. These molecules are charac-
terized as the reagent for this method, as mentioned in a following:

� The alkoxide molecule cannot enter the pore of zeolite, because the molecular
size is larger than the pore size of zeolite. Thus, the alkoxide is deposited only on
the external surface. Inside of the zeolite pore is retained, but the external surface
is modified. However, this principle is not applied to Y-zeolite exceptionally, as
mentioned in Sect. 6.4.4.

� The deposition of the molecule on the external surface occurs readily, because it
reacts with the hydroxide on the zeolite rapidly.

� The elongation of the Si–O bond takes place through the formation of siloxane
bond, Si–O–Si, because four reacting alkoxide groups are attached. Silica net-
work is formed due to the multiple functionality of the alkoxide.

� The formed silica is stabilized on the zeolite surface, and therefore the high sta-
bility of the modified material is anticipated. Similarity of the structures in zeolite
and silica may be a fundamental reason.

� Si.OCH3/4 is deposited on zeolites more readily than Si.OC2H5/4. No other
preferential property has been indicated for both molecules.

Silane SiH4 was used for modifying the zeolite property by Vansant et al. be-
fore utilization of these alkoxides [3]. SiH4 modifies the zeolite totally, not only
on the external but in the internal of zeolite because of the small molecular size.
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Si2H6 as well as SiH4 modifies the zeolite to change the adsorption property. The
nonselective modification is discriminated clearly from the CVD by silicon alkoxide
molecules. Handling of these silane compounds is however expected to be difficult,
because these are explosive chemical compounds.

Alkoxide derivatives are used to create the property of modified zeolites which is
different from those modified with Si.OR/4. Si.OCH3/x.CH3/4�x , where x D 3; 2,
and 1, are studied for the CVD on HZSM-5 [4].

In place of the silicon compounds, Ge.OCH3/4 is available for the same pur-
pose [5,6]. Germanium oxide deposited on the zeolite, however, easily changes the
structure under the humidified conditions to form the agglomerated large particle of
germanium oxide. Thus, no preferential property for this compound is confirmed in
compared with Si.OR/4. Therefore, the germanium compound is used only for the
spectroscopic study on the deposited oxide to discriminate between the deposited
oxide (Ge) and the zeolite (Si).

An apparatus used in the laboratory for the CVD is shown in Fig. 6.2. It is a glass-
made apparatus installed with the vacuum equipments to measure the amount of
deposited silica precisely by means of a quartz microbalance. This method is recom-
mended for a quantitative study on the CVD of silica, because the amount of silica
deposited is measured in situ precisely. It is difficult to quantify the deposited Si pre-
cisely after the deposition, because the amount of the silicon compound deposited
is so small compared to the zeolite bulk. This method is however not recommended
for the production of a large amount of the modified zeolite. Studies on the produc-
tion of the CVD zeolites for the practical utilization are elucidated in Sect. 7.1.3 in
Chap. 7.

Fig. 6.2 Apparatus for CVD in the laboratory: (a) rotary vacuum pump; (b) diffusion vacuum
pump; (c) liquid nitrogen trap; (d) pressure transducer; (e) Pirani gauge; (f) cooled connector;
(g) displacement meter; (h) quartz spring balance; (i) sample; (j) boiled CCl4; (k, l) thermocouple;
(m, n) to Graham condenser; (o) circulated coolant: (p) electric furnace; (q, r) Si.OCH3/4 and
adsorbate liquids
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Fig. 6.3 Preparation of silica
deposited H-mordenite using
the apparatus in Fig. 6.2; evac
evacuation; ad admission of
the alkoxide

A typical procedure of the preparation of CVD zeolite using the apparatus by
varying the amount of zeolite and the partial pressure of alkoxide is shown in
Fig. 6.3. Zeolite sample is first evacuated at such a high temperature as 673 K to
remove sorbed water. Gaseous silicon alkoxide is allowed to be deposited on the
evacuated sample from the liquid reservoir kept at such a constant temperature as
273 K. The weight of the sample increases upon deposition of silica, and the re-
sulting expansion length of quartz micro balance is monitored by a displacement
meter. The change of micro balance expansion is received by the meter, and the
measured amplitude in DC voltage is converted into the digital signal through an AD
(analogue-digital) converter to transfer into a personal computer. After proceeding
of the CVD for a while, the deposition seems to be discontinued; however, this is
not because the zeolite surface is inactivated, but because the alkoxide molecule is
not transported to the zeolite sample due to the block of the alkoxide diffusion by
the produced molecules, which is so-called “Vapor lock.” As shown in Fig. 6.3, the
weight increase in wt % is controlled by the weight of zeolite and the partial pres-
sure of alkoxide. The weight increase is discontinued when almost all the alkoxide
in the glass vessel is deposited on the zeolite, because the amount of silica deposited
is roughly equal to that of the alkoxide molecules in the glass vessel. Therefore, the
alkoxide is readmitted after pumping the gaseous products to continue the deposi-
tion. Depositions of silica are repeated to arrive at the required weight increase of
silica. Finally, the deposited carbon containing residue is removed by the calcination
with oxygen. The amount of deposited silica is measured precisely from the weight
gain in the final step.
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6.3 Formation of Silica Overlayer on the External Surface

6.3.1 Method of Benzene-Filled Pore for the Measurement
of External Surface Area

Measurement of the external surface area on a zeolite is required to evaluate the
thickness of silica layer deposited quantitatively. The averaged thickness of silica
layer is measured from the external surface area and the T -site (tetrahedral site
occupied by Si or Al) density. The quantitative evaluation of the deposited silica
layer is important in this study.

A method of benzene-filled pore is recommended to measure the external surface
area [7]. Benzene is adsorbed on the dried zeolite at room temperature, until the pore
is fully filled with benzene. Usually, it takes about 12 h for the pores to be filled with
benzene. Nitrogen is adsorbed on the benzene-filled sample at liquid nitrogen tem-
perature 77 K under the conditions of a partial pressure of nitrogen P=P 0, ca. 0.3,
and the amount of nitrogen gas desorbed at the temperature of dry ice in ethanol
is measured with a thermal conductivity detector. A continuous flow method with
He–N2 mixture (N2 volume content, ca.30%) carrier gas is useful to do the experi-
ment. Because the pore of zeolite is filled with benzene, nitrogen is adsorbed only
on the external surface. One-point method of BET surface area measurement con-
ducted in a continuous-flow apparatus is modified to measure the external surface
area. Therefore, the amount of nitrogen to be adsorbed in a monolayer (Vm) is re-
lated with the desorbed amount (V0) in a following,

Vm D V0

�
1 � P

P o

�
: (6.1)

The surface area is calculated from number of N2 molecule adsorbed in a monolayer
and the cross-sectional surface area .0:162 nm2/.

Water is adsorbed on the hydrophobic zeolite but not sufficiently on the hy-
drophilic zeolite. On the other hand, such an alkane as hexane is not adsorbed
fully on the hydrophobic zeolite. Benzene has the property which is intermediate
between water and alkane, and the adsorption amount does not largely depend on
the silica to alumina ratio of a zeolite HZSM-5. Benzene molecule is therefore se-
lected as the adsorbent from its hydrophobic and hydrophilic properties, and the
method of benzene-filled pore is applicable to zeolites with low-to-high Si/Al ratios.
Applicability of this method to various zeolites is confirmed experimentally. Exter-
nal surface area as measured by this method is confirmed by the scanning electron
microscopy (SEM) geometrical observation.
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6.3.2 Mechanism of CVD to form the Silica Overlayer

Si.OCH3/4 is first anchored on the zeolite as the silicon-trialkoxide, i.e.,

Si.OCH3/4 C Z �OH! Z � O � Si.OCH3/3 C CH3OH (6.2)

This initiation reaction takes place on the hydroxide of the external surface, since the
IR observation shows that the isolated SiOH at 3;745 cm�1 diminish upon the de-
position, and the isolated silanol is believed to be located on the external surface
[8]. The reaction (6.2) seems to occur even at room temperature, but the product
methanol remains adsorbed in the zeolite.

Subsequent reactions are not simple to be studied, but seem to depend on the
zeolite acidity and the deposition temperature. On the acid type zeolite at the tem-
perature above 573 K, the product methanol is converted into dimethylether and
hydrocarbons. Water is by-produced simultaneously, and activates the deposited
residue to generate the hydroxide for the subsequent deposition, i.e.,

CH3OH! CH3OCH3 and H2O! CnH2n; CnH2nC2; and H2O (6.3)

Z �O � Si.OCH3/3 CH2O! Z � O � Si.OH/.OCH3/2 C ROH (6.4)

Silicon alkoxide is deposited on the produced hydroxide, and the siloxane bond
elongates. Condensation reaction from the alkoxide molecules to form the polymer-
ized silicon compound and dimethylether also seems to occur, i.e.,

Z�O�Si.OCH3/3CSi.OCH3/4 ! Z�O�Si.OCH3/2�OSi.OCH3/3CCH3OCH3

(6.5)

Thus, the silica network is formed on the external surface due to the reactions (6.4)
and (6.5). The formed silica network covers the zeolite to change the property.

On the other hand, the deposition of Si.OCH3/4 on Na-zeolite is simple in com-
pared to on the H-zeolite even at such a high temperature as 593 K [9]. Si.OCH3/4

is deposited accompanied by the formation of methanol, as shown by (6.2). No other
products than methanol are formed, because no acid site exists. The weight gain due
to the deposition of silica is saturated easily on the Na-type zeolite. The saturated
surface density of silicon on the Na-mordenite is ca. 10 Si nm�2 from the amount of
deposited silica and the external surface area. The zeolite surface inactivated by the
saturated deposition is, however, activated by the admission of water at 593 K, but
the degree of weight increase by further deposition becomes small gradually. The
saturation behavior and the amount of silica at the saturation are nearly independent
of the temperature, from room temperature to 593 K. The surface concentration,
10 Si nm�2 on the mordenite, may suggest the formation of silica monolayer, be-
cause the T -site density of mordenite on the (001) plane is 8:6 nm�2.

Thus, it is important to notice that chemical vapor deposition of Si.OCH3/4

on Na-zeolite may readily lead to a formation of silica monolayer on the exter-
nal surface to arrive at the saturation conditions. Also on the H-mordenite at room
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temperature, the deposition terminates at 14 Si nm�2 of the surface concentration,
which is a little larger than the site density in the monolayer. Thus, it becomes ob-
vious that the deposition to form the monolayer readily proceeds, but the further
accumulation of the layer does not occur rapidly. On the other hand, the forma-
tion of multiple layers proceeds on the H-type zeolite at above 573 K, because
water is formed simultaneously as a result of dehydration of methanol to activate
the deposited residue. Difference between the depositions on Na- and H-zeolites is
therefore obvious in the step of multiple-layer formation. Thus, careful considera-
tions are required to prepare the thick silica layer on the external surface of zeolites,
because number of the silica layer required for the control depends on the zeolite.
Mono to triple layer of silica is enough to control the mordenite pore, but more than
20 layers are needed for the silicalite.

6.3.3 Formation of Silica Overlayer on Zeolite
and Metal Oxide, and Its Function

An application of the silica CVD to metal oxides to prepare the molecular siev-
ing silica overlayer is explained, as shown in Fig. 6.4 [10]. Silica monolayer is
formed by the deposition of silica on metal oxides such as Al2O3, TiO2, ZrO2,
and SnO2 that have the weak basicity. Aldehyde (e.g., butanal, benzaldehyde and
1-naphthaldehyde) is adsorbed as carboxylate anion on the surface of these metal
oxides of which the surface density is limited to ca. 50%, silica is deposited on the
remaining bared surface, and thus the surface is totally covered by the carboxylate
anion and the silica. Subsequently, adsorbed carboxylate anion is removed by the re-
action with ammonia into nitrile to create the vacant (pore) site of silica of which
size is adjusted by the shape of the adsorbed carboxylate. The size of pore can be

MOx

o o o o o o o o

o o o o o o

o o o o

o o o o

MOx MOx

+NH3, -C3H7CN +NH3, -C6H5CN +NH3, -C10H7CN

+Si(OCH3)4+Si(OCH3)4 +Si(OCH3)4

SiO2

SiO2 SiO2 SiO2

SiO2 SiO2

+C3H7CHO +C6H5CHO +C10H7CHO

o o o o

o o o oo o

Fig. 6.4 Molecular sieving silica overlayer prepared on metal oxides using the silica CVD with
butanal (left), benzaldehyde (center) and 1-naphthaldehyde (right) template
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Table 6.1 Deposition of silica layer and its function

On the surface of Zeolite Metal oxide

Formed chemical bond Si–O–Si Si–O–M

Driving force to form the thin
silica layer

Same structure (epitaxial
growth)

Chemical bond between
different elements
(acid–base interaction)

Obtained function as catalyst
and adsorbent

Pore-opening size control Molecular imprinting

Inactivation of external
surface

Antithermal solid acid

controlled by choosing the adsorbed molecule. The idea is based on the molecular
imprinting of adsorbed molecule on the metal oxide, and utilized to create the shape
selective property of SnO2 gas sensor [11]. This idea is an extension of the zeolite
shape selectivity to on metal oxides.

Silica overlayer on alumina by the silica deposition is utilized to produce the
antithermal support. The agglomeration of alumina into the large particle at the
high temperature is strongly retarded due to the silica overlayer, as mentioned in
Sect. 7.3.2 in Chap. 7.

Thus, we notice that chemical vapor deposition of silica functionalizes the metal
oxide also. It is interesting that the silica is deposited on the metal oxides as well
as on the zeolite as mono to ultra thin layer. However, the physical chemistry to
induce the formation of think silica overlayer on the zeolite and the metal oxide is
different. The formation of silica overlayer on the weak basic metal oxide is due
to the interaction of the silica with the basic metal oxide. Silica is an acidic oxide,
and therefore easily makes a chemical bond of Si–O–M. Therefore, the formation
of silica overlayer is due to the difference between acid and base properties of silica
and metal oxide.

On the other hand, the formation of silica overlayer on the zeolite is obviously
different, because the silica, of which property is similar to zeolite, grows on the
zeolite external surface. As mentioned below, the silica deposited on the silicalite
is characterized to have a fine structure as revealed by TEM. Therefore, the forma-
tion is not induced by the chemical properties but by the similarity of the structures.
Therefore, so-called the epitaxial growth of silica overlayer on the zeolite is an idea
to explain the formation of overlayer with such a structure. In Table 6.1 summa-
rized are these different profiles of the deposition of silica on the zeolite and the
metal oxide.

6.4 Fine Control of Pore-Opening Size

CVD of silica to control the pore-opening size is applicable to various zeolites,
MOR, MFI, LTA, BEA, MWW, etc. However, FAU Y-zeolite is only one excep-
tion, and it is impossible to control the pore-opening size of H-Y zeolite precisely.
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To our best knowledge, any other unsuccessful examples are not reported to data.
Its application to ultra-stable Y (USY) zeolite which is a dealuminated Y zeolite is
shown later. Recently, applications to the mesoporous materials such as MCM-41
and SBA-15 are reported. However, the principle of CVD of silica does not seem
to be applied to these examples of mesoporous material. Chemical liquid deposi-
tion (CLD) is also reported for a similar purpose. Discussion on these applications
and proposed methods are shown later. In the present chapter, examples of the fine
control based on the CVD of silica are shown to explain the separation property of
mordenite, MFI, and A-zeolite.

6.4.1 Mordenite

Mordenite has the strong acidity, and applicable to various catalytic reactions. The
deposition of Si.OCH3/4 on H-mordenite is therefore studied, and a high shape
selectivity in the cracking of alkanes is developed as mentioned in Chap. 7. An ex-
tremely fine molecular sieving property of the silica-deposited mordenite is found.
Adsorption experiments using water and xylene as the adsorbent show clearly the
separation property, as shown in Fig. 6.5. Adsorption of water is unaltered by the
deposition of silica, while that of o-xylene is suppressed strongly at 2.7 wt % of
silica deposition. Mordenite pore size of 0.78 nm is reduced by the deposited silica,
and the adsorption of large molecule (o-xylene) is retarded, but the small molecule
(water) is adsorbed freely. Temperature-programmed desorption of ammonia profile
is not changed by the deposition (not shown). These experimental findings clearly

Fig. 6.5 Adsorption of water
on HM (filled circle) and
SiHM (2.7 wt %) (open
circle), and of o-xylene on
HM (open square), SiHM
(1.4 wt %) (half-filled square)
and SiHM (2.7 wt %) (filled
square)
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tell us that the inside of the pore is unaltered after the deposition of silica, but the
pore-opening size is reduced to show the clear molecular sieving property. Thus, an
important profile of the CVD technique is drawn: i.e., Si.OCH3/4 is deposited only
on the external surface of zeolite. This is a first experimental observation to confirm
the structure of silica-deposited zeolite and the molecular sieving property [12].

Adsorption of p-xylene and hexane reveals the gradual decrease of the pore-
opening size by increasing the amount of silica deposited. Thus, precise control of
the pore-opening size is concluded. Adsorption of a small amount of o-xylene on
the SiHM with 2.7 wt % silica may take place on the external surface as estimated
from the amount of deposited silica and the molecular size. Average thickness of
deposited silica is found to be mono to triple layers from the external surface area
and number of deposited silica. Thus, it is found that thin silica layer is enough to
precisely control the pore-opening size of mordenite. Number of the silica over-layer
to control the zeolite pore, however, depends on the zeolite and/or the composition
of zeolite, as shown below.

6.4.2 MFI Zeolite

Two studies on the modification of MFI are shown below, since so-called HZSM-5
and silicalite with different acidic properties are studied. The HZSM-5 is an ex-
tremely important zeolite catalyst, and its applications to various catalytic reactions
such as conversion of methanol to hydrocarbons, alkylation of toluene, and dis-
proportionation of toluene are studied on the silica-deposited HZSM-5. Adsorption
properties of the modified HZSM-5 are studied using o-xylene, N2, and water of
which sizes are so different.

Kinetics of the adsorption of o-xylene on the modified zeolites are analyzed [13]
based on the equations shown below,

dv

dt
D k

.ve � v/

v
; (6.6)

ve ln

�
ve

.ve � v/

�
� v D kt; (6.7)

where the rate of adsorption with a constant k is described by adsorption amounts
ve and v at the equilibrium and time t , respectively, in (6.6); and integrating the
adsorption amount v with respect to time t gives (6.7). Experimentally observed v
and ve are plotted due to (6.7), and the rate constant k is determined from the derived
straight line. As shown in Table 6.2, the rate constant k decreases as the deposition
amount increases, whereas the amount at the equilibrium ve is kept approximately
a constant. Gradual decrease of the pore-opening size, therefore, can be estimated
based on the adsorption of o-xylene. On the other hand, the adsorption experiments
of N2 and H2O show that both adsorptions change only a little, thus proving the
internal surface being unaltered.
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Table 6.2 Rate constant and adsorption amount at equilibrium for adsorption of
o-xylene on unmodified and modified HZSM-5 [13]

Sample 103 k mmol min�1 g-ZSM�1 ve mmol g-ZSM�1

HZSM-5 6.1 1.08
SiHZSM-5 (4.5 wt %)a 1.4 1.11
SiHZSM-5 (8.0 wt %) 1.3 1.02
SiHZSM-5 (12.0 wt %) 0.55 1.05b

aWeight gain by the CVD of silica in the parenthesis
bAssumed value, because it was not measured due to the slow adsorption

Silicalite is a purely siliceous zeolite with a structure of MFI. It is easy to syn-
thesize a large crystal of silicalite so that the crystal morphology can be seen easily
by SEM. A large hexagonal-flat crystal of silicalite with about 5 �m in length is
used for the CVD of silicon alkoxide [14]. Because the silicalite crystal is crushed
into small particles by the applied pressure in the particle preparation, the crys-
tal is used for the CVD with a proper caution to avoid from any damages. The
extent of pore-opening size enclosure is tested by the adsorption of linear and
branched hexanes and butanes. Adsorption rate for butane does not change, but
that of 2-methylpropane changes significantly, as the deposition degree increases,
as show in Fig. 6.6. The clear and contrastive findings show the fine control of the
pore-opening size of silicalite due to the deposited silica.

Thick silica layers are required for the pore-opening size control of the MFI
zeolites. 15 and 23 layers of silica are deposited on the HZSM-5 with a Si=Al2 ratio
of 76.4 and on the silicalite, respectively, when their optimum surface concentrations
of the deposited silica are compared. Relatively thick silica layer required for the
modification of MFI zeolite should be a subject for characterization study.

6.4.3 A Zeolite

Separation of inorganic molecules such as O2 and N2 is possible by using the mod-
ified A zeolite. Inherently, these molecules can be separated using a CaNaA zeolite,
commercially available as Molecular Sieve 5 A. The separation function is gener-
ated due to different adsorption properties of O2 and N2 on the zeolite. Because of
the quadrupole moment, N2 is adsorbed on the CaNaA in preference to O2. In other
words, a larger molecule N2 is adsorbed preferentially, and the selective adsorption
on the CaNaA zeolite is not caused by the molecular size.

Elution chromatograms of N2, O2, and N2=O2 mixture at 195 K on the NaA with
and without the silica deposition are shown in Fig. 6.7 [15]. As mentioned above,
N2 is adsorbed fully, and desorption is seen little on the inherent NaA zeolite. Des-
orption of N2 is observed on the deposition of silica by more than 0.41 wt %; the
appearance of sharp desorption means that N2 molecule passes through the zeo-
lite bed without adsorption. On the other hand, O2 is desorbed to show the peak at
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Fig. 6.6 Adsorption of
butane (upper) and
2-methylpropane (lower) on
silicalite (a), 0.75 wt %
(b), 1.3 wt % (c), 1.9 wt %
(d), and 2.7 wt % (e) silica
deposited silicalite
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2 min on the NaA. The profile of desorption changes by the deposition of more than
0.41 wt % silica. Chromatograms for a mixture of N2=O2 show an interesting pro-
file; only O2 appears on the deposition of less than 0.21 wt % silica, but on more than
0.41 wt % silica deposited, the chromatogram changes greatly and sharp desorptions
of N2 and O2 are observed in this sequence. These chromatograms show that adsorp-
tion behaviors of molecules change dramatically due to the control of pore-opening
size by the deposition of silica. N2 is adsorbed on the NaA, but not adsorbed on
the SiNaA with more than 0.41 wt % silica deposited. The pore opening-size of
NaA is reduced to suppress the adsorption of N2, while the adsorption of O2 is not
suppressed under the conditions. Molecular sizes (kinetic diameters) of N2 and O2

are 0:365 � 0:267, and 0:347 � 0:249 nm2, respectively: therefore the difference
in lengths of two molecules is only as large as 0.02 nm. Separation of molecules
caused by such a subtle difference in molecular sizes provides us with an interesting
example of the precise control of pore-opening by the deposited silica.

Lower olefins, ethylene, propylene, and 1-butene are separated by the silica
deposited NaCaA in Fig. 6.8 [16]. These olefins are adsorbed on the NaCaA in
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Fig. 6.7 Elution chromatograms of N2, O2, and N2=O2 mixture at 195 K on the NaA (a) and
SiNaA with the silica deposition of 0.09 (b), 0.21 (c), 0.41 (d), and 0.55 (e) wt%. Reproduced
from [15]. Copyright 1991 American Chemical Society

a similar manner. The deposition of silica suppresses the adsorption of olefins,
1-butene, propylene, and ethylene in this sequence of molecular size. Adsorption
of 1-butene is suppressed first by the silica deposition, and adsorption of propylene
is affected by the further deposition. Finally at the deposition of 1.30 wt % silica,
only ethylene is adsorbed. The separation of these olefins on the SiNaCaA also is
an example of the fine control of the pore-opening size of A zeolite. It is anticipated
that these modified zeolites are applied to the process of separation industrially, be-
cause the material with the novel functions may provide us with a chance to develop
a new process of separation.

CVD of silica on NaA zeolite is studied by a continuous-flow method [17]. The
aim of the study is to develop the method for producing a large amount of CVD
zeolite which could be utilized in the industrial scale. Zeolite NaA sample in a
Pyrex-glass tube reactor (12 mm i.d.) is separated vertically into three portions, i.e.,
top, middle, and bottom beds. About 3 g of the zeolite is contained in each por-
tion and the total length of the sample bed is about 7 cm. Silica is deposited at
473–673 K, and the proceeding of the deposition is monitored by the undeposited
portion of the alkoxide. The deposition of silica is saturated at 573 K to form a silica
layer of which thickness is about mono to triple; however, it is activated by admis-
sion of water to continue the deposition. Pretreatment by flowing He gas at 673 K
affects strongly the deposition; and it may be suspected that water remained in the
NaA may control the deposition of silica. Under the studied experimental condi-
tions, the pretreatment for 20 h is required to produce the SiNaA which is modified
homogeneously along the sample bed.
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Fig. 6.8 Adsorption of
ethylene, propylene, and
1-butene at 273 K on NaCaA
(a) and SiNaCaA with 0.42
(b), 0.64 (c), 0.88 (d), 1.18
(e) and 1.30 (f) wt% silica
deposition
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Fig. 6.9 Axial distribution of k for nitrogen adsorption along the sample bed on SiNaA prepared
by the repeated deposition; times 1 (open circle), 2 (open triangle), and 4 (open square). Dotted
line shows the k for NaA. Reproduced with permission from [17]. Copyright 1990 The Society of
Chemical Engineers, Japan

Fig. 6.10 Relation between
k for nitrogen adsorption
and n, Si/Al ratio measured
by XPS on NaA (filled circle)
and SiNaA modified at 473
(open circle), 573 (open
triangle), and 673 (open
square) K. Only one sample
marked by (filled square) was
prepared by the vacuum
equipment of silica CVD
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Figure 6.9 shows the thus formed axial distribution of rate constant k for nitrogen
adsorption along the zeolite bed which is derived from (6.7). The value of k is almost
constant through the sample beds, and it decreases with increasing the deposition
time. Figure 6.10 shows the relation of the value of k with the Si/Al ratio measured
by XPS, when the sample is produced at different temperatures and with repeated
cycles of deposition. Interestingly, the value of k depends only on the n value, i.e.,
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the amount of silica deposited, but neither on the method of CVD (continuous-flow
or vacuum) nor on the deposition temperature. This study shows that the continuous-
flow method can be applied to produce the CVD zeolite, and the utilization depends
on careful control of the experimental conditions.

6.4.4 Y Zeolite

Y zeolite shows the unusually behavior, when the alkoxide is deposited. Silicon
alkoxide can enter the pore of Y zeolite, because the amount of deposited silica
is much larger than expected for the deposition on the external surface. Unmod-
ified Y zeolite with 5.6 of Si=Al2 ratio shows the amount of adsorbed nitrogen,
207 cm3 g�1, while it decreases to only 2:9 cm3 g�1 upon the deposition of silica
by 14 wt % at 593 K. The deposition of silica takes place inside the pore of Y zeolite,
and modifies the property greatly. The principle mentioned above for various zeo-
lites therefore cannot be applied to the H-Y zeolite [18].

However, the high silica Y zeolite, which has the Si=Al2 ratio 15–40, is modi-
fied by the CVD to control the pore-opening size. Figure 6.11 shows the uptake of
1,3,5-triisopropylbenzene on the unmodified and modified Y zeolites; the adsorbed
amount decreases gradually by increasing the amount of deposited silica. Amount
of N2 adsorbed on these samples does not change largely. Therefore, the deposi-
tion of silica seems to take place on the pore-entrance to finely control the size of
pore-opening. The high silica H-Y zeolite is known as the ultra stable Y (USY) ze-
olite with the strong solid acidity. Thus, the deposition occurs rapidly on the zeolite
site close to the pore-entrance. The deposited silica which is either on the external
surface or on the pore-entrance controls the pore-opening size.

Fig. 6.11 Uptake of
1,3,5-triisopropylbenzene on
the unmodified (H-Y-5.6) and
modified Y zeolites using
tetra- and di-methoxysilane
(Tetra and Di, respectively)
with different amounts of
silica shown by the number
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Another way to overcome the problem of H-Y zeolite is the deposition on the
H-Y zeolite filled with the organic molecules. Diethylether is adsorbed on the H-Y
zeolite, followed by deposition of silica. Because the pore is filled with the ether,
silica is deposited only on the external surface. Using this method, the pore-opening
size is controlled, and the adsorption of larger molecules is suppressed gradually
with increasing the amount of silica deposited. CVD of Si.OC2H5/4 on the Y zeolite
with the ether-filled pores is thus reported by Itoh et al. as a useful application to
Y-zeolite [19].

6.5 Characterization of Deposited Oxide

6.5.1 XPS Measurements

X-ray photoelectron spectroscopy (XPS) on the H-mordenite reveals Si2s and Al2p

signals at 161 and 82 eV, respectively, and the intensity ratio corrected by cross
sections is consistent with the constituent ratio of the zeolite, thus justifying the
measurements of XPS. As the deposition of silica increases, the intensity of Al2p

signal decreases. Thus measured Si/Al ratio is larger than the ratio expected when
the silica is deposited nonselectively not only on the external surface but also inside
the zeolite pore, as shown in Fig. 6.12a. The measured ratio higher than the value
of total composition shows that silica is deposited on the external surface. From
these measurements of XPS, the thickness of silica overlayer is estimated. When

Fig. 6.12 Si/Al ratio measured by XPS on the mordenites (a); and the thickness of silica derived
from (5.8) (b). The dotted line in (a) shows the change of Si/Al when the silicon atom is deposited
nonselectively not only on the external but also in the internal of zeolites. Reproduced with per-
mission from [12]. Copyright 1984 Royal Society of Chemistry
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the escape depth of these electrons is assumed to be 2.0 nm, XPS shows the compo-
sitions of Si and Al in the silica overlayer and the zeolite, sum of which thickness is
2.0 nm. Thus, the Si/Al ratio measured by XPS is described as

Si

Al
D

.1C n/C .2 � t/
n

1C n

.2 � t/
1

1C n

; (6.8)

where n is the Si/Al ratio measured in the unmodified zeolite. The thickness t is
measured from the XPS derived intensity based on (6.8), as shown in Fig. 6.12b. It
is found that the thickness is about 0.3 nm in the deposition of 1.0 wt % SiO2. The
averaged surface concentration of silica at this weight gain is 12:2 Si nm�2 from
the external surface area .3:6 m2 g�1/. Because the T -site surface concentration is
8:6 nm�2, this concentration corresponds to the mono to double silica overlayer. Be-
cause the length of Si–O bond is ca. 0.2 nm, the measured thickness also suggests the
formation of mono to double layers. Thus, the XPS measurement of the deposited
silica supports the principle for the CVD of silicon alkoxide that it is deposited only
on the external surface of the zeolite to form the very thin layer.

6.5.2 EXAFS of the Deposited Germanium

In place of Si.OCH3/4, Ge.OCH3/4 is deposited on the H-mordenite to measure
the structure of deposited oxide by means of an EXAFS (extended X-ray absorption
fine structure) [5]. Ge and Si are atoms with the same electron configuration in the
outer orbital, and both alkoxides have the same structure. Fourier transforms of the
EXAFS spectra exhibit two peaks at ca. 0.14 and 0.27 nm ascribed to Ge–O and
Ge–Ge, respectively, as shown in Fig. 6.13 and Table 6.3. The distances of Ge–O
and Ge–Ge are 0.173 and 0.313 nm, respectively, which are in good agreement with
those of ’-quartz type GeO2. Coordination numbers by O and Ge with the centered
Ge atom are 4.0 and 1.1, respectively. Because the coordination numbers of Ge
with O and Ge atoms in ’-GeO2 are 4.0 and 4.0, respectively, the EXAFS of the
deposited oxide shows that the deposited Ge has the structure similar to ’-GeO2

in a tetrahedral configuration, but it is not a large particle, but dispersed highly on
the surface, or stabilized in the extremely thin layer. Experiments of the cracking
of alkane isomers show the enhanced shape selectivity, when the deposited oxide
keeps the structure of thin oxide layer. Therefore, it is concluded that the thin metal
oxide layer of germanium oxide controls the pore-opening size precisely.

The germanium oxide deposited H-mordenite is unstable in the humidified con-
ditions. When it is stored in the humidified conditions, and then used for the catalytic
cracking, the shape selectivity is not observed at all. The deteriorated sample of the
Ge–HM reveals the increase of the coordination number of Ge–Ge. This means that
the metal oxide is agglomerated into a large particle of GeO2 which does not control
the pore-opening size. In other words, the thin metal oxide layer is required for the
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Fig. 6.13 Fourier transforms
of the EXAFS spectra
measured on GeO2 and Ge
deposited mordenite by the
surface concentration of 10.0
(a), 16.0 (b) and 30.2 (c)
Ge nm�2. Reproduced with
permission from [5].
Copyright 1984 Royal
Society of Chemistry

Table 6.3 Ge deposited on HM and in a bulk of GeO2 characterized by an EXAFS
measurement

Distance/Å Coordination number

Sample
CVD
.time min�1/

Deposited
Ge=nm�2) Ge–O Ge–Ge Ge–O Ge–Ge

GeHM10 10 10.0 1.73 3.13 4.9 1.1
60 16.0 1.73 3.14 4.6 1.1

1,080 30.2 1.73 3.13 4.9 1.2
GeO2 0 0 1.73 3.15 4.0 4.0
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selectivity control. GeO2 is dissolved in water unlike as SiO2, and therefore readily
changes the structure. This is the reason why the GeO2 deposited sample is unstable
to the environmental humidity.

6.5.3 TEM Observation

Transmission electron microscopy (TEM) observation is difficult in usual zeolite
samples, because it is hard to discriminate between the deposited layer and the zeo-
lite. However, clear TEM images are observed in the silica deposited on a silicalite
crystal, because it may be a large and fine crystal.

The silica layer deposited by 1.9 wt % on the external surface of the silicalite
crystal is seen clearly in Fig. 6.14 [20]. Silicalite is coated uniformly with the silica

Fig. 6.14 TEM observation of the silicalite on the 1.9 wt % silica deposited along the (100) direc-
tion with diffraction pattern inset (a). (b) Enlarged portion of upper left corner of crystal in (a).
(c) Same portion as in (b) but with slightly different focus. (d) Enlarged section of upper right
corner of crystal in (a)
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layer of a thickness of about 5–8 nm, and the measured thickness agrees well with
the value 5.5 nm estimated from the amount of silica and the external surface. Rela-
tively thick silica overlayer is required to control the pore-opening size of silicalite,
and thus prepared silicalite shows the fine selectivity of adsorptions of linear alkane,
as shown in Fig. 6.6. It is extremely interesting that such linear alkanes as hexane
and butane are adsorbed freely on the modified zeolites. In other words, hexane and
butane pass through the deposited silica layer to be adsorbed on the silicalite.

In addition, the silica layer shows the interesting profile of TEM observations.
Pictures of (b) and (c) are taken at the same place of left corner of the crystal but
with different focus. An amorphous like oxide covers the zeolite in (b), while the
fringes straightly arrive at the outer surface in (c). The TEM image of the silica de-
posited changes by adjusting the degree of focus: i.e., an amorphous like image of
silica changes into a clear crystal like pattern, and the fringes running in the crys-
tal arrive at the outermost of the sample. In the picture (d), the fringes are seen
straightly in the direction of (001), but the amorphous oxide is formed in the direc-
tion of (010).

This feature of the TEM image suggests that the deposited silica is formed as
the material which is neither a pure crystal nor a mere amorphous oxide. It may
be therefore concluded that the silica layer is elongated on the top of the zeolite
crystal along the pore direction. Silica is loaded on the pure silicalite, and therefore
the nearly epitaxial formation of silica layer may be suggested. Most probably, the
formed silica has a structure, which is affected by the structure and composition of
the basal plane of zeolite. One may have an idea that a difference between the struc-
tures of the deposited silica and the top of zeolite controls the pore-opening size.

6.6 External Surface Acidity: Measurements and Inactivation

The acid sites on the external surface are regarded as the nonselective site for the
shape selective catalytic reaction, and therefore these are removed or inactivated.
The deposition of silica inactivates the external surface acidity, thus enhancing the
shape selective reaction; therefore the inactivation or passivation by the deposited
silica is another reason for the enhancement of shape selectivity due to the CVD
of silica. However, the external surface acidity is not sufficiently characterized, be-
cause it is not studied easily.

Cracking of 1,3,5-triisopropylbenzene is used to test the external surface acid-
ity; this molecule is difficult to enter into the pores of MFI and MOR because of
its molecular size. The decrease of the cracking activity due to the deposition of
silica on the mordenite with the different compositions of Al and cation is shown
in Fig. 6.15 [21]. In this experiment, the conversion level of the parent zeolite is
adjusted to 15–20% by controlling the sample weight, and the modified Na-type
mordenite (NaM20) is protonated before the cracking reaction. It is interesting that
the degree in decrease of the cracking activity by the silica deposition is indepen-
dent of the molar ratio of Si=Al2 10 and 20, cations H (HM) and Na (NaM), and
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Fig. 6.15 Inactivation of the external surface by the deposition of Si.OCH3/4 on HM-10 (open
square), HM-20 (open circle), NaM-20 (filled circle), and DHM-20 (dealuminated) (open triangle)
mordenites. Reproduced with permission from [21]. Copyright 1993 Elsevier

Fig. 6.16 Inactivation of the external surface by the deposition of Si.OCH3/4 on HZSM-5-1 (open
circle) and -2 (filled circle). Reproduced with permission from [21]. Copyright 1993 Elsevier

before and after the dealumination. On the other hand, two kinds of HZSM-5-1
and -2, show clearly different behaviors of the inactivation, as shown in Fig. 6.16.
Characterization of these zeolites by means of NMR (nuclear magnetic resonance)
and XPS shows that the HZSM-5-1, on which a larger surface concentration of
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Table 6.4 Brønsted acidity of the unmodified and modified HZSM-5, and the acidity on the
external surface derived from the difference between them

Sample

Number of the
acid site per
mol kg�1

Strength of the
acid site per
kg mol�1

Surface area per
m2 g�1

Surface density
of the acid site
per nm�2

HZSM-5a 0.361 140 372 0.58
SiHZSM-5b 0.251 142 – –
Differencec 0.110 146 26.6d 2.49
aPrepared from JRC-Z5–90Na by an exchange with NH4NO3, followed by calcination
bModified by the CVD of 11.6 wt % silica
cDifference between unmodified and modified HZSM-5 samples
dExternal surface area of HZSM-5 measured by the benzene-filled pore method

deposited silica is required for the inactivation, has not only the large amount of
extra framework Al but also the aluminum enrichment on the external surface.

An effect of attached alkyl group to Si upon the inactivation of the external sur-
face is tested using Si.OR/xR1�x , where xD 1; 2; 3, and 4 and RDCH3 and C3H7

[4]. Monomethoxy silane is found to be effective in the inactivation, and in particu-
lar monomethoxy tripropyl silane is the most effective; and the monolayer of silica
.9:3 Si nm�2/ is enough to totally inactivate the external surface acidity.

Cracking of alkylbenzene, e.g., cumene, is believed to take place on the Brønsted
acid sites. Therefore, these studies show the inactivation of Brønsted acid sites due to
the deposited silica. The HZSM-5, JRC-Z5–90H, provided by the Catalysis Society
of Japan as a reference catalyst has the unusual high concentration of the external
surface Brønsted acidity [22]. The Brønsted acidity is characterized by utilizing the
inactivation of the large amount of acid sites.

Acidic properties of the HZSM-5 samples unmodified and totally inactivated by
silica of 11.6 wt % and the surface concentration 44 Si nm�2 are measured by the
ammonia TPD, as shown in Table 6.4. The difference between them seems to give
us the profile of Brønsted acidity on the external surface, and it is about one thirds
of the total acid sites. The strength of the external Brønsted acidity is a small degree
stronger than usual, and the surface density of the acid site is much larger than those
of inner acid sites of HZSM-5, as shown by Table 6.4.

Brønsted acid site is generated with a fine structure of the crystal, on which the
strength depends, as mentioned in Chaps. 2–4. Therefore, Brønsted acid sites, when
located anyplace either on external or internal, should have the same structure and
acid strength. On this sample, Al concentration is made rich on the external surface
of small particles, and the surface density of the acid site is enhanced greatly, more
than expected from the usual HZSM-5. Strength .146 kJ mol�1/ and surface den-
sity .2:49 nm�2/ of the Brønsted acid sites on the external surface thus measured
are interesting profiles of the external surface acidity; this is the first report of the
quantification of external acidity on zeolite.



References 127

References

1. S.M. Csicsery, Pure Appl. Chem. 58, 841 (1986)
2. M. Niwa, H. Itoh, S. Kato, T. Hattori, Y. Murakami J. Chem. Soc. Chem. Commun. 819 (1982)
3. N.R.E. Impens, P. van der Voort, E.F. Vansant, Microporous Mesoporous Mater. 28, 217 (1999)
4. J.H. Kim, A. Ishida, M. Okajima, M. Niwa, J. Catal. 161, 387 (1996)
5. T. Hibino, M. Niwa, Y. Murakami, M. Sano, J. Chem. Soc. Faraday I 85, 2327 (1989)
6. T. Hibino, M. Niwa, Y. Murakami, M. Sano, S. Komai, T. Hanaichi, J. Phys. Chem. 93, 7847

(1989)
7. M. Inomata, M. Yamada, S. Okada, M. Niwa, Y. Murakami, J. Catal. 100, 264 (1986)
8. M. Niwa, Y. Kawashima, T. Hibino, Y. Murakami, J. Chem. Soc. Faraday I 84, 4327 (1988)
9. T. Hibino, M. Niwa, A. Hattori, Y. Murakami, Appl. Catal. 44, 95 (1988)

10. N. Kodakari, N. Katada, M. Niwa, J. Chem. Soc. Chem. Commun. 623 (1995)
11. T. Tanimura, N. Katada, M. Niwa, Langmuir 16, 3858 (2000)
12. M. Niwa, S. Kato, T. Hattori, Y. Murakami, J. Chem. Soc. Faraday Trans. I 80, 3135 (1984)
13. M. Niwa, M. Kato, T. Hattori, Y. Murakami, J. Phys. Chem. 90, 6233 (1986)
14. H.A. Begum, N. Katada, M. Niwa, Microporous Mesoporous Mater. 46, 13 (2001)
15. M. Niwa, K. Yamazaki, Y. Murakami, Ind. Eng. Chem. Res. 29, 38 (1991)
16. M. Niwa, K. Yamazaki, Y. Murakami, Ind. Eng. Chem. Res. 33, 371 (1994)
17. K. Yamazaki, M. Niwa, Y. Murakami, Kagaku Kougaku Ronbunshu 16, 564 (1990)
18. J.H. Kim, Y. Ikoma, M. Niwa, Microporous Mesoporous Mater. 32, 37 (1999)
19. H. Itoh, S. Okamoto, A. Furuta, Nippon Kagaku Kai-shi 420 (1989)
20. D. Lu, J.N. Kondo, K. Domen, H.A. Begum, M. Niwa, J. Phys. Chem. B. 108, 2295 (2004)
21. T. Hibino, M. Niwa, Y. Murakami, Zeolites 13, 518 (1993)
22. K. Tominaga, S. Maruoka, M. Gotoh, N. Katada, M. Niwa, Microporous Mesoporous Mater.

117, 523 (2009)



Chapter 7
Application of the CVD of Silica to the Shape
Selective Reaction

Abstract Chemical Vapor Deposition (CVD) of silica is applied to achieve the fine
shape selectivity on mordenite, ZSM-5, and A-zeolite is mentioned. Selective para-
dialkylbenzene formation due to the alkylation and the disproportionation is the
most important and interesting reaction achieved on the silica-deposited H-ZSM-5.
Various industrial applications of the CVD of silica are reviewed.

7.1 Selective Formation of Para-Dialkylbenzene

7.1.1 Principle of the Shape Selectivity

How is the high selectivity to produce p-xylene realized on the zeolite HZSM-5
synthesized by a usual method? To reply the question, zeolite ZSM-5 samples with
ca. 75˙20 of Si=Al2 ratio are synthesized under different conditions; these zeolites
are comprehensively characterized, and the relation of the characterized parameter
with the obtained selectivity is studied.

ZSM-5 samples with various morphologies are obtained, and the sizes of the
synthesized zeolites are found to be 0:5–6 �m from the SEM image. Using these
samples of HZSM-5, a principle of the shape selective formation of p-xylene as
a result of alkylation of toluene with methanol is examined based on characteriza-
tion data of the adsorption rate and the external acidity [1]. Selectivity to p-xylene
formation at the conditions of 20% conversion of toluene is measured and plotted
against the diffusion rate constant of adsorption of o-xylene in Fig. 7.1. Because
selectivity depends on the conversion level, measurements of the selectivity at a
constant conversion are required in order to examine its dependence on the charac-
terization parameter. The selectivity at 20% of the conversion is clearly correlated
with the rate constant of o-xylene adsorption; it increases with decreasing the dif-
fusion rate constant except for one sample named No. 15. The rate constant of
adsorption is simply related with the crystal size of HZSM-5 in Fig. 7.2, and it is
supported theoretically by the equation shown below.

129
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Fig. 7.1 Selectivity to
p-xylene formation at the
conditions of 20% conversion
of toluene plotted against the
diffusion rate constant of
adsorption of o-xylene.
Numbers denote the HZSM-5
synthesized at different
conditions
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where k is the rate constant of adsorption and r , D, and Me are radius of the zeolite
crystal, diffusion constant, and adsorption amount at equilibrium, respectively.
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The adsorption rate of p-xylene can be regarded to change little in these zeolites,
and therefore the selectivity increases with increasing the difference in the rates of
adsorption of p- and o; m-xylenes. With increasing the difference (or the ratio) in
adsorption rates of p- and o; m-xylenes, and also with increasing the crystal size, the
selectivity to p-xylene increases. A large deviation from the relationship observed
in a sample No. 15 is due to the unusual high concentration of external surface acid
site; an inhomogeneous distribution of the acid site on this sample is implied from
the experimental finding of the abundance of dislodged Al. We learn from these ex-
perimental studies that the selectivity is mainly controlled by the difference in rates
of adsorption of molecules, and the unusual high external surface acidity results in
the low selectivity. In order to enhance the selectivity, one has to notice that the rate
of adsorption is controlled principally, and the activity on the external surface also
is taken into consideration.

7.1.2 CVD Zeolite to Produce the Para-Dialkylbenzene

As shown in Chap. 6, Niwa et al. found that the deposition of silica on the external
surface of zeolite improved the shape selectivity of zeolite. Selective formation of
para-dialkylbenzene has been studied extensively based on the silica deposited ze-
olite, and much attention has been paid to the enhanced high selectivity. Production
of p-xylene and p-diethylbenzene due to the alkylation and the disproportionation
has been studied as the industrial application process.

The high selectivity to form p-xylene was found in a study of methanol con-
version into gasoline on the ZSM-5 modified with CVD of silica in 1986 [2]. With
increasing the amount of deposited silica, the yield of products shifts to small hydro-
carbons. Of much more interest is the change of yield distribution of xylene isomers
by the deposited silica. The distribution of xylene isomers on the HZSM-5 is about
1:2:1 for oWmWp xylenes, which is in agreement with the thermodynamics-controlled
products distribution at ca. 623 K. Deposition of silica decreases o- and m-xylene
yields, and in place of these larger xylene isomers, p-xylene yield is increased. The
selectivity to form p-xylene increases gradually and finally becomes nearly 100%
at about 13 wt% of silica deposition as shown in Fig. 7.3.

Change of the xylene isomers yield due to the deposited silica is later confirmed
by the study on alkylation of toluene with methanol to p-xylene formation, which is
one of the most important industrialized reactions [3]. The same dependence of the
p-xylene selective formation upon the deposition amount of silica is observed also
in the toluene disproportionation and o-xylene isomerization; thus it is suggested
that the selectivity is controlled by a common parameter existing in these reac-
tion steps. Obviously, the difference in diffusion rates of xylene isomers determines
the selectivity to form p-xylene. This is the most important example of the product
shape selectivity, successfully realized by the deposition of silica on the external
surface of HZSM-5. The HZSM-5 studied has 21 of the Si/Al ratio and 0:25 �m
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Fig. 7.3 Change of the
products xylene isomers yield
with the silica deposition;
o- (open triangle), m- (open
square), and p- (open circle)
xylenes

of the crystal length. Because the external surface area is 11 m2 g�1, and the high-
est selectivity is realized at the deposition of 121 Si nm�2 of silica, which is much
larger than those confirmed recently on a different HZSM-5 (ca. 40 Si nm�2) [4].
Figure 7.4 shows a model of silica-modified MFI zeolite. In the micropore, o- and
m-xylenes are possible to be formed, whereas only p-xylene can pass through the
pore mouth which is narrowed by the silica overlayer.

The dealkylation and realkylation (i.e., disproportionation) of ethylbenzene to
form diethylbenzene is investigated over the pore size-regulated MFI zeolite by the
deposition of silicon tetraethoxide [5]. Halgeri et al. belonging to Indian Petro-
chemical Corporation report an excellent achievement of the selective production
of p-diethylbenzene, as shown in Table 7.1. The selectivity to form the para iso-
mer is enhanced up to about 100% with the conversion of ethylbenzene kept
almost a constant, when the reaction conditions such as temperature, WHSV, and
H2/hydrocarbon ratio are optimized. They have industrialized the p-diethylbenzene
production using the pore size-regulated MFI zeolite. With this development, India
became the third country in the world to develop and commercialize the eco-friendly
technology for p-diethylbenzene manufacture, according to Halgeri. The two others
are UOP, USA and TSMS, Taiwan, and at least two of the three companies utilize
the CVD zeolite, most probably.

Wang et al. report an excellent selectivity of the formation of p-ethyltoluene
as a result of toluene ethylation with ethylene on the silica deposited HZSM-5
[6]. The composition of isomers at the equilibrium conditions at 600 K, pWmWo
ethyltoluenesD 33:7W49:9W16:5, dramatically changes, and 99.4% of the selectivity
to p-ethyltoluene is achieved on the silica deposited HZSM-5. Priority of the CVD
of silica in preference to the impregnation of metal oxides is confirmed in their
studies.
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Fig. 7.4 A model of silica-modified MFI zeolite. (a–c) Orthographic drawing (third angle
projection) of frameworks of MFI (blue) and silica overlayer (gray). A cross-section of micro-
pore is shown by a plane in which the zeolite framework is shown by red. (d) The cross-section
with xylene isomers

Inactivation of the external surface and narrowing of the pore-opening size are
made clear in these studies, and both are believed to contribute to enhancing the
shape selectivity. It is interesting, however, to study which change of the proper-
ties enhances the para-isomer selectivity effectively. In the study of the CVD of
silica using different silane compounds, the modified zeolites are precisely charac-
terized to understand these effects on the degree of selectivity enhancement [7].
o-Xylene adsorption and cracking of 1,3,5-triisopropylbenzene are measured for
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Table 7.1 Selective
production of
p-diethylbenzene

Catalyst
MFI Silylated MFI

Ethylbenzene conversion (%) 12.83 12.5
Selectivity to (%)
Benzene 41.31 38.72
Diethylbenzene 56.66 54.32
Others 2.03 6.56
Diethylbenzene composition (%)
Para 33.43 99.42
Meta 63.96 0.58
Ortho 2.61 –

Fig. 7.5 Selectivity of p-xylene formation from the alkylation of toluene plotted against the
relative o-xylene adsorption rate and the degree of cracking of 1,3,5-triisopropylbenzene.
Symbols show the samples ZSM-5 unmodified (filled diamond) and modified by different
silicon alkoxide compounds; Si.OCH3/.C3H7/3, (double circle); Si.OCH3/.CH3/3, (filled circle);
Si.OCH3/2.CH3/2, (open circle); Si.OCH3/3.CH3/, (filled triangle); Si.OCH3/4 , (filled square)

characterizations of controlled degrees of the pore-opening size and the external sur-
face acidity, respectively. The selectivity of p-xylene formation from the alkylation
of toluene measured at a constant conversion level of toluene is plotted against both
parameters in Fig. 7.5. The selectivity plotted vertically in Z-axis first increases with
inactivation of the external surface. However, it increases up to ca. 70% at most. To
have the selectivity of more than 90%, the pore-opening size is required to be con-
trolled, as confirmed in the figure. This means that the inactivation of the external
surface is insufficient and the pore-opening control results in the high selectivity
which is close to almost 100%.

O’Connor et al. report the repeated cycle process of the silica CVD to enhance
the selectivity to p-xylene in the disproportionation of toluene [8]. One cycle
of the deposition in a continuous flow method consists of (1) the deposition of
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tetraethoxysilane at 373 K, (2) flushing with nitrogen, and (3) calcination by air at
773 K. Selectivity to form p-xylene increases gradually, and 16 times of the repeated
cycle are required to achieve the excellent selectivity, as high as 100%. The slow
and stepwise CVD technique may be carried out to take care of the homogeneous
and precise modification, and this is an example to obtain the extremely high
selective zeolite by means of the silica deposition technique. p-Xylene distribution
increases steeply from the ninth cycle, on which the external surface has been inacti-
vated almost sufficiently. The finding is similar to the observation stated above, and
the inactivation of the external surface does not fully enhance the shape selectivity
of the para isomer production.

7.1.3 In Situ Production of CVD Zeolites

Various methods of the silica CVD are proposed to produce the active, selective, and
durable zeolite catalysts. Among them, in situ production is known as the method
applicable to the industrial scale production of the CVD zeolite. This method is first
reported by Wang et al. [9]; they use a mixture of 50% toluene, 45% methanol, and
5% Si.OC2H5/4, which is flowed to the zeolite with a carrier gas N2. The selec-
tivity of the product p-xylene is monitored to identify the degree of modification.
The CVD is performed in situ in a reactor of the toluene alkylation. Temperature
of the deposition is ca. 473 K, and the degree of deposition is measured from the
amount of unconverted alkoxide. Occasionally, H2 and/or H2O are admitted si-
multaneously together with the alkoxide to control the deposition reaction. In situ
monitoring of the deposition degree using the test reaction of the p-xylene forma-
tion is useful to prepare the CVD zeolite in a large scale. Water is produced as
a reaction of methanol with toluene, and the water produced maybe activates the ze-
olite surface to continue the deposition of silica. It may be effective in homogeneous
modification by the deposited silica.

In a method proposed by Halgeri et al., H2 is used as a carrier gas, and the mix-
ture of 6.5% tetraethoxysilane in toluene and methanol is contacted with the zeolite
at 503 K for the desired hours [10]. After hydrogen is switched to nitrogen, the tem-
perature of catalyst bed is elevated to 815 K, and the modified zeolite is calcined
by oxygen for 10 h to obtain the silica deposited ZSM-5. These total optimizations,
i.e., the mixture of a small amount of tetraethoxysilane in toluene and methanol,
the deposition temperature at 500 K, the carrier gas of hydrogen and the calcination
step at a high temperature may be important to produce the homogenously modified
zeolite. This method is proposed by the company, which successfully utilizes the
CVD method for the industrial process, and therefore could be recommended for
a method of production of large amounts of modified zeolite. Scientific bases for
the preparation of CVD zeolites, i.e., the mechanism of preparation and effects of
the methods upon the zeolite function, will be subjects of the investigation carried
out in near future.
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7.1.4 HZSM-5 In Situ and Ex Situ Prepared for the CVD
of Silicon Alkoxide

The zeolite acidity is lost to some degree, when it is exposed to the atmosphere
humidity. On the other hand, the H-zeolite prepared in situ in the reactor and
unexposed to the atmosphere shows the fine solid acidity. The difference in the
solid acidities between in situ and ex situ prepared H-zeolites becomes outstanding
at the conditions of high concentration of acid site, as mentioned in Chap. 2 [11].
From the findings of the solid acidity, it may be expected that the external surface
also changes when it is exposed to the humidity. A characterization study on the in
situ and ex situ prepared HZSM-5s shows that the external surface area increases,
and the external surface acidity decreases, when the HZSM-5 is prepared ex situ
in compared with the in situ prepared one [4]. Therefore, we must notice that the
external surface also changes by the humidity to some degree.

One can compare between the degrees of enhancement of p-xylene formation
by the deposition of silica on the in situ and ex situ prepared HZSM-5, as shown
in Fig. 7.6. The selectivity to form p-xylene increases linearly with increasing the
deposited silica on four kinds of in situ prepared HZSM-5 in Fig. 7.6a. On the
other hand, the selectivity increases nonlinearly on the ex situ prepared HZSM-5s in
Fig. 7.6b, and it increases with increasing the amount of deposited silica in different
manners, which depends on the sample. In situ prepared HZSM-5 is therefore re-
garded as the starting material of the HZSM-5 with a preferential property, because
the increment of the selectivity depends linearly on the amount of silica deposited,
and therefore it is easy to design the selective catalyst from the amount of silica
deposited.

As discussed in the TEM measurements in Chap. 6, the silica deposited on the
external surface is not a simple amorphous material, but the structure is regulated
by the basal plane of zeolite. Therefore, it is expected that the in situ prepared con-
ditions of the HZSM-5 provide us with the external surface adequate for the fine
structure of the deposited silica. The external surface with such an unaltered fine
structure seems to stabilize the deposited silica to control the pore-opening size, of
which degree depends linearly on the amount of silica.

7.1.5 CLD of Silica for the Shape Selective Adsorption

Performance of the materials modified by CVD depends principally on the tem-
perature and gaseous composition during the deposition reaction. This can be an
advantage compared to the conventional liquid phase methods such as impregnation
and gelation, because the control of temperature and gaseous composition is easy for
the manufacturers who have operated plants for catalytic reactions in vapor phase.
In liquid phase methods, the temperature is complicatedly affected by many fac-
tors, and hence the control of temperature is difficult especially during the elevation
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Fig. 7.6 Comparison between the degrees of enhancement of p-xylene formation by the depo-
sition of silica on the in situ (a) and ex situ (b) prepared HZSM-5. Each four kinds of HZSM-5
shown by different notations are tested
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of temperature. This sometimes gives different results in different scale of liquid
phase production of functional materials. On the other hand, for the CVD process
operated on a large scale, low thermal conductivity of gas and difficulty of stirring
are possible disadvantages giving a broad temperature distribution in a reactor.

From the viewpoint of equipment cost, the CVD method has both advantages
and disadvantages. Usually, a large vessel applicable to pressurized or evacuated
conditions is necessary for the vapor phase method. For the liquid phase method, it is
an intrinsic disadvantage to deal with a large amount of solvent, which is frequently
flammable, harmful, or consuming huge energy for removal; cost for treating such
a solvent is also a disadvantage. However, ordinary chemical manufacturers have
already had reactors useful for liquid phase reactions, and therefore it is considered
that the CVD method requires relatively high cost for the plant construction in some
cases.

From these reasons, the deposition of silica in a liquid phase, chemical liquid
deposition (CLD), is also studied with a purpose of the enhancement of the shape
selectivity. In the CLD method, not only the alkoxides Si.OCH3/4 and Si.OC2H5/4

but also the halide SiCl4, TiCl4, and SbCl5 are used as the regent to control the
pore-opening size [12].

In this method, such a solvent as heptane is added to the zeolite sample, and a
small amount of the deposited reagent is added and stirred for 5 h at the ambient
temperature, followed by the calcination at 773 K. Repeated CLD is required, when
the degree of the silica deposition is increased. The amount of deposited silica for
the CLD modification is, however, not reported precisely in previous studies.

Thus, prepared zeolite shows the excellent shape selectivity in the adsorption of
alkylaromatics. Priority of the CLD to the CVD method in the adsorption selectiv-
ity is claimed in the literature. In addition, SiCl4 is reported to be more effective
than Si.OCH3/4. It is interesting that the NaY is used as the starting zeolite [13],
because the H-Y zeolite is difficult to be controlled by the CVD of silica. A higher
reactivity of the halide compound than the alkoxide is estimated, and therefore such
a halide as SiCl4 could be available for the deposition on the Na-zeolite. Influence
by the CLD of tetraethoxysilane on the solid acidity of HZSM-5 is studied. Two
kinds of HZSM-5, which are large and small in the crystal size, are studied, and the
control of the external surface acid site is measured by ammonia TPD [14]. The acid
sites are decreased by 24 and 8.5% upon deposition of silica on the small and large
HZSM-5, respectively. A relatively high degree of the passivation on these HZSM-
5s is deduced to the decrease in the number of acid sites located in the pore mouth
region.

The CLD is performed usually at a low temperature below 300 K using a solvent,
hexane and cyclohexene, which is different from the CVD technique. Calcination at
the high temperature such as 773 K with air is required for the CLD as well as the
CVD. Therefore, not only the deposition of the reagent in the liquid phase is required
to be controlled, but also the careful calcination at the high temperature is necessary.
Content of water in the zeolite must be strictly controlled before the deposition,
because the water present readily reacts with the CVD reagent such as SiCl4 and
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Si.OR/4. Otherwise, the site (or position) of the deposition is not controlled, and
therefore the selective modification becomes difficult. When the conditions of the
deposition reaction and the modified zeolite are controlled sufficiently in the prepa-
ration of either CVD or CLD, the controlled zeolites should show similar property
and selectivity, and any preference of each method will not be indicated from a sci-
entific view. Application of the broad region of the temperature in the CVD, from
room temperature up to 773 K, can be indicated as a priority of the vapor phase
method.

7.2 Selective Cracking of Linear Alkane (Dewaxing)

Selective cracking of linear alkane is known as a process of dewaxing, because the
linear alkane with a high freezing point is selectively removed. Industrialized pro-
cesses have been developed by Mobil and Akzo [15] Co. On the other hand, CVD
of silica is utilized adequately to prepare the modified mordenite with an excellent
high selectivity [16]. Figure 7.7 shows an increase of the selectivity for the cracking
of octane in preference to 2,2,4-trimethylpentane (isooctane), measured by a pulse
reaction at 573 K. On the HM (H-mordenite) unmodified, both octane and isooc-
tane are converted to small hydrocarbons in a similar degree. The reaction behavior
is dramatically changed by the deposition of silica. On the 0.9 wt% deposition of
silica, the conversion of isooctane becomes neglected almost completely, and only
octane reacts. The generation of the selectivity is obviously due to the difference in
molecular sizes, i.e., 0.43 and 0.62 nm for octane and isooctane, respectively. Only
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Fig. 7.7 Cracking of octane (open triangle) and 2,2,4-trimethylpentane (isooctane) (open circle)
measured by a pulse method at 573 K on mordenite unmodified and modified by the deposition of
silica
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the smaller alkane octane reacts and the larger alkane isooctane does not react at all.
Generation of such a fine reactant shape selectivity is caused by the precise control
of the pore-opening size of mordenite. The size of pore opening is controlled by
the deposited silica so clearly and only the small alkane is allowed to enter the pore
of the modified mordenite. Furthermore, selective cracking for 3-methylheptane in
preference to 2,2,4-trimethylpentane is observed also by the deposition of at 0.8 wt%
silica (not shown). Thus, further precise control of the pore-opening size is attained
to discriminate between the reactivities of molecules having the different molecular
sizes by 0.07 nm. The generated excellent selectivity shows us a high potentiality of
the CVD of silica to control the pore-opening size of zeolite.

On the modified mordenite, not only the reactant alkanes but also the prod-
uct alkanes are controlled. The fraction of produced branched C4 hydrocarbons
(isobutane and isobutene) in the cracking of octane and 3-methylheptane is used
as a parameter to show the distribution of products in Fig. 7.8. The fraction of the
branched C4 is as much as 50% on the HMs unmodified and modified with less
than 0.8 wt% silica deposited, but it decreases to about 20% on the HM modified
with more than 0.9 wt% silica deposited. By the deposition of silica, products of
linear hydrocarbon increase in place of the branched hydrocarbon products. The
change of product distribution is also due to the narrowing of the pore-opening size
by the deposited silica. Because of the controlled pore-opening size, the formation
or the diffusion of branched paraffins is strongly suppressed. These hydrocarbons
diffuse out from the pore only after isomerization into smaller linear hydrocar-
bons. Therefore, the product shape selectivity is also realized clearly on the silica
deposited mordenite.

Fig. 7.8 Fraction of produced branched C4 hydrocarbons in the cracking of octane (open circle)
and 3-methylheptane (open triangle): HM , H-mordenite; number, deposited silica in wt%
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7.3 Various Applications

7.3.1 Preferential Production of Dimethylamine
from Methanol and Ammonia

Selective amination of methanol to dimethylamine-rich methylamines over modified
mordenite is first developed by Nitto Chemical. The reaction of methanol and
ammonia over an acid catalyst yields three kinds of isomers, mono-, di-, and
tri-methylamine, i.e.,

CH3OHCNH3 ! NH2.CH3/C H2O

CH3OHCNH2.CH3/! NH.CH3/2 C H2O (7.2)

CH3OHCNH.CH3/2 ! N.CH3/3 C H2O:

Trimethylamine is formed preferentially due to the thermodynamic equilibrium, but
the formed composition of three isomers does not meet the demand ratio, because
dimethylamine is the most desirable product. Using mordenite modified by steam-
ing, Nitto Chemical successfully develops the process to produce dimethylamine
preferentially [17]. It is expected that the steaming of mordenite controls the exter-
nal surface acidity and/or the pore-opening size to some extent.

Sizes of three isomers increase in the sequence, mono- < di- < tri-methylamine.
The selectivity to produce three isomers, therefore, can be controlled by adjusting
the size of pore opening of zeolites. Various studies have been reported by the de-
position of silica on zeolites to realize the product shape selectivity.

Bergna et al. of du Pont use Chabazite, Rho, and ZK-5 in which the pore con-
sists of eight ring, and the size is similar to the molecular size of methylamine [18].
They modify these zeolites by the silica coating with Si.OC2H5/4 in the liquid
phase to change the products ratio. On the other hand, Segawa modifies mordenite
by the CVD of silica using SiCl4 vapor on Na-mordenite, followed by ion exchange
to the ammonium form [19]. Kiyoura of Mitsui Chemical also uses mordenite for
this reaction, and utilizes a method of CLD with Si.OC2H5/4 for the modification.
According to his review, the modification in the liquid phase CLD is preferable to
CVD conducted in the vapor phase, because the vapor phase modification needs
the cost for construction of the CVD reactor [20]. It is interesting for them to use
mordenite with a large pore of 12-ring, because the pore size of mordenite is much
larger than the molecular size of methylamine compounds, and the high degree con-
trol of the pore-opening size is required. Kiyoura discusses the catalysis on the acid
site located in the eight ring of mordenite [21]. However, the reaction within the
eight ring of mordenite deactivates quickly, as described in Chap. 3. Such an aspect
of the silica deposition to control the pore size should be studied in more detail.
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7.3.2 Improvement of the Life and the Activity of Catalysts

Pd loaded on HZSM-5 and H-mordenite is active for the selective reduction of NO
with methane in the presence of oxygen. However, water co-existed retards the se-
lective reduction activity irreversibly, and this is the serious drawback of the Pd
catalyst. CVD of silica on the external surface of HZSM-5 and H-mordenite im-
proves the activity conducted in the presence of water vapor, as shown in Fig. 7.9
[22]. The deposition of silica recovers the NO reduction activity that is deterio-
rated by the water vapor. The interesting effect by the deposited silica to improve
the reduction activity is observed only in the NO reduction conducted in the
presence of 10% water vapor. Various characterizations and knowledge of the re-
action mechanism are required to understand the profile sufficiently. The finding is,
however, explained due to the retardation of Pd sintering on the external surface
because of the hydrophobic property created by the deposited silica. PdO interacted
with the Brønsted acidity in the pore of zeolite is an active site for the NO reduction,
as mentioned in Chap. 8. The Pd oxide or hydroxide migrates into the exterior of the
zeolite in the presence of water to become large particles of Pd, and the catalytic
activity is lost irreversibly, i.e.,

Pd .inside/! Pd .outside/! Pd .sintered in H2O and O2/: (7.3)

Agglomeration into the large particle in the second step takes place readily in the
presence of water and oxygen. It is shown in Fig. 7.10 that the adsorption of water
is partially retarded by the silica deposited. Agglomeration of the Pd species on the
external surface is the main reason of the irreversible deactivation, and the silica
deposited retards the agglomeration, because the adsorption of water is retarded.
This is an unusual utilization of the silica CVD for the improvement of catalyst.

A recently reported study of sulfur tolerant hydrogenation catalyst of PtNaA [51]
is designed based on the similar idea, because the Pt is embedded in the pore whose

Fig. 7.9 Improvement of the
Pd loaded on HZSM-5 by the
deposition of 0 (open circle,
filled circle), 4 (open triangle,
filled triangle), and 8 (open
square, filled square) wt%
silica for the selective
reduction of NO with
methane in the presence of
oxygen conducted without
(open) and with (close) 10%
water vapor
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Fig. 7.10 Adsorption isotherm of water at 373 and 423 K on the Pd/HZSM-5 unmodified (filled
triangle) and modified by 7.5 wt% SiO2 deposited (open circle)

size is regulated by the deposited silica, and the hydrogenation takes place on the
external surface by hydrogen atoms spilled over from the Pt inside the pore. The
Pt metal is not deactivated in the presence of H2S impurity, because H2S cannot
enter the pore. Thus, the catalyst system consisted of interior and exterior of the A
zeolite that is well designed to have the hydrogenation activity sustainable to the
sulfur compound.

A heat-resisting metal oxide such as silica coated alumina is developed as a use-
ful application of the CVD of silica to metal oxide. The surface area of alumina
drops usually to less than 5 m2 g�1 upon the calcination at 1,493 K, whereas the sur-
face area is kept at 50–60 m2 g�1 after coating the surface with a mono to double
layer of silica [23]. Alumina is not agglomerated into the large particle even at the
high temperature calcination only by coating the surface by a monolayer of silica.
Thus, the deposited silica retards the agglomeration of alumina that occurs between
the alumina particles. The composition and structure of the external surface seem to
determine the condensation reaction of metal oxides to become the large particles.

After calcination at 1,493 K, alumina shows usually the ’-phase with a small
surface area. However, the silica-coated alumina shows the ”, ™, or ˜-phase and the
large surface area. Therefore, it is found that alumina is not always stabilized as
the ’-phase, when it is calcined at 1,493 K. Agglomeration of the alumina particles
occurs from the surface as shown by Scheme 7.1, and the transformation of the
crystal phase seems to be stimulated by the surface reaction. In other words, the
transformation of crystal phase does not seem to occur without agglomeration into
large particles.
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Scheme 7.1 Retard of the agglomeration of the alumina particles by the deposited silica on
alumina. Sintering may occur with (a) formation of a grain boundary, (b) neck growth, and
(c) formation of a small particle with silica coating

7.3.3 Selective Removal of Undesired Products

Selective removal of hydrogen by a combustion is studied using a mixture of
H2/isobutane on the SiCuHZSM-5 [24]. To produce methyl tertiary butyl ether
(MTBE), isobutene is produced from isobutane by the dehydrogenation, and the
isobutane is produced as a result of skeletal isomerization of butane. However, the
conversion level of isobutane to isobutene is limited by the equilibrium. Therefore,
hydrogen is selectively removed by the oxidation in a mixture of H2/isobutene. This
is a kind of oxidative dehydrogenation of isobutane to break a limit of the equi-
librium in order to enhance the yield of isobutene. Thus, the idea to enhance the
selectivity is to control the pore-opening size of HZSM-5 so as to allow only H2 to
enter the pore. On the SiCuHZSM-5 with 0.58 wt% silica deposited, 75% of hydro-
gen is removed by the oxidation, while isobutene is removed only by 1.6%. Thus,
hydrogen is removed with a high selectivity.

Selective hydrogenation of acetylene is studied using a mixture of acety-
lene/butadiene in ethylene on the SiNiA [25]. Small amount of acetylene is
contained in ethylene produced by the steam cracking of natural gas, and it may
induce the explosion in the downstream cryogenic separation process. Butadiene is
also contained in an impurity level, and it should remain unconverted. Therefore, the
selective hydrogenation of acetylene into ethylene is studied. Finally, Ni-KA modi-
fied with Si.OEt/4 is developed to have the high selectivity in the hydrogenation of
acetylene.

7.3.4 Applications to Zeolites from Various View-Points

In this section, various applications of the deposition of silica are summarized. Not
only the typical shape selective reactions but also various interesting reactions and
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separations have been studied. The deposition of silica on the external surface not
only to control the pore-opening size but also to inactivate the external surface is the
principle brought by the method. Typical examples of the silica deposition, listed
sequentially in the published year, are summarized in Table 7.2.

Table 7.2 Study on CVD (V) and CLD (L) of silica compounds on zeolites in 1978–2006

Zeolites Reagents L or V
Subjects in the
study Reference

Mordenite SiH4 V Adsorption property [26]
Mordenite Si.OMe/4 V Selective cracking [16]
H-Y Silane derivatives V (NMR study on

anchoring)
[27]

ZSM-5 Si.OEt/4 V p-Alkylbenzene
formation

[6]

Rho, ZK-5 Si.OEt/4 L Dimethylamine
formation

[18]

Mordenite,
X, A

Si.OEt/4 V Gas adsorption [28]

H-Y Si.OEt/4 V Selective adsorption [29]
Mordenite Si2H6 V Adsorption property [30]
Offretite Si.OMe/4, octamethyl-

cyclotetrasiloxane
V Inactivation of

external surface
[31]

HZSM-5 Si.OEt/4 V, L Inactivation of
external surface

[32]

H“ Si.OEt/4 or chloromethylsilane L Inactivation of
external surface

[33]

HZSM-5 Si.OEt/4, Ge.OEt/4 V Cracking, MTG [34]
Silicalite

membrane
Si.OEt/4, Si.OMe/4 with O3 V Separation of gases [35]

Silica
membrane

Si.OEt/4 V Preparation of
membrane

[36]

H-Y SiH4 with N2O V Disproportionation of
ethylbenzene

[37, 52]

MCM-22-Mg Si.OEt/4 V Isomerization
of 1-butene into
isobutene

[38]

Pt-KL Si.OEt/4, disilazane V Benzene formation [39]
HZSM-5 Si.OEt/4 V, L Preparation

conditions
[40]

USY Si.OMe/4 V Control of the pore
opening

[41]

Mordenite,
“, ZSM-5

Si.OEt/4 V, L Mechanism [42]

HZSM-5 Si.OEt/4

in toluene and methanol
V p-ethylphenol

formation
[43]

Ga-MFI Si.OEt/4

in toluene and methanol
V p-DEB formation

(continued)
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Table 7.2 (continued)

Zeolites Reagents L or V
Subjects in the
study Reference

MFI-type
membrane

Me2.OMe/2Si, Et2.OEt/2Si V H2 permeability [44]

Mordenite Si.OEt/4 L Disproportionation
of cumene

[45]

HZSM-5 SiCl4 L Alkylation of toluene
HZSM-5 Si.OEt/4 L Site and mechanism [14]
MCM-41 Si.OEt/4, Si.OMe/4 V Pore size control [46]
HZSM-5 Si.OEt/4 in

toluene and methanol
L Alkylation of EB [47]

Mo/HZSM-5 Si.OEt/4 V Benzene formation [48]
MCM-22 3-Glycidoxypropyltrimethoxysilane L p-Xylene formation [49]
Mo/HZSM-5 Various Si compounds

(3-aminopropyl-triethoxysilane)
L Benzene formation [50]

PtNaA Si.OEt/4 V Sulfur tolerant
hydrogenation

[51]

This method is applied to almost all the zeolite species. Vapor-phase deposi-
tion (CVD) is utilized often, but the liquid-phase deposition (CLD) is also utilized
in a similar degree. Si.OC2H5/4 is the deposited reagent most frequently utilized.
Applications to mesoporous materials MCM-41 [46] and membrane [35] are stud-
ied with the similar purpose.
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Chapter 8
Zeolite Loading Property for Active Sites
and XAFS Measurements

Abstract New methodologies for X-ray absorption fine structure (XAFS) measure-
ments, such as Quick XAFS and Dispersive XAFS, are reviewed. These techniques
are applied to observe the dynamic structural change of Pd, i.e., clustering and dis-
persion, which are caused by the strong interaction with acid sites of zeolites of
ZSM-5, mordenite, H-Y, and USY.

8.1 EXAFS and XANES Measurements of Loaded Metals

8.1.1 DXAFS and QXAFS Analysis

X-ray absorption fine structure (XAFS) is a useful technique in the analysis of
local structure of heterogeneous catalysts, whose structural information is other-
wise difficult to be obtained. Using XAFS technique, valuable information such
as local structure, symmetry, and valence sate around specific elements can be
obtained. In the conventional XAFS technique, data collection has been carried
out under the static conditions using double monochromators that is moved
stepwise. Therefore, long time period up to 1 h is required to collect XAFS
data. Recent development in XAFS technique including Quick-XAFS (QXAFS)
and Energy-Dispersive XAFS (DXAFS) realized the high-speed measurement
of XAFS data. Unlike the conventional method, the double monochromator is
moved continuously to obtain monochromatic X-ray beam in the QXAFS, which
enables us to obtain data in several seconds–minutes. On the other hand, in
the DXAFS, intensities in whole energy region are collected at the same time
using a bent polychromator as displayed in Fig. 8.1. Bragg and Laue configura-
tions are chosen depending on the X-ray energy region at EX-ray < 12 keV and at
EX-ray > 12 keV for XAFS measurements at Japan Synchrotron Radiation Research
Institute (SPring-8), respectively. At higher energy region, Bragg configuration
is preferred because X-ray goes into the deeper position of the polychromator
so that the energy resolution of spectra becomes lower. Using these techniques
combined with an appropriate cell and a gas-flow line, time-resolved in situ mea-
surements of the various chemical processes, such as the formation process of
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Fig. 8.1 An energy-dispersive XAFS instrument installed in SPring-8 BL28B2. Bragg (EX-ray <

12 keV) (a) and Laue configurations (EX-ray > 12 keV) (b)

the active sites in heterogeneous catalysts and clustering of metal atoms, are
realized. In recent years, much effort has been devoted to design various in situ
cells and studies combined with other techniques, i.e., XRD and a mass spectrom-
eter. In this chapter, we will focus on the studies concerning the structural change
of Pd induced by the metal–support interaction with zeolite supports. Small metal
clusters occluded in a zeolite pore have been studied primarily from the viewpoint
of the formation of uniform active sites for catalytic reactions. The introduction of
metals in zeolites has been achieved through various techniques including chemical
vapor deposition, ship-in-bottle method and decarbonylation of carbonyl clusters
in zeolite pores [1–5]. In particular, Pd clusters in zeolites have been paid atten-
tion since Pd exhibits high catalytic activities in many kinds of valuable reactions,
such as selective reduction of NO, total combustion of hydrocarbons, and organic
reactions. Influence by not only Brønsted acid site but also the structure of zeo-
lite on the generation of metal Pd clusters and highly dispersed PdO is studied.
This is because it has been revealed that the structure and the acid sites of zeolites
considerably affect the generation of active sites for catalytic reactions. As a mat-
ter of fact, the catalytic performance of Pd greatly depends on the structure and
composition of zeolite supports. The fact suggests that the strong metal–support
interaction between PdO and Brønsted acid sites plays an important role in not only
the generation but also the catalytic performance of active Pd center. The interaction
is directly evidenced from the structural change of Pd induced by Brønsted acid site
of zeolites in the oxidative or reductive atmosphere. However, the formation and
structure of the active Pd species or its precursor and the role of the Brønsted acid
sites associated with Pd are rather ambiguous. Here, in order to precisely reveal the
metal-support interaction, DXAFS and QXAFS techniques are utilized to follow
the dynamic structural change of Pd induced by the interaction with Brønsted acid
sites of zeolites.

8.1.2 Formation of Molecular-Like PdO Through the Interaction
with Acid Sites of Zeolites

It has been recognized that the catalytic activity of Pd changes significantly de-
pending on the employed supports. For instance, Pd loaded on various supports that
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Fig. 8.2 k3-weighted Pd K-edge EXAFS Fourier transforms of 0.4 wt% Pd loaded on H-ZSM-5
with different Al concentrations (a) and H-ZSM-5 (Si=Al2 D 24) treated with H2, and O2

at 773 K (b)

have acid character exhibits high activities in the selective reduction of NO with
methane in the presence of excessive O2. In contrast, the total oxidation of methane
takes place over the Pd loaded on the supports which lacks acid character. In or-
der to reveal the origin in the effect by acidity of support, H-ZSM-5 zeolites with
different Al content are employed as supports for Pd and the structure of Pd is an-
alyzed by means of Pd K-edge EXAFS. Figure 8.2a shows the Fourier transforms
of the k3�.k/ EXAFS for Pd/H-ZSM-5 with different Al content. All samples are
oxidized under an oxygen flow at 773 K for 3 h. The peaks appeared at 0.26 and
0.31 nm are assignable to the Pd–Pd bonds characteristic of agglomerated PdO, as
can be seen from the comparison with the spectrum of PdO. The intensity of these
Pd–Pd peaks decreases accompanied by an increase in the Al content of H-ZSM-5
(decrease in the Si=Al2 ratio). The Pd–Pd bond completely disappears on the Pd/H-
ZSM-5 with the highest Al content (Si=Al2D 23:8), and the catalyst exhibits a high
activity in the selective reduction of NO with methane. The results indicate that
the size of PdO is a function of the amount of Brønsted acid in H-ZSM-5 and it
decreases with increase in the acid amount of H-ZSM-5, since the intensity of Pd–
Pd shell reflects the size of PdO. On the other hand, as for Pd–O bond observed
at 0.16 nm in Fig. 8.2a, the spectra for bulk PdO and highly dispersed PdO on H-
ZSM-5 are quite similar. In addition, the coordination number and bond distance of
Pd–O determined by the curve fitting analysis on highly dispersed PdO agree well
with those on bulk PdO, implying that the local structure of highly dispersed PdO
is closely similar to that of bulk PdO. Therefore, it can be noted that the role of
Brønsted acid sites of H-ZSM-5 is not to provide the ion-exchange sites for Pd2C,
but to stabilize the dispersed state of PdO. Based on the EXAFS analysis, the local
structure of Pd in the oxidized Pd/H-ZSM-5 is proposed by Wang and Liu, where
Pd is surrounded by four oxygen atoms in a square planar, a part of which comes
from the zeolite structure as displayed in Fig. 8.3 [6].
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Fig. 8.3 Schematic structure of PdO interacted with Brønsted acid sites of H-beta proposed by
Liu et al.

In order to confirm the ability for Brønsted acid sites of zeolite to anchor PdO, the
regeneration of dispersed PdO upon the repetition of reduction and oxidation treat-
ments are followed by EXAFS. The experiment is conducted on the Pd/H-ZSM-5
(Si=Al2D 23:8) where a highly dispersed PdO is observed by the oxidation treat-
ment as explained above. Figure 8.2b shows the EXAFS FT spectrum measured
after the reduction of previously oxidized Pd/H-ZSM-5. The formation of metal Pd
is confirmed from the appearance of an intense peak at 0.24 nm. The particle size of
the metal Pd calculated from the Pd–Pd coordination number (CND 10:6) is esti-
mated to be >3 nm, which is far larger than the zeolite pore diameter. The change in
the spectra indicates that the highly dispersed PdO is reduced and migrated to form
aggregated Pd metal particle on the external surface of zeolite. The reduced sample
is subsequently oxidized under the oxygen flow at 773 K for 3 h again. The spec-
trum measured after oxidation is completely identical to that measured after initial
oxidation treatment as included in Fig. 8.2b. Therefore, it can be mentioned that the
aggregated Pd returns to the highly dispersed PdO in H-ZSM-5 pore. This behavior
of Pd demonstrates the high mobility of PdO and the presence of a strong interaction
between Brønsted acid sites of H-ZSM-5 and PdO. Probably, the acid-base interac-
tion between the highly dispersed PdO and Brønsted acid sites of zeolite promotes
the disruption and fixation of highly dispersed PdO.

8.1.3 Reversible Cluster Formation Through the Interaction
with Acid Sites of Zeolites

In order to further reveal the dynamic behavior of Pd with zeolite supports, the
agglomeration process of Pd0 is measured in the atmosphere of H2. For these pur-
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Fig. 8.4 Dependence of coordination number of Pd–Pd (filled circle) and Pd–O (open triangle)
on the temperature measured in an 8% H2 flow; Pd/H-ZSM-5 (a, b); Pd/H-Mordenite (c, d)

poses, in situ DXAFS experiment is applied to determine the local structure of Pd
during the temperature-programmed reduction in the atmosphere of H2. Figure 8.4a,
c shows the coordination number (CN) of nearest neighboring Pd–Pd (metal Pd)
peak calculated based on the curve-fitting analysis of the EXAFS spectra for
H-ZSM-5 (Si=Al2D 23:8) and H-Mordenite (Si=Al2D 20), respectively. A slight
increase in the Pd–Pd is observed from the beginning of the reduction. At the same
time, the CN of Pd–O bond decreases, suggesting that the reduction of PdO to metal
Pd takes place up to 440 K. After the completion of the reduction, the CN of metal
Pd–Pd keeps a constant value of 4 between 430 and 620 K on both H-ZSM-5 and
H-Mordenite. It is obviously noted that the appearance of the plateau means the
generation of a stable Pd cluster at the temperature region. From the CN value, the
Pd cluster is estimated to consist of 6 atoms. On further heating the samples under
flowing H2, the CN steeply increases from 623 to 773 K. Probably, the Pd6 clus-
ter migrates into the external surface of zeolites to form the agglomerated metal Pd
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Fig. 8.5 Reversible structural change of Pd induced by the interaction with acid sites of ZSM-5
and Mordenite zeolites

particles. The change in CN on Pd/H-Mordenite is similar to that on Pd/H-ZSM-5,
except that the degree of growth of metal Pd observed above 623 K is steeper on
H-Mordenite. After the measurements given in Fig. 8.4a, c, the samples are oxidized
at 773 K for 4 h in an O2 flow. Then the in situ cell is cooling down to the room tem-
perature and the temperature-programmed reduction is carried out in an 8% H2 flow
again. Figure 8.4b, d shows the CN of Pd on H-ZSM-5 and H-Mordenite measured
during the second run, respectively. A similar pattern in the change of CN (Pd–Pd)
to the first runs is observed on both H-ZSM-5 and H-Mordenite. That is to say,
a plateau of CN (Pd–Pd) is observed from 453 to 623 K similarly to the first run
of the experiment. Therefore, it is confirmed that the generation of a stable metal
Pd cluster is reversible upon the oxidation with O2 at 773 K and successive reduc-
tion with H2, as illustrated in Fig. 8.5. The phenomena could be understood when
the fact is taken into consideration that the agglomerated metal Pd is readily re-
dispersed onto acid sites of zeolites through the oxidation at 773 K in an O2 flow
evidenced in the previous section.

8.2 In Situ QXAFS Studies on the Dynamic Coalescence
and Dispersion Processes of Pd in USY Zeolite

Pd or bimetallic Pd–Pt supported on the USY zeolite has been found to exhibit high
sulfur tolerance in the hydrogenation of aromatics and hydrodesulfurization [7].
Moreover, Pd clusters and atomic Pd generated in the supercage of an FAU-type
zeolite are active and reusable in Heck and Suzuki-Miyaura reactions as will be
mentioned in Chap. 9 [8]. In order to reveal the genesis of active Pd species and
dynamic behaviors of Pd in the pore of a USY zeolite, QXAFS technique is first
applied to detect the detailed structural change of Pd in the USY zeolite. In general,
QXAFS is suitable to monitor a relatively slow structural change that occurs in
seconds to minutes, while DXAFS is applicable to measure structural change in less
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than seconds. In addition to this, data with high-energy resolution are possible to
obtain by QXAFS because usual double monochromator is utilized in the QXAFS
mode.

Fourier transforms of the k3�.k/ data of 0.4 wt%–Pd.NH3/4Cl2=H-USY col-
lected after the admission of H2 at room temperature are given in Fig. 8.6. The
intensity of the Pd–N peak that appears at 0.16 nm at the initial stage gradually de-
creases with time. This is accompanied by an increase in a new peak attributable to
the Pd–Pd bond of Pd metal at 0.24 nm as a result of the reduction of Pd2C to give
metal Pd clusters. Then the flowing gas is switched to 8% O2 for 20 min, followed
again by 8% H2; at this point, the second QXAFS measurement is carried out. In the
second step, a small Pd–O bond could be seen at the initial stage, indicating that the
metal Pd clusters generated in the first step are partially oxidized by the exposure
to 8% O2. The intensity of the Pd–O bond decreases while that of the Pd–Pd bond
increases quickly within 3 min after switching to 8% H2. It is clear that the intensity
of the metal Pd–Pd bond becomes larger than that in the first step. A similar change
is observed on further switching the flowing gas to O2 and then to H2 (third and
fourth steps). A comparison of the spectra at 20 min reveals that the intensity of the
Pd–Pd bond increases in a stepwise fashion, meaning that the sizes of the Pd clusters
increases with the repetition of the O2 and H2 exposures as illustrated in Fig. 8.7. In
other words, it is possible to regulate the size of Pd clusters simply by changing the
H2-exposure times for Pd/USY.
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Fig. 8.6 Pd K-edge EXAFS Fourier transforms for Pd/H-USY measured in the atmosphere of 8%
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Fig. 8.7 A proposed stepwise growth of Pd clusters in H-USY at room temperature
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Fig. 8.8 Pd K-edge EXAFS Fourier transforms for Pd/USY measured in the TPR (a) and TPO (b)

Then TPR and TPO are repeated one after another to follow the structural change
of Pd induced by reduction and oxidation at elevated temperature; first, the changes
in the structure of Pd loaded on the USY zeolite is measured by QXAFS in an
atmosphere of hydrogen (TPR). The Fourier transforms of the k3�.k/ EXAFS col-
lected after every 10 K are given in Fig. 8.8a. In the beginning, the Pd–O appeared
at 0.16 nm gradually decreases. This is accompanied by an increase in the tem-
perature, and the new peak attributable to the Pd–Pd bond of Pd metal appears at
0.24 nm as a result of the reduction of the dispersed PdO. On further increasing the
temperature above 673 K a new peak appears at 0.18 nm, which is assignable to the
oxygen in the framework of the USY zeolite (denoted as Pd–Osurface) by consider-
ing that Pd is already reduced to Pd0. The CNs of these bonds are determined by
a curve-fitting analysis and thus obtained data are summarized in Fig. 8.9a. In the
initial step of the first TPR, the CN of the Pd–O bond decreases up to 523 K, while
the CN of Pd–Pd bond increased up to 7.5 at 673 K. The CN of the Pd–Pd bond
decreases on a further increase in the temperature, indicating the dispersion of pre-
viously agglomerated Pd metal at elevated temperatures. At the same time, the CN
of Pd–Osurface bond increases by an increase in the temperature. This fact means that
a strong interaction between the framework of the USY zeolite and Pd leads to the
dispersion of the Pd metal. This phenomenon appears to be interesting, taking into
account that the heating at a high temperature usually results in the severe sintering
of the metal. The sample is cooled down to room temperature and the TPO experi-
ment is subsequently carried out after switching the flowing gas with an 8% O2 flow.
The Fourier transforms of the k3�.k/ EXAFS collected after every 10 K are given
in Fig. 8.8b and the CNs determined from these spectra are given in Fig. 8.9b. The
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Fig. 8.9 Coordination numbers determined by curve-fitting analysis plotted as a function of tem-
perature measured in TPR (a) and TPO (b) (filled circle) Pd–Pd (metal), open triangle Pd–O, open
square Pd–Osurface

CN of Pd–Osurface decreases in the initial stage, while the CN of the Pd–Pd reached
to 7.1 at 513 K. This change implies that the removal of the Pd metal clusters from
the framework of the zeolite and the agglomeration takes place in the initial step.
On further increasing the temperature .>513 K/, the CNs of Pd–Pd decreases and
in turn, the CN of covalent Pd–O increases. Even though the disappearance of the
Pd–Pd bond attributable to the Pd metal at 773 K, the Pd–Pd bond of PdO does not
appear, suggesting the formation of highly dispersed PdO. Based on these QXAFS
analysis of the Pd/USY measured during TPR–TPO cycles, the structural change of
Pd occurred in the USY zeolite at elevated temperature is proposed in Fig. 8.10. In
the TPR process, dispersed PdO is reduced to Pd0, followed by agglomeration to
give Pd clusters inside the supercage of USY; the formed cluster is further dispersed
into sodalite cages. In the subsequent TPO, the Pd0 clusters migrate to be dispersed
onto the acid sites as the dispersed PdO form.

8.3 Formation of the Atomically Dispersed Pd0 Through H2

Bubbling in o-Xylene: XAFS Measurements of Metals
in the Liquid [9]

Although in situ XAFS measurements of catalysts have primarily been carried out
in a gas phase, measurements in liquid phase seems to be important to obtain insight
into the active species generated in a solvent, taking into account that many of the
catalytic reactions are performed in the liquid phase. However, little is known about
the genesis and structure of metal species in the liquid phase. This is probably be-
cause the direct characterization of a solid catalyst present in a solvent is difficult
in general. At this point, an XAFS technique is suitable for the characterization of
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Fig. 8.10 A proposed structural change of Pd in the course of temperature-programmed reduction
and oxidation

the active metal species generated even in solvents. The XAFS technique employing
synchrotron radiation is particularly suitable for the in situ observation of supported
Pd catalysts in the liquid phase, even with such a low loading as 0.4 wt%. In addi-
tion, the fact that X-ray absorption by zeolites and solvents is small in comparison
with that of Pd at the energy of Pd K-edge (24.3 keV) is beneficial for collecting
high-quality data. Here, the Pd species obtained by H2 bubbling in o-xylene are
analyzed by in situ XAFS. Pd K-edge EXAFS data collection is carried out under
in situ conditions using the cell shown in Fig. 8.11. This in situ cell is made of PET
resin to enable the penetration of X-ray. The light pass length (thickness of the cell)
is chosen to be 30 mm. H2 diluted with Ar is flown into the catalyst immersed in
a solvent, while the solution is heated and stirred vigorously with a hot stirrer that
is placed under the in situ cell.

Figure 8.12 shows the Pd K-edge k3�.k/ EXAFS and their Fourier transforms
of Pd.NH3/4Cl2=USY measured with 6%-H2 bubbling in o-xylene at different tem-
peratures. The spectra measured after H2 bubbling at 323–353 K (b, c) are close to
that of the as-received one (a), in which the Pd–N bond is observed at 0.15 nm.
This implies that the Pd remains intact at these temperatures. The spectra changes
significantly after H2 bubbling at 373–383 K; two small peaks appears at 0.17 and
0.22 nm (d, e, phase shift uncorrected). At the same time, the color of the sample
changes from white to dark brown. Results of the curve-fitting analysis reveals that
these peaks are assignable to Pd–Ozeolite and Pd–Al(Si) due to the framework of
the USY-zeolite, respectively, where the length of the Pd–Ozeolite bond (0.216 nm) is
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Fig. 8.11 The equipments
for in situ XAFS
measurements in o-xylene
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Fig. 8.12 Pd K-edge EXAFS k3�.k/ (left) and their Fourier transforms (right) of Pd
.NH3/4Cl2=USY. Initially (a); after bubbling with 6% H2 at 323 K (b), 353 K (c), 373 K (d),
383 K (e); air was exposed to the sample (e) at r.t. (f); air was exposed to the sample (e) after
the removal of o-xylene at r.t. (g); 6% H2 was exposed to the 0:4 wt%-Pd.NH3/4Cl2=USY at r.t.
without solvent (h)
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Fig. 8.13 Proposed structure of monomeric Pd generated in the supercage of USY zeolite

longer than that of the covalent Pd–O bond (0.202 nm) in PdO. The absence of the
Pd–Pd bond indicates the formation of monomeric Pd. Based on the XAFS analy-
sis, a possible structure of monomeric-Pd/USY is proposed, as shown in Fig. 8.13,
in which the Pd atom is stabilized on the acid site (site III). The EXAFS of Pd/USY
exposed to 6% H2 at room temperature (Pd/USY is reduced with 6% H2 without
solvent) is given in Fig. 8.12h. The features are significantly different from those
measured in the presence of o-xylene. That is to say, Pd2C is readily reduced with
6% H2 to give Pd clusters with CN.Pd–Pd/ D 6:1, which corresponds to ca. 13
atoms. This marked difference in the reducing manner of Pd2C implies that o-xylene
retards the reduction of Pd2C, which leads to the formation of a monomeric Pd.
In order to examine the stability of the monomeric Pd generated in o-xylene, the
monomeric-Pd/USY is exposed to air at room temperature, while it is immersed in
o-xylene. The spectrum measured after exposure to air for 2 weeks (f) is identical
to that of monomeric Pd (e), as shown in Fig. 8.12. However, after the removal of
o-xylene by filtration and drying in air, the monomeric Pd is quickly oxidized to
yield dispersed PdO, which is confirmed from the appearance of the single Pd–O
bond (g). Therefore, the monomeric Pd could stably exist only when it is immersed
in o-xylene.

Figure 8.14 shows the Pd K-edge EXAFS of Pd.NH3/4Cl2=USY is measured in
o-xylene after H2 bubbling with different partial pressures of H2. For this experi-
ment, H2 diluted with Ar is introduced to the in situ cell, while the total flow rate is
kept at 30 ml min�1. The reduction of Pd2C was incomplete after the bubbling with
Ar (0% H2/, which is obvious to observe that the Pd–N bond remained at 0.14 nm.
The characteristic spectra of monomeric Pd appear after bubbling with 6–20% H2.
On increasing the partial pressure of H2 to 50–100%, an intense Pd–Pd peak appears
at 0.25 nm (phase shift uncorrected), which is characteristic of agglomerated Pd0.
Therefore, it could be noted that the formation of monomeric Pd is realized under
the H2 pressure of 6–20%.
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Fig. 8.14 Pd K-edge EXAFS k3�.k/ (a) and their Fourier transforms (b) of Pd.NH3/4Cl2=USY
measured after bubbling with 0–100% H2 at 383 K

Fig. 8.15 Pd L3-edge
XANES of Pd/USY after
bubbling with 6% H2 at
383 K in o-xylene and
reference samples
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In order to obtain an insight into the valence state of Pd, data of Pd L3-edge
XANES are collected at SR center in Ritsumeikan University at Shiga prefecture,
Japan. The measurements are carried out at room temperature while the sample is
immersed in o-xylene. Figure 8.15 shows the Pd L3-edge XANES of reference sam-
ples together with atomically dispersed Pd. The white line represents the electron
transition of 2p3=2 to 4d orbital of Pd. It can be seen that the larger the valence of the
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Pd compounds, the higher the intensity of the peak. It can be seen that the spectrum
of atomic-Pd is close to that of Pd foil (metal Pd). Judging from the peak height of
the spectrum, the valence of the atomic-Pd is estimated to be C0:26, meaning the
electronic state of Pd is electron deficient. Thus obtained atomic-Pd will be applied
to the Suzuki–Miyaura coupling reactions in Chap. 9 and the catalytic performances
are compared with the XAFS data.
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Chapter 9
Catalytic Reaction on the Palladium-Loaded
Zeolites

Abstract Palladiums loaded on zeolites are applied to the various catalytic
reactions such as total oxidation of hydrocarbons, selective reduction of NO, and
organic reactions including Mizoroki–Heck and Suzuki–Miyaura coupling reac-
tions. The catalytic performance of Pd is correlated with structural characteristics
as analyzed by XAFS and acid properties of zeolites.

9.1 Combustion of Hydrocarbons Over Pd-Supported Catalysts

Highly active catalysts for the complete oxidation of hydrocarbons, such as methane
and volatile organic compounds (VOCs), have been desired from the viewpoint of
environmental protection and the energy generation. Numerous studies on the Pd
catalyst have been studied because of the high activity of Pd in these reactions [1].
Although previous attention was primarily directed to the investigation on the Pd
itself, support is an important component of catalyst that affects the structure and
catalysis of Pd. This is because the size, structure, and oxidation state of Pd change
significantly depending on the employed supports as mentioned in Chap. 8. In the
present study, in order to elucidate how the acid and base property and the structure
of support affect the surface oxidation state and reactivity of Pd, Pd is loaded on
various kinds of metal oxide and zeolites as support. The surface oxidation state
and structure of Pd is elucidated by X-ray photoelectron spectroscopy (XPS) and
EXAFS, respectively, and data are correlated with the catalysis and kinetic data.
Such a fundamental study on the interaction between metal and support surface may
serve to understand one aspect of the metal–support interaction in the supported
catalyst. Another important issue is the improvement in the deactivation caused by
water vapor that is evolved as a result of combustion and is included in the air.
The problem is solved by two methods: deposition of silica layer on the alumina
support and minimizing Al concentration of zeolite supports.

163
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9.1.1 Toluene Combustion [2]

Toluene is widely used as a solvent for paints. Total combustion is an efficient and
clean way to eliminate toluene present in the gas phase that is harmful for human
life. Toluene combustion reaction is carried out over Pd loaded on various kinds of
metal oxides, in order to elucidate how the acid and base property of support affect
the surface oxidation state and reactivity of Pd. Figure 9.1 shows the dependence
of toluene conversion on the reaction temperature. Pd loaded on MgO and WO3,
which has strong basic and acidic character, respectively, are relatively inactive to
the reaction, while metal oxides with weak acid–base property, such as Al2O3, SiO2,
and Nb2O5, exhibit higher activities. As an exception, Pd loaded on ZrO2 exhibits
the highest activity among all the tested samples.

It is expected that the acid or base property of supports induces a change in
surface oxidation state of Pd through an electronic interaction between Pd and sup-
port surface, so that the combustion activity changes. Figure 9.2 shows the Pd 3d5=2

peak position of XPS plotted against the electronegativity of metal cation of sup-
port oxide. The samples are thermally treated at 573 K under the oxygen flow prior
to the measurement. The electronegativity is regarded as an indication of acid and
base property of metal oxide. Dotted lines are peak positions that correspond to the
metal Pd or PdO. A linear relationship is obtained between these two parameters on
WO3, Nb2O5, SnO2, Al2O3, and MgO, where the peak position shifts toward higher
binding energy with increase in the acid property of support, and it becomes close
to the position of PdO in Pd=WO3. The fact means that the surface of Pd is readily
oxidized when Pd is supported on the acidic support, whereas Pd supported on the
basic support is difficult to be oxidized. The observation can be explained through
the electronic character of support, which is related with the acid–base property of
metal oxide. That is to say, the acidic support with electrophilic character results in

Fig. 9.1 Catalytic
combustion of toluene over
Pd loaded on various metal
oxides
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Fig. 9.2 Correlation between
maximum Pd 3d5=2 peak
position and electronegativity
of metal cation of the support
metal oxide
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the electron deficient state of Pd, thus the Pd surface is easily oxidized to generate
the surface PdO. On the other hand, the basic supports with electrophobic charac-
ter make Pd particle electron sufficient. Thus the Pd surface becomes difficult to be
oxidized. Similar conclusions are obtained in the data of reaction order for oxygen.
On the other hand, Pd loaded on SiO2 and ZrO2 exhibits exceptional tendency from
above relationship in which metallic Pd is relatively stable. In particular, metal Pd
is extremely stable on ZrO2 support. The catalyst exhibits the highest activity in the
toluene combustion reaction. Acidity is not detected on these samples according to
the temperature-programmed desorption of ammonia. The fact suggests the absence
of metal–support interaction between Pd and ZrO2 surface, since the acidity is re-
sponsible for alteration of the oxidation state of Pd as described above. Probably,
the high activity in the toluene combustion over Pd=ZrO2 is due to the generation
of metal Pd.

9.1.2 Methane Combustion

Total combustion of methane is important in the field of energy generation because
methane is a main component of natural gas. In addition, the evolution of CO2 is
low in comparison with other hydrocarbons, which is beneficial to reduce the emis-
sion of CO2. Although alumina has been frequently employed as the support for Pd,
it is expected that the catalytic activity of Pd changes significantly depending on the
kinds of supports. Figure 9.3 shows the time course change in the catalytic activity
of Pd loaded on three kinds of supports. It can be seen that the behavior depends on
the kinds of supports; the catalytic activity of the Pd=Al2O3 increases at the initial
stage, attains the maximum at ca. 3 h of the elapsed time, and then decreases with
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Fig. 9.3 Change of the
catalytic activity with
time-on-stream on
0.5 wt% – Pd supported on
SiO2 (open square), Al2O3

(plus sign), SiO2–Al2O3

(open diamond), and
H-mordenite (open triangle).
Reproduced with permission
from [3]. Copyright 1996
Elsevier

duration of time. The catalytic activity of Pd=SiO2 and Pd=SiO2–Al2O3 decreases
gradually with time-on-stream at 723 K; the activity is stabilized at ca. 7 h after the
initiation of reaction. The stabilized activity of the Pd is ordered in the sequence; on
SiO2 > on Al2O3 > on SiO2–Al2O3. The turnover frequency (TOF) of methane
oxidation is about 50 times greater than that of Pt supported catalysts, and the activ-
ity sequence of support is opposite to that of Pt [4].

Despite the preceding numerous studies on the Pd catalyst, the assignment of ac-
tive Pd species for the total oxidation of methane is rather controversy; PdO and the
mixture of metal Pd and PdO are proposed to be active species. In order to deter-
mine the most active Pd phase, methane combustion is carried out over Pd loaded
on zeolites of MFI and MOR structure with H-forms, and the influence of Al con-
centration and structure of zeolite on the oxidation activity of Pd is studied [5].
The catalytic activity of Pd is significantly dependent on the Al concentration and
the structure of zeolite supports. A maximum activity is obtained on H-MOR and
H-MFI, when the Si=Al2 ratio is 30 and 200, respectively. The initial activity of
Pd/H-MOR is higher than that of Pd/H-MFI in the whole range of Al concentration.
In order to reveal the origin of the difference between zeolites with MFI and MOR
structures, activation energy, reaction order, and EXAFS spectra are measured. The
apparent activation energy of Pd loaded on zeolites with H-MOR and H-MFI struc-
ture is calculated to be 131–169 kJ mol�1 and 59–63 kJ mol�1, respectively. The
values observed on Pd/H-MOR and Pd/H-MFI agree with the previously reported
activation energies of metal Pd and PdO, respectively [6]. The reaction order with
respect to the oxygen pressure is measured by changing the flow rate of oxygen and
N2 balance while holding the methane pressure. Figure 9.4 shows the dependence
of catalytic activity on the oxygen pressure. From the figure, the orders for oxygen
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Fig. 9.4 Dependence of the
initial methane combustion
activity on the partial pressure
of oxygen; filled circle, filled
triangle H-MOR; open circle,
open triangle H-MFI
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on Pd/H-MOR and Pd/H-MFI are calculated to be 1.0–1.2 and 0.1, respectively.
The fact indicates that under the practical conditions of catalytic combustion, Pd
surface is covered with PdO on MFI structure, since the reaction order for oxygen
is zero. In contrast, the first order for oxygen over the Pd/H-MOR means the gen-
eration of metal Pd or a mixture of metal Pd and PdO. Therefore, the data of the
reaction order for oxygen closely agree with those in the apparent activation energy
on both Pd loaded on H-MOR and H-MFI catalysts. The oxidation states of Pd are
significantly different on MFI and MOR supports. This fact is directly proven by Pd
K-edge EXAFS measured after the reaction shown in Fig. 9.5. The EXAFS spectra
were measured at BL01B1 station of Japan Synchrotron Radiation Research Insti-
tute (SPring-8) in a transmission mode. In the case of Pd/MFI, Pd keeps the oxidized
form even after the reaction. In contrast, a mixture of the metal Pd and PdO phase is
found on Pd/MOR. The fact suggests that the partial reduction of Pd occurs during
the methane combustion over the Pd/MOR. Taking into account the EXAFS data, a
mixture of metal Pd and PdO generated on MOR is attributed to the active species
for methane combustion reaction.

Stability of the active Pd species in the hydrothermal conditions is important to
keep a high activity in the presence of moisture. This is because under moisture
conditions, severe deactivation occurs due to the progressive sintering of PdO via
the hydration of PdO to give Pd.OH/2 [7]. The enhancement of thermal stability
of the Pd loaded on alumina could be achieved by partial coverage of silica mono-
layer which is achieved by chemical vapor deposition of silicon alkoxide. The silica
monolayer covered on alumina results in not only the enhancement of thermal sta-
bility but also the retardation of the sintering of PdO, which is brought by the steric
hindrance as illustrated in Fig. 9.6. The optimum loading of deposited silica is de-
termined to be 10 wt%. At this amount, the activity is improved by a factor of two
compared with Pd loaded on neat alumina [8].
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Fig. 9.5 k3-weighted Pd
K-edge EXAFS Fourier
transforms for (a) bulk PdO,
(b) Pd foil, (c, d) Pd/H-MOR
(Si=Al2 D 65; 30), and (e, f)
Pd/H-MFI (Si=Al2 D 75; 24)
measured after methane
combustion at 663 K
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Fig. 9.6 Model of the Pd on 10 wt% SiO2 deposited on Al2O3: change of morphology and sinter-
ing of Pd during the reaction and upon calcination at 1,493 K

Another effective way for the enhancement of the stability in hydrothermal con-
dition is achieved by choosing zeolites with a high SiO2=Al2O3 ratio as the support
of Pd. Hydrophobicity of zeolite depends on the concentration of Al; zeolites with
high SiO2=Al2O3 ratio have the hydrophobic character [9]. As displayed in Fig. 9.7,
Pd loaded on the H-“ zeolite having the lowest concentration of Al exhibits the most
striking performance in that it shows the superior durability and the highest activity
in the presence of 10% water vapor. In marked contrast to the zeolite-supported Pd
catalysts, Pd loaded on SiO2 is substantially inactive under the same reaction con-
ditions. Based on the Pd K-edge EXAFS coupled with TG analysis, the reason for
the superior nature of the high silica H-“ is attributed to the hydrophobic character
of supports and the formation of slightly agglomerated PdO [10].
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Fig. 9.7 Conversion of methane plotted as a function of Al2O3=.SiO2 C Al2O3/ of H-beta and
H-ZSM-5 measured under the dry conditions (a) or in the presence of 10% water vapor (b)

9.2 Selective Reduction of NO with Methane in the Presence
of Oxygen [11]

For the period of several decades, much attention has been directed to the metal-
loaded zeolite catalyst for catalytic reduction of NOx using hydrocarbons as a
reductant. Probably, methane is most preferable because it is the main component of
natural gas among hydrocarbons. As for catalyst component, metal elements such
as Ga, In, Co, and Pd loaded on zeolites are found to show the high activity and
selectivity for the catalytic reduction of NO [12–15]. However, the catalytic activity
is sometimes suppressed by water vapor. Therefore, the enhancement of tolerance
to water vapor is an important subject. Pd is promising at this point because it is
relatively tolerant to water vapor, but the catalytic behavior of Pd is highly depen-
dent on the kinds of the zeolites used as support for Pd. In particular, the existence
of Brønsted acid sites is essential to obtain the selective catalyst for reduction of
NO. It is widely believed that the acid sites of zeolite keep the Pd2C cation, and this
is assigned to the active center for the NO–CH4–O2 reaction [16–18]. Although
the kind of active species of Pd as well as the reaction mechanism is investigated
mainly through the observation of NO as a probe molecule [19], the genesis and
structure of the active Pd species and the role of the acid sites associated with Pd
are still matters of discussion. Sachtler et al. report that the proton in ZSM-5 reacts
with PdO to form Pd2C cation [20]. On the other hand, Bell et al. propose a model
structure of Z�HC.PdO/HCZ�, where PdO is stabilized on the two adjacent acid
sites [21]. To elucidate the structure and nature of active center for selective reduc-
tion of NO or the role of acid sites of support, it is necessary to directly observe Pd
itself. XAFS is a promising method to achieve a precise determination of Pd struc-
ture for metal element dispersed inside zeolite pore systems as described in Chap. 8.
As a result, it is inferred that the role of acid sites of zeolite support is to keep the
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highly dispersed form of PdO, which is active in selective catalytic reduction (SCR)
of NO (9.1).

CH4 C 2NOC O2 ! N2 C CO2 C 2H2O (9.1)

Unlike the highly dispersed PdO, total oxidation of methane preferentially takes
place over the agglomerated PdO according to Scheme 9.2.

CH4 C 2O2 ! CO2 C 2H2O (9.2)

Taking into account the knowledge obtained by XAFS analysis of zeolite-supported
catalysts, we have employed heteropoly acids (HPAs) as an alternative supports for
Pd, since HPAs possess strong Brønsted acid character.

9.2.1 Improvement in the Activity Derived by the Combined
Effect of Adsorbent of Aromatic Acids [22]

Catalytic reduction of NO using hydrocarbons has been studied as an effective
way to convert NO to N2. In previous studies, numerous kinds of catalysts such
as Cu-ZSM-5 and Pt=Al2O3 have been found to exhibit a high activity in the reac-
tion [23]. In particular, many researchers have used Pd for catalytic reactions with
various reductants using hydrocarbons, alcohols, CO, H2, and so on [24–27]. On
the other hand, the adsorption of NO has been studied as an alternative method of
eliminating NO in the gas phase [28, 29]. Several research groups employ Keggin-
type HPAs as the adsorbent of NO for this purpose [30, 31]. The adsorption of NO
occurs via replacement with the structural water present between the Keggin units
of HPAs. The adsorbed NO is activated by O2 gas with HC to yield HCNO2. Re-
versible elimination of NO could also be easily performed by heating the sample
above 573 K. We have found that a selective reduction of NO is possible over Pd
loaded on HPW=SiO2 using methane as a reductant [32]. The reaction proceeds
at 523 K, which is a significantly lower temperature than that required by the con-
ventional catalysts. Even in the presence of 10% water vapor, the catalyst activity
remains unchanged. In the case of this catalyst, it is necessary to combine Pd, HPW,
and SiO2 to obtain the NO reduction. The reaction is expected to take place between
NO adsorbed in the acid sites of HPW dispersed over the SiO2 support and methane
dispersed over the Pd center. SCR of NO is performed over Pd=HPW=SiO2 with
various hydrocarbons and alcohols as reductants in order to enhance the possibili-
ties of using the catalyst. Pd=HPW=SiO2 is physically mixed with zeolites, and the
mixture is used in the NO reduction with toluene as the reductant. It is expected
that mixing the respective adsorbents for hydrocarbons and NO would lead to a co-
operative effect; the catalytic reaction would be promoted by a combination of the
activation of NO over HPW and toluene entrapped in zeolites as displayed in Fig. 9.8
[33, 34]. To achieve this, toluene is used as the reductant for NO, and it is found
to be effective in the SCR of NO at a relatively low temperature. During the ini-
tial period when a vehicle is started, toluene becomes exhausted (cold start period).
Hence, it is expected that the removal of toluene and NO from the exhaust gas can
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Fig. 9.8 Proposed NO
reduction mechanism over the
mixed catalyst
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water vapor, 10%; total flow
rate, 200 ml min�1;
temperature, 523 K

0

20

40

60

80

100

NO conversion

toluene conversion

N2 yield

N
aZ

SM
-5

CsZ
SM

-5
N
a-
Y

N
aB

EA

N
aM

OR

Mixed materials

C
on

ve
rs

io
n,

 y
ie

ld
 /
 %

no
n

H
ZS

M
-5

be achieved simultaneously by using a combination of zeolite and HPW; the effect
of this combination is demonstrated by our study.

Pd is loaded on the dispersed H3PW12O40 (HPW) over the SiO2 surface, and
the catalyst is applied to the selective reduction of NO with aromatic hydrocarbons.
The catalyst exhibits a high activity in the NO reduction when branched aromatic
hydrocarbons, such as toluene and xylene, are used as reductants. The catalytic
activity of Pd=HPW=SiO2 is improved remarkably by physically mixing it with
Na-ZSM-5 as shown in Fig. 9.9. From the TPD of toluene and the analysis of
the products, it is inferred that the activity is enhanced when Pd=HPW=SiO2

and Na-ZSM-5 are mixed together. In other words, aromatic hydrocarbons are
partially oxidized to yield oxygenated hydrocarbons, e.g., benzaldehyde and ph-
thalic anhydride, over Pd/Na-ZSM-5; in this reaction, a part of Pd migrates from
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Pd=HPW=SiO2 to Na-ZSM-5 during the course of the physical mixing procedure.
Subsequently, the oxygenated hydrocarbons react with NO entrapped with HPW
over Pd to yield N2.

9.3 Cross-Coupling Reactions Over Pd Loaded
on FAU-Type Zeolites

Supported metal catalysts have attracted considerable attention due to their charac-
teristics in versatile reactions. This is because well-dispersed metals having surface
atoms with a low coordination number are expected to exhibit high activity; this
behavior is different from that of a bulk-type catalyst. The formation of a well-
dispersed metal has been realized through the reduction of metal precursors, which
are protected with stabilizing agents such as dendrimers, micelles, and polymers.
However, in general, the formation of metal clusters smaller than subnanometer
size is difficult owing to the facile aggregation of metal atoms to give larger clus-
ters or particles. Despite this difficulty, the evolution of high catalytic activity is
expected if the highly dispersed metal is generated on a support that is smaller
than nanometer-sized clusters. As described in Chap. 8, Pd clusters composed of 13
atoms are readily obtained inside the supercage of USY-zeolite through the exposure
of H2 to Pd.NH3/4Cl2=USY at room temperature. The size of the Pd clusters could
be regulated by changing the times of O2–H2 exposure. Moreover, formation of the
atomically dispersed metal Pd is realized through bubbling with 6%-H2 in o-xylene.
The Pd13 clusters and atomically dispersed Pd are applied to the Heck and Suzuki–
Miyaura cross-coupling reactions, respectively. Thus far, numerous homogeneous
Pd catalysts, such as palladacycles and N-heterocyclic carbenes, have been used in
these reactions [35–37]. Supported Pd catalysts can also be used in the coupling re-
actions, since they can be readily prepared and are rather inexpensive in comparison
with Pd complexes. Therefore, Pd has been loaded on various types of supports, in-
cluding active carbon, zeolites, modified silica, hydroxyapatite, and polymers such
as dendrimers and polyethylene glycol [38, 39]. Nevertheless, in general, the cat-
alytic activity of these supported catalysts is much lower than that of homogeneous
ones. This difficulty may be overcome by fabricating a highly dispersed Pd0, be-
cause monomeric or dimeric Pd0 leached in a solution has been proposed to be
catalytically active in the Heck and Suzuki–Miyaura reactions [40–48].

9.3.1 Heck Coupling Reactions Over Pd Loaded
on H-Y Zeolites [49]

Heck reaction (Scheme 9.1) was carried out in DMAc (N ,N -dimethylacetamide)
solvent using Pd-supported zeolites as catalysts.

In particular, attention is paid to the influence of pretreatment conditions and the
kind of zeolites on the catalytic activity and the elution of Pd. Pd2C ion-exchanged
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Scheme 9.1 Heck coupling reaction between bromobenzene and styrene

Fig. 9.10 Conversion of
bromobenzene, yield of
trans-stilbene and dissolution
of Pd over 0.4 wt% Pd0
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zeolites exhibit relatively high activity in the reaction. However, considerable
amount of Pd is dissolved in the solvent. Deposition of agglomerated Pd0 is ob-
served after the reaction, suggesting the dissolved Pd2C species is reduced with
DMAc during reaction. Pd0-loaded zeolites are prepared by the reduction of Pd
oxide/zeolites with H2. Among Pd0-loaded catalysts, Pd0=H-Y is found to exhibit
high activity as compared in Fig. 9.10. The dissolution of Pd is significantly sup-
pressed over Pd0=H-Y as evidenced by ICP analysis of the solution. The recycle
use of Pd0=H-Y is possible through the oxidation and successive reduction with
H2 (Fig. 9.11). The growing process of Pd clusters in H-Y is followed by means
of energy-dispersive XAFS (partly Quick XAFS) measured during temperature-
programmed reduction in diluted H2. It is found that stable Pd13 clusters interacted
with Brønsted acid sites are generated in the pore of H-Y. The Pd13 clusters are
ascribed to the active and insoluble species in the Heck reaction.

9.3.2 Remarkable Enhancement of Catalytic Activity Induced
by the H2 Bubbling in Suzuki–Miyaura Coupling
Reactions [50, 51]

Then the atomically dispersed Pd which is fabricated in the supercage of USY zeo-
lite is applied to the Suzuki–Miyaura coupling reactions (Scheme 9.2).
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Fig. 9.11 Comparison of the
recycle use of the Pd0=H-Y
catalyst in the Heck reaction.
Temperature, 393 K; reaction
time, 24 h. Pd0=H-Y used in
the second cycle was
prepared by the oxidized with
O2 at 773 K for 3 h, followed
by reduction with 6% H2 at
673 K for 1 h after the first run
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Scheme 9.2 Suzuki–Miyaura coupling reaction between bromo, chloroaryl and phenylboronic
acid derivatives

The formation of atomic-Pd is realized through H2-bubbling in o-xylene as de-
scribed in Chap. 8. It should be emphasized that an extremely small amount of
catalyst (0.5–1.0 mg) is employed for the reaction, which corresponded to 1–2 �
10�5 mol% with respect to bromobenzene. In order to achieve the in situ formation
of the atomic Pd, H2 bubbling is applied during the reaction and the pretreatment pe-
riod. As a result, the H2 bubbling is effective to enhance the catalytic performance of
Pd/USY catalyst to a great extent (Fig. 9.12). Figure 9.13 shows the TOF plotted as
a function of the partial pressure of H2. As can be seen in the figure, the addition of
only 0.5% H2 to Ar is effective at enhancing the catalytic activity of Pd/USY signifi-
cantly. Moreover, in good agreement with the in situ EXAFS data given in Fig. 9.15,
the TOF largely depends on the H2 partial pressure. The highest catalytic activity
is attained at an H2 pressure of 6%, in which the formation of monomeric Pd0 is
observed. The activities of Pd/USY treated with 0% and 50% H2 are much lower,
where incompletely reduced Pd species and Pd0 clusters composed of ca. 13 Pd
atoms are observed by in situ XAFS, respectively. Table 9.1 (entries 1, 3– 8) lists
the results of reactions carried out in the presence of Pd/USY using various deriva-
tives of bromobenzene or chlorobenzene derivatives under 6%-H2 bubbling. Very
high turnover numbers (TONs) of up to 13,000,000 are obtained with various sub-
strates in several hours, where the cross-coupling reaction proceeds quantitatively.
The catalyst is applicable to the reactions using bulky molecules such as naphthalene
derivatives. The reaction between bromobenzene and phenylboronic acid is also per-
formed under an atmosphere of 6% H2. That is to say, a 6% H2 flow is admitted at
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Fig. 9.13 Turnover numbers
plotted as a function of the
partial pressure of H2 in the
reaction between
bromobenzene and
phenylboronic acid
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the upper end of the flask to keep the atmosphere in the flask at 6% H2. The reaction
over the 6% H2 atmosphere is also effective at enhancing the activity of the Pd/USY,
although the TON obtained under a 6% H2 atmosphere (entry 2, TON D 1;000;000)
is lower than that obtained under 6% H2 bubbling (entry 1, TON D 13;000;000).
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Table 9.1 Catalytic activity of the 0.4 wt%-Pd/USY in the Suzuki–Miyaura reactions, Ar–Br or
Ar–Cl C Ph–B(OH)2 ! Ar–Ph

Entry Ar–Br, Cl Pd conc. (mol%)a Yield (%) Time (h) Turnover number

1b C6H5Br 7:6 � 10�6 99 1:5 13;000;000

2c C6H5Br 6:7 � 10�5 67 3 1;000;000

3b 4-CH3C6H4Br 8:7 � 10�6 96 3 11;000;000

4b 4-CH3COC6H4Br 9:0 � 10�6 99 1:5 11;000;000

5b 4-CH3OC6H4Br 1:0 � 10�5 89 6 8;900;000

6b 4-CHOC6H4Br 3:3 � 10�5 99 0:5 3;000;000

7b 4-NH2C6H4Br 3:5 � 10�5 83 18 2;400;000

8b 4-CH3COC6H4Cl 7:5 � 10�2 3 3 40

9d 4-CH3COC6H4Cl 4:4 � 10�2 88 1 2;000

amol% with respect to the bromo- or chlorobenzene derivatives
bIn o-xylene under 6%-H2 bubbling
cIn o-xylene in an atmosphere of 6% H2
dUnder the reaction conditions: ArCl (2.5 mmol), Ph-B.OH/2 (4 mmol), catalyst (50 mg), Cs2CO3

(5 mmol), DMF (6 mL), H2O (0.1 ml), 383 K, Ar atmosphere

Unlike the case of bromobenzene derivatives, the catalytic activity is much lower
when 4-chloroacetophenone is used as the reactant (entry 8, TON D 40). However,
the higher activity is obtained by choosing appropriate conditions for the reaction
(entry 9, TON D 2;000).

9.3.3 A Possible Mechanism for the Formation of Active Pd
Species in o-Xylene [52]

Two possibilities are considered for the evolution of outstanding catalytic activity
of Pd loaded on the USY for the Suzuki–Miyaura reactions. The first one is the
formation of mesopore in the USY support that renders the transportation of reac-
tants and products. This hypothesis may be ruled out by taking into account that
the generation of mesopore is not found as confirmed by the nitrogen adsorption
isotherms. Another possible mechanism is the stabilization of the atomic Pd inter-
acted with strong acid sites in the USY support. It is well known that the USY
zeolite has a strong acid site originated from the extra-framework Al accompanied
by the steaming of NH4-Y or Na-Y zeolites, as mentioned in Chaps. 3 and 4. As
a result of the dealumination, the characteristic stretching band of the O–H group
appeared at 3;595 cm�1 in IR spectra, which are ascribed to the strong acid sites
of USY generated as a result of the dealumination. As described in Chap. 4, the
electron withdrawing effect of AlOH2C unit gives rise to evolution of the strong
acid sites. In agreement with the assumption, the catalysis of Pd is sensitive to the
steaming temperature for the preparation of USY from NH4-Y; the highest activity
is attained at 823 K (Fig. 9.14). The amount of the strong acid sites is measured by
means of the IRMS-TPD method to correlate with the catalytic activity. Figure 9.15
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Fig. 9.14 Turnover
frequencies plotted as a
function of the temperature
for preparation of USY
zeolite with steaming
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steaming conditions in the
Suzuki–Miyaura reaction
between bromobenzene and
phenylboronic acid. Numbers
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preparation of USY through
the steaming of NH4-Y
zeolite with 18%-water vapor
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shows TOF plotted as a function of the number of strong acid sites of USY prepared
under different steaming conditions. As can be seen from the figure, a linear relation-
ship is obtained between the amount of the strong acid sites and TOF. The fact means
that the strong acid site plays an important role in the evolution of extremely high
catalytic activity of Pd. Probably, the atomic Pd is preserved through the interaction
between strong acid site and Pd during the reaction, thus sintering is suppressed.
Another possible role of the strong acid sites is to tune the electronic properties of
Pd. That is to say, it has been reported that the reductive elimination of product



178 9 Catalytic Reaction on the Palladium-Loaded Zeolites

(biphenyl) is promoted by the electron withdrawing effect of Pd. The electronic
effect of strong acid sites promotes the reductive elimination of products from the
active center; thus the reaction is accelerated extensively. Thus, we notice an inter-
esting role of the zeolite acidity; i.e., the interaction of Pd with the strong acid site
of zeolite induces the extremely high catalytic activity in the organic reaction.
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�H on various zeolites, 21
�S constancy, 31
�S(desorption), 20
�S(mixing), 20

A
Al–O distance, 73
A zeolite, 114
acid-base reactions, 86
acidity, 5
activation energy, 82, 88
additional OH band, 42
adsorption isotherm of nitrogen, 10
adsorption properties, 89
agglomeration of Ga, 97
Al concentration, 166
Al in framework, 24
alkane physical adsorption enthalpy, 84
alkylation of toluene with methanol, 129
Al-MCM-41, 51
aluminum enrichment, 126
amination of phenol, 97
ammonia desorption heat, 45, 83
ammonia IRMS-TPD, 30
ammonia re-adsorption, 16
aromatic compound, 89
aromatic hydrocarbon, 93
atomically dispersed Pd0, 157

B
Ba, 39, 71
bending vibration of NH4

C, 32
benzene-filled pore, 108
beta .“/ zeolite, 168
bi-molecular mechanism, 80
BLYP, 62
bond lengths and angles, 73

broadly distributed acid strength, 54
Brønsted acid site, 80, 86
Brønsted acid strength, 77

C
Ca, 39, 71
Ca, Ba and La ion exchanged Y, 70
CaNaA, 114
carbenium cation, 80
carbonium cation, 79
carboxylate anion, 110
catalyst, 1
cation exchanged site, 71
cation exchanged Y zeolite, 69
chabazite, 37, 63, 141
chemical liquid deposition (CLD), 112, 136,

138
chemical vapor deposition (CVD), 103, 129
clusters, 150
constancy of �S (desorption), 19
constraint cage structure, 37
coordination environment, 74
corrections, IR band position and �S , 31
cracking of 1,3,5-triisopropylbenzene, 124,

133
cracking of alkane (paraffin), 79
cross-coupling reactions, 172
curvature of micropore wall, 78, 85
curve fitting of IR- and MS-TPD, 54
curve fitting method for acid strength

calculation, 20
curve-fitting analysis of EXAFS, 158

D
DMol3, 62
deactivation, 89
deformation vibration, 58
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desorption enthalpies, 87
detector of ammonia, 12
determination of �H , 19
dewaxing, 139
DFT (density functional theory), 61
different four kinds of Brønsted OH, 35
differential changes of the difference spectra,

31
discrimination between Brønsted and Lewis

acidities, 34
disproportionation, 132
distorted structure, 47
distribution of �H, 55
distribution of Brønsted acid sites, 43
distribution of xylene isomers, 131
distributions of acid strengths, 51
double 6-rings, 35
double numerical plus polarization (DNP)

basis set, 62
DXAFS, 149

E
EDTA (ethylenediaminetetraacetic acid)-

treated USY, 41, 85
electron acceptor, 40
electron withdrawing nature, 93
electronegativity, 164
electrostatic potential, 71
embedded cluster, 62
enhancement of the Brønsted acidity, 40
enthalpy and entropy changes upon desorption

of ammonia, 18
entropy, 91
epitaxial formation, 124
epitaxial growth, 111
equilibrium conditions, 15
equilibrium confirmation in TPD experiment,

31
escape depth, 121
EXAFS, 121
exchange and correlation functional, 62
experimental apparatus of TPD, 11, 30
experimental conditions of ammonia TPD, 13
experimental methods of ammonia TPD, 29
external surface acidity, 134
external surface acidity: measurements, 124
external surface area, 108
extinction coefficients, 34, 55
extra-framework Al, 41, 72
extra-framework Ga species, 97

F
FAU-type zeolite, 154
first-order dependency, 81
formation of a carbonium cation, 88
four kinds of the Brønsted OH bands, 37
framework density, 84
framework topology, 85
frequency of OH stretching vibration, 45
Friedel-Crafts alkylation, 95
fundamental equation of ammonia TPD, 17

G
Ge.OCH3/4, 106, 121
GeO2, 121
Ga-containing silicate, 94, 97
Gaussian distribution, 21
generation mechanism of acid site, 24
GGA, 62
GGA-BLYP functional, 65, 68
GGA-HCTH functional, 65, 68
green sustainable chemical processes, 1

H
H2 bubbling, 157, 174
H2S, 143
H3PW12O40, 171
h-peak, 13
Haag-Dessau model, 88
HCTH, 62
heat-resisting metal oxide, 143
Heck coupling reactions, 172
heteropoly acids, 170
highly dispersed PdO, 152
hydration of ethene, 55
hydrogenation of acetylene, 144
hydrophobicity, 168
HZSM-5 in situ and ex situ prepared, 136

I
ICP-ES, 10
Identification, l- and h-peaks, 13
identification of desorbed ammonia, 13, 14
impregnation of Ga on ZSM-5, 98
in situ and ex situ prepared H-type zeolites, 26
in situ cell, 154
in situ preparation of H-type zeolite, 26
in situ prepared sample, 26
in situ production, CVD zeolite, 135
inactivation, external surface acidity, 124
IR-TPD, 31, 47
IRMS-TPD experiment, 29
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IRMS-TPD measurement, 29
isobutene, 144

K
k3�.k/ EXAFS, 156
Keggin-type heteropoly acids, 170

L
l- and h-peaks, 13
l-peak, 13
Lambert–Beer law, 56
LDA-VWN functional, 65
Lewis acid site, 47, 48, 94, 97
linear relationship between DE (alkane

cracking) and DH (ammonia
desorption), D, delta, 88

loading property, 5
local geometry, 72
long life in phenol amination, 98

M
MAS NMR, 10
material balance of ammonia, 17
Material Studio, 62
maximum number of acid site against the

concentration of framework Al, 24
maximum surface concentration, 27
mechanism of CVD, 109
mesoporosity, 83
mesoporous silicas, 93
mesoporous ZSM-5, 47
methane, 169
methane combustion, 165
methanol conversion into gasoline, 131
MFI, 166
MFI, FER, and MWW calculated, 67
microcalorimetry, 10
molar extinction coefficients, 57
molecular imprinting, 111
mono-molecular mechanism, 81
monolayer, 52
monomeric Pd, 160
MOR, 166
mordenite, 44, 153
MS-TPD, 31
Mulliken charge, 74
multivalent metal cation-exchanged Y zeolites,

39

N
NaC, adsorption of toluene on, 89
Na-ZSM-5, 90, 171

NaA, 114
NH2 formation, 98
Ni-KA modified, 144
number of acid sites, 24
number of acid sites correlated with Al

concentration, 24
number of Na atoms, 92
numerical analysis, 75

O
o-xylene, 113, 157, 174
octane, 139
OH band intensity, 33
origin of acid strength, 77

P
Pd0=H-Y, 173
Pd13 clusters, 173
p-diethylbenzene, 132
p-ethyltoluene, 132
pKa, 86
Pd, 142, 150
Pd L3-edge XANES, 161
Pd cluster, 153
PdO, 150
periodic boundary conditions, 62
petroleum refinery, 1
physical adsorption heat, 83
pore-opening size, 134
positions of surrounding atoms, 74
principle of shape selectivity, 129
product selectivity, 103
product shape selectivity, 140
proton donation ability, 46
protonation, 80
PtNaA, 142
pyridine, adsorption of, 10

Q
QXAFS, 149

R
re-adsorption, 91
reactant selectivity, 103
reaction mechanisms, 80
reference catalyst, 126
reference spectra, 30
Rho, 141
Ritsumeikan University, 161
role of cation for enhancement of Bronsted

acidity, 40



184 Index

S
SbCl5, 138
SiCl4, 138
SiO2, 165
Si.OC2H5/4, 135
Si–Oa–Al angle, 74
SCR, 170
selective cracking of linear alkane, 139
selective reduction of NO, 151, 169
selective reduction of NO with methane, 142
SEM, 9
shape selectivity, 5, 103, 129
shift of IR band position, 72
Si–O bond distance, 63
Si–O–Si bond angle, 64
SiCuHZSM-5, 144
silane, 105
silica alumina catalyst, 51
silica monolayer, 167
silica overlayer, 111
silicalite, 113, 123
silicon tetra-alkoxide, 104
simulated spectrum, 18, 21
sodalite cage, 35, 70
SPring-8, 149, 167
SR center, 161
SSZ-13, 63
standard entropy of desorption, 87
steaming, 176
steaming of Y zeolite, 71
strain around acid site, 85
strength of acid site, 16
strength of Brønsted acid site, 98
stretching frequency, 45
strong acid sites, 176
supercage, 154
surface density of acid site, 27
Suzuki-Miyaura cross coupling reactions, 172
synthesis method of mesoporous H-ZSM-5, 50

T
TEM observation, 123
temperature of ammonia desorption, 16
temperature-programmed desorption (TPD) of

ammonia, 11
tetraethoxysilane, 135
theory for ammonia TPD, 15
thermodynamic description, 86

thermodynamics controlled products
distribution, 131

thickness of silica overlayer, 120
TiCl4, 138
TOF, 82, 174
toluene combustion, 164
toluene desorption, heat of, 92
TONs, 174
TPD cell, 11
TPD of ammonia, 15
TPD of toluene, 90
TPO, 156
TPR, 156
triisopropylbenzene, 119
trimethylpentane, 139

U
Ultrastable Y (USY) zeolite, 41, 79, 119

V
V2O5=TiO2, 52
volatile organic compounds, 163

W
WO3=TiO2, 55
WO3=ZrO2, 52
water vapor treatment, 14

X
X-ray absorption fine structure (XAFS), 149
X-ray photoelectron spectroscopy (XPS), 10,

164
XPS measurements, 120
XRD, 9

Y
Y zeolite, 14, 35

Z
ZrO2, 165
zeolite, 1
zeolite framework topology, 77
ZK-5, 141
ZSM-5, 151
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