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Preface

This volume offers a comprehensive survey of solid base catalysts and their
applications to chemical reactions. Fewer efforts have been devoted to solid base
catalysis in contrast to the enormous number of studies on the catalysis by solid
acids. In 1970, Professor Kozo Tanabe published Solid Acids and Bases, an
epoch-making title which made the term “solid base” more popular in the catalysis
community. The work cited important research done in the 1950’s and 1960’s on
catalysis by solid acids and bases. In 1989, New Solid Acids and Bases was pub-
lished by Tanabe, Misono, and the present authors as a follow-up volume to Solid
Acids and Bases, summarizing new developments in the field in the 1970’s and
1980°s. The two books dealt with both solid acids and solid bases, but emphasis
was more on the former, reflecting the trend in those decades. Since the early
1990’s, tremendous developments have been made in both catalytic materials and
the solid base-catalyzed reactions. This is because the environmentally benign
nature of solid base catalysis has been recognized.

Solid base catalysts have many advantages over liquid bases. Many organic
reactions proceed in liquid phase in the presence of soluble bases such as sodium
hydroxide. Usually more than a stoichiometric amount of base is required and a
stoichiometric amount of a metal salt such as sodium chloride is formed.
Furthermore, solid bases present fewer disposal problems, while allowing easier
separation and recovery of products, catalysts and solvents. They are also non-
corrosive. Another important advantage of solid bases over homogeneous cata-
lysts concerns the solvent. In homogeneous phase reactions, a base catalyst and
reactant(s) must be soluble in a solvent. This restricts greatly the selection of the
solvent. In solid base-catalyzed reactions, on the other hand, solvents must dis-
solve only reactants (and products). The reactions can be performed without sol-
vents or even in the gas phase. Release from restrictions in solvent selection opens
up more opportunities for finding novel reaction systems. These advantages of
solid base catalysis provide much more environmentally benign reaction systems
than systems using liquid bases. As a consequence, the application of solid base
catalysts in organic synthesis is expanding. The significant role of solid base
catalysis in greener chemistry is described through many examples in this volume.

The present work comprises six chapters. In Chapter 1, the concept and
importance of solid base catalysis are described. Chapter 2 covers various
methods for characterization of solid bases, including spectroscopic methods and
test reactions. Chapters 3 and 4 deal with the preparation and properties of solid



vi Preface

base materials. In Chapters 5 and 6, a variety of reactions catalyzed by solid bases
are surveyed in detail. Throughout the volume, the reader will gain an overall
view of catalysis by solid bases and discover the versatility of the reactions to
which solid base catalysts can be applied.

Both authors express deep gratitude to Professor Kozo Tanabe, who opened
up the vistas of solid base catalysis and always inspired them through his enthusiasm
for the science of catalysis. Y. O. expresses his heartfelt thanks to the late
Professor Tominaga Keii for his long-time encouragement.

Specific thanks are also due to Professor Chuah Gaik Khan (National
University of Singapore), Dr. Hideto Tsuji (Mitsubishi Chemical Corp.), Professor
Toshihide Baba (Tokyo Institute of Technology), and Professor Masaki Okamoto
(Tokyo Institute of Technology) for their contribution to the completion of this
volime. We also thank Mr. Ippei Ohta of Tokyo Institute of Technology Press,
who handled the editing and publication. Last but not least, we are most grateful
to the Foundation for the Promotion of Science and Engineering (Rikogaku
Shinkokai) for its varied and generous support.

November 2010
Yoshio Ono
Hideshi Hattori
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1.

Introduction

1.1 Solid Bases and Base-catalyzed Reactions

An enormous number of studies have been devoted to heterogeneous acidic cata-
lysts (solid acid catalysts). This is mainly because solid acids have been used as
catalysts in many industrially important processes in petroleum refining and the
production of petrochemicals. Such processes include naphtha cracking, xylene
isomerization, alkylation of aromatics, etc.

In contrast with extensive studies on solid acids, fewer efforts have been
devoted to heterogeneous basic catalysts (solid base catalysts). The first study on
the heterogeneous base catalyst was reported by Pines and Haag, who showed that
the sodium metal dispersed on alumina was an effective catalyst for double-bond
isomerization of alkenes.” In 1970, Tanabe published a book entitled Solid Acids
and Bases.” This was an epoch-making book which made the term “solid base”
more popular in the catalysis community. Most of the important works done in
the 1950s and 1960s are cited in the book. Since then, studies of solid bases made
extensive progress in terms of catalyst materials and catalytic reactions, although
the development was slower compared with that of solid acids.

In 1972, Tanabe and coworkers reported that calcium oxide and magnesium
oxide exhibited enormously high catalytic activities for 1-butene isomerization
when the catalysts were pretreated under vacuum.™ This work clearly indicated
the importance of the methods of preparation and pretreatment of the base cata-
lysts. In the 1970s, Tanabe and his coworkers studied very extensively the basic
properties of various metal oxides and mixed metal oxides and the numerous
reactions catalyzed by these compounds. Meantime, various new materials came
in as a family of solid bases. For example, Yashima et al. reported that side-chain
alkylation of toluene was catalyzed by alkali cation-exchanged X and Y zeolites
and the catalytic activities were attributed to the basic properties of zeolites.”
Various methodologies for characterizing the basic properties of solid surfaces and
for determining the reaction intermediates were also developed. In 1989, Tanabe
et al. published New Solid Acids and Basis, summarizing the developments in the
area in the 1970s and 1980s.”

Development of solid base materials and solid-base catalyzed reactions has
continued. The comprehensive review articles published in recent years clearly
demonstrate that this development is accelerated as the solid bases are recognized
to be environmentally friendly or benign catalysts. This will also be easily seen in
the lists of the solid bases and the reactions in Chapters 3 to 6.
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The followings are representative review articles on solid bases published

since 1995.

k
k

*k

H. Hattori, “Heterogeneous basic catalysis” Chem. Rev., 95, 527 (1995).

D. Barthomeuf, “Basic zeolites: Characterization and uses in adsorption and
catalysis” Catal. Rev., 38, 521 (1996)

Y. Ono, T. Baba, “Selective reactions over solid base catalysts” Catal. Today,
338, 21 (1997).

J. W. Frail, J. I. Garcia, J. Mayoral, “Base solids in the oxidation of organic
compounds” Catal. Today, 57, 3 (2000).

Y. Ono, “Catalysis by strong bases” in Catalysis, vol. 15, p.1, The Royal Society
of Chemistry, John Wiley & Sons, 2000.

F. J. Doscocil, S. Bordawekar, R. J. Davis, “Catalysis by solid bases—Industry”
in Catalysis, vol. 15, p.40, The Royal Society of Chemistry, John Wiley & Sons,
2000.

M. Weitkemp, U. Hunger, “Base catalysis on microporous and mesoporous
materials: recent progress and perspectives” Micropor. Mesopor. Mater., 48,
255 (2001).

H. Hattori, “Solid base catalysts, generation of basic sites and application to
organic synthesis” Appl. Catal., A, 222, 247 (2001).

B. F. Sels, D. E. De Vos, P. A. Jacobs, “Hydrotalcite-like anionic clays in cata-
lytic organic reactions” Catal. Rev., 43, 443 (2001).

Y. Ono, “Base and base catalysis” in Encyclopedia of Catalysis, John Wiley &
Sons, 2003.

R. J. Davis, “Base and base catalysis” in Encyclopedia of Catalysis, John
Wiley & Sons, 2003.

R. J. Davis, “New perspectives on basic zeolites as catalysts and catalyst sup-
ports” J. Catal., 216, 396 (2003).

Y. Ono, “Solid bases for the synthesis of fine chemicals” J. Catal., 216, 406
(2003).

D. Ticht, B. Coq, “Catalysis by hydrotalcites and related materials” Cattech, 7,
206 (2003).

H. Hattori, “Solid base catalysts: generation, characterization and catalytic
behavior of basic sites” J. Jpn. Petrol. Inst., 47, 67 (2003).

F. Figueras, “Base catalysts in the synthesis of the fine chemicals” Topics
Catal., 29, 189 (2004).

A. Corma, S. Iborra, “Optimization of alkaline earth metal oxide and hydroxide
catalysts for base-catalyzed reactions” Adv. Catal., 49, 239 (2006).

F. Figueras, M. L. Kantam, B. M. Choudary, “Solid base catalysts in organic
synthesis” Curr. Org. Chem., 10, 1627 (2006)

G. Busca, “Bases and basic materials in industrial and environmental chemistry:
A review of commercial process” Ind. Eng. Chem. Res., 48, 6486 (2009).
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1.2 Advantages of Solid Bases

Carbanions are important intermediates in many organic reactions, such as isomer-
ization, additions, condensations and alkylations. They are formed by the abstrac-
tion of a proton from a C-H bond of an organic molecule by bases conventionally
in homogeneous phases

These organic reactions often require a stoichiometric amount of liquid bases
to generate carbanions and produce a stoichiometric amount of metal salts as
by-product. For example, the methylation of phenylacetonitrile with methyl iodide
proceeds in the presence of bases under a phase-transfer condition.

PhCH,CN + CH;l + NaOH ——> PhCH(CH3)CN + Nal + H,O (1.2.1)

In this case, more than a stoichiometric amount of sodium hydroxide is required to
neutralize the hydrogen iodide produced and to keep the system basic. Further-
more, a stoichiometric amount of sodium iodide is inevitably formed and has to be
disposed in an appropriate manner. Thus, the reaction is non-catalytic. Therefore,
the demand for catalytic reactions to avoid these problems is high.

The methylation of phenylacetonitrile can be performed by using methanol or
dimethyl carbonate as the methylating agent and alkali-exchanged zeolites as
catalysts. The reaction can be performed in vapor phase."

PhCH,CN + CH;0H ——> PhCH(CH3)CN + H,O (1.2.2)

PhCH,CN + CH;0COOCH; ——> PhCH(CH;)CN + CH;0H + CO, (1.2.3)

Here, the reactions are catalytic; no inorganic salts like sodium iodide are
formed. There is no need to use a stoichiometric amount of base compounds. In
this sense, the reactions can be free from a large amount of wastes and, thus, atom-
ically more efficient. Furthermore, in this particular system, the use of toxic
reagents such as methyl iodide or dimethyl sulfate as a methylating agent can be
avoided.

Another big advantage of solid bases over homogeneous bases concerns the
solvent. In homogeneous phase reactions, a base catalyst and reactants must be
soluble in a solvent. This restricts very much the selection of the solvent. Because
of this, toxic solvents such as methyl chloride and dimethyl sulfoxide (DMSO) are
often chosen. Otherwise, one has to use a phase-transfer system as in the case of
reaction (1.2.1). This may cause tedious problems in the workup processes such
as separation. In solid-base catalyzed reactions, solvents must dissolve only
reactants (and products). This considerably expands the choice of solvents. It is
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known that the solvent effects in solid-base catalyzed reactions are different from
those in the corresponding homogeneous reactions.”” For example, in the
Knoevenagel condensation of 2-furaldehyde with ethyl cyanoacetate over xonotlite
(calcium silicate), the best solvents are water and hydrocarbons such as pentane.”
Furthermore, the reactions can be performed without any solvent.”” And as
shown in an example above, the reaction can be carried out even in vapor phase.
In these cases, obviously, there is no need to separate solvents after the completion
of reactions greatly simplifying the process. No wastes based on solvents such as
water containing organics or organic solvents containing alkaline water are
formed. Simpler separation means reduced energy requirements. Furthermore,
solid bases can be used repeatedly after separation. This again serves high atom-
economy in catalyst preparation. More importantly, release from restrictions of
solvent selection opens up more opportunities to find new reactions.

Solutions containing bases such as sodium hydroxide are corrosive so materials
resistant to corrosion must be used for the reactor and the disposal apparatus. This
kind of problem does not usually arise in reaction systems using solid base cata-
lysts.

Since most fine chemicals and pharmaceuticals are synthesized either via
stoichiometric or homogeneous catalytic processes and those sectors of the chemical
industry generate more waste per mass of the desired product, transformation of
homogeneous into heterogeneous processes using solid-base (or solid-acid) cata-
lysts is most important in this area because of the advantages described above.

Furthermore, high activities and selectivities are often attained only by solid
base catalysts for various kinds of reactions. Cooperative action of acid and basic
sites enables many reactions to proceed smoothly. Such examples are found in
hydrogenation, transfer hydrogenation, aldol condensation, etc. Reactions over
basic catalysts usually do not suffer coking, which is a serious problem in acid-
catalyzed reactions. Interaction of functionalized organic compounds such as
amines with basic sites is weak compared with that with acidic sites. Thus, these
molecules are not trapped on the surface and desorb more easily from the surface.
Therefore, reactions involving these molecules proceed more smoothly over solid
bases.

Organometallic compounds such as Grignard reagents and alkyl lithium serve
as donors of a carbanion-like species. For example, Si-C bond formation can be
performed by following types of reactions.

RsSiX + R"MgX — R’-SiR; + MgX, (1.2.4)

R3SiX + R'Li —> R’-SiR; + LiX (1.2.5)

Here again, a stoichiometric use of organometallic reagents is required. Solid bases
offer routes for the same products in an easier and more eco-friendly manner.

H.SiEt, + BuC=CH ——> 'BuC=C-SiEt,H + H, (1.2.6)

HleEtz + C@HsCH} —> C@HsCHz-SiEtzH + Hz (1 27)



1.3 Role of Solid Base and Basic Sites as a Catalyst 5

These two reactions proceed nicely in the presence of KF/Al,O3; and KNH,/ALOs,
respectively, and the reactions are catalytic.s‘(’)

The features of solid base catalyst systems, as described above, afford much
more environmentally benign reaction systems than the systems using liquid bases.
But more importantly, there is a high possibility of finding new catalytic reactions
which cannot be achieved with the use of homogeneous catalysis.
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1.3 Role of Solid Base and Basic Sites as a Catalyst

1.3.1 Definition of acid and base

There are many kinds of definitions for acids and bases in homogeneous phase.”
Among them, the definitions by Brgnsted-Lowley and Lewis are the most important
in relation to the acid-base chemistry of solid surfaces. In the definition by Brgnsted
and Lowley, an acid (AH) donates a proton and a base (B") accepts a proton.

AH+B — A +BH (1.3.1)

In the reverse reaction, BH is an acid and A" is a base. The species AH and
A" are referred to as conjugate acid-base pairs. Similarly, BH and B™ are also con-
jugate pairs. The acids and bases in accordance with this definition are called a
Brgnsted acid and a Brgnsted base, respectively.

In the definition by Lewis, a base (:B) donates a lone pair and an acid (A)
accepts a lone pair.

A+:B—> A:B (1.3.2)
The acids and bases in accordance with this definition are called a Lewis acid and

a Lewis base, respectively. In a following reaction, NH; is a Lewis base and BF;
is a Lewis acid.

BF; + NH; —> F:B : NH; (1.3.3)

The solids having the sites which serve as a Brgnsted acid and/or a Lewis acid
are called solid acids, and the solids having the sites which serve as a Brgnsted
base and/or Lewis base are called solid bases.
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1.3.2 Abstraction of protons

On the surface of solid bases, there are specific sites or centers, which function as
a base. Basic sites (centers) abstract protons from the reactant molecules (AH) to
form carbanions (A").

AH+B — A +BH (1.3.4)

Here, the basic site B™ on the solid surface acts as a Brgnsted base. Stronger bases
can abstract a proton with molecules with higher pK, values.

An example is the formation of carbanions from alkenes, which is the first
step for alkene isomerization.

A" + B —> 2 + BH (1.3.5)

1.3.3  Activation of reactants without proton abstraction

Reactants such as ketones and aldehydes are often activated by bases without
proton transfer, as expressed by the following equation.

R! R. R?
C=0 + BT —> C-O (1.3.6)
R? B

Here, the basic site B™ acts as a Lewis base. This kind of interaction is impor-
tant in many base-catalyzed reactions such as aldol condensation, Knoevenagel
condensation and hydrogen transfer reactions,

In the definition by Brgnsted-Lowley, a base B™ accepts a proton from an
adsorbate. In many cases, the same B~ site acts as an electron pair donor to another
adsorbate. In this case, the basic site acts as a Lewis base. It should be noted that
the same surface site can serve as a Brgnsted base (proton accepter) as well as a
Lewis base (electron pair donor), depending on the nature of the adsorbate.

Reference

1. J. Dwyer, H. Schofield, in Acidity and Basicity of Solids, Theory, Assessment and Utility (ed. by J.
Fraissard, L. Petrakis), NATO ASI Ser., C444, p.13, Kluwer Academic Publishers, 1994.

1.4 Cooperative Action of Acidic and Basic Sites

Magnesium oxide is an active catalyst for the hydrogenation of 1,3-butadiene. It
is assumed that hydrogen heterolytically dissociates in the presence of a pair of a
coordinatively unsaturated Mg”* and an oxide ion."”

i

H, + —Mg-0— —— —l\l/[g—O— (1.4.1)
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H
|~
H,C —CH-—CH-—CH,—OH — CH;—CH=CH—CHj

L

B A

Fig 1.4.1 Concerted mechanism in 1-butanol dehydration.
Reprinted with permission from H. Pines, J. Manassen, Advances in Catalysis, 16, 49 (1966)
p.-75.

Here, the Mg ion serves as a Lewis acid and the oxygen ion as a base. The
synergy of basic sites and acidic sites is one of the characteristics of solid acid-
base catalyzed reactions. For example, dehydration of 1-butanol over alumina is
considered to be the concerted action of acid and base sites on the surface (Fig.
1.4.1).7

In some cases, two reactants are activated separately by acid sites and basic
sites. Climent et al. proposed the scheme for aldol condensation of benzaldehyde
and heptanal over amorphous aluminum phosphate (Fig. 1.4.2).” Here, the two
reactants (benzaldehyde and heptanal) are activated independently by acidic
(A"H") and basic (B") sites.

Zeidan and Davis prepared mesoporous silica (SBA 15) to which a primary
amino group, an acidic group, or both were tethered and carried out aldol conden-
sation of o-nitrobenzaldehyde and acetone at 323 K.” The catalysts having both
acid and amine components showed high activity. The silica with both carboxy
acid and amino groups gave a conversion of 99%, while those with either carboxy
or amine groups gave conversions of 0% and 33%, respectively. This again shows

Q AH o :
Ph-C-H > |Ph—C-H| * A
0 } 0
n B n - S
HC-CH,-(CHa)s-CH; —>  HC-CH-(CH),CH; + BH
Q QH
HC_CH—(CHz)A-CH3 + Ph _9 -H E— Ph— CHOH—(I:HCHO >
(CH,)4-CH;
Ph-CH=CCHO + HO + B + AH
(CH,)+-CH;

Fig. 1.4.2  Mechanism of aldol condensation.
Reprinted with permission from M. J. Climent, A. Corma, V. Fornes, R. Guil-Lopez,
S. Iborra, J. Catalysis, 197, 385 (2001), p.391, Scheme 4.
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—2H,
2 CH;OH —> 2CH;CHO —> CH;CH(OH)CH,CHO

-H,O CH;CH,OH
—> CH,CH=CHCHO — >  CH;CH=CHCH,OH + CH;CHO

l -H,O

CH,=CHCH=CH,

Fig. 1.4.3 Formation of butadiene from ethanol over SiO,-MgO.
Reprinted with permission from H. Niiyama, S. Mohri, E. Echigoya, Bull. Chem. Soc. Jpn.,
45, 655 (1972) p.659.

that a combination of weak acid and stronger base is effective in aldol condensa-
tion.

In some cases acidic sites and basic sites act at different stages of the reaction
scheme. MgO, a solid base with meager acidity, is a good catalyst for transfer
hydrogenation between ketones and alcohols. For example, the reaction of
7-tridecanone with 2-propanol affords 7-trindecanol in a 41% yield at 623 K. In
addition, a small amount of undecene (7%) is also formed by the dehydration of
the alcohol.”

(C5H13)2C=O + (CH%)zCHOH _—> (C6H|3)2CH-OH + (CH})2C=O (1 42)

(C6H|3)2CH-OH —_—> C13H26 + Hzo (143)

When MgO was loaded with H;POu, the acidic property of the solid devel-
oped. This enhances the dehydration of the alcohol. Thus, H;PO4#/MgO affords
exclusively the alkene in a 90% vyield at the same temperature.” Similarly, the
reaction of acetophenone with 2-propanol directly affords styrene in a 100% yield
over H;PO4/MgO.

In the case of butadiene formation from ethanol over SiO,-MgO mixed oxides
at 653 K, a reaction scheme (Fig. 1.4.3) was proposed.” The reaction starts with
dehydrogenation of ethanol on basic sites to form acetaldehyde, which undergoes
aldol condensation on acidic or basic sites. The condensation product dehydrates
on acidic sites. Transfer hydrogenation of croton aldehyde with ethanol requires
both acidic and basic sites and the dehydration of crotyl alcohol to butadiene on
acidic sites completes the reaction.

Many more examples of the synergy of acidic and basic sites are reviewed by
Iglesia et al.”
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1.5 Classification of Base Catalysts

Many kinds of materials act as solid bases. The most important classes of solid
bases are classified in Table 1.5.1. The preparation and characteristics of these
materials as a solid base will be described in Chapters 3 and 4.

Table 1.5.1 Classification of solid bases

Metal oxides

MgO, CaO, Ale}, ZTOQ, LazO3, szO

Mixed oxides

Si0,-MgO, Si0,-Ca0, Mg0O-La,03;, MgO-Al,03
(calcined hydrotalcite)

Alkali or alkaline earth oxides on support

Na,O/Si0,, MgO/SiO,, Cs oxides supported on zeolites

Metal oxynitrides and metal nitrides

AIPON, partially nitrided zeolites and mesoporous silica

Alkali compounds on support

KF/ALO3, K,CO3/AlL O3, KNO3/ALOs, NaOH/ALO3,
KOH/ALOs

Amides, imines on support

KNH»/ALOs, K, Y, Eu supported on zeolites from the
ammoniacal solution

Alkali metals on support

Na/AlL, O3, K/ALO;, K/MgO, Na/zeolite

Anion exchangers

Anion exchange resins
Hydrotalcite and modified hydrotalcite

Zeolites K, Rb, Cs-exchanged X, Y-zeolites, ETS-10
Clays Sepiolite, Talc
Phosphates Hydroxyapatite, metal phosphates, natural phosphates

Amines or ammonium ions tethered to a
support

Aminopropyl group /silica, MCM-41, SBA-15
Alkylammonium group/MCM-41
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Characterization of Solid Base Catalysts

2.1 Methods of Characterization

In order to predict the capability of solid surface as base catalysts, the basic prop-
erties of the surfaces must be clarified. The basic character or basicity includes the
following factors: a) the number of basic sites, b) the origin or location of basic
sites, and c) the base strength of basic sites.

These are not so easy to determine. Over the solid bases, there are often
several kinds of basic sites. For example, on the surface of magnesium oxide,
there are oxygen anions with different coordination numbers.” Since the basic
properties of the oxygen anions depend on the coordination number, the number
and base strength of each species must be determined. In some cases, Brgnsted
and Lewis acid sites coexist on the surface. The heterogeneity of the surface basic
sites is one of the complicating factors in determining the basic properties of solid
surfaces.

As described below, there is no method that can decisively determine all three
factors. Every method has its own advantages and disadvantages. Therefore, it is
most desirable to use several methods in different principle.

The methodology for determining the basicity of solid surfaces may be classi-
fied as follows: a) indicator/titration methods, b) use of probe molecules; in
measurements of adsorption amount, calorimetry and temperature programmed
desorption, and spectroscopy of adsorbed molecules, c) test reactions, d) direct
spectroscopic observation of solid surface.

Methods a), b) and c) are described in this chapter. Examples of method d)
are found throughout Chapters 3 and 4.

Reference
1. H. Hattori, Chem. Rev., 95. 537 (1995).

2.2 Indicator Method

2.2.1 Definition of H_ acidity function in homogeneous phase

Discussion of the solid bases in many cases is based on the concept developed for
acid-base chemistry in solutions. It is appropriate to briefly introduce the defini-
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tion of H_ acidity function, one of the most important concepts in the basicity of
solutions. This is the counterpart of the acidic function, H,, for acidic solutions.

The H_ acidity function is defined as a measure of the ability of the basic
solution to abstract a proton from an acidic neutral solute, AH."”

H_=pK,-log ([AH]J/[A]) (2.2.1)

To determine the H_ value of a solution, the concentrations of AH and A~
must be measured accurately. When half of a solute AH is deprotonated in the
solution, i.e., [A] = [AH], the H_ value of the solution is equal to the pK, value of
AH. The basic strength of a solution is stronger when a neutral molecule of larger
pK. values is deprotonated.

The basic strength of the solution is determined by using indicator molecules,
AH, with known pK, values. Usually, the concentration ratio, [AH]/[A], is deter-
mined spectrophotometrically. In this way, the H_ values of various basic solu-
tions have been determined.” The H_ values of 5.0 mol dm"™ aqueous solution of
NaOH and KOH at 298 K, are 15.20 and 15.44, respectively. The acidity func-
tion, H_, is originally defined for aqueous solutions. The Hw values of 3.0
mol dm™ KOCH; and NaOCH3; in methanol at ca. 293 K, are 19.99 and 18.30,
respectively. (For methanol solution, the term Hy is used instead of H_")

It is most important to note that the acidity functions H, and H_ represent the
properties of “solutions”. The acidity functions are not a property of individual
molecules (or ions), such as NaOH or OH. Obviously, the H_ values are solvent
dependent. It is worthy to note that the H_ acidity function is defined for solutions,
which act as Brgnsted bases, as seen in eq. (2.2.1).

2.2.2 H_scale of basic sites on solid surfaces

Tanabe proposed to use the H_ scale as a measure of the strength of solid bases.”

Suppose that molecules of an indicator, AH, interact with basic sites B™ on the sur-
face,

AH+B —— A +BH 2.2.2)
The H_ value of the basic site, B, is defined as
H_=pK.—log ([AHIJ/[A]) (2.2.3)

Here, [AH]s and [A"]; are the surface concentrations of AH and A, respectively.
Upon adsorption of AH from the solution, the solid surface exhibits the color
of AH when [AH]J/[A]s > 1, while it shows the color of A~ when [AH]/[A]s 1.
When [AH]J/[A]s = 1, the H_ value of the surface basic sites are equal to the
pK. of the indicator molecule, AH.

H_=pk, (2.2.4)

The indicators used for the measurements of basic strength are listed in Table
2.2.1.” A different set of indicators is also employedf” As solvent, non-polar
solvents such as benzene and 2-methylheptane are used.
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Table 2.2.1 Indicators used for the measurements of basic properties”

Indicators Color pK.
Acid form Base form

Bromothymol blue yellow green 7.2
Phenolphthalein colorless red 9.3
2.,4,6-Trinitroaniline yellow reddish-orange 12.2
2,4-Dinitroaniline yellow violet 15.0
4-Chloro-2-nitroaniline yellow orange 17.2
4-Nitroaniline colorless orange 18.4
4-Chloroaniline colorless pinkb) 26.5
Diphenylmethane colorless yellowish-orange 35

¥ Based on [reference 3, p. 15 Table 2.3].
* The color disappears upon addition of benzoic acid.

In practice, it is difficult to determine [AH]; and [A"];. Thus, the H_ of the
basic sites is determined as the highest pK, among the pK, values of the indicators,
which exhibits the color of the conjugate base A~ on the surface. For example,
when a solid gives a violet color upon adsorption of 2,4-dinitroaniline, and a
yellow color upon adsorption of 4-nitroaniline, the H_ value of the basic sites on
the solid lies between 15.0 and 17.2.

Experimental procedures for H_ determination are as follow.” The pre-dried
solid (0.1 g) was immersed in dry benzene (2 mL) in a vial. One drop of a 0.1
wt% benzene solution of an indicator was added; the color change of the indicator
was judged after 12 h. A more precise description is given by Take et al.” Mea-
surements must be made without exposing the system to ambient air (H,O, COy).
Table 2.2.2 shows the list of H_ values for solid base catalysts.

Tanabe named the solid which has basic sites with H_ values higher than +26
superbase.” This definition of superbase is based on superacids which are defined
as acidic solutions with Hammett acidic function H, value of smaller than —12. This
value differs by 19 H, units from H, = 7, neutral on the acid-base scale. The H-
value of +26 differs by 19 H_ units from H_=7. According to this definition, alka-
line earth oxides (MgO and CaO) and Cs oxides supported on Al,Os, etc., belong
to the superbases. Superbases are actually very active for reactions such as alkene
isomerization and side-chain alkylaton of toluene.

2.2.3 Determination of the number of solid bases by titration

The number of basic sites can be determined by titration with a basic molecule and
an indicator. The titration is carried out as follows. The solid is divided into
several portions and each of them is dispersed in benzene and an indicator is added
to be adsorbed on the basic sites. Finally, to each solution, an acidic molecule, i.e.,
phenol or benzoic acid, is added, but in different amounts, and the system is main-
tained until equilibrium is established. Phenol molecules displace the indicator
adsorbed on the basic sites. If the amount of phenol is less than that of the basic
sites, the surface shows the color of the conjugated base A™ of the indicator. When
the amount of phenol added exceeds that of the basic sites, the surface shows the
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Table 2.2.2 Basic strength (H- values) of solid bases

Solid H_ value Remarks Reference
Na/NaOH/ALO; _>+37 7
+37>H_>+435 8
KNOs/AlL,O4 +18.4> H_>+15.0 35 wt% loading, calcined at 773 K 9
H_>+27 14 wt% loading 10
KI/ALLOs 184> H>+15.0 35 wt% loading, calcined at 773 K 11
Na/MgO H_2>+35 12
K/MgO H_>+35 K 10%, 15% 13
+35.0>H_ 2427 K10% on MgO, prepared by aerogel 13
method
MgO +35 >H_>+27  Mg(OH), prepared by aerogel procedure, 13
heated under vacuum at 773 K
+27>H_2+172 Mg(OH), heated under vacuum at 773 K 13
+26.5 > H_>+22.3 Mg(OH), calcined at 773 K 5
+26.5>H_>+18.4 Mg(OH);, sol-gel, calcined at 1023 K 14
+18.4>H=>+17.2 Mg(OH), calcined at 673 K 15
+26.5> H_>+18.4 basic magnesium carbonate heated at 6
723 K under vacuum
+17.2>H>=+15.0 basic magnesium carbonate calcined at 6, 16
723 K
CaO +33.0> H > +26.5 Ca(OH), calcined at 773 K 5
H>+26.5 CaCO;s heated at 723 K under vacuum 6
+17.2>H >+15.0 CaCOs calcined at 723 K 6
MgO-TiO, (9:1,1:1) +184>H_>+17.2 calcined at 673 K, 773 K 15
BaO-ZnO +18.4>H_>+15.0 BaO 2.5 mmol/g, calcined at 873 K 17
MgO-AlOs +18.0> H> +17.2 hydrotalcite calcined at 723 K 18
Hydroxyapatite +18.4>H_>+15.0 calcined at 673 K 5
K5PO, +18.4> H_ >+15.0 calcined at 453 K 5
Ca(OH), +18.4>H=>+15.0 5
Mg(OH), +93>H >+7.2 5
NaX +93>H>+72 19
CsO/NaX +18.4>H>+17.2 Cs(0.36-1.80 mmol g")—loaded NaX 19
+26.5> H_ > +18.4 Cs (2.60 mmol g™')-loaded NaX 19
CsO,/CsX +184>H >+17.2 8
Cs,0/ALLOs H >+37 8
Li,O, Na,0, K0, +26.5> H_>+18.4 calcined at 1023 K 14
Cs,O/MgO
KF/ALLOs +18.4> H_>+15.0 calcined at 773 K 11

color of the indicator, AH. The amount of phenol at just the point where the color
change occurs, corresponds to the number of basic sites having an H_ value equal
to or higher than the pK, value of the indicator used.

In many cases, the basic sites on solid surfaces are heterogeneous. Therefore,
the number of basic sites depends on the pK, value of the indicator. In other
words, the distribution of sites with different basic strength H_ can be determined.
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Fig. 2.2.1 Change in the amount of basic sites with pK, value of indicators
— Rb,0 evacuated at 643 K
"""" Rb,O evacuated at 573 K
——— = Cs,0 evacuated at 573 K
Reprinted with permission from S. Tsuchiya, S. Takase, H. Imamura, Chem. Lett., 662
(1984); p. 662, Fig. 1.

Figure 2.2.1 shows the number of basic sites with higher than the H_ value for
the three alkali oxides.”” Rb,O has ca. 0.04 mmol g of basic sites stronger than
H_ = 18.4, while there exists no basic sites stronger than or equal to H_ = 26.0.
The distributions of basic site strength have been determined for many solid base
catalysts.3‘6)

2.2.4 Drawbacks of indicator methods

The indicator method described here is based on the method established in the
acid-base chemistry in solution. There are several important problems in applying
the concept for solutions to the basic sites on the surface.

a) The acidity functions in the original concept involve the proton donating/
accepting capability of an aqueous solution, but not the properties of individual
molecules or ions. However, in the concept transferred into solid acid-base
chemistry, the basic strength is expressed as the nature of the individual basic
sites. The basic properties of the solid bases are thus expressed by two terms,
the number of basic sites and the basic strength (H.). Heterogeneity of the
basic sites is an additional complicating factor.

b) As described above, H_ function is based on the nature of the Brgnsted acid-
base chemistry. Basic sites such as surface oxygen anions act as Lewis bases
as well as Brgnsted bases. There is, however, no firm guarantee that the basic
strength determined by Brgnsted-acid type indicators is in parallel with the
capability of basic sites as Lewis basic sites.

¢) There are also experimental drawbacks in the indicator methods. The acidity/
basicity is determined by color change of the indicators on the surface. The
color change is not so clear and the end point tends to vary depending on the
person conducting the experiments. Furthermore, the method is not applicable
to colored samples.



16 2 Characterization of Solid Base Catalysts

d) Quantitative measurements by titration give very small amounts of basic sites
in alkali cation-exchanged faujasites (< 0.3 mmol g') because of the steric
hindrance by the metal cations in the zeolite cavities.”” The titrating agent and
large indicator molecules do not enter easily into the pores. The same holds
true for samples having micropore structures.
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2.3 Adsorption-Desorption of Probe Molecules

2.3.1 Adsorption of probe molecules

When acidic molecules are adsorbed on a solid surface, it can be assumed that the
solid has basic sites on its surface and that the number of the chemisorbed mole-
cules is equal to that of the basic sites. Benzoic acid, phenol and carbon dioxide
are often used as the probe adsorbate. Adsorption is carried out in liquid phase
and in gas phase.
(a) Adsorption of acidic molecules from liquid phase
Adsorption of phenol or benzoic acid on suspended solid is carried out at room
temperature. The adsorption amount of the adsorbate is determined from the
decrease in the concentration of the molecule by various means. The adsorption
amount is directly taken as the number of basic sites.” In some cases, a Langmuir-
type adsorption isotherm is applied and the amount of the saturated adsorption is
taken as the number of basic sites.”®

Parida and coworkers used two acids with different pK, values, benzoic acid
(pK. = 9.9) and acrylic acid (pK, = 4.2), for determining the amount of basic sites
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of zirconia'’ and MgO-ALO; mixed oxides (calcined hydrotalcite).” They
assume that acrylic acid measures the total number of basic sites, whereas phenol
measures only strong basic sites. In the case of zirconia, the number of basic
sites measured by phenol and acrylic acid were 39 x 10~ mmol g™ and 78 x 10~
mmol g, respectively. In the case of MgO-ALO; mixed oxides, the corresponding
values were 0.16-0.41 mmol g and 7.54-8.87 mmol g, depending on the Mg/Al
ratio of the oxides.

Campello et al. used three adsorbate, acrylic acid, phenol (pK, = 9.9) and
2,6-di-t-butyl-4-methylphenol (pK, = 11.1) for the determination of basic sites on
ALO;, AIPO,, AIPO,-ALO; and AIPO,-SiO,.” For all the samples, the numbers of
basic sites depended on the acid used, acrylic acid > phenol > 2,6-di-#-butyl-4-
methylphenol. The adsorption of 2,6-di-t-butyl-4-metylphenol may be influenced
by the steric effect of ‘Bu groups. They also showed that the total basicity as
determined by acrylic acid adsorption was the predominant influence on the
catalytic activities for retro-aldolization of diacetone alcohol.

The problem in liquid phase adsorption is the possibility that physical adsorp-
tion is involved. In fact, an appreciable amount of “basic sites” was found from
benzoic acid adsorption on silica.”

(b) Adsorption of acidic molecules from gas phase

The number of basic sites can be determined from adsorption of acidic molecules
from vapor phase. As molecules, phenol, boron trifluoride and carbon dioxide are
often used. Because adsorption temperature can be varied easily, physisorption of
the adsorbate can be avoided. On the other hand, the adsorption amount often
depends on the choice of adsorption temperature because of the heterogeneity of
solid surfaces and the multiple adsorption states of the adsorbate. This kind of
information is more easily obtained by using temperature-programmed desorption
technique. The use of phenol is questioned since phenol is easily dissociated to
adsorb on both acidic and basic sites and hence acidic property affects the adsorp-
tion of phenol.”

The amount of BF; adsorption at 573 K was used as a measure of the basicity
for MgO-SiO, mixed oxides with different compositions.”

A comparative study on the adsorption of phenol and boron trifluoride on
MgO and alkaline metal-doped MgO was reported.” Adsorption was done at
room temperature and then evacuated at 373 K, 473 K, and 573 K. The amount of
adsorbed phenol at 373 K is more than that required for covering the surface with
the monolayer, indicating that physical adsorption is involved at this temperature.
A fairly good agreement between the adsoption amount of phenol at 573 K and
that of boron trifluoride at 473 K was found.

Carbon dioxide is a fairly non-specific adsorbate that titrates both weak and
strong basic sites. In fact, carbon dioxide adsorbs in different forms as evidenced
by IR spectroscopy. As described later, Barthomeuf concluded that carbon dioxide
was not a good probe for zeolites since physical and chemical adsorption occurs
simultaneously and various and not well- defined carbonate species may be gener-
ated."” When the adsorption occurs on very basic oxides the formation of bulk
carbonate species is also proposed.
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Zotin and Faro Jr. studied the amount of irreversible adsorption of sulfur
dioxide on Al,Os and that with modified with Na* ions or SO,” ions at 373 K."”
The adsorption amount increased by doping with Na* ions, while it decreased by
doping SO,” ions. A linear correlation was found between the catalytic activity
for the reaction of H,S + SO, and the basic site density in the range of 0.3-2 x 10"
sites cm . However, the sample with the highest basicity (3.9% Na® on v-ALO3)
exhibited a much lower activity than expected from the correlation, possibly due
to too strong adsorption of SO,.

2.3.2 Poisoning method

The number of basic sites can be estimated by the addition of an acidic molecule
to a catalytic system. The merit of this method is that the number of the basic sites
can be determined under the reaction conditions. Fig. 2.3.1 shows the effect of
preadsorption of trichloroacetic acid on the catalytic activity of the cyanosilylation
of benzophenone (1 mmol) with trimethylsilylnitrile(1.6 mmol) in the presence of
hydroxyapatite (0.50 g).'”

C¢HsCOCH; + Me3sSiCN —> C¢Hs C(CN)(CH3)OSiMe; (2.3.1)

The conversion of benzophenone decreases almost linearly with the preadsorbed
amount of trichloroacetic acid. From Fig. 2.3.1, the number of basic sites is
estimated as 0.074 mmol per 0.5 g (or 0.15 mmol g™') of hydroxyapatite. With the
same method, the number of basic sites on CaO was estimated as 0.27 mmol g~ of
the catalyst.

Isomerization of 1-butene over alumina proceeds via m-allyl anion inter-
mediate. The reaction was poisoned by H,S."”” The number of active sites for the
isomerization was estimated as 5.3 x 10" cm™ by HoS titration.

100

Conversion/%

y)ﬂ mmol
® ® .

1 ‘7
0 01 02 03 04 05
CCl;COOH/mmol

Fig.2.3.1 Poisoning effect of preadsorbed trichloroacetic acid on the cyanosilylation of benzo-
phenone on hydroxyapatite.
Reprinted with permission from K. Higuchi, M. Onaka, Y. Izumi, Bull. Chem. Soc. Jpn.,
66, 2016 (1993) p. 2033, Fig. 5.
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Poisoning technique is often used for determining the participation of acidic
and/or basic sites to catalytic reactions. In the alkylation of toluene with methanol
over alkali cation-exchanged zeolites, addition of hydrogen chloride completely
poisons the formation of ethylbenzene and styrene over RbY and CsY, and
enhances the formation of xylenes. On the other hand, addition of aniline enhances
the formation of ethylbenzene and styrene, and xylenes.'” These facts lead to the
conclusion that xylenes are formed on acidic sites, while ethylbenzene and styrene
are formed on basic sites. A similar effect was observed in the ring transformation
of y-butyrolactone into y-butyrothiolactone.”” Hydrogen chloride completely
retarded the reaction, while pyridine enhanced the reaction rate. The enhancement
by pyridine is caused by the induced effect of pyridine adsorbed close to the basic
sites.

2.3.3 Temperature-programmed desorption

Temperature-programmed desorption (TPD) of CO, is one of the most frequently
used methods for evaluating the basic properties of solid surfaces. Typical experi-
mental procedures are divided into two methods. (1) A sample is placed in a flow
system. After the sample is treated in helium at 723 K it is exposed to a helium
flow containing CO, at room temperature until saturation coverage is reached.
Weakly adsorbed CO, is removed by flushing with helium at room temperature for
0.3-0.5 h. The temperature is then increased at a linear rate of 10-30 K min™' from
298 K to 723-823 K and the rate of CO, evolution is monitored with a mass
spectrometer.'(”'s) (2) A sample is placed in a vessel connected to a vacuum
system. After the sample is treated at a high temperature under vacuum it is
exposed to CO; at room temperature. Weakly adsorbed CO, is removed by evacu-
ating the system for 30 min at room temperature. Then the sample temperature is
increased at a linear rate and the rate of desorption is monitored with a high sensi-
tivity pressure gauge or a mass spectrometer.'””

The temperature of desorption represents the strength of the adsorbate-
adsorbent interaction. It is presumed that CO, desorbs at higher temperatures

[ MgO

Peak height relative to Ar/a.u.
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Desorption temperature/°C

Fig. 2.3.2 TPD profiles of CO, desorbed from alkaline earth oxides.
Reprinted with permission from G. Zhang, H. Hattori, K. Tanabe, Appl. Catal., 36, 189
(1988) p. 192, Fig. 3
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when the molecule adsorbs at stronger basic sites. The number of basic sites is
obtained from the area of the desorption peak. Thus, the TPD method provides a
simple method for determining both the strength and the number of basic sites.

The TPD technique does not offer basic strength in a definite scale like the H-
function. Information on the exact nature of the basic sites cannot be obtained. A
combination with other techniques is essential to elucidate the chemisorbed state
of the adsorbate and the nature of the basic sites. Experimentally, it is difficult to
get reproducible results, since TPD profiles depend on experimental conditions
such as the amount of the sample, flow rate of the carrier gas, the rate of tempera-
ture rise in addition to the nature of basic sites. Comparison of data from different
authors must be interpreted with caution.

The TPD profiles of CO, desorbed from alkaline earth oxides are shown in
Fig. 2.3.2, which shows that the basic strength is in the order BaO > SrO > CaO >
MgO.*” On the other hand, the number of basic sites per unit weight increases in
the order BaO < SrO < CaO < MgO.

Figure 2.3.3 shows the TPD profiles of CO, on MgO, Al,O3, and MgO-Al,O3
mixed oxides which were prepared by calcination of hydrotalcite with varying Mg/
(Al + Mg) ratio, r."¥ The complex TPD profiles suggest that the surfaces of MgO
and mixed oxides are not uniform and contain several types of adsorbed CO,. The
TPD profiles are deconvoluted into three desorption peaks: a low temperature peak
(L-peak) at 370400 K, a middle temperature peak (M-peak) at 460 K and a high
temperature peak (H-peak) at 550 K. The densities of the three types of basic sites
are given in Table 2.3.1 The M-peak and H-peak are dominant on MgO and MgO-
AlLO; mixed oxide samples with r = 0.5. For Al-rich samples (r < 0.5), the rela-
tive contributions of the M- and H-temperature peaks decrease with increasing Al
content. Pure Al,O; and MgO-ALOs (r = 0.1) samples showed no contribution of
the high-temperature peak in their TPD profiles. The IR spectrum of adsorbed
CO, was also studied and bands due to several CO, species were observed on the
surface. From the thermal stability of each band, the L-, M-, and H-peaks were
attributed to hydrogencarbonate, bidentate carbonates and, unidentate carbonates
formed on basic OH groups, metal-oxygen pairs and low-coordination oxygen
anions, respectively.

Figure 2.3.4 shows the TPD profile of hydrogen from MgO samples heated
under vacuum at 773 K and 1123 K."” The samples were exposed to 0.73 Pa of
H, for 2 min at 308 K and gradually cooled to 77 K. Then TPD measurements
were started with a heating rate of 19 K min™'. The TPD profile depends very
much on the activation temperature of MgO. When activated at 773 K, only one
peak was observed at 400 K. With the activation temperature of 1123 K, several
active sites with stronger adsoptive force appeared. The difference in adsorption
energies was ascribed to the difference in the extent of coordinative unsaturation
of both Mg ions and O ions on the MgO surface, indicating that highly coordina-
tively unsaturated pair sites are formed by high temperature heat treatment. More
detailed study of H,-TPD from MgO has been reported by Ito and coworkers.*"*”
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Fig. 2.3.3 TPD profiles of CO, on MgO, ALLO;, MgO-ALO; r = Al/(Al + Mg).

Reprinted with permission from V. K. Diez, C. R. Apestegula, J. J. Di Cosino, J. Catal.,
215, 220 (2003) p. 224, Fig. 3.

Table 2.3.1 Amounts of CO, adsorbed on MgO, Al,O; and MgO-AlLO; mixed oxides

Density of basic sites/imol m’

Sample
L-peak M-peak H-peak Total evolved CO,
MgO 0.79 2.68 2.27 5.74
MgO-ALO; (r=0.9) 0.81 3.72 2.87 7.40
MgO-ALO; (r=0.83) 0.33 1.95 1.30 3.58
MgO-ALO; (r=0.75) 0.29 1.40 0.90 2.59
MgO-ALO; (r=0.5) 0.37 1.16 0.95 2.48
MgO-ALO; (r=0.33) 0.25 0.38 0.28 0.91
MgO-ALO; (r=0.25) 0.14 0.14 0.12 0.40
MgO-ALO; (r=0.17) 0.26 0.23 0.15 0.64
MgO-ALO; (r=0.10) 0.16 0.10 0.00 0.26
ALO; 0.04 0.02 0.00 0.06

r=Mg/(Al + Mg)
Reprinted with permission from V. K. Diez, C. R. Apestegula, J. J. Di Cosimo, J. Catal., 215, 224
(2003) p. 224, Table 2
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Fig.2.3.4 TPD profiles of H, from MgO samples activated at 773 K (---), and at 1123 K (—).
Reprinted with permission from T. Ito, T. Sekino, N. Moriai, T. Tokuda, J. Chem. Soc.,
Faraday Trans., 1,77, 2181 (1981) p. 2183, Fig. 1.

2.3.4 Heat of adsorption

Heat of adsorption is a direct measure of the interaction of adsorbate and the
adsorption sites of solid surfaces. To evaluate the strength of basic sites, the heat
of adsorption of carbon dioxide is often used. The measurements of heat of
adsorption by microcalorimetry is described in reference 23 and the references
therein.””

The differential heat of adsorption of CO, at room temperature and NH; at
423 K over a number of metal oxides was determined at 423 K.***” The oxides
were classified into three groups: acidic oxides (Cr,O;, V.05, WO3;, Ta,0s and
MoO3), which adsorb NHj; but do not chemisorb CO,, amphoteric oxides (TiO,,
Zr0,, BeO, Al,O;, Ga,O;5 and Si0;), which chemisorb both NH; and CO,, and
basic oxides (PrsO;; ThO,, Nd,Os, La,03, ZnO, CaO, MgO) which chemisorb only
CO,.”” The initial heat of CO, adsorption is the highest for ALOs, higher than 200
kJ mol™". La,Os and CaO give the initial heat of around 150 kJ mol”". On MgO,
Zr0, and TiO,, the initial heat of adsorption is about 120 kJ mol™'. The average
heat of CO, adsorption is correlated with charge/radius ratio of metal ions. It
should be noted, however, that the heat of adsorption depends on the preparation
method of oxides. Influence of the preparation methods on the heat of adsorption
of CO; has been reported.%’zs)

The heat of adsorption of CO, on MgO, Al,Os, and MgO-Al,O3 mixed oxides
was measured by microcalorimetryzg)(Fig. 2.3.5). MgO shows an initial heat of
adsorption of about 170 kJ mol™'. In contrast y-ALO; shows a heat of adsorption
of about 155 kJ mol™". The differential heats of adsorption on the mixed oxides
were intermediates to the values observed for MgO and y-Al,Os and insensitive to
the Mg/Al ratio. In every case, the heat of adsorption decreases significantly with
the CO, coverage. The results for MgO (10 wt%) supported on Al,O; is also
shown in Fig. 2.3.5. The sample exhibited basic properties similar to those of Mg-Al
mixed oxides. At higher coverages, the differential heat of CO, adsorption on the
10%MgO/ALL,O3 sample is higher than on the mixed oxides. This was attributed to
a higher dispersion of MgO on y-Al,O; for this sample.
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Fg.2.3.5 Differential heat of adsorption of CO, as a function of adsorbed amount on y-ALO; (@),
MgO-ALO; (r = 0.125) (&), MgO-ALOs*(r = 0.125) (), MgO-ALO; (r = 0.923) (O),
MgO (), 10%MgO/AL0; ().
Reprinted with permission from J. Shen, J. M. Kobe, Y. Chen, J. A. Domesic, Langmuir,
10, 3902 (1994) p. 3905, Fig. 5.

Cutrufello et al. studied the dehydration of 4-methyl-2-pentanol over ZrO,,
La,0;, CeO, and their mixed oxides and expressed the selectivity toward products
as a function of the ratio of the number of basic sites, zng, and that of acidic sites, na,
as shown in Fig. 2.3.62% Here, n, is defined as the number of acidic sites, which
give the heat of NH; adsorption of greater than 38 kJ mol ™ as determined by micro-
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Fig. 2.3.6 Initial selectivity to 4—methyl—1:pentanone (A), 4-methyl-2-pentanone + higher ketones (B)
and 4-methyl-2-pentanone + C°
sites concentration (ng/n) in the reaction of 4-methyl-2-pentanol over ZrO,, Li, Na, K,
Ba-doped ZrO,, CeO,, La;03, Ce0,-ZrO, and CeO,-La,03 mixed oxides.
Reprinted with permission from M. G. Cutrufello, I. Ferino, M. Monaci, E. Rombi, V.
Salinas, Top. Catal., 19, 225 (2002) p. 238, Fig. 11.

alkenes (C) as a function of the ratio of basic-sites to acid-
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calorimetry, while ng is defined the number of basic sites which give the heat of
CO, adsorption greater than 30 kJ mol™'. At low ng/na ratio, the selectivity for
2-alkene is high. The authors suggest that E1 mechanism prevails at strongly
acidic sites. As np/na increases, the mechanism moves to E1cB through E2. The
maximum yield of 1-alkene (E1cB mechanism) was observed at an ng/na ratio of
around 1. Further increase of ng/na led to the dehydrogenation of the alcohol. The
authors concluded that the combination of strongly basic sites and weakly acidic
sites are most favorable for the formation of 1-alkene.
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2.4 Spectroscopic Studies of Solid Bases through
Interaction with Probe Molecules

Spectroscopic studies of the adsorbed probe molecules are a direct means of
obtaining information on the nature of the adsorption sites and the interactions
between reactant molecules and basic sites. By properly selecting the probe mole-
cules and adsorption conditions, one can obtain more specific and detailed infor-
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mation on the location of basic sites on surfaces, the basic strength and their reac-
tivity towards adsorbing molecules. Infrared spectroscopy is most frequently
used.”” MAS NMR and electron spectroscopy are also often utilized.

24.1

Carbon dioxide interacts with basic sites in different ways enabling the researcher
to distinguish the different types of basic sites.” The interaction of CO, with
hydroxyl groups or oxygen ions on surfaces leads to the formation of carbonate
species. The structure of adsorbed carbonate species can be classified as (1)
hydrogencarbonate, (2) unidentate carbonate, (3) bidentate carbonate, (4) bridging
carbonate, (5) free carbonate, as shown in Fig. 2.4.1. The characteristic IR (and
Raman) bands of CO, of possible surface species are summarized in Table 2417
It should be noted, however, that carbon dioxide is also adsorbed on metal cations
on the surface.

Infrared spectroscopy of adsorbed carbon dioxide
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HO ~c ¢O o OQ_C_ =0 g g
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Hydrogen- unidentate bidentate bridged free
carbonate carbonate carbonate carbonate carbonate
Fig. 2.4.1 Carbonate species on oxide surfaces
Table 2.4.1 Infrared bands and assignments of carbonate species (frequencies in cm™)
Hydrogen- Unidentate Bidentate Bridged Free
carbonate carbonate carbonate carbonate carbonate
v(OH) 3610-3620
vy(0-C-0) 1440-1450 1350-1420 1260-1350 1800-1870
V,.s(O-C-0) 1645-1670 1490-1560 1620-1680 1130-1280 1440-1450
§(C-O-H) 1220-1280

The interaction of CO, with basic OH groups on surfaces leads to the forma-
tion of hydrogencarbonate species. In the case of y-Al,Os;, Haneda et al. observed
the bands due to hydrogencarbonate species at 1645, 1480 and 1255 cm™,” while
Partkyns observed the corresponding bands at 1640, 1480 and 1233 cm™' as well as
the band at 3605 cm™' due to OH stretching vibration.” Among the different types
of OH groups on Al,Os;, OH groups coordinated to only one coordinatively un-
saturated cation (3800 cm™') are mainly involved in the formation of hydrogen-
carbonate species.

The structure of hydrogencarbonate species has been studied using the isotope
shifts of the bands by using "CO, and/or deuteriated ALOs.”” The species is
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considered to be formed by the insertion of CO, weakly-held by Al cation to the
surface OH groups. The structure (A) in Fig. 2.4.1 was proposed by Parkyns.”

O OH
OH CO» OH Ne”
| o, |

|
Al AL AL _Al

o~
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Later, the bridged structure B was proposed by Baltrusaitis et al. based on the
isotope shifts of infrared bands and quantum chemical calculations.” In this struc-
ture, a proton resides on an oxygen atom originated from CO, molecule, but not
from an OH group of the surface. The authors proposed the mechanism for hydro-
gencarbonate formation.
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Here, the first step is adsorption of CO, on a site next to OH in a linear or
bridged configuration. The next step involves nucleophilic attack of the OH on the
activated CO, molecule to form initial hydrogencarbonate structure (X). The
initial structure X is then rearranged into more stable final structure B. The
rearrangement does not occur directly (intramolecular rearrangement) because of
the high energy barrier, but involves the nearby surface species (OH or carbonate
groups). The proton in the initial hydrogencarbonate structure is once transferred
into these surface species and then back-transferred into the carbonate, but not in
the original position, to form the bridged structure B (intermolecular rearrange-
ment).

Lercher et al. studied CO, adsorption on MgO-Al,O; mixed oxides and
observed the formation of hydrogencarbonate.” The band position of the symmetric
stretching (14171450 cm™) of the hydrogencarbonate species depended on the
composition of the mixed oxides, i.e., the downward shift of the wavenumbers
with increasing MgO content. They attributed this phenomenon to the increased
basic strength with increasing MgO content.

On zirconium oxides, three O-H bands were observed at 3765, 3745 and
3650-3670 cm.” These bands were assigned to terminal, bridged, and tribridged
OH groups, respectively. The OH groups on tetragonal ZrO, are predominantly
bibridged, whereas those on monoclinic ZrO, are predominantly tribridged. Upon
adsorption of CO, at room temperature, three types of carbonates were observed;
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hydrogencarbonate (1225, 1450, and 1625 cm’]), bidentate carbonate (1325, 1335,
1498, 1556, and 1604 cm") and polydentate carbonate (1420 and 1450 cm’]).
Hydrogencarbonate species are predominantly formed on tribridged OH groups.g)
Similar results on the adsorption of CO, on ZrO, were also reported by Bensitel.'”

Hydrogencarbonate was formed upon adsorption of CO, on TiO,, Al,O; and
7r0,."""? For example, the bands appeared at 1640, 1440 and 1230 cm™ in the
case of AlLO; and 1590, 1435, and 1220 cm ' in the case of TiO,. The intensities
of 8(OH) band (ca. 1225 cm™) of hydrogencarbonate formed on these samples and
the catalytic activity for the COS hydrolysis showed a very good correlation (Fig.
2.4.2). Actually, hydrogenthiocarbonate (HSCO,") species formed by the inter-
action of COS and a basic OH group was proposed as an intermediate for COS
hydrolysis.">'?

Oxide ions on surfaces are involved in the formation of unidentate, bidentate
and bridged carbonate species, depending on the participation of neighboring metal
cations (Fig. 2.4.1). Free carbonate ion (D3, symmetry) presents asymmetric
vibration (vs) at 1415 cm™. In the adsorbed state, the symmetry is lowered and the
species presents two bands at either side of a wavenumber of v; vibration. The
splitting (Avs) characterizes the structure of the species formed; it is about 150-200,
250-350, and >400 cm™' for unidentate, bidentate and bridged species, respectively,
as shown in Table 2.4.1"" On ALOs, unidentate (1530 and 1370 cm™), bidentate
(1660 and 1230/1270 cm™') and bridged (1850 and 1180 cm’') carbonates were
observed besides hydrogencarbonate (3605, 1640, 1480, and 1235 cm’l). The
relative intensities depend on the pretreatment conditions of the ALO; samples.™”
Formation of free carbonate is also observed at 1440—1445 cm™.

Fukuda and Tanabe observed two types of bidentate carbonates (1670, 1315,
1000, and 850 cm’l; 1630, 1280, 950, and 830 cm") and one unidentate carbonate
(1550, 1410, 1050, and 860 cm™") upon adsorption of MgO at room temperature.'”
On CaO, only unidentate species was formed at room temperature. It was noted
that the wavenumber difference of the bands between antisymmetric stretching
(1540-1580 cm ™) and symmetric stretching (ca. 1420 cm’") of unidentate carbonate
decreased with increasing partial charge of the lattice oxygen of the alkaline earth
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Fig. 2.4.2 Relation between COS hydrolysis activity and the number of hydrogencarbonate species
formed from adsorbed CO, for TiO,-Al,0; ([]), TiO»-ZrO, (O), and ZrO,-ALLO; (+)
catalysts.

Reprinted with permission from C. Lahausse, F. Maugé, J. Bachelier, J. C. Lavalley,
J. Chem. Soc., Faraday Trans., 91, 2907 (1995) p. 2910, Fig. 7.
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metal oxides."” Davylov et al. observed at least four types of carbonates, hydrogen-
carbonate, bidentate carbonate, unidentate carbonate and free carbonate (1450 cm")
on MgO at room temperature.'® In conformity with the work by Fukuda and
Tanabe,'” only unidentate carbonate was observed on Ca0."” Phillip et al. reported
that unidentate carbonate is the far predominant species upon adsorption of CO,
both on MgO and CaO at 373 K."”

On La,O; prepared by dehydration of La(OH); under vacuum at 1073 K,
adsorption of CO, gave unidentate (a doublet at 1300 and 1500 cm™', and bands at
1000 and 860 cm™) at room temperature.”” The number of adsorbed CO, corre-
sponds to approximately 1 CO, molecule/surface O ion. Hydrogencarbonate
species was not formed, due to the lack of surface hydroxyl groups on the calcined
La,0s. Upon evacuation at 522 K, weak bands appeared at 1310 and 1563 cm™
due to bidentate carbonate species, generated by rearrangement of unidentate
structure as their surface population decreased. The unidentate carbonate species
disappeared at 573 K and the bidentate disappeared at > 623 K.

On MgO-Al,O3 mixed oxide, adsorption of CO, gave hydrogencarbonate,
monodentate carbonate, bidentate carbonate and two species of CO, linearly coor-
dinated to metal cations.**” Preadsorption of pyridine completely inhibited the
formation of linear CO, species. The wavenumber difference of the unidentate
carbonate showed the same trend as proposed by Fukuda and Tanabe.'”

Diez et al. studied the CO, adsorption on Al,O;, MgO and MgO-Al,Os mixed
oxides obtained from calcinations of hydrotalcite.”” As shown in Fig. 2.4.3, three
types of adsorption species, hydrogencarbonate, unidentate carbonate, and biden-
tate carbonate are identified and, as described, the three bands were correlated to
the three peaks in the CO,-TPD profiles. (Section 2.3.3)

Carbon dioxide interacts with surface amino groups to form carbamate anions.

O\\\é//O

I
N(H)

Thus, when adenine- or guanidine-modified Ti-SBA-15 was exposed to CO,, the
bands due to carbamate species were observed at 1609 and 1446 cm’], besides the
bands due to carbonate species. The carbamate species was proposed to be an
interrzrgg:giate in the synthesis of cyclic carbonates by the reactions of epoxides with
CO,.™>
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Fig. 2.4.3 Infrared spectra of CO, preadsorbed on MgO, MgoAlO,, Mg,,AlO, samples upon desorption
at increasing temperatures (a) 298 K, (b) 373 K (c) 473 K (d) 573 K. CO, adsorption at
298 K.

Reprinted with permission from V. K. Diez, C. R. Apesteguia, J. J. Di Cosimo, J. Catal.,
215, 220 (2003) p. 224, Fig. 3.

2.4.2  Spectroscopic studies of adsorbed pyrrole

Adsorption of pyrrole, an acidic molecule, on basic surfaces has been studied by
IR, XPS and MAS NMR spectroscopy. In IR spectroscopy, the v(NH) frequency
shift is used as an evaluation of the basic strength of basic sites interacting with
the H atom. The shift of v(NH) band to low wavenumbers is related to an increase
in basic strength. Scokart and Rouxhet studied the adsorption of pyrrole on Al,Os,
MgO and ThO,. The v(NH) bands were situated at 3230, 3360, 3340 cm' on
ALLO;, MgO and ThO,, respectively.25’26) This suggests that Al,Os is more basic
than MgO and ThO,. Fluorination removed the basic sites of Al,Os. Alkali treat-
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ment increases the basic strength as indicated by a large frequency shift of the NH
band, which appeared at 3200 and 3160 cm™' for ALO; treated with Na and K,
respectively. Mg-treated Al,O; showed a basic character intermediate between
AlLO; and MgO. Thus, the basic strength increases in the order MgO < Mg-Al,O3
< ALL,Os, ThO, < Na- and K-AlL,Os. For SiO; and Si0O,-Al,Os;, there was no absorp-
tion feature indicating the presence of basic sites.

Adsorption of pyrrole on zeolites has been studied extensively by various
techniques. Barthomeuf studied the IR spectra of pyrrole adsorbed on X, Y, L,
mordenite, ZSM-5."" The basic strength of cationic mordenite increases in the
order Li < Na < K < Rb < Cs. Zeolites X, Y and L also show similar trends. For
any given cation, the basic strength of the zeolites increases with aluminum con-
tent (L <Y < X), except for mordenite. The basic sites in zeolites are the oxygen
anions in the framework. Barthomeuf estimated the negative charges on frame-
work oxygen by using the Sanderson’s electronegativity equalization principle.””*”
The charge on the oxygen atom in the zeolites is plotted in Fig. 2.4.4 along with
the pyrrole v(NH) wavenumber. For each of the zeolites, the shift of the band
increases with the negative charge. This indicates that the shift of the v(NH) band
should be considered as a guide for basicity strength comparison, but only for the
zeolites with similar structures. More detailed studies of the interaction of pyrrole
with zeolites have been made by using IR, XPS, MASNMR spectroscopy and are
described in section 4.2.1.

The major drawback of pyrrole as a probe molecule is that the molecule readily
polymerizes or decomposes upon heating. Barthomeuf recommended to record
the spectra rapidly after the adsorption with the use of freshly distilled pyrrole.zg)
Polymerization is usually not observed under these conditions over zeolites while
it is observed with basic oxides other than zeolites.

Binet et al. showed that the dissociative adsorption of pyrrole occurred on
more basic oxides.”” When pyrrole is adsorbed on ceria (CeO,) and hydrogen-
reduced ceria (Ce,03;), the OH stretching bands are observed at 3670 and 3628
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Fig.2.4.4 Decrease in the NH infrared vibration of pyrrole as the calculated charge on the oxygen
decrease for zeolite exchanged with cations.
@®:Li, 2:Na, O: K, []: Rb, A: Cs.
Reprinted with permission from D. Barthomeuf, in: Acidity and Basicity of Solids; Theory,
Assesment and Utility, (eds. J. Fraissard, L. Petraksi) NATO ASI ser., C. Vol. 444, P. 181,
Kluwer Academic Publishers (1984) p. 189, Fig. 4.
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cm™, respectively, indicating H' abstraction by oxygen anions on the surface. In
addition, v(ring) and v(C-H) bands due to pyrrolate anion appeared. The pyrrolate
ions are considered to be stabilized by Ce* or Ce™ ions by electrostatic inter-
action. The formation of pyrrolate ions was also observed in the adsorption of
pyrrole on highly dehydroxylated alumina® and MgO-Al,0s-NiO mixed oxide
prepared from hydrotalcite.3]) Simultaneously, a new band due to a hydrogen-
bonded OH band was formed, indicating that the pyrrolate anion is hydrogen-
bonded with the OH band formed (OH-Py").

Formation of pyrrolate ions on these oxides indicates that the basic strength of
these oxides is much higher than the materials on which pyrrole molecules adsorb
only through hydrogen-bonding, i.e., on alkali ion-exchanged zeolites.

2.4.3 Infrared and MAS NMR spectroscopy of adsorbed CHCl;
and CDCl;

The C-H stretching vibration of halogenated methanes shifts to lower frequency
when they undergo hydrogen bonding. Trichloromethane was proposed as a probe
molecule to characterize solid bases by Paukshits et al.”” The advantage of this
method is that CDCl; is a weak base and its chemical interaction with aprotic or
protic centers is weak. Furthermore, the v(CD) bands do not overlap the bands of
the surface OH groups, so the complexes of the probes with the base sites can be
clearly recognized.

Paukshits et al. studied the adsorption of CHCI; and CDCl; on various oxides
by IR.* Spectra of CDCl; adsorbed on silica exhibit an absorption band at 2265
cm (at 3035 cm” for CHCls), whose position is close to the C-D (or C-H) band
in the gaseous adsorbate. The band of SiOH hydroxyl groups at 3740 cm™ is
shifted by 45 cm™ close to the shift upon CCl, adsorption. Therefore, it was
suggested that a chlorine atom of CDCl; (or CHCl;) interacts with a proton of the
hydroxyl group and that the D or H atom of the molecule is not bonded to the
surface (Type A in Fig. 2.4.5). Upon CDClI; adsorption on Al,Os, BeO, and MgO,
the spectra exhibit two absorption bands in the range of 2210-2220 and 2245-2250
cm™' with a simultaneous decrease of the OH band frequencies. The former bands
were assigned to the adsorption state of Type C, which involves strongly basic
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Fig. 2.4.5 Adsorption states of CHCls.
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surface oxygen anions, while the latter was assigned the adsorption state of Type
B or Type B”, which involves weakly basic OH groups.

Barteau et al. studied CDCl5 adsorption on ALO; and modified ALOs.” Upon
adsorption of CDCls, every sample showed an IR band at 2253 cm™', which was
assigned to CDCl; attached to weak basic centers (OH groups). For alumina with
Na' or Mg2+ ions, another band was observed at 2225 cm", which was assigned to
interaction of CDCl; with bridging oxygen atoms (Al-O-Al) on the Al,Oj; surface.

Davidov et al. also observed two v(CD) bands at 2230 and 2190-2200 cm
upon adsorption of CDCl; on MgO at 293 K. They assigned the former band to
the CDClI; molecules weakly interacting with surface OH groups and the latter to
those more strongly interacting with surface oxygen jons.”

Huber and Knozinger observed two sets of bands (3011 and 1240 cm™', and
2983 and 1216 cm™ ) upon adsorption of CHCl; on MgO.” The corresponding
bands for CDCl; were observed at 2245 cm™' and 2220 cm™'. They assigned the
two bands to Type C and Type D. The presence of Type B or B” was refuted
because they did not observe a shift of the OH band at 3750 cm ™.

Xie et al. reported that adsorption of CHCl; occurred on alkali cation-exchanged
X-zeolites.”® Two different C-H stretching bands were observed, one at a constant
wavenumber of ca. 2995 cm’], while the second depended on metal cations. Both
bands were assigned to CHCI; molecules bonded to the lattice oxygen (Type C).
The former results from the interaction of CHCI; with oxygen ions adjacent to Na"
ions, and the latter reflects the adsorption of CHCl; on oxygen ions adjacent to K,
Rb’, or Cs" ions. This band shifted to lower frequency in the order Li (3015 cm™)
> Na(2995 cm™') > K (2966 cm™') > Rb(2945 cm™") > Cs(2925 cm™). Similar
results were observed for Y zeolites. Fig. 2.4.6 shows the C-H stretching frequn-
cies as a function of the partial negative charge on the lattice oxygen, calculated
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Fig. 2.4.6 C-H frequency of adsorbed CHCl; as a function of calculatae oxygen charge for X- and Y-
Zeolitees.
Reprinted with permission from J. Xie, M. Huang, S. Kaliaguine, React. kinet. Catal. Lett.,
58, 217 (1996) p. 226, Fig. 5.
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by Sanderson’s electronegativity equalization method. The authors concluded that
the basicity of zeolites mainly depends on the negative charge of the framework
oxygen, while this charge is mainly dependent on the zeolite type and also on the
extra framework cations. Similar results were observed for CDCl; adsorbed on
alkali cation-exchanged X- and Y-zeolites.””

Bosch et al. studied the adsorption of CDCl; on a series of alkali cation-
exchanged Y zeolites with IR and MAS NMR.*™ In the IR spectra, they also
observed two bands. For example, in the case of CsNaY, the bands appeared at
2243 cm™ and 2209 cm™'. In contrast to the interpretation by Xie et al’®, and
Rymsa et al.””, they assigned the two bands to two different adsorption types,
Type C (2209 cm™") and Type D (2243 cm™). The C-D stretching frequencies of
Type C for NaY, RbY, CsNaY are 2225, 2220, 2205, and 2209 cm™". In the 'H
MAS NMR spectra of CHCl; adsorbed on different Y-zeolites, only one peak was
observed in contrast with IR spectra. The authors ascribed this to the difference in
time scales of the two spectroscopic methods; there must be facile interconversion
between Type C and Type D adsorption states. With the exception of KY, the
proton chemical shift increases with the size of the alkali metal cation, which
reflects the trend of the basic strength. The interaction of Na* ions with adsorbed
CHCI; was also evidenced by “Na MAS NMR spectroscopy.

Séanchez-Sanchez et al. found similar NMR results for X-zeolites.” Both the
chemical shifts of 'H MAS NMR and the v(C-H) stretching frequency of adsorbed
CHCIl; correlate well with mean negative charge over the framework oxygen as
calculated by the method of Sanderson. They also showed that C chemical shift
of "C-enriched CHCl; is also a measure of framework basicity for zeolite X and Y.

Adsorption of CHCl; on alkali cation-exchanged X and Y zeolites was studied
also by XPS.*

There is a limitation in use of CDCl; in some cases. It has been reported that
CHCl; (CDCl3) decomposes on the surface of Al,Os to form formate or undergoes
the H-D exchange reaction with surface O-H groups even at room temperature.*”

2.4.4 Infrared spectroscopy of adsorbed alkynes

Alkynes are weak C-H acids and interact with basic sites on surfaces. Hydrogen-
bonding interaction with surface oxide anions on oxide surfaces induces the red
shift of the C-H bond stretching mode. The extent of the red shift depends on the
basic strength of oxygen ions. Alkynes may dissociate on the surface.

Adsorption of acetylene at 280 K on MgO revealed a broad asymmetric band
at 3150 cm™' due to the CH-stretching mode (v3).35) The band is shifted to lower
frequency by 137 cm™ from that of gas phase acetylene. The IR silent v, mode
became activated and appeared at 1942 cm™'. The appearance of v,-mode and the
red shift of the vi;-mode are indicative of the H-bonded complex.

Mordenti et al. studied the adsorption of propyne and 2,2-dimethylbutyne on
MgO and silica gel.“) The v(=CH) band of propyne red-shifted by 66 cm ™' rela-
tive to the vapor phase band and had an FWHM of 140 cm™ upon adsorption on
MgO. The v(=CH) band of 2,3-dimethylbutyne red-shifted 79 cm™', the FWHM
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being 121 cm™'. These observations suggest that acidic C-H groups interact
strongly with surface O ions. The V(OH) band of MgO at 3755 cm™' are red-
shifted to two bands at 3693 and 3588 cm™' by adsorption of propyne, while it
shifted to three bands at 3082, 3621 and 3488 cm™' by adsorption of 2,2-dimethyl-
butyne. These observations indicate the presence of different types of adsorption
sites on MgO surface. The authors concluded that the alkyne molecules strongly
interact with surface oxygen ions, but they interact simultaneously with surface
hydroxyl groups which are preferentially located at the corners on the MgO surface.
In the case of adsorption of alkynes on silica gel, the shifts of v(OH) band were
small. The adsorbed molecules interact weakly with surface OH groups through
m-electrons of the C=C bonds.*”
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Adsorption of propyne on MgO surface was also studied by Chizallet et al.?
When 0.98 umol of propyne was introduced to the MgO wafer, the v(C=C) region
showed a red shift (=50 cm’]) and the presence of two contributions at 2088 and
2079 cm™. In the v(OH) regions, the 3735 cm™ band decreased and two new
bands at 3711 cm™ and 3696 cm™' were formed possibly due to the perturbation of
the OH groups. Moreover, a new intense V(OH) band at 3441 cm™ also appeared.
The bands at 2088, 2079 and 3441 cm™ were attributed to dissociative adsorption
of propyne. The presence of two v(C=C) contributions suggests that two types of
basic sites are involved. From the intensity dependence of 3441 cm™' band on the
amount of propyne molecules introduced, the number of dissociated propyne is
estimated to be 0.046 molecules nm ™, suggesting that the dissociation occurs at
corners only. When the adsorbed amount of propyne was increased, two new
bands appeared at 2098 and 2045 cm™' besides the growth of 2088 and 2079 cm™
in the v(C=C) region. Two v(=CH) bands region appeared at 3250 and 3168 cm ™.
These bands were assigned to non-dissociative adsorption on two kinds of surface
oxygen anions.

Adsorption of acetylene on Al,Os at room temperature was studied by Bhasin
et al.*”” The intensity of the v(C=C) band, infrared inactive in the free acetylene,
was as strong as that of the v(C-H strectch) band in the chemisorbed state. At the
same time, the bands due to isolated OH groups and hydrogen-bonded OH groups
were enhanced. The authors ascribed these facts to the dissociative adsorption of
acetylene on the pair sites (A’ and O ion) on the ALO; surface. From the
amount of chemisorbed C,H,, the number of pair sites on Al,O3; was estimated to
be 2-5 x 10" cm™.
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Adsorption of C;H, and C;D, on ZnO gives rise to the appearance of new
bands at 3550 cm ™' and 2622 cm™', respectively, indicating the dissociative adsorp-
tion of acetylene.”” Adsorption of propyne gives rise to an OH band at 3515 cm™.
Adsorption of CH;-C=CD, however, also give rise to an OH band at 3515 cm", no
corresponding OD band is observed. This result suggests that following process
occurs. Formation of propagyl anion species was confirmd by adsorption of allene.

CH,—C=C-H

H (2.4.5)
CH;—C=C-H+Zn—0——> Zn—O/

Uvarova et al. studied the adsorption of acetylene on Na* ion exchanged zeo-
lites. Acetylene was easily and reversibly removed by short evacuation of the zeo-
lites at 300-370 K.** The antisymmetric C-H stretching mode relative to the gas
phase frequency (3287 cm™' band) red-shifted by 71, 82, and 107 cm™ for the case
of acetylene adsorbed on Na-mordenite, NaY and NaX , respectively. This indi-
cates the formation of hydrogen bonds with framework oxygen and is consistent
with the known increase in basic strength in this series. Additional blue-shifted
bands were also detected and attributed to 7-complexes formed on exchangeable
Na' ions. The behavior of propyne was found to be analogous.

Upon adsorption of acetylene on Cs-Y, two bands were observed in the C-H
region at 3242 and 3211 cm™, the intensities of which are linearly correlated with
C=C stretching bands at 1958 and 1950 cm™.*” The band pair at 3242 and 1958
cm’' is assigned to an acetylene m-complex, whereas the band pair at 3211 and
1950 cm™ is attributed to an H-bonded species.

Propyne also forms hydrogen-bonded species as indicated by red shifts of the
C=H stretching mode.”” Fig. 2.4.7 shows the correlation of the C-H bond frequency
with the cation radius for the series of alkaline cation-exchanged zeolites.

In order to overcome the difficulty due to the presence of two coupled v(=CH)
vibrations in acetylene, Lavalley et al. used 1-butyne as a probe for the character-
ization of alkali cation-exchanged zeolites.” The v(=CH) bands were observed at
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Fig. 2.4.7 Correlation between C-H stretching frequency of propyne adsorbed on alkali cation-
exchanged Y- zeolites.

Reprinted with permission from H. Knézinger and S. Huber, J. Chem. Soc., Faraday
Trtans., 94, 2047 (1998) p. 2057, Fig. 16.

3290 cm™ with a shoulder at 3252 cm™' for LiNaY. When a large amount of 1-
butyne (30 pmol g") is introduced, two v(=CH) bands(LiNaX and NaX) or even
three (NaY) are clearly apparent. Since the band at low wavenumber first appears
when a small amount of 1-butyne is added, it plausibly corresponds to adsorption
on the strongest basic sites. Its wavenumber decreases in the following order.

LiNaY (3252) > NaY(3248) > LiNaX (3230) > NaX (3142 cm™)

However, in the case of Cs-loaded CsNaX and Cs-loaded CsNaY, the isomer-
ization of 1-butyne to 2-butyne occurs. It is difficult to discuss the basic strength
from the band position of the v(=CH) band, though the occurrence of the isomeri-
zation indicates the stronger basic strength of Cs-loaded zeolites in comparison
with NaX or NaY.

2.4.5 Adsorption of nitromethane

Aci-nitromethane 2 is a tautomeric form of nitromethane 1. The equilibrium
constant for the formation of 2 is very small, but strongly basic solution drives the
equilibrium by the formation of the aci anion 3.

0 H (o}
HsC —N+// -« H\C_N+/O Y H\C_N+/
3 AN Vo Base VAN 24.6
o H o H o (2.4.6)
1 2 3

Khein and Haw studied the adsorption of nitromethane on MgO with MAS
NMR.® "C MAS NMR of adsorbed nitromethane showed a signal at 104 ppm
besides the signal due to physisorbed or gas phase molecules. The isotropic °C
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chemical shifts are essentially identical to that of the aci anion in solution. The
"N chemical shift of CHs"°NO, adsorbed on MgO was —80 ppm. The upfield shift
relative to nitromethane is consistent with the increased negative charge on the
adjacent oxygens. At 473 K, the aci anion on MgO was converted to a carbonate
species. Essentially identical results were obtained upon the adsorption on CaO.
A very small amount of aci anion formed on CsX. No aci anion formed on acidic
zeolites.

Lima et al. also studied the adsorption of nitromethane on MgO-Al,O; -mixed
oxides, MgO-Ga,Os3-mixed oxides, MgO, y-AlLOs , NaX, CsX, and Cs-loaded CsX
by "C MAS NMR.™™" The interaction of nitromethane with the solid surfaces at
room temperature is classified into three cases. On zolites NaX and Cs X, only
physisorbed nitromethane was observed. Since the pK, value of nitromethane is
10.2, the H_ value of basic sites on these materials is lower than 10.2. On ALO;
and MgO-Al,0O; mixed oxides aci anions were observed besides physisorbed nitro-
methane, indicating that these materials have basic sites stronger than H_ = 10.2.
The aci anion formed is supposed to be stabilized on Lewis acid sites. On MgO,
MgO-Ga,0; mixed oxides, and Cs-loaded CsX, the species analogous to metha-
zonate anion 4 is formed by the secondary reaction of aci anions with nitrometh-
ane in addition to aci anion and physisorbed nitromethane. The authors suggested
that the aci anions are less stabilized by Lewis acid sites on these surfaces and un-
dergo a secondary reaction to form methazonate.

H\ O
HO\N_C /C—N\Oi
ERAN
H
H:CNO, + 3 ——> + + HO
2.4.7
H O ( )
\\ 7/
C=N*
N=C \O‘
/
HO H
4

The formation of the aci anion on MgO-Al,O; mixed oxide, MgO, and
Y¥-Al,O3 upon adsorption of nitromethane at room temperature was also confirmed
by IR spectroscopy.52'53)

2.4.6 "C MAS NMR of adsorbed methyl iodide

Murray et al. reported that adsorption of CH;I on CsX readily led to the formation
of methoxyl group by "C MAS NMR at room temperature. The peak was
observed at 58 ppm.”” Bosicek proposed the use of methyl iodide as a probe to
evaluate the basic strength of oxygen ions in the framework of zeolites.” " Methyl



38 2 Characterization of Solid Base Catalysts

iodide molecules dissociatively are adsorbed on alkali ion-exchanged zeolites to
form methoxy groups and alkali metal halide.

CH;l + Na* O-Z —> CH;0-Z + Nal (2.4.8)

Here, O-Z denotes the zeolite framework oxygen.

The chemical shift of "C NMR of the methoxy groups thus formed reflects
the basic strength of oxygen ions of the zeolite framework. Fig. 2.4.8 shows the
cross-polarization spectra of CHsl on NaX for different amounts of adsorbed
methyl iodide. The spectra contain two signals at about —18.4 ppm and 54 ppm.
The former is assigned to physisorbed CH;l, while the latter is assigned to the
bonded methyl formed by reaction (2.4.8). This band has a shoulder at higher
loading, indicating the presence of two different kinds of adsorption sites (lattice
oxygen ions). The isotropic °C chemical shift of CHsI chemisorbed on various
zeolites is plotted against electronegativity values of the zeolites (Fig, 2.4.9). The
elecronegativity values are calculated by Sanderson’s electronegativity equalization
principle. A linear correlation is found between the chemical shift and the lattice
electronegativity. As the electronegativity of the zeolite increases, the NMR signal
of the surface-bonded methyl (methoxyl) is shifted to lower fields, indicating the
increasing positive charge on the carbon of the methyl. A similar correlation is
also found between the 'H chemical shift of 'H MAS NMR of chemisorbd methyl
iodide and the lattice electronegativity.sg)

L P P R S|
150 100 50 0 ppm =50

Fig.2.4.8 C CPMAS NMR spectra of metyl iodide adsorbed on NaX at 298 K. Adsorption in mmol
g (2) 0.07, (b) 0.14 (c) 0.22 (d) 0.4 (e) 0.6
Reprinted with permission from V. Bosacek, J. Phys. Chem., 97, 10732 (1993) p. 10732,
Fig. 2.

Strong solid bases can be prepared by incorporating alkali metal oxides into
the zeolite pores [4.2.2]. Hunger et al. examined the effect of the guest com-
pounds on the basic character of the zeolites using C MAS NMR of adsorbed
CH;L.”*” Fig. 2.4.10 shows C CP MAS NMR spectra of NaY, CsNaY, and
CsOH/CsNaY (CsNaY loaded with 16 CsOH molecules/unit cell) after adsorption
of 16 molecules of CHsl. The zeolites were calcined at 673 K. The signals at —20
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Fig. 2.4.9 Dependence of the chemical shift of the °C NMR signal assigned to surface methoxy on

Sanderson’s electronegativity of zeolites.
Reprinted with permission from V. Bosacek, Z. Phys. Chem., 189, 241 (1995) p. 247, Fig.
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Fig. 2.4.10 C CPMAS NMR spectra of dehydrated (at 673 K) zeolites a) NaY, b) CsNaY and c)

CsNaY/16CsOH with 16 CH;l/u.c.
Reprinted with permission from M. Hunger, U. Schenk, B. Burger, J. Weitkemp, Angew.

Chem. Int. Ed. Engl., 36,2504 (1997) p. 2506, Fig. 4.

ppm are due to physisorbed CHsl. The chemical shifts for NaY (56.7 ppm) and
CsNaY (56.1ppm) are in good agreement with those expected from the relation-
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ship shown in Fig. 2.4.9. The spectrum of CsOH/CsNaY consists of large signals
at 55.4 and 50.3 ppm due to methoxy groups and a narrow signal at 61 ppm. This
latter signal is due to dimethyl ether. The change in the C chemical shift from
56.1 ppm for the methoxy group in CsNaY to 55.4 ppm for the methoxy group in
CsOH/CsNaY indicates an increased basic strength of the framework oxygen. The
signal at 50.3 ppm is assigned to the methoxy group bound to the alkali metal
guest introduced upon impregnation. A similar observation has been reported by
Schenk et al. for adsorption of CHsI on CsNaY loaded with CsOH and Cs
acetate.””

Schenk et al. also studied the "C CP MAS NMR of CHI adsorbed on silica gel
loaded with alkali metal hydroxides.”” The loading of CHsI on dehydrated silica
gel does not lead to the formation of a methoxy group. The PC chemical shift
values are 49.6, 49.3, 48.9 and 48.7 ppm for NaOH/Si0,, KOH/SiO,, RbOH/SiO,
and CsOH/Si0,, respectively. The tendency of the resonance shift from 49.6 ppm
for methoxy groups on NaOH/Si0; to 48.7 ppm for methoxy groups on CsOH/Si0O,
agrees with the variation of the electronegativities of alkali metals introduced.
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2.5 Test Reactions

2.5.1 Characterization of basic sites by test reactions

Test reactions are often used for characterizing the nature of catalysts. One of the
advantages of using test reactions is that one can select the test reaction whose
reaction conditions such as temperature are close to those of target reactions.
However, several points must be noted before the use of test reactions for charac-
terization.

If the reaction involves the abstraction of protons from the reactants, the pK,
value of the reactant is one of the key factors for estimating the basic strength,
since the H_ value of the basic sites must be larger than the pK, value of the reac-
tant. As shown below, the H_ values of alkali cation-exchanged zeolites are esti-
mated to be 10-13 from the rates of Knoevenagel condensations at 363443 K.
However, the zeolites can catalyze the reaction of phenylacetonitrile with dmethyl
carbonate at 533 K, while Rb- and Cs-exchanged X-zeolites can catalyze the side-
chain alkylation of toluene with methanol at 700 K. These facts clearly show that
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these catalysts can activate phenylacetonitrile (pK, = 21.9) and toluene (pK, = 37) at
533 and 700 K, respectively. Base strength of solid bases increases with tempera-
ture. Weak bases can be catalysts for a variety of reactions at higher temperatures.

Generally, it is not possible to determine the strength or the number of basic
sites only from the rates of reactions. Since the rate depends both on the number
of basic sites and turnover frequency, the number of basic sites has to be deter-
mined separately to discuss the nature of the basic sites.

By using proper test reactions, one can distinguish basic catalysts from acidic
catalysts when the products over basic sites are different from those over acidic
sites. For example, the reaction of toluene with methanol over Rb- or Cs-X zeo-
lites gives styrene and ethylbenzene at 700 K, while the reaction over acidic zeo-
lites gives xylenes.

The ratio of the products from different sites, however, cannot be used for the
ratio of the amounts of the basic and acidic sites, since the side-chain alkylation
and ring-alkylation have different activation energies. Therefore, the ratio of the
products is temperature dependent.

It is of the utmost importance that the mechanism of the test reaction be clear.
It is highly desirable that the way of participation of the basic sites and the rate-
determining step be clarified. For example, if the desorption of the products is the
rate-determining step, the reaction rate can not be directly correlated with the
reactivity of the reactants or basic strength of active sites.

2.5.2 Isomerization of butenes

n-Butene isomerization is catalyzed by both solid acids and solid bases. The
reaction mechanisms are well established for both acid-catalyzed and base-
catalyzed reactions, as described below. Accordingly, n-butene isomerization is a
good test reaction for estimating the nature of active sites as to whether the active
sites are acidic or basic. The nature of active sites is reflected on the selectivity of
the two isomers produced in the reaction starting from one isomer. The product
selectivities in both acid-catalyzed and base-catalyzed isomerization are different
from those expected from the equilibrium values listed in Table 2.5.1." In addition,
a deuterium tracer experiment can give a definite answer to the question whether

Table 2.5.1 Equilibrium percentages of butene isomers*

Temperature 1-Butene trans-2-Butene cis-2-Butene

/K 1%

273 1.9 78.9 25.7
323 42 70.6 25.2
373 6.9 65.4 28.0
423 10.0 60.2 29.8
473 133 56.0 30.6
523 16.8 52.1 31.1

* Calculated from equations (1) and (3) in ref. 1.
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intermolecular H transfer, which is expected for an acid-catalyzed reaction, or
intramolecular H transfer, which is expected for a base-catalyzed reaction, is
involved in the isomerization (vide infra).

Judging from the pK, values of 35.5 and 38 for propene and 1-pentene (at
a-positions), respectively,” the pK, values of butenes should be quite high.
Abstraction of an H' from butenes needs strong basic sites. The basic sites stronger
than ca. 35 in H_ scale are required for the reaction at room temperature. Accord-
ingly, the isomerization of butenes is a good test reaction for strongly basic cata-
lysts. Many solid base catalysts show catalytic activity for the isomerization of
butenes below room temperature.

It would be helpful to show first the mechanisms for acid-catalyzed n-butene
isomerization which should be compared to those for the base-catalyzed isomeri-
zation. The mechanism for acid-catalyzed isomerization is illustrated in Fig. 2.5.1.
Addition of surface H" to any of butene isomers results in the formation of 2-butyl
cation as a common reaction intermediate. The 2-butyl cation is a metastable
species and not an activated complex. In the 2-butyl cation, C;, C,-H, and C; atoms
all lie in a plane, parallel to the surface. The C4 methyl group extends away from
the surface, leaving the two hydrogens (labeled H, and H,) on C; directed toward
the surface. The two hydrogen atoms on C; are geometrically different, for loss of
H. will result in the formation of cis-2-butene, whereas the trans isomer will result
from loss of H,. The probability of losing either the H, or the Hj is equal, and the
two C-H bonds are energetically quite similar. Accordingly, the cis/trans ratio in
the 1-butene isomerization is very near to unity for solid acid catalyst regardless of
the reaction temperature.

CH =CH
/ AN
CHz = CH—CHz—CH3 CH3 CH3
1-butene +H' cis-2-butene
_H'
2-butyl cation
CH;
CH =CH
CH;

trans-2-butene

Fig. 2.5.1 Mechanism of acid-catalyzed isomerization of butenes over solid acids.
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The 1/trans ratio in the cis-2-butene isomerization varies with the reaction
temperature and perhaps with strength of acid sites. The probability of losing any
of three hydrogen atoms on C, leading 1-butene is three times higher than that of
losing H, leading to trans-2-butene. However, the primary C;-H bonds are stronger
and more difficult to cleave than the secondary C;-H bonds, and this is reflected in
the higher activation energy for the formation of 1-butene than trans from the cis
isomer. The effect of the activation energy difference normally exceeds the effect
of the probability difference. In many cases, 1/trans ratios are less than unity in
the cis-2-butene isomerization over solid acid catalysts.

In all interconversions between each of the three isomers, the H" added to a
reactant isomer to form the 2-butyl cation is retained in the isomerized products.
The H' added to the reactant should originate from the other butene molecules
except when the original surface protons interact with the reactant molecules for
the first time. The original surface protons are quickly replaced by the protons
originating from the reacting molecules. Accordingly, the intermolecular H transfer
is involved in the acid-catalyzed isomerization of n-butenes.

The mechanisms of base-catalyzed isomerization of butene are shown in Fig.
2.5.2. The intermediates are the cis and trans forms of allylic carbanion. The
characteristic selectivity of the product isomers in base-catalyzed isomerization is
due to the relative stability of two allylic carbanions as well as a slow direct inter-
conversion between the two allylic carbanions. Allylic carbanion is more stable in
the cis form than in the trans form. Direct interconversion between the cis form of
allylic carbanion and the trans form of allylic carbanion has a high energy barrier
to cross over since the C,-C; bond has a double bond character.

CH-=CH +H' CH=CH
o N\ — g AN
CHz . CHg _H+ CH3 CH3
cis-allylic anion cis-2-butene
_H'
+H"
CH,=CH—CH,—CHj;
1-butene
+H"
_H"
CH;3 . CH;
+H
CH-—CH —— CH=CH
) _H ~
CHz CH3
trans-allylic anion trans-2-butene

Fig. 2.5.2 Mechanism of base-catalyzed isomerization of butenes over solid bases.
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Isomerizarion is initiated by abstraction of an allylic H from each isomer by
basic site. Abstraction of an H" from 1-butene results in the formation of both cis
and trans allylic carbanions. Since the cis form of allylic carbanion is more stable,
the concentration of allylic carbanions is higher in the cis form than in the frans
form on the surface of solid base catalysts. The geometrical structure is retained
during the addition of an H" to allylic carbanion; addition of an H' to the cis form
and the trans form of allylic carbanions results in the formation of cis-2-butene and
trans-2-butene, respectively. Accordingly, cis-2-butene is predominantly formed
over trans-2-butene in the initial stage of 1-butene isomerizarion. Abstraction of
an H' from cis-2-butene results in the formation of the cis form of the allylic carb-
anion. Interconversion of the cis form of allylic carbanion to the trans form is
slower than the addition of an H" to form 1-butene. Accordingly, 1-butene is pre-
dominantly formed over trans-2-butene in the initial stage of cis-2-butene isomeri-
zation.

A higher stability of the cis form of allylic carbanion as compared to the trans
form was proposed by Bank et al.”* The high stability of the cis form of the allylic
carbanion was ascribed to the interaction of the dipole of a methyl group with the
dipole of the negatively charged m-allyl. The higher stability of the cis form of the
allylic carbanion was confirmed on the surface of ZnO by IR spectroscopy during
isomerization of n-butenes.” The observed species were mostly assigned to the cis
form of the allylic carbanion even when the reaction extended to reach near equi-
librium.

Intramolecular H transfer occurs in the base-catalyzed butene isomerization,
which is in contrast to intermolecular H transfer for acid-catalyzed isomerization.
The H atom that is abstracted from a molecule returns to the same molecule to
form the isomerized product.

The deuterium tracer experiment, namely, the coisomerization of a mixture of
C4Hs (do): Cs4Ds (ds) with a 1 : 1 ratio affords the way to distinguish between inter-
molecular H transfer and intramolecular H transfer mechanisms. If the reaction
involves intermolecular H transfer, the products consist of d, di, d7, and ds isoto-
pic species. On the other hand, if the reaction involves intramolecular H transfer,
the products consist only of dy and ds isotopic mixtures. This method was proposed
by Hightower and Hall, and applied to butene isomerization over SiO,-Al,O; and
ALO;.”

The occurrence of intramolecular H transfer can be evidenced by coisomeriza-
tion of butene-do/ds. The isomerized butene isomers consist essentially of dy and
dg isomers as seen in Table 2.5.2, which shows the isotopic distribution in the co-
isomerization of cis-2-butene over typical solid base catalyst BaO.” The isotopic
distribution in the coisomerization over typical acid catalyst Si0,-Al,O; is also
shown in Table 2.5.2 The products (1-butene and trans-2-butene) consist essen-
tially of dy, di, d7, and ds, demonstrating occurrence of intermolecular H transfer
over SiO,-ALO;.” Large ratios of do/ds in the product isomers observed for BaO
are caused by a kinetic isotope effect, indicating that the C-H (or C-D) bond cleav-
age (abstraction of an H' by basic site) is a slow step. The intramolecular mecha-
nism has also been proven by the tracer method for cis-2-butene isomerization
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over Y,05”, La,05™'”, Ce0,*'”, Ti0,'", ALO;'”, Zn0'”, and Zn0O/Si0,"”, and for
1-butene isomerization over La,O;” and ZrO,."”

In Table 2.5.3 are summarized the characteristic features of base-catalyzed
isomerization of n-butenes in contrast to those of acid-catalyzed isomeriztion. The

selected data for base-catalyzed isomerization of n-butenes are listed in Table
2.5.4.

Table 2.5.2 Isotopic distribution of butene isomers in coisomerization of cis-2-butene do/ds over
BaO” and Si0,-ALO;”

Catalyst % each Isotopic composition of products / %
Product
(React. temp.) product g d, d ds d, ds ds d; ds
BaO 1- 38 678 55 3.0 O 0 o0 0.1 58 18.0
(273 K) trans- 40 765 89 17 0 0 0 0 22 13.0
cis- 922 475 10 O 0 0 0 0 1.9 493
Si0,-ALO; 1- 1.1 337 244 27 0.1 0 02 38 213 138
(292 K) trans- 75 326 183 14 0.1 0 03 27 214 232
cis- 914 434 19 02 O 0 o0 04 47 494

Table 2.5.3 Reaction features in base- and acid-catalyzed isomerization of n-butene

Base-catalyzed Acid-catalyzed
Intermediate Allylic carbanion 2-Butyl cation
cisrans ratio from 1-butene ) Largerthan1 Closetol
lfrans from cis-2-butene ] Larger thanthe Closetothe
equilibrium value equilibrium value
H transfer involved in the reaction | Intamolecular | Intermolecular
(Isotopic distribution in the product of do and d do, d,, dy, and dg
coisomerization of do/ds)
Poisoning effectby CO, Swng ] Nove

Poisoning effect by NH3 Slight Strong
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Table 2.5.4 Selected data of cis/trans and 1/trans ratios in 1-butene isomerization and cis-2-
butene isomerization, respectively, over solid base catalysts

Catalyst Pretreat. temp. React. temp. cis/trans 1/trans Ref.
/K /K

Li"/ALO; 303 1 15
Na“/ALO; 303 4 0.8 15
LiOH 713 1.6 13.3 16
NaOH 673 6.6 o 16
KOH 593 593 9 27 16
Na,O 420 343 1.7 17
K,O 420 333 23 17
Rb,O 573 413 7.1 7.4 18
Cs,0 643 413 5.8 22.3 18
MgO 723 303 16 19
CaO 773 303 6 19
StO 1273 303 0.75 20
BaO 1273 273 23 7
BaO 823 273 6 7
Y03 973 273 39 8
La,O; 973 273 2.8 1.5 8
La,0s 923 273 7.7 oo 9
CeO, 973 473 22 8
CeO, 973 323 4 10
TiO, 723 473 6 13 21
ZrO, 773 373 73 22
ZrO, 723 371 1.6 14
Cr,03 1023 room temp. 50 5
ZnO 753 room temp. 13 0.95 5
ALO; 803 493 6.25 0.22 6
SnO, 833 473 19 23
Cs-X 673 423 5 24
K/K-X 673 273 3 24
Rb/Rb-X 673 273 11 24
Cs/Cs-X 673 273 10 24
Zn0-Si0, 773 523 1.2 0.6 13
Yb/K-Y" 473 273 43 25
Euw/K-Y" 473 273 104 25

¥ Supported from the ammoniacal solution of the metal.

2.5.3 Dehydration and dehydrogenation of alcohols

A. Mechanism of alcohol dehydration and dehydrogenation
The mechanism of dehydration (and dehydrogenation) of alcohols over acid-base
catalysts can be classified as follows (Fig. 2.5.3).26)

EI mechanism The first step of dehydration is the formation of a carbenium
ion by the abstraction of an OH group. This mechanism occurs with strongly
acidic catalysts such as the H'- form of zeolites. The acidic center A may be either
Brgnsted or Lewis type. In the former case, the carbenium ions may be produced
with the intermediacy of oxonium ions. The isomerization occurs at the carbenium
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HO +'C-C-H

7N

E2
HO-C-C-H —> HO”-C-C-H* —> C=C+H,0 (dehydration)

SN

HO-C-C+H"

0O=C-C+H, (dehydrogenation)

Fig. 2.5.3 Mechanism of alcohol decomposition.

ion stage. Thus, the formation of 2-butene from 1-butanol is indicative of the El
mechanism.

E2 mechanism The elimination of a proton and a hydroxyl group from alco-
hols is concerted without the formation of ionic intermediates. Both acidic and
basic centers are required in this mechanism. Lack of 2-butene or exclusive for-
mation of 1-butene from l-butanol is an indication of the E2 mechanism. From
2-butanol, preferential formation of 2-butene (Saytzev orientation) is observed.
Alumina is a typical E2 oxide.

ElcB mechanism The first step of dehydration is the formation of a carbanion;
a C-H bond is loosened or broken in the first step. This mechanism occurs with
strongly basic catalysts such as alkaline earth oxides. High selectivity for 1-butene
(Hofmann orientation) from 2-butanol is indicative of E1cB, whereas the E1 and
E2 mechanisms give mainly 2-butene. Whenever the E1cB mechanism is found,
dehydrogenation is also found in addition to dehydration. The H  is abstracted
from the anion by the surface in the case of dehydrogenation, while OH is ab-
stracted in the case of dehydration. Usually stronger bases show higher selectivity
for dehydrogenation. Modification of the ElcB mechanism is often proposed.
This is exemplified by the mechanism proposed by Diez et al. for 2-propanol reaction
as described later.”” Here, dissociative adsorption of alcohol to form surface alko-
xide first occurs. Subsequent abstraction of a hydrogen atom at the o, or 3 position
by a basic site leads to dehydrogenation or dehydration.

Abstraction of proton by the basic sites to form anionic species is the key step
for dehydration as in the case of the E1cB mechanism. In this sense, we use the
term “carbanion mechanism” to include both the original and modified E1cB
mechanism.

Isopropyl ether is often found in the product and its formation is assumed to
require acidic sites of medium strength™.

Alumina is a most typical dehydration catalyst and extensive studies on de-
hydration over alumina have been reviewed by Pines and Manassen.”” Dehydration
of butanols shows Al,Os to be a typical E2 catalyst; both acidic and basic sites are
involved.”
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Primary kinetic effect of the gas phase dehydration of 7-butyl, s-butyl, and iso-
butyl alcohols on Al,Os have been measured in a temperature range between 393
K and 503 K. The deuteration of the hydroxyl group does not give rise to an
isotope effect, whereas substitution of the B-proton by deuterium produces an
appreciable effect. From the dependence of the isotope effects on substrate struc-
ture and temperature, it was concluded that at temperatures below 473 K, the three
alcohols are dehydrated via an E2- like intermediate over Al,Os which presumably
contain a certain degree of ionic contributions. With increasing temperature, the
ionic contributions are favored so that at elevated temperatures, depending on the
reactant structure, the reaction may proceed via the E1 mechanism.

The kinetic isotope effect was studied in the conversion of an equimolar mixture
of +-C4DyOH and 7-C,HyOH and in the conversion of (CD3),CH3COH to produce
(CD3),C=CH; or (CH3)(CD3)C=CD, over Al,Os. In both cases, the kinetic isotope
effects of 2.1-2.3 (ku/kp) were obtained.” This value is also indicative of the E2
mechanism.

Dautzenberg and Knézinger studied the dehydration of secondary alcohols
over alumina.””

CHg-C“(OH)—CﬁHz—R —> CH,=CH-CH:R + CH;-CH=CH-R (2.5.1)

The ratio of 2-alkene and 1-alkene in the product (Si») changes with the substitu-
ents R in the sequence

Me > Et > n-Pr > iso-Pr > t-Bu

Thus, the substituent alters the reactivity of B-hydrogen and the change in the
selectivity Si, is due to the inductive effect of the substituents. This indicates that
the rupture of C’-H bonds is involved in the rate-determining step.

Kibby and Hall studied the decomposition of various alcohols over stoichio-
metric and calcium-deficient hydroxyapatite catalysts.”” Over the nonstoiciometric
(calcium-deficient) hydroxyapatite (NHAP), dehydration was the only reaction
that occurred. Both dehydration and dehydrogenation occurred over stoichiometric
hydroxyapatite (HAP).

For the dehydration of 15 alcohols over NHAP, the sum of the Taft 6* values
for the alkyl groups at the o-carbon, relative to 6,* = X0,* = 0.49 for the three
groups (two methyl, one hydrogen) of 2-propanol was correlated with the rate con-
stants.

Log (k/ko) = po™ (0% — Go*) (2.5.2)

The p* value were —5 and —4 at 503 and 623 K. The negative value indicates the
positive charge at the a-carbon. The concerted mechanism (E2) with the E1
nature is suggested. For the dehydration of primary alcohols over HAP, the p* value
was also negative (-2.3) at 668 K. On the other hand, the positive value of p,* of
+1.5 was obtained for dehydrogenation over HAP. This suggests that a negative
charge is developed at the ¢-carbon in the transition state for dehydrogenation.
An alkoxide ion is suggested to be a likely precursor, with hydride transfer as the
rate-determining step.
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ZrO,-based catalysts are known to possess a high selectivity towards the for-
mation of 1-alkenes in the dehydration of secondary alcohols. Yamaguchi et al.
showed that ZrO, gave very high selectivity for 1-butene in the dehydration of
2-butanol.” The activity and selectivity for dehydration of ZrO,, however, depends
strongly on the method of the preparation and the pretreatment.%’}s) Doping of
NaOH to ZrO, increased significantly the selectivity for 1-alkene from 4-methyl-
2-pentanol.””

The oxides of lanthanides and actinoids give mainly 1-alkene in the de-
hydration of 2-hexanol, and 4-methyl-2-pentanol.”*” The selectivity in the de-
hydration of 4-methyl-2-pentanol over lanthanides/actinides oxides is given in
Table 2.5.5.”

The selectivity in the reaction of 4-methyl-2-pentanol depends strongly on the
acid-base properties of oxide catalysts as shown in Fig. 2.3.6. The E1 mechanism
prevails at strongly acidic sites. As ng/na increases, the mechanism moves to
ElcB through E2. The maximum yield of 1-alkene (E1cB mechanism) was ob-
served at ng/n ratio of around 1. The further increase of ng/na led to the dehydro-
genation of the alcohol.

Table 2.5.5 Dehydration of 4-methyl-2-pentanol over metal oxides

Oxide Temperature LHSV Conversion Alkenes produced/%
0]
K % 1-alkene 2-alkene
S¢:0; 680 28 5 95 5
Y203 685 26 63 96 4
La,05 687 55 39 96 4
CeO, 623 50 14 86 14
PrsOn 697 55 11 92 8
Nd,Os 691 55 25 94 6
Smy03 688 52 24 94 6
Eu,0; 700 46 10 95 5
Gd,0; 696 48 23 94 6
Tb,0; 700 16 2 90 10
Dy>0s 677 45 6 97 3
Ho,0; 684 52 47 97 3
Er,03 676 45 6 97 3
Tm,0; 676 60 6 95 5
Yb,03 676 50 42 97 3
ThO, 672 26 87 97.5 2.5
U0, 680 44 49 81 19

Reprinted with permission from A. J. Lundeen, R. van Hoozer, J. Org. Chem., 32, 3386 (1967);
p. 3388, Table VI.

B. Dehydration and dehydrogenation of 2-propanol and butanols

It is often assumed that acidic sites are responsible for the dehydration of alcohols
and basic sites are responsible for the dehydrogenation of alcohols. Therefore, the
reactions of alcohols have frequently been used for characterizing acid-base sites
of solid catalysts. As alcohol, 2-propanol is most often used, but butanols and
cyclohexanol have also been used for this purpose. The simple assumption that



2.5 Test Reactions 51

acidic sites are responsible for dehydration and basic sites for dehydrogenation is
not always valid from a mechanistic viewpoint as described below.

In the reaction of 1-propanol over CaO-Si0O,, both dehydration and de-
hydrogenation proceed.*” Kinetic isotope effects for both reactions were studied
with C3H,OD. For dehydrogenation, the isotope effect of knw/kp = 1.9, indicating
that OH rupture is the rate determining step in the dehydrogenation reaction. On
the other hand, for dehydration, no isotope effect was observed. The dehydration
is considered to occur via the E1 mechanism on the Brgnsted acid sites of the
mixed oxide.

Reaction of 2-propanol over Cds;(PO.), affords acetone at 578 K.*” The de-
hydrogenation to acetone is completely poisoned by co-feeding trichloroacetic
acid, while coexistence of pyridine shows no effect on the catalytic performance.
These facts indicate that the reaction proceeds on the basic sites of the phosphate.

The selectivity in the reaction of 2-propanol over MgO is controversial.
Several groups found both acetone and propene as the products.27‘43’44) On the other
hand, Gervasini et al. found only propene,45) while there is also a report that only
dehydrogenation to acetone occurs over alkaline earth oxides at 543-652 K.*
Hathaway and Davis found that CO, retards both the rates of the formation of
acetone and propene upon its addition to the feed in the reaction of 2-propanol
over MgO, indicating that both dehydrogenation and dehydration occur on the
basic sites.*”

The decomposition of 2-propanol over MgO, Al,Os;, and MgO-Al,O3; mixed
oxides were studied by Diez et al.”” The mixed oxides were prepared by the de-
composition of hydrotalcites of different compositions at 723 K. Fig. 2.5.4 shows
the initial rates of formation of the products (propene, isopropyl ether and acetone)
as a function of the composition of the catalysts at 533 K. The formation rate of
each product strongly depends on the Al content, m = Al/ (Al+Mg), and the cata-
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Fig. 2. 5.4 Product distribution for 2-propanol conversion on MgO, Al,O; and MgO-Al,0; mixed
oxides. Initial formation rates of acetone (Cs one) propene (Cs”) and diisopropyl ether
(DIPE) at 533 K.
Reprinted with permission from V. K. Diez, C. R. Apesteguia, D. I. Di Cosimo, J. Catal.,
215, 223 (2003); p. 227, Fig. 8.
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lysts are divided in two groups. AlOs and Al-rich samples (m > 0.5) were highly
active and selective for propene and diisopropyl ether, whereas MgO and Mg-rich
oxides (m < 0.5) selectively afforded acetone together with a small amount of pro-
pene. The formation of propene and diisopropyl ether over Al-rich samples is
ascribed to E2-type dehydration involving Al-O pair sites. The formation of both
acetone and propene over Mg-rich samples is ascribed to the presence of basic
sites, the proposed mechanism being shown in Fig. 2.5.5. The authors supposed
that more strongly basic sites are required for formation of propene than for the
formation of acetone.

In the first step, 2-propanol is adsorbed through the O-H bond on the acid-
base pair site with the formation of a surface propoxide intermediate. The sub-
sequent abstraction of H” or H’ from the 2-propoxide intermediate leads to acetone
or propene. In both routes, a carbanion intermediate is formed as a consequence
of the proton detachment by the strongly basic sites. A similar mechanism is also
proposed for the reaction of 2-propanol over TiO,-ZrO, mixed oxides.”™ Tt is sug-
gested that more strongly basic sites are required for the formation of propene than
for the formation of acetone.”” Actually, the selectivity for propene over MgO in-
creases when Cs,O is loaded."” These findings clearly show that propene is formed
over strongly basic catalysts. Thus, alcohol dehydration is not a reliable measure

Csone
CH; CH/ CH;”—/
|
HYC— C —H HC—-Ce HSC— G H,
o ! H “ H 0 H
wl ] ] ..
—0—Mg—0—_,—0—Mg—0—_,—0—Mg—0—
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e
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(|) o’ H{o w H O Hﬁj

'
\

—0—Mg—0— ,—0—Mg—0—_,—0—Mg—0—

Fig. 2.5.5 Formation of acetone and propene from 2-propanol on MgO and Mg-rich MgO-Al,O3
mixed oxides.
Reprinted with permission from V. K. Diez, C. R. Apesteguia, J. I. Di Cosimo, J. Catal.,
215, 220 (2003); p. 228 Scheme 2.
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for estimating the acidic property, at least when strongly basic sites exist. It holds
true that acetone is formed only on basic sites.

The selectivity depends very much on the reaction conditions such as reaction
temperature and the pressure of 2-propanol. In the reaction of 2-propanol over
TiO., the dehydrogenation selectivity varies with reaction temperature from nearly
100% and below to 68% at 593 K.** The formation of acetone increases an order
of magnitude when the feed contains 10 Torr (1.33 KPa) of oxygen. Addition of
relatively small amounts of water produces a profound effect on the selectivity; the
rate of acetone formation increases significantly, propene being formed at a nearly
constant rate. This indicates that the product of the test reaction, water, alters the
nature of the acid-base character of the surfaces.

Yashima et al. studied decomposition of 2-propanol over alkali cation-
exchanged X and Y zeolites.” Over Li" and Na*-exchanged zeolites, 2-propanol
underwent mostly dehydration. Over K*, Rb*, and Cs'-exchanged zeolites, both
dehydrogenation and dehydration occurred. The dehydration and dehydrogenation
of 2-propanol were selectively poisoned by the addition of a basic reagent (pyri-
dine) and an acidic reagent (phenol), respectively. This is one of the first indica-
tions that alkali-exchanged zeolites act as solid base catalysts. The yield of acetone
increased with increasing ionic radius, except CsX. Since other characterization
techniques show that alkali cation-exchanged zeolites are weakly basic, formation
of propene via carbanion intermediacy can be ruled out. Jacobs and Uytterhoeven,
however, claim that dehydrogenation activity of alkali cation-exchanged zeolites
is caused by iron impurities.””

The effect of the acid-base properties of metal oxide catalysts for vapor-phase
oxidation reactions were extensively studied by AL”™ As a test reaction of acid-
base properties, he used decomposition of 2-propanol. By examining the effect of
the compositions of oxide catalysts on the adsorption amount of CO, (or acetic
acid) and the decomposition of 2-propanol over the oxides, the amount of basic
sites determined by CO, (or acetic acid) on the oxides are better correlated with
the ratio of the rate of dehydrogenation (r, in mole g h™") and that of dehydration
(rp), rather than with the rate of dehydrogenation (r,) itself.”" On the other hand,
the activity for the dehydration is well correlated with the amount of acidic sites
determined by pyridine (or ammonia) adsorption. Fig. 2.5.6 shows the depen-
dence of the rate of oxidation of acetic acid per surface area (in mole m~h") over
a series of modified V,Os catalysts on the r./r, values of the catalysts. The author
concludes that the basic sites play a crucial role in the oxidation of acidic mole-
cules such as acetic acid.””

The reaction of butanols is also a useful method to characterize surface prop-
erties. As described above, formation of 2-butene from 1-butanol is indicative of
the E1 mechanism (free carbenium ions) and thus of the presence of strongly acidic
sites. From 2-butanol, preferential formation of 2-butene (Saytzev orientation) is
observed in the case of the E2 mechanism, in which both acidic and basic sites are
required. Over strongly basic catalysts, 1-butene is selectively formed from
2-butanol via carbanion intermediacy.

Table 2.5.6 shows the distribution of butenes in the dehydration of 1-butanol
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Fig. 2.5.6 Catalytic activities for acetic acid oxidation of metal oxides as a function of r./rs.

Reprinted with permission from M. Ai, Bull. Chem. Soc. Jpn., 50, 2579 (1977); p. 2582,
Fig. 6.

Table 2.5.6 Representative butene distributions for evaluation of dehydration mechanisms

Catalyst (mechanism) Reactant 1-Butene 2-Butene

1% 1%

BPO, (E1) COH-C-C-C 30 70
C-COH-C-C 30 70

AlLO; (E2) COH-C-C-C 85 15
C-COH-C-C 20 80

ThO, (E1cB) COH-C-C-C 95 5
C-COH-C-C 90 10

Reprinted with permission from H. Noller, J. A. Lercher, H. Vinek, Mater. Chem. Phys., 18, 577
(1988); p. 587, Table III.

and 2-butanol over three catalysts, which exhibit typical behavior of the E1, E2
and E1cB mechanisms.”®

Zirconium oxide gives mainly 1-butene in the dehydration of 2-butanol, indi-
cating that anionic mechanism is operative as in the case of ThO,.”

2-Butanol undergoes dehydrogenation over hydroxyapatite to afford 2-
butanone in the temperature range 521-605 K. Dehydrogenation of 2-butanol-
2-d; at 573 K gave 2-butanone free of deuterium, and there was no change in the
isotopic composition of the alcohol. All hydrogen from the dehydrogenation of
2-butanol-2-d; was HD. The kinetic isotope effect on dehydrogenation was 1.8
(kn/kp). The proposed mechanism involves the formation of alkoxide followed by
abstraction of a-hydrogen.

Alcohols other than 2-propanol and butanols are also used to characterize
acid-base properties. Aramendia et al. propose the use of 1-phenylethanol, which
gives two products by dehydration and dehydrogenation.” From the correlation
between the number of acidic and basic sites as determined by temperature pro-
grammed desorption of NH; and CO,, respectively, with the catalytic activities for
dehydration and dehydrogenation, the authors concluded that only basic sites are
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responsible for dehydrogenation and acidic sites are mainly responsible for the
dehydration process, although basic sites can also participate.

2.5.4 Reaction of 2-methyl-3-butyn-2-ol

Lauron-Pernot et al. proposed in 1991 that the vapor-phase reaction of 2-methyl-3-
butyn-2-ol (MBOH) could be an effective measure for distinguishing acidic, basic
and amphoteric catalysts.‘%) The method was fully reviewed by Lauen-Pernot;
reaction conditions, deactivation phenomenon, reaction mechanisms and charac-
teristics as a model reaction being discussed.””

The molecule undergoes dehydration over solid acids and decomposition to
acetylene and acetone over solid bases. Over amphoteric catalysts, 3-hydroxy-3-
methyl-2-butanone (HMB) is mainly formed (Fig. 2.5.7).

Acidic . —\ H
reactivity / — H and >_§f

Mbyne o
Prenal
ﬁ — g Amphoteric_ HO . 0 o)
— i an H
HO reactivity HO
MBOH HMB MIPK
Basic Y
reactivity o + H——-~H

Fig. 2.5.7 The reaction products from MBOH over acidic, amphoteric and basic catalysts.
Reprinted with permission from H. Lauron-Pernot, F. Luck, J. M. Popa, Appl. Catal., 78,
213 (1991); p. 215 Scheme 1.

The product distribution in the decomposition of MBOH on various catalysts
reported by Lauron-Pernot is listed in Table 2.5.7.” The reactions were carried
out at 453 K with a pulse reactor. The selectivities S; are defined as Si = aiCi/
(2 aiCi —Cwmpon), where o = 1 for all products except for acetylene and
acetone, o; = 0.5.

Si0,-ALOs, a typical acid catalyst, gave 90% selectivity to 3-methyl-3-buten-
1-yne (Mbyne), 3-methyl-2-butenal (prenal) also being formed. The mechanisms
for the dehydration to Mbyne and isomerization to prenal are proposed as shown
in Fig. 2.5.8.

Over MgO, a typical solid base, the conversion of MBOH is very high and
acetylene and acetone are formed exclusively. Though the conversion is low, ZnO
also gave a basic character. The mechanism of the decomposition of MBOH to
acetylene and acetone is proposed as shown in Fig. 2.5.9.

Over ZrO,, a typical amphoteric oxide, HMB, a hydration product, is mainly
formed. The formation of HMB as a main product over ZrO, was also
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Table 2.5.7 Product distribution in the reaction of MBOH over various catalysts

Catalyst Calcination. Conv./% Selectvitiy/%

Temp./K Mbyne Prenal C,H, Acetone HMB MIPK
Si0,-AlL0; 673 25 90 9 0.5 0.5 0 0
MgO 673 70 0 0 52 48 0 0
ZnO 673 20 0 0 50 50 0 0
71O, 673 8 18.0 0 2 18 76 0
AlLO;
(0.025% Na,0) 723 7 16 0 22 23 0 39
ALOs 723 9.5 4.5 0 41 43.5 4.5 6.5
(0.27%Na,0)
ALO;
(4.1% Na,O) 723 100.0 0 0 50 50 0 0

Data reproduced from tables in H. Lauron-Pernot, F. Luck, J. M. Popa, Appl. Catal., 78,213 (1991).
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Fig. 2.5.8 Mechanism of MBOH reaction over acidic catalysts.
Reprinted with permission from H. Lauron-Pernot, F. Luck, J. M. Popa, Appl. Catal., A, 78,
213 (1991); p. 220, Scheme 2.

confirmed.™  Other products are acetylene, acetone, 3-methyl-3-butene-2-one

(MIPK) and Mbyne. The distribution of the products depends on the pretreatment
of the catalysts and reaction conditions such as reaction temperature. The
hydration of MBOH to HMB is presumed to involve the surface hydroxyl groups or
traces of water either contained in MBOH or formed by side reactions such as
acetone condensation.”

Over Al,O; with a low Na,O content, MIPK is the predominant product, but
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0 Y

Fig. 2.5.9 Mechanism of MBOH reaction over basic surface.
Reprinted with permission from H. Lauron-Pernot, F. Luck, J. M. Popa, Appl. Catal., A, 78,
213 (1991); p. 220, Scheme 2.

C,H,, acetone and MIPK are also formed, indicating that Al,O; has both acidic and
basic characteristics. By doping Na,O onto Al,Os, the products shift to acetylene
and acetone, indicating that the material is shifted to a solid base. On the other
hand, according to Lahousse et al., Al,Os gave only acetone and acetylene at 523 K,
while only dehydration occurred in the decomposition of 2-propanol at 673 K.

ZnO gave acetylene and acetone exclusively in the reaction of MBOH at 523
K, and only acetone in the decomposition of 2-propanol at 673 K, indicating that
ZnO is a basic oxide.””

AlPO, gives Mbyne very selectively (>98%). By loading CsCl on the surface,
the catalyst turns basic (>91% acetone + acetylene).’”

The reaction of MBOH over various types of zeolites was studied at 453 K by
Huang and Kaliaguine.&) Acetone and acetylene are formed exclusively over a
series of alkali cation-exchanged zeolites. The initial conversion increased with
the counter cations in the order Li* < Na" = K" < Rb" < Cs’. As for a series of
Na'-exchanged zeolites, NaA, NaX, NaY gave only acetylene and acetone, but
Mbyne appeared as another reaction product (6.5%) over NaL. The activity of
NaX for the base-catalyzed reaction was greatly enhanced by loading NaNj; or
cesium acetate followed by calcinations.”” Over Na-ZSM-5, Mbyne is the pre-
dominant product (95.9%). In contrast to Na-ZSM-5, H-ZSM-5 gave MIPK with
the selectivity as high as 45% besides Mbyn (49.6%) and prenal (3.9%). Huang
and Kaliaguine propose that the formation of MIBK requires strong Brgnsted sites.
However, the work by Meir and Holderich showed that MIBK was a predominant
product (>90% selectivity) with a smaller amount of prenal over both Na-ZSM-5
and H-ZSM-5 at 393 K.

The reaction of MBOH over hydrotalcite (HT) and its calcination products
was examined by Costantino and Pinnavaia.”**® The composition of the starting
hydrotalcite was [Mg,34Al(OH)s.63][CO3]05°2.6H,O. The material was activated at
353-723 K under a helium stream for 2 h and the catalytic activities for MBOH
decomposition were examined at 353—423 K. The products were exclusively equi-
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Table 2.5.8 Conversion of MBOH over catalysts by thermal activation of hydrotalcite

Activation Structural Surface area Reaction temp. Conversion Specific activity
temp. /K assignment /m* g /K 1% /mmol m ™~ h™'
HT containing
353 pores and - 353 22.4 0.020
interlayer water
423 HT without pore 39 353 47.7 0044
water 423 100 >0.00930.
353 25.1 0.024
523 Anhydrous HT 91 423 99.9 50.093
. 353 4.7 0.0043
623 decalr:‘t?(:[rlzg:{i - 107 383 64.6 0.060
423 93.5 ~0.086
353 4.5 0/0028
723 Amorphous oxide 180 383 38.9 0.060
423 99.5 >0.061
353 2.7 0.0026
1013 Spinel and MgO 83 383 39.9 0.038
423 99.1 >0.096

Reprinted with permission from V. R. L. Constantino, T. J. Pinnavaia, Catal. Lett., 23, 361
(1994); p. 366, Table 1.

molar amounts of acetylene and acetone for every sample. As shown in Table
2.5.8, all of the samples exhibit MBOH conversions of >95% at a reaction temper-
ature of 423 K. However, at 383 K or 353 K, important structure-dependent dif-
ferences in the catalytic activity can be distinguished. Most significantly, the
material activated below the structural decomposition temperature (< 523 K) is an
order of magnitude more active than the metal oxides generated at 723 K. Similar
results were also reported by Tanner et al.®” For most of the catalytic reactions
such as the aldol reaction of acetone to diacetonealcohol,(’” the MgO-AlL,O3 mixed
oxides prepared by calcination of hydrotalcite is highly active, while the hydro-
talcite as prepared has nil activity. The reason for this discrepancy remains to be
clarified. Rehydrated hydrotalcite, which contains OH™ in the interlayers, is more
active than the hydrotalcite with COs” for MBOH decomposition.®”

The effect of hydration of MgO on the reaction of MBOH was studied by
Bailly et al.® MgO was first evacuated at 1273 K. The clean surface was then
hydroxylated at 373 K after which the temperature was increased in a flowing
nitrogen in 100 °C step to progressively remove physisorbed water and OH
groups. The catalytic activities of partially hydrated MgO correlated well with the
amount of isolated hydroxyl groups determined by DRIFT, indicating that the iso-
lated OH groups are active centers for MBOH decomposition. Furthermore, this
implies that the OH groups are more active than oxide ions on the MgO surface.
This is a quite similar to the finding for hydrotalcite materials.*”

Handa et al. studied the catalytic activities for the reaction of various strong
solid bases at 453 K. The results are listed in Table 2.5.9. For all the catalysts,
acetylene and acetone were formed exclusively.(’g) The most active catalysts are the
alkali metal salts supported on Al,O; (KNO3/Al,Os, K,CO5/Al,O3;, KHCO5/Al,Os,
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Table 2.5.9 Catalytic activities of solid base catalysts for the decomposition of 2-methyl-3-
a)

butyn-2-ol over alkali compounds supported on alumina

Catalyst WIF MBOH conversion”/% Rate” x 10™'/mol h™' g
—1

/g h mol 5 min 35 min 5 min 35 min
LiOH/ALO; 0.78 10.3 7.4 0.51 0.37
NaOH/ALO; 0.26 26.3 20.9 3.9 3.1
KOH/ALO; 0.13 26.9 245 8.5 7.3
RbOH/ALO; 0.094 228 18.1 95 75
CsOH/ALO; 0.088 21.8 17.7 9.7 75
KNOH/ALO; 0.12 34.8 23.1 12 7.8
K,OH/ALO; 0.12 36.7 16.9 12 5.6
KHOH/ALO; 0.12 23.1 18.0 75 6.0
KFOH/ALO; 0.20 26.5 255 53 49
4MgO- ALO;” 2.07 20.8 19.0 0.39 0.36
4Ca0- ALO;" 1.89 15.4 9.1 0.32 0.19
4Ca0- ALO,"? 1.89 12.0 5.3 0.25 0.11
KX 0.78 0.1 0.1 0.0055 0.0049
Kx" 1.56 6.1 3.9 0.152 0.097
CsX 0.78 0.1 0.1 0.0055 0.0055
Csx” 1.56 0.6 0.4 0.00150 0.010
4.2°CsOAc/CsX 0.78 0.47 0.23 0.023 0.012
10.22CsOAc/CsX 0.78 7.10 4.61 0.35 0.230

“ Reaction conditions: 453 K, MBOH = 39.3 kP,, pretreatment temperature of the catalyst = 673
K, supported amount on alumina = 5 mmol g’

® Time on stream.

© Prepared from Mg,Al(OH)sNOs - nH,0.

4 Prepared from 3CaO- Al,O3 - Ca(NOs), nH,O at 873 K

© Prepared from 3CaO - AL,Os - Ca(NOs), - nH,O at 1073 K

" Reaction temperature = 483 K.

¥ Supported amount of CsOAc.

Reprinted with permission from H. Handa, Y. Fu, T. Baba, Y. Ono, Catal. Lett., 59, 195, (1999);

p- 197, Table 1.

CsOH/AL,O3, RbOH/ALOs). The activity of the mixed oxide prepared by calcina-
tion of hydrotalcite at 673 K is an order of magnitude lower than metal salts on
AL O3, but far more active than zeolites (KX, CsX). The activity of CsX is greatly
enhanced by loading Cs(OAc), followed by calcination. These general trends are
in good agreement with those found in the activities for liquid-phase isomerization
of 2,3-dimethyl-1-butene to 2,3-dimethyl-2-butene. The order of the activities for
MBOH reaction over alkali hydroxide is as follows:

LiOH/ALOs; < NaOH/ALO; < KOH/AL,O3 <RbOH/ALLO33 = CsOH/ALLO;

This order is the same as that found in the isomerization of 2,3-dimethyl-1-butene
at 201 K. However, the relative activities among the catalysts are quite different.
For the alkene isomerization, NaOH/ALOs is totally inactive at this temperature,
while CsOH/AlL,Os3 is very active. On the other hand, for the rate of MBOH
decomposition at 5 min time on stream, the ratio of the rates over the two catalysts
is only 2.5. This indicates that alkene isomerization is a more effective measure of
the basic strength for very strong solid bases.
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2.5.5 Khnoevenagel condensation

The Knoevenagel condensation is a class of base-catalyzed reactions. The reactions
between benzaldehyde and compounds having an active methylene group are
usually selected as the test reaction.

O
I X

C. , —
©/ NG Q— " 2.5.3)
Y

Active methylene compounds of different pK, values are used. They are ethyl
cyanoacetate (pK, = 9), ethyl acetoacetate (pK, = 10.7), malononitrile (pK, = 11.0),
diethyl malonate (pK, = 13.3), and ethyl bromoacetate (pK, = 16.5). The reactions
are usually very selective. When the basic strength of the catalyst is high, side
reactions such as Michael addition are involved. The reaction of benzaldehyde
with ethyl cyanoacetate or malomonitrille has been studied for a wide variety of
solid bases as shown in Table 5.4.1.

Corma et al. proposed Knoevenagel condensation reactions of benzaldehyde
with active methylene compounds having different pK, values for estimating the
basic strength of solid bases.”” In the reaction of benzaldehyde and ethyl cyano-
acetate over a series of alkali metal cation-exchanged X and Y-type zeolites, the
order of the catalytic activity was Li < Na < K< Cs and Y < X. The orders are in
conformity with those determined by the IR band of adsorbed pyrrole. The reac-
tion of benzaldehyde and cyanoacetate were also carried out with homogeneous
catalysts, pyridine (pKs = 8.8) and piperidine (pK, = 11.12). Pyridine is less active
than any of X zeolites except the Li form, which shows slightly lower activity than
pyridine. All'Y zeolites show a lower activity than pyridine. Piperidine, however,
is more active than any of the zeolites studied. The reaction rate depends on the
pK. values of the compounds having activated methylene groups. In the case of
CsX, the rates of benzaldehyde with ethyl acetoacetate and diethyl malonate are 4
times and 30 times lower than the reaction with ethyl cyanoacetate, respectively.
These results suggest that most of the basic sites of X- and Y-zeolites have basic
sites of H- < 10.7 and that only a few sites with H_ < 13 exist on the more basic
CsX zeolite.””

The Knoevenagel condensation over basic sites can be expressed as follows.

/X /X
B + HC ~ —= HC_ + BH (2.5.4)
Y = Y
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\Y + BH —>©/\Y + B + H:0

The reaction rate, r, is expressed by first order kinetics with respect to
[CH.XY] when step (2.5.4) is rate-determining.

r=k[CHXY] (2.5.7)

The rate is directly affected by the ease of the proton abstraction from the
active methylene group, thus its pK, value. In this case, the rate is not affected by
the nature of the aldehyde (or ketone).

When step (2.5.6) is the rate-determining step, the rate is of the second order
and expressed as follows.

_ [CH,XY][aldehyde] _
r=kK, 1+ K, [CH,XY] K=k /k, (2.5.8)
When 1 > K,[CHXY],
r = kK [CH,XY][aldehyde] (2.5.9)

In this case, the rate depends on the properties of both the active methylene com-
pound and the aldehyde (or ketone). In other words, the over-all rate is not a direct
measure of the nature of the active methylene group.

In the Knoevenagel reactions over alkali cation-exchanged zeolites, the exper-
imental rates fitted both first and second order kinetics, though a better fit was
observed for the latter.”” In the Knoevenagel reactions between malononitrile and
various ketones in the presence of calcined hydrotalcite and CsX, the rate
depended on the ketone in the order, benzophenone > cyclohexanone > p-amino-
acetophenone.’”

Step (2.5.4), the abstraction of a proton from an active methylene compound
by the catalyst, does not proceed if the basic strength of the basic sites is too weak.
Thus, for the reaction to proceed, the H_ value of the basic sites must be equivalent
or higher than the pK, value of the active methylene group. This is the basis on
which the Knoevenagel reaction can be used as a measure of the basic strength of
the solid surfaces. It should be noted that the rate of the condensation can also be
dependent on the reactivity of the aldehyde (or ketone). Obviously, the rate
depends on the number of basic sites. These points must be kept in mind when
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one discusses the basic strength of the catalysts from the rate of the Knoevenagel
condensation.

Corma et al. studied the various solid base catalysts by the Knoevenagel
reactions. Germanium substituted faujasite (Na-GeX) is more active than ordinary
NaX for the reaction of benzaldehyde with ethyl cyanoacetate or diethyl malo-
nate.”” For the alkali cation-exchanged sepiolite, the activity order is Li < Na < K
< Cs. The activity of MgO-Al,O; mixed oxide prepared from hydrotalcite (Mg/Al
= 3) is more active than Cs-sepiolite. The activity order is determined as Mg,Al-
mixed oxide > Cs-sepiolite > CsX. > CsY.”""” Because of the higher basic strength
of the mixed oxide, various side products are formed as a result of Michaels addi-
tion, aldol condensation, etc. in the reaction of benzaldehyde and ethyl acetoacetate.
These reactions demand stronger bases than the Knoevenagel reaction. The mixed
oxide shows also the activitiy for the Knoevenagel condensation of benzaldehyde
and ethyl bromoacetate, indicating that the mixed oxide contains basic sites of H-
value up to 16.5.

Rodriguez et al. examined the catalytic activities of Cs-loaded Cs-Y and Cs-X
zeolites by using the reaction between benzaldehyde and ethyl cyanoacetate.””
The catalysts were prepared by loading cesium acetate with an impregnation method
followed by calcination at 823 K. The initial rate of the condensation increased
with increase in the loading amount of Cs in the unit cell, indicating that the basic
strength and/or amount of basic sites increase with increasing Cs-loading.

Goa et al. compared the catalytic activity of ETS-10 and Y-zeolites for
Konoevenagel condensations.”” For the reaction of benzldehyde and ethyl cyano-
acetate, alkali cation-exchanged ETS is much more active than alkali cation-
exchanged Y- zeolite. For the reaction of acetone with malononitrile, ETS-10 is
active, but Y-zeolites are totally inactive. These results indicate that alkali cation-
exchanged ETS-10 is more basic than alkali cation-exchanged Y-zeolites.

In the Knoevenagel reaction of benzaldehyde with ethyl malononitrile or ethyl
cyanoacetate, the reaction rate is much faster with malononitrile than with ethyl
cyanoacetate.(see Table 5.4.1) This is unexpected since the former has higher pK,
value. Climent et al. attributed this phenomenon to the difference in the stabilization
of the carbanion intermediate on the surface.”” It should be noted that pK, values
are dependent on the reaction medium, i.e. solvent used. Climent et al. compared
the catalytic activity of four solid bases for Knoevenagel condensation; the reac-
tion of benzaldehyde with malononitrile and dimethyl malonate.”” The order of
the catalytic activity depended on the reaction studied.

For the reaction of benzaldehyde with malononitrile

CsX = AIPON > MgO > MgO-A1203
For the reaction of benzaldehyde with diethyl malonate
MgO > MgO-Al,0O; > AIPON

The authors discuss this phenomenon as follows: CsX and AIPON have a higher
number of weakly basic sites, and are more active than MgO and the mixed oxide.
For the more demanding reaction of benzaldehyde with diethyl malonate, the
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catalysts having strong basic sites, MgO and the mixed oxide, are more active than
AIPON.

2.5.6 Aldol addition of acetone to diacetone alcohol and
retroaldolization of diacetone alcohol

Aldol addition of acetone to diacetone alcohol (DAA) is catalyzed in liquid phase
by solid bases.

2 CH;COCH3; —> CH;COCH:C(CH3),OH (2.5.10)

The reaction is reversible and the acetone conversion at equilibrium has been
estimated and is shown in Table 2.5.10."” The reaction has to be carried out under
mild conditions to avoid side reactions. In the presence of acid sites, the de-
hydration of DAA proceeds to form mesityl oxide, which is a strong inhibitor for
the aldol reaction.”

Barium hydroxide is the conventional catalyst for the aldol reacton of acetone
to diacetone alcohol. Raso et al. reported that Ba(OH), obtained by calcination of
commercial Ba(OH),*H,O in air at 473 K had a high activity with high selectivity
for preparing diacetone alcohol from acetone.”” The experimental formula of the
catalyst is Ba(OH),* 0.8 H,O, the main component being Ba(OH)z-HZO.go)

The catalytic activities of various metal hydroxides were studied at the reflux
temperature of acetone.”” The activity order was as follows.

Ba(OH),"H,O > Sr(OH),-0.84H,0 = Ca(OH),*0.04H,O = La(OH)3-2.1H,0 =
Th(OH)4-2H,0 > Mg(OH),*0.1H,O > Al(OH);°2.3H,O > Be(OH), " 1.8H,O

Zhang et al. studied the aldol addition of acetone over various metal oxides at
273 K.*” Alkaline earth oxides showed high activities and the products consisted
mostly of diacetone alcohol and a small amount of mesityl oxide. On a weight
basis of catalysts, the activities were in the following order: CaO > BaO > SrO >
MgO. The activity order on a unit surface area basis was BaO > SrO > CaO >
MgO. This order of the activities coincided with the order of the basic strength of
the basic sites as determined by temperature-programmed desorption of carbon
dioxide. In the case of MgO, preadsorption of water increased the activity, though
the excess amount decreased the activity. The maximum activity was seen at 2.4
mmol water per 1 g of MgO. Preadsorption of water beyond the maximum led to
100% selectivity, formation of the by-product mesityl oxide being completely sup-
pressed. The enhancement of the reaction rate upon addition of water indicates
that the surface hydroxyl groups are involved as active sites. La,Os; and ZnO were

Table 2.5.10 Equilibrium conversion of acetone to DAA

Temperature /K 273 283 293 303 318 329
Conversion /% 23.1 16.9 12.1 9.3 5.6 43

Reprinted with permission from G. G. Podrebarac, F. T. T. Ng, G. L.
Rompel, Chem, Eng, Sci., 52,2991 (1997); p. 2992, Table 1.
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less active than alkaline earth oxides and Nb,Os and SiO, showed no activity. A
study using isotopic compounds on the reaction in the presence of MgO and La,O;
indicates that the C-C bond formation between an acetone molecule and an enolate
ion formed on the surface is the rate-determining step.w

An anion exchange resin, Amberlist-900, in the hydroxide form is an effective
catalyst for the aldol addiotn of acetone to DAA.”” Mesityl oxide is also formed.
The reaction is diffusion controlled. Adding water to the reaction mixture increases
the product selectivity toward DAA and the catalyst life time, but slows the rate of
the reaction.

The catalytic activities for aldol addition of acetone have been used extensively
for estimating the basic properties of hydrotalcite and related materials.”*

Synthesized hydrotalcite heated at 373 K had no activity, while hydrotalcite
calcined at 773 K showed a high activity”* The activity of the MgO-AL,O;
mixed oxide formed by calcination depends on the Al/Mg ratio. The main prod-
ucts were diacetone alcohol (96%) and mesityl oxide (4%) at 273 K. The addition
of pyridine to the acetone decreases both the activity and selectivity for mesityl
oxide, confirming that the acid sites are involved in the dehydration of diacetone
alcohol to mesityl oxide. Mesityl oxide is a strong inhibitor of the reaction. The
conversion decreased from 11% to 4% when 0.5 wt% of mesityl oxide was added
and the reaction was totally inhibited with 3 wt% of mesityl oxide.

Upon treatment of the mixed oxide with water in controlled amounts, the
hydrotalcite structure is restored and hydroxide ions (OH") are introduced in the
interlayers. This reconstructed hydrotalcite showed much higher activity than the
mixed oxide.***” This indicates that basic OH groups are more active than basic
oxide ions. Rehydration is more effective in the liquid phase than in gas phase,
the equilibrium conversion being reached in 0.5 h at 273 K.* The OH™ ions near
the edges of the hydrotalcite platelets are considered to be the active sites.”™ The
catalytic activity per unit weight of hydrotalcite was much enhanced by supporting
hydrotalcite on carbon nanofibers.*”* The activities of various hydrotalcite-
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Fig. 2.5.10 Correlation of ethylene carbonate (EC) conversions and dimethyl carbonate (DMC) yields
with the first order rate constant k((DAA) inretroaldolization of diacetone alcohol over
MgO-CeO; catalysts.
Reprinted with permission from H. Abimaynyu, C. S. Kim, B. S. Ahn, K. S. Yoo, Catal.
Lett., 118, 30 (2007); p. 33, Fig. 5.
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derived samples were well correlated with the number of basic sites as determined
by CO, chemisorption.

Retroaldolization of DAA is also used for characterizing the basic properties
of solid surfaces.””” A good correlation was observed between the catalytic
activities and the number of basic sites, as determined by titration with acrylic
acid.” The first order rate constant of retroaldol reaction of DAA was determined
as a function of the composition of MgO-CeO, mixed oxides.”” The rate constant
is well correlated with the conversion and the yield of dimethyl carbonate in the
transesterification of ethylene carbonate with methanol (Fig. 2.5.10).

2.5.7 Cyclization of acetonylacetone

Acetonylacetone undergoes both acid and base-catalyzed intramolecular cycliza-
tions: Acid catalysis produces 2,5-dimethylfurane (DIMF), whereas base catalysis
leads to 3-methyl-2-cyclopenten-1-one (MCPO). The mechanistic scheme for the
two reactions is shown in Fig. 2.5.11.”” The reaction is carried out in vapor phase
at elevated temperatures. The selectivity of the reaction is used for distinguishing
acidic and basic surfaces. Some selected data are listed in Table 2.5.11.

Dessau first proposed the use of the transformation of acetonylacetone to dis-
tinguish the acid-base character of zeolites.”” Over H-ZSM-5, DIMF was pro-
duced at greater than 97% selectivity at conversions close to 100% at 523-623 K,
while over Na-ZSM-5 MCPO was obtained with selectivity of >90% even under
complete conversion conditions at 623 K.

MgO shows 100% selectivity for the pentenone, while SiO,-Al,O; shows 99%
selectivity for DIMF at 573 K.”” Amorphous aluminophosphate gave 30-38%
selectivity for MCPO, the only other product being DIMF, indicating the ampho-
teric nature of AIPOs. When AIPO, was loaded with cesium acetate and calcined
at 873 K, the selectivity for MCPO increased as the loading amount of the Cs
compound. The selectivity for MCPO reached 100% when the loading reached 30
wt%.”

Hydrated and calcined Nb,Os shows an amphoteric nature.”” Al,O; shows a
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Fig. 2.5.11 Reactions of acetonylacetone over acidic and basic catalysts.
Reprinted with permission from R. M. Dessau, Zeolites, 10, 205 (1990); p. 206.
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Table 2.5.11 Selectivity in the reaction of acetonylacetone

Temperature ~ Conversion Selectivity
Catalyst Reference no.
/K 1% DIMF/%  MCPO/%

H-ZSM-5 523 96.8 98.7 1.2 94
(Si/Al = 35)

H-ZSM-5 623 99.9 97.7 1.5 94
(Si/Al = 300)

Na-ZSM-5 623 99.9 44 89.1 94
(Si/Al = 300)

MgO 573 20 0 100 95
Si0,-ALO; 573 20 99.0 1.0 95
AlIPO, 573 20 67.0 33.0 95
5 wt%CsOAc/AIPOy4 573 20 60.5 39.5 95
10 wt%CsOAc/AIPO4 573 20 493 50.7 95
20 wt%CsOac/AlIPO, 573 20 17.9 82.0 95
30 wt%CsOac/AlPO, 573 20 2.0 98.0 95
Nb,Os*nH,O 623 20 58 38 96
Nb,Os 623 15 54 42 96
ALO; 623 71 13 77 96
K'/ALO; 623 70 0.4 89 96
Cs*/ALO; 623 94 1 86 96
MgO-AlOs 573 65 0 100 97
MCM-41 623 18 100 0 98
Li/MCM-41 623 29 12.8 87.2 98
Na/MCM-41 623 30 0 100 98
K/MCM-41 623 79 0 100 98
Rb/MCM-41 623 81 0 100 98
Cs/MCM-41 623 89 0 100 98

basic character rather than acid, though Al,O; shows very high selectivity for
2-propanol dehydration.” The basic character of Al,Os is enhanced by loading
alkali metal ions.

MgO-AlO; mixed oxides prepared from hydrotalcite gave 100% selectivity
for MCPO at 573 K.””

The effect of alkali-cation loading on MCM-41 was studied by Michalska et
al.” The loading was performed by incipient wetness impregnation with alkali
metal acetates with a loading of alkali metal element of ca. 5 wt%. The materials
were then dried and calcined at 773 K. These treatments caused the destruction of
the mesoporous structure. Thus, the surface area of the materials decreased from
990 m” g”' to 110, 90, 120, 370, and 590 m* g for Li, Na, K, Rb, and Cs-loaded
samples, respectively. The acid-base character of the surfaces was studied by the
reaction of acetonylacetone at 623 K . As shown in Table 2.5.11, MCM-41 gives
the DIMF exclusively. Li-loaded MCM-41 developed the activity for the MCPO.
K-, Rb- and Cs-loaded materials give the MCPO exclusively.
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3.

Preparation and Catalytic Properties of
Solid Base Catalysts — 1. Metal Oxides

3.1 Alkaline Earth Oxides

MgO, CaO, SrO and BaO are representative solid base catalysts that are used for a
number of base-catalyzed reactions. The surface basic strength is believed to follow
the order: MgO < CaO < SrO < BaO. Among these, MgO has been studied most
extensively, probably because samples of definite structure with high surface area
are prepared much more easily by thermal pretreatment than samples of CaO, SrtO
and BaO. The structures of CaO, SrO, and BaO are similar to that of MgO, and
thus, the catalytic and surface properties of CaO, SrO, and BaO can be estimated
from the results obtained with MgO. Although BeO and RaO are included in the
alkaline earth oxides, they have not been studied because of toxicity and radio-
activity, respectively.

In this section, generation of basic sites, characterization of active sites, prepa-
ration of catalysts for high surface area and definite pore structure are described
mostly for MgO, and to a lesser extent for the other alkaline earth oxides. In the
final section the catalytic properties of alkaline earth oxides are briefly described
focusing on the strength of basic sites relevant to different types of reaction.

3.1.1 Generation of Active Sites

MgO and CaO are normally prepared by thermal decomposition of Mg(OH), and
Ca(OH),, respectively. On the other hand, SrO and BaO are prepared from SrCO;
and BaCOs, respectively, because Sr(OH), and Ba(OH), melt at low temperatures
when temperature is rising. Sr(OH), melts at 648 K in H», and Ba(OH), melts at
351 K. Any commercially available alkaline earth oxides have probably been
exposed to the atmosphere and their surfaces may be covered with carbonates,
hydroxides, and in some cases, peroxides. Removal of carbon dioxide, water and
oxygen from the surfaces is required to reveal the oxide surfaces.

During thermal treatment of commercially available hydroxides and carbon-
ates, water and carbon dioxide are evolved. Fig. 3.1.1 shows the evolution of
water and carbon dioxide from Ca(OH), as a function of outgassing temperature.
Surface areas and the activities for 1-butene isomerization are also plotted."”
Evolution of water and carbon dioxide begins at about 600 K and continues up to
about 1000 K. Evolution of water and carbon dioxide results in generation of
basic sites on the surfaces which act as catalytically active sites for e.g., 1-butene
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Fig. 3.1.1 Varlatlons in (O) amount of COz evolved/20 mmol g, ', (@) amount of H,O evolved/mmol
~, (&) surface area/100 m’ g’ () activity for 1- butene isomerization/a.u. as a function
of pretreatment temperature of CaO prepared from Ca(OH),.

isomerization. The surface area changes with an increase in the outgassing
temperature. Essentially the same features for the evolution of water and carbon
dioxide are observed for MgO.

When BaO and SrO are prepared from commercially available BaO and SrO,
evolution of water and carbon dioxide appears at 673 K for BaO,” and evolution
of water and carbon dioxide at 473 K and 673 K, respectively, for SrO.” The
evolution of water and carbon dioxide continues to much higher temperatures for
BaO and SrO than for CaO and MgO. In addition to water and carbon dioxide,
oxygen begins to evolve above 900 K. BaO and SrO easily form peroxides on
contact with oxygen, so removal of oxygen is also required to reveal the oxide
surfaces to show active sites for 1-butene isomerization.

The surface model is proposed by Coluccia and Tench for completely
dehydrated and decabonated MgO, as shown in Fig. 3.1.2.” Several Mg™*-O"
pairs with different coordination numbers are present. lon pairs with low coordi-
nation numbers exist at corners, edges and high Miller index surfaces. Among the
ion pairs with different coordination numbers, threefold-Mng'—threefold—O%
(Mg2+3c-02’3c) is most reactive and adsorbs carbon dioxide and water most
strongly, though it was reported recently that the divacancies of Mg”* and O™
adsorb water most strongly (see section 3.1.3 (F)). To reveal this ion pair, the
highest pretreatment temperature is required. By raising the pretreatment tempera-
ture, ion pairs with different coordination numbers appear successively according
to the adsorption strength of the ion pairs toward water and carbon dioxide, and
the most reactive ion pair of Mg”*3c-O” ¢ appears at the highest temperature. The
most reactive ion pair is most unstable and tends to rearrange to disappear at high
temperature. The appearance of such highly unsaturated ion pairs by removal of
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Fig.3.1.2  Ions in low coordination on the surface of MgO.
Reproduced with permission from S. Coluccia, A. J. Tench, Stud. Surf. Sci. Catal., 7, 1160
(1981) Fig. 5.

water and carbon dioxide competes with the elimination of the ion pairs by the
rearrangement, which results in the activity maximum with pretreatment tempera-
ture.

As the crystalline structures of MgO, CaO, SrO and BaO are all cubic, the
surface model proposed for MgO can be applied to the other oxides for under-
standing the variations of the catalytic activity with pretreatment temperature. The
strength of the basic sites required for base-catalyzed reactions varies with the ease

Activity
[\ w B (9] (@) ~ <] =]
T

1 1 | | 1 1
600 800 1000 1200 1400
Pretreatment temperature/K

Fig. 3.1.3 Variations in activities of MgO for different types of reactions as a function of pretreatment
temperature.

, 1-butene isomerization/3.5 x 10° mmHg min', 303 K; A, CH,-D, exchange/4 3% 10° %
s g" 673 K; &, amination of 1,3-butadiene with dlmethyldrnme/S X 10" molecules min~
g’1 73K [, 13- butadiene hydrogenation/2.5 x 10" % min"' g, 273 K; W, ethylene

hydrogenatlon/O 3 % min” "¢ 523 K.
Reprinted with permission from K. Tanabe, M. Misono, Y. Ono, H. Hattori, New Solid
Acids and Bases, Kodansha-Elsevier (1985) Fig. 3.11.
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of proton abstraction from the reactant under the reaction conditions employed.
The reaction of the reactant from which a proton is easily abstracted proceeds even
on a weakly basic site, and the reaction of the reactant from which a proton is dif-
ficult to abstract proceeds only on a strongly basic site. The optimum pretreatment
temperature depends on the type of reaction and the type of alkaline earth oxide.

Figure 3.1.3 shows the variations of the activity for different reactions as a
function of the pretreatment temperature of MgO prepared from hydroxide by
decomposition in a vacuum.” The optimum pretreatment temperatures are differ-
ent depending on the type of reaction. For MgO, the temperatures giving the max-
imum activities are 800K for 1-butene isomerization, 973 K for methane-D,
exchange and 1300 K for hydrogenation of 1,3-butadiene. The change in the opti-
mum pretreatment temperature reflects the strength of the basic site required for
the reaction. Stronger basic sites are required going from 1-butene isomerization
to 1,3-butadiene hydrogenation.

3.1.2  Preparation

MgO and CaO are normally prepared by thermal decomposition of hydroxides,
and SrO and BaO from carbonates. The thermal decomposition is undertaken in a
vacuum or inert gases such as N, and Ar. SrO and BaO are also prepared by
thermal decomposition of Sr(OH), and commercially available BaO though diffi-
culty in handling samples exists because Sr(OH), and Ba(OH), melt at lower tem-
peratures. The surface areas of the resulting MgO, CaO, SrO and BaO are on the
order of 107, 10", 10°, and 10 m” g, respectively, if no special preparation methods
are employed.

In conversion of Mg(OH), to MgO, a layered structure called brucite changed
into a cubic structure called periclase. Change in morphology during the transfor-
mation of brucite to periclase was actually observed by TEM.”

A. Conventional preparation method for MgO catalyst

Commercially available MgO has low surface area. MgO with high surface area
is prepared from a commercially available MgO by the following procedures. The
commercially available MgO is boiled in a deionized water overnight with mag-
netic stirring. Mg(OH), is formed in the slurry which is then filtered, and the filter
cake is dried in an oven at 393 K. The dried powder is slowly heated (less than 10
K min™) to 773 K or above under a vacuum or flowing nitrogen. The resulting
MgO has a surface area of 100-250 m” g~ depending on the final decomposition
temperature. Care should be taken to avoid the presence of H,O during heat treat-
ment at high temperatures, otherwise MgO is sintered and its surface area becomes
low.

Transformation of brucite Mg(OH), to periclase MgO occurs over the temper-
ature range 553 - 623 K in a vacuum. An example of the change in XRD pattern
with heating temperature is shown in Fig. 3.1.4.¥ The heating time was 5 h.
Transformation of Mg(OH), to MgO is prominent when the temperature is raised
from 573 K to 583 K. Transformation of Mg(OH), to MgO is determined not only
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Fig. 3.1.4 XRD patterns of Mg(OH); evacuated at 553-623 K.
Reprinted with permission from T. Yoshida, T. Tanaka, H. Yoshida, T. Funabiki, S. Yoshida,
J. Phys. Chem., 99, 10890 (1995) Fig. 2.

by the temperature of heat treatment but also duration of heating. When Mg(OH),
was heat treated at 623 K in a vacuum for 1 h, 15% of MgO phase appeared. The
percentage of MgO phase increased to 94% after heating for 10 h. The fraction of
MgO was estimated by XANES.

When Mg(OH), is calcined in air, the transformation of brucite to periclase
occurs in the temperature range 473—673 K.”

B. Effects of starting magnesium salt

The type of magnesium salt from which Mg(OH), is prepared by hydrolysis affects
the properties of the resulting MgO. Residual anions suppress the basic properties.
In particular, chloride ions affect strongly the basicities of the resulting MgO.

Matsuda et al. prepared MgO from magnesium salts of nitrate, sulfate, chlo-
ride, carbonate, oxalate and acetate by hydrolysis with aqueous ammonia followed
by washing and calcination at 823 K. MgQO’s prepared from nitrate, oxalate and
acetate possessed strong basic sites, relatively large surface area and high activity
for 1-butene isomerization, while MgO’s prepared from chloride, carbonate and
sulfate possessed weak basic sites, small surface area and low activity for 1-butene
isomerization. Addition of CI ions greatly suppressed the activity and basicity. It
was suggested that Cl is retained in the MgO prepared from MgCl, and exerts an
influence on the surface properties of MgO.'”

Choudhary et al. prepared MgO through hydrolysis of magnesium salts to
Mg(OH), followed by calcination under different conditions. The conditions they
changed were the type and concentration of magnesium salt, precipitating agent,
pH and temperature of precipitation, aging period, and calcination temperature.
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All conditions affected the surface properties of the resulting MgO. A prominent
effect of low surface area was observed for the MgO prepared from MgCl,."”

Aramendia et al. prepared MgO by various synthetic procedures including use
of different salts, application of sol-gel technique and precipitaion with urea, and
measured the catalytic activity for the Meerwein-Ponndorf-Verley reaction of
cyclohexanone with 2-propanol. The most active MgO was prepared by rehydra-
tion and subsequent calcination of MgO that was previously obtained from com-
mercially available Mg(OH), by calcination at 873 K in air for 2 h."”

C. Preparation of MgO with high surface area by sol-gel method

Wang et al. prepared sol-gel MgO by the following procedure.'” Oxalic acid
(H2C,0,) was added to refluxing mixture of Mg(OC,Hs), and ethanol to adjust pH
5 to form gel. After vaporizing excess ethanol, the product was dried in air at 343
K to obtain white powder which was calcined in air at 673, 873 and 1073 K. The
surface areas for the samples calcined at 673, 873 and 1073 K were 199, 267 and
163 m’ g, respectively. They observed morphological change by TEM for con-
version of brucite (Mg(OH),) to periclase (MgO) by calcination."” Brucite was
synthesized by the sol-gel technique using magnesium diethoxide in a homoge-
neous reaction medium. When the calcination temperature was increased from
540 to 773 K, brucite decomposed to form periclase, which was accompanied by
morphology change from a needle shape (hexagonal structure) to small crystallite
with the cubic structure.

Gulkova et al. prepared a high surface area MgO by modified sol-gel method
in which MgO was treated with methanol/water or ethanol/water followed by
simple drying; alcogel of Mg(OH), was obtained. MgO with surface area 310 - 370
m’ g was obtained by calcination of the alcogel at 623—663 K in flowing air."”

Klabunde’s group prepared a high surface area MgO by an aerogel method
using the autoclave, and they named the resulting MgO AP-MgO (autoclave prep-
aration Mg0).'""® Clean metal pieces were dissolved in methanol under an inert
atmosphere to form metal methoxide, toluene was added, and upon vigorous
stirring for a few hours, deionized water was added dropwise to form a hydroxide
gel, which was dried of solvent in an autoclave. The hydroxide obtained was
heated under a dynamic vacuum (< 0.05 Torr) for 24 h to yield partial transforma-
tion to the nanometer-sized metal oxide. The autoclave preparation gives MgO of
very high surface areas.

The autoclave preparation can also be applied to CaO preparation.lg) The sur-
face areas of MgO and CaO prepared by the autoclave (aerogel) method and con-
ventional method, together with commercially available samples are summarized
as follows: AP-MgO, 250-500; CP-MgO, 130-250; CM-MgO, 10-30; AP-CaO,
120-160; CP-Ca0, 50-100; CM-CaO, 1-3 m” g', where AP, CP, and CM represent
autoclave (aerogel) preparation, conventional preparation and commercially avail-

able sample, respectively.””*”
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D. Preparation of mesoporous MgO
Addition of carboxylic acids in aqueous solution of magnesium salts increases the
surface area of the resulting MgO.

Chen et al. used citric acid.”” Into an aqueous solution of Mg(NOs3),, citric
acid was added. The solution was heated to evaporate the water to form a viscous
solution. The viscous solution was moved to an oven and heated at 413-453 K for
half an hour to form a fluffy powder. The powder was heated at 1073 K under N,
flow containing 0.5% O, to obtain an amorphous mixture of MgO and carbon.
MgO particles were covered with carbon to prevent the aggregation of MgO
particles. Then the mixture was heated at 673 K in air to remove carbon. The
resulting MgO had a surface area of 230 m” g™ and mean pore size of 4.0 nm.

Nakayama et al.”” also prepared MgO from a mixture of Mg(NOs), and citric
acid according to the method reported by Marcilly et al.”” and obtained MgO with
a surface area of 172 m” g ' and pore size distribution centered at ca. 7 nm after
calcination at 673 K in air.

Takenaka et al. used a series of carboxylic acids to be added to Mg(NOs),
aqueous solution.”” The pore size of the resulting MgO was controllable with the
alkyl-chain length of caboxylic acid in the range 13—38 nm. Table 3.1.1 shows the
surface areas and pore sizes of the resulting MgO calcined at 673 K with the chain
length (n) of carboxylic acids.

Table 3.1.1 Surface area and pore size of MgO prepared with
carboxylic acids with different alkyl-chain lengths

n SA/m’ ¢! Pore size/nm
10 175 13.2
12 193 14.9
14 171 14.9
16 154 19.5
20 131 37.5

An ordered mesoporous MgO was prepared by exotemplating method in
which CMK type carbon was used as an exotemplate.”” CMK type carbon is also
prepared by use of mosoporous silica as an exotemplate.”” CMK-3 was dispersed
in an aqueous solution of Mg(NOs), and stirred for 2 h to impregnate the meso-
pores with Mg(NO;),. After filtration and drying in a vacuum, the sample was
heated under air atmosphere to 573 K at a constant rate of 2.5 K/min to convert
Mg(NOs), to MgO within the pores. This procedure was repeated three times.
Finally, the carbon was removed by heating to 1073 K at a constant rate of
2 K min™'. The resulting MgO has a surface area of 306 m’ g”', and possesses
ordered mosopores of 5.6 nm diameter as observed by TEM.

3.1.3 Characterization of Basic Sites

Characterization of the surface properties by different methods reveals the struc-
ture of basic sites on alkaline earth oxides. The characterization indicates the exis-
tence of ion pairs with low coordination numbers, and they act as basic sites.
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A. Strength of basic sites measured by indicator method

Strength of basic sites was measured by an indicator method in which a series of
nitroaniline compounds were used.”” Strength of basic sites varies with the pre-
treatment conditions. The basic strengths of MgO and CaO calcined at 723 K in
air for 2 h were in the H- range 15.0-17.2 and 15.0-17.2, respectively. The
strengths were enhanced to 18.4-26.5 for MgO and >26.5 for CaO by pretreatment
at 723 K overnight in a vacuum. SrO showed basic sites of > 26.5 in H_ scale
when pretreated at 723 K overnight in a vacuum.

B. UV- absorption
Zecchina et al. measured UV-absorption spectra of MgO and Ca0.”® MgO
showed two absorptions; 270 and 217 nm (37000 and 46000 cm’]). These
frequencies are considerably lower than those of the absorption edges due to bulk
excitonic transitions for single crystals of MgO (163 nm, 61500 cm’], 7.7 V).
The lower the coordination around a surface oxide ion, the lower the frequency of
the surface exciton associated with it. This is because the Madelung potential is
progressively reduced as the coordination decreases, and the overall process
requires less energy. On this basis the absorptions at 270 and 217 nm were attrib-
uted to two different coordinations of surface O° ions, the lower frequency
absorption representing the lower coordination.

The absorption was ascribed to the electronic excitation of the oxide ion
(Eq. 3.1.1) followed by the charge transfer (Eq. 3.1.2).

Mg (ns)O” (2p%) ——> Mg™(ns)O” (2p’3s) (3.1.1)

Mg (ns")O” (2p’3s) —> Mg"(ns)O (2p") (3.1.2)

Similar absorptions were observed for CaO,ZS) SrO and BaO.” Garronne et
al. summarized the diffuse reflectance spectra of MgO, CaO, SrO and BaO, as
shown in Fig. 3.1.5."” The energies of the transitions are summarized in Table
3.1.2. Bands I, II, and III were attributed to surface ions in fivefold, fourfold, and
three fold coordination, respectively. As shown in Fig. 3.1.2, fivefold coordinated
ions exist on the (100) plane, and fourfold and threefold coordinated ions exist at
steps, edges or kink sites.

Table 3.1.2 Energies of optical transitions of alkaline earth oxides

Absorption/nm
Bulk I I 111
MgO 161 188 216 268
CaO 182 225 280 331
SrO 214 268 316 354
BaO 302 344 375 -

C. Photoluminescence
Coluccia et al. observed photoluminescence from high surface area alkaline earth
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Fig. 3.1.5 Diffuse reflectance spectra of polycrystalline MgO, CaO, SrO and BaO after outgassing at
1073 K. The reflectance scale is displaced vertically in order to avoid overlap of the spectra.
Reprinted with permission from E. Garrone, A. Zecchina, F. S. Stone, Phylos. Mag., 42B,
683 (1980) Fig. 1.

oxides with excitation light of a much lower frequency than that expected from the
band gaps of the bulk oxides.”” They summarized excitation and emission spectra,
together with absorption spectra as shown in Table 3.1.3. Data for absorption
spectra were cited from refs. 28 and 29. It was coucluded that both excitation and
the luminescence spectra arise from excitons in the surface region. The different

behavior towards O, and H, suggested that the excitation site where absorption of

light occurs is associated with anions of low coordination, while the luminescence

is associated with a cation of low coordination.

Table 3.1.3 Absorption and emission bands for alkaline earth oxides and those of
O atoms with different coordinations in MgO

Oxide Absorption/nm Excitation/nm Emission/nm
MgO 218;271 < 230,274 390
CaO 225; 281 <230; 281 405
SrO 267; 313 280; 315 470
BaO 344; 385 335 464
MgO
0”uc 230 380
05 270 460
0" 230 350
H-Osc, 4c 250 410
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Fig. 3.1.6 Emission spectra monitored at 230 and 270 nm of the clean MgO-sol-gel (—) and MgO-
smoke ([_]) and corresponding excitation spectra monitored at the maximum of emission.
Reprinted with permission from M.-L. Bailly, G. Costentin, H. Lauron-Pernot, J. M. Kraft,
M. Che, J. Phys. Chem. B, 109, 2404 (2005) Fig. 3.

Recently, Bailly et al. re-examined photoluminescence of MgO with an
improved photoluminescence cell. They observed two maxima at 395 and 460 nm
when monitored at both 230 and 270 nm. Photoluminescent species excited at 270
nm and emitting at 460 nm were assigned to oxide ions O (four-coordinated
oxide ions at the edges), while those excited at 230 nm and emitting at 395 nm
were assigned to oxide ions 0”5 (three-coordinated oxide ions at the corners).”’m

Emission spectra differed depending on how the MgO was prepared. Fig.
3.1.6 shows emission spectra monitored at 230 and 270 nm of the MgO prepared
by sol-gel mothod (MgO-sol-gel) and the MgO prepared from metallic Mg vapor
by air oxidation (MgO-smoke).33) When MgO-sol-gel was excited by light 230
and 270 nm, two maxima were observed in the emission spectrum at 380 and 460
nm. On the other hand, MgO-smoke gave only one emission peak at 360 nm, no
emission was observed when excited by light 270 nm. The ratios O 3c/O” 4c were
estimated to be close to 0 and 0.15 for MgO-smoke and MgO-sol-gel, respectively.
The O”3c/O” 4 ratio was obtained from the ratio of the areas of the deconvoluted
excitation peaks at 270 and 230 nm monitored at 460 and 380 nm, respectively.34)

D. IR of adsorbed H,

Appearance of O-H stretching vibration on adsorption of H, on MgO was reported
by Coluccia and Tench.” A more definite spectrum for the dissociative adsorption
of H, on the defect sites of MgO was reported by Cavalleri et al.”> IR spectra
following hydrogen adsorption at room temperature on MgO outgassed at 1123 K
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Fig. 3.1.7 1R spectra following hydrogen adsorption at room temperature on MgO pre-outgassed at
1123 K; a) in presence of 200 Torr Ha; b) after outgassing 10 min at room temperature; ¢)
after readmission of 200 Torr H,.

The two processes and the related most significant bands can be summarized as follows on
the basis of the reversibility at room temperature.
reversible splitting H, —> H +H Vwgen 1325cm™.

Vigon 3460 cm™.
irreversible splitting  H, ——> H +H VMe-H 1131, 1067, 959, 861 cm™.

Vygon  3712cm™.
Reprinted with permission from M. Cavalleri, A. Pelmenschikov, G. Morosi, A. Gamba, S.
Coluccia, G. Marta, Stud. Surf. Sci. Catal., 140, 131 (2001) Fig. 2.

are shown in Fig. 3.1.7.” Calculations assigned a band of the reversible species at
1325 cm™ to the Mgs.-H hydride group and a band of irreversible species at 3712
cm™' to the Osc-H hydroxyl group. The hydrogen atoms bridging two or three
neighboring low coordinated Mg atoms of the surface are suggested to be respon-
sible for the complex bands in the 1130-880 cm™' region. No IR bands were
observed that correspond to the calculated frequencies of the H atoms bound to the
4- or 5- coordinated Mg and O atoms, suggesting that the stabilization of H species
at these sites is unfavorable compared to those at the 3-coordinated sites. The
calculated adsorption energies confirm that dissociative adsorption can occur only
when 3-coordinated cations and/or anions are involved.

IR study of hydrogen adsorption on CaO and SrO indicated that hydrogen is
heterolytically adsorbed on CaO and SrO as it occurs on MgO.™

E. TPD of adsorbed H»

The hydrogen molecule is heterolytically dissociated on the surface of MgO to
form H* and H", which are adsorbed on the surface O” ion and Mg”* ion, respec-
tively. Ito et al. measured temperature-programmed desorption (TPD) of H, from
MgO. TPD profiles are quite dependent on the pretreatment temperature of MgO.
As shown in Fig. 2.3.4 (p.22) for the MgO pretreated at 1123 K, which is regarded
to be fully dehydrated MgO. In the TPD profile, seven peaks appear. From
observed TPD profiles and H, adsorption behavior, a series of the active sites is
divided into three groups which differ in adsorptive ability. By comparison of the
activation temperature dependence of the site concentration of each group obtained
from the TPD profiles with that of the concentration of coordinatively unsaturated
surface ions estimated from available reflectance spectra, coordination numbers of
the active sites are determined to be Osc” -Mgsc™, Osc” -Mgac™" and Osc” -Mgsc™
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for the weakest, medium and strongest groups, respectively. The number of total
adsorption sites was only 67 x 10" sites m °, which corresponds to 0.6% of the

total number of surface ions. The adsorption occurs only on specific surface
: 37-39)

sites.

F. IR of surface OH groups

The IR spectra of the various types of hydroxyl groups on MgO were measured by
a number of researchers. Study of the state of OH groups on MgO surface reveals
not only the nature of OH groups but also the surface structure of MgO formed by
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Fig. 3.1.8 OH stretching region of a hydroxylated MgO sample after dehydoxylation at temperature
Tp between 200 and 760°C.
Reprinted with permission from E. Knozinger, K.-H. Jacob, S. Singh, P. Hafmann, Surf.
Sci., 290, 388 (1993) Fig. 5.
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dehydration and dehydroxylation of Mg(OH),. One example of IR spectra in the
O-H stretching region is shown in Fig. 3.1.8."” The spectrum is composed of
several bands and the fraction of each band depends on the pretreatment tempera-
ture. The assignment of each band is controversial. Recently, Chizallet et al.
reconsidered the surface topology and ion coordination on MgO surfaces based on
the density functional theory (DFT) applied to the IR spectra of OH groups
observed on adsorption of water molecules.**” They calculated the band posi-
tions based on the four types of OH group defined by Knozinger et al. (Fig.
3.1.9)."” The assignments of IR bands are summarized in Table 3.1.4 together
with the assignments reported in the literature.”” The most distinctive difference
of the assignment by Chizallet et al. from those in the literature can be seen in the
assignment of the band of the highest frequency. In all reports except that by
Anderson et al.”” the highest frequency band was assigned to isolated OH groups.
Chizallet et al. assigned the highest frequency band to the monocoordinated hydro-
gen acceptor OH group.

Pll H
(l) H Mgice—O
Mgic— Orc Mgic—OLrc OLc — Mgic— Ovc
Type A Type B Type A~
Isolated, Isolated, Isolated,
monocoordinated multicoordinated dicoordinated
| |
O---H Mgic—O ---H
Mgic—Ovrc Orc ™ Mgic™ Ouc
Type C Type D Type C”
Hydrogen bond acceptor, Hydrogen bond donor, Hydrogen bond acceptor,
monocoordinated multicoordinated dicoordinated

Fig.3.1.9 The four types of OH group defined by Knozinger et al."” (A, B, C and D) and additional
two types of OH group defined by Chizallet et al.” (A" and C").

The OH groups located at different coordination states are subsequently
desorbed as the temperature increases. Chizallet et al. calculated the hydration
energies on Mg”>*-O” ion pairs of different coordinations. The hydration energies
reflect the strength of the interaction of MgO with water. From the hydration
energies, the temperature to give a certain equilibrium water vapor pressure can be
estimated. They calculated the temperatures for an evacuation pressure of 107 Pa.
The temperatures were calculated to be 475 K for the edge of high steps, 500 K for
Mg2+3c-terminated corners, 550 K for O”-terminated corners, 620 K for mono-
atomic steps, 740 K for O -terminated kinks, 805 K for Mg2+-terminated kinks,
and 1110 K for divacancies. The results suggest that the Mg**-O” ion pairs appear
progressively from the edge of high steps finally to divacancies as the evacuation
temperature increases.
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Table 3.1.4 Assignment of IR bands in the O-H stretching region of hydroxylated MgO from
different authors

Authors Year  References Assignments
Anderson etal. 1965 43 CwithL =5 Dwithl =5
A with: A with:
Shido et al. 1989 44 L=5L=4L1=3 L'=3 L'=4 L'=5
 — —

Colucciaetal. 1988 45,46 ABwithL,L'=3.4 C.DwithL,L'=5

M 1990 47
orrow ABwithL,1'=3,4 Dwithl'=5
. A B,C D
Knozinger etal. 1993 40 ——
C A,B,C’ DwithL'=5
Chizalletetal. 2007 42 —

Viem™ <!
3800 3650 3200

Experimental spectrum

Y 1 and L~ stand for the coordination numbers of lattice Mg and O, respectively. For A, B, C, D, A”
and C’, see Fig. 3.1.9. The white and black rectangles relate to the sharp and broad experimental
bands, respectively.

Reproduced with permission from C. Chizallet, G. Costentin, M. Che, F. Delbecq, O. Sautet, J. Am.

Chem. Soc., 129, 6442 (2007) Table 1.

G. IR of adsorbed CH;OH

CH;OH is adsorbed on MgO in different states: molecular adsorption involving
H-bonding, monodentate mothoxy and bidentate methoxy. The formation of two
types of methoxy groups results from the dissociation of CH;0H into CH;0™ and
H' on Mg**-O” ion pairs.

(I)CH3 I;I

CH;,OH + Mg*¥—0" <—= Mg o (3.13)
The position of the equilibrium of equation (3.1.3) indicates the thermodynamic
strength of Brgnsted basicity of the ion pair Mg™-O”".*"

IR spectra of adsorbed CH;0OH on MgO were reported by Binsitel et al.
They assigned the bands at 1060, 1092, and 1114 cm™ to the molecularly adsorbed
CH;0H, bidentate methoxy and monodentate methoxy, respectively.

The relative intensities of these bands depend on the preparation methods for
MgO. Bailly et al. plotted the catalytic activities for MBOH reaction (section
2.5.4) against the integrated band area for the dissociated CH;OH on MgO cata-

49)
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Fig. 3.1.10 Correlation, for different “clean” MgO surfaces, between MBOH conversion and thermo;
dynamic Brgnsted basicity evaluated from the integrated area of the vco band per MgO m”
for dissociated methanol.

Reprinted with permission from M.-L. Bailly, C. Chizallet, G. Costentin, J.-M. Kraft, H.
Lauron-Pernot, M. Che, J. Catal., 235, 413 (2005) Fig. 7.

lysts prepared by different methods as shown in Fig. 3.1.10.* A linear correlation

is observed between the activity and the Brgnsted basicity estimated from the inte-
grated band area for the dissociated CH;OH.

H. TPD and IR of adsorbed CH4

Methane is adsorbed dissociatively on MgO to form CH; and H. CH, adsorbed
on MgO was examined by TPD combined with ab initio calculation.” Two types
of chemisorption were observed resulting from heterolytically dissociated species
Mg.*-CH; and O.c”-H'. The first type occurs on the nearest pair of low-coordi-
nated ions. The second type on the sites consists of Mg '™ and O.c~ isolated
from each other, and is initiated by the adsorption on Mg”*-Osc", where Mg”" is
not in low coordination. The CH; formed on this ion pair migrates to Mg,c"* to
be stabilized.

Ferrari et al. studied adsorption of CHs on MgO at 88K at which temperature
dissociation of methane is not expected.”” By combining IR spectroscopy and
density functional cluster model calculations together with co-adsorption of CO,
they indicated that methane is adsorbed mainly on the low-coordinated Mg”*-O>
ion pairs.

I. IR of adsorbed NO
NO is adsorbed on MgO to form a variety of surface complexes such as NO™, NO,"
of different configurations, and (NO), . IR study of natural and "®0-enriched NO
was reported by Yanagisawa et al.”> Three types of NO adsorption in the region
1500-1000 cm™ were observed. With the help of density functional theory for
(MgO),-NO cluster, types 1, 2 and 3 were assigned to monodentate, asymmetric
and symmetric bidentate geometries, respectively. Type 4, a tridentate model
which involves NOs-like species, gives a wavenumber of less than 1000 cm ™.

All types of adsorption occur on the ion pairs of low coordination. An on-top
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NO adsorption at a four-coordinated Mg,c site on an edge forms the type 1 uni-
dentate. An NO adsorption at Oyc site with a nearby Mguc forms the type 2 asym-
metric bidentate NO,. An NO adsorption at the Osc-Mguc pair at the kink site may
form the type 3 symmetric bidentate NO,, when Osc is left of lattice site. At the
particular site, e.g., a cation-anion vacancy pair site at a step, NO may be adsorbed
and may be trapped at a cation (N) and anion (O) site, respectively, to form the
type 4 tridentate NOs-like species.

J.  ESR of adsorbed NO

Lunsford observed two kinds of paramagnetic species on adsorption of NO on
dehydrated MgO.” One was observable at 77 K and identified as an adsorbed
NO in a molecular form in a strong electric field. The other observable at room
temperature was identified as a stable NO,” species in which the surface O ions
are involved. Both species were eliminated by room temperature outgassing.

Valentin et al. measured by ESR the paramagnetic species formed on adsorp-
tion of “NO and "NO on a high-surface area polycrystalline MgO prepared by
chemical vapor deposition. Only 0.5% of total NO deposited is in a para-
magnetic state; out of the paramagnetic species, 98% is physisorbed and only 2%
is chemisorbed. On the terrace sites, NO prefers to form dimers (NO),. Only at
defect sites (low-coordinated cations) is the interaction of NO monomers with the
MgO surface stronger, preventing the formation of the diamagnetic dimers. A
small minority of chemisorbed species is formed only at low coordinated anions
(steps, edges, or corners) or oxygen vacancies.

Paganini et al. measured adsorption of NO on CaO by ESR and compared the
species formed on CaO and those on MgO. Four distinct types of NO, surface
species were formed on CaO by interaction of basic oxygen ions with NO. The
number of sites involved in the interaction was very low and amounted to a value
in the range of 0.25-0.5% of the whole surface ions (or 2.5-5% of the low coordi-
nated ones). These active sites were low coordination sites present at morphological
defects of the polycrystalline solid. The concentration of the basic sites is 25 times
greater than that of the corresponding sites on MgO.”™”

NO adsorption on MgO was examined by use of density functional theory by
Xuetal.”™ NOis weakly adsorbed on MgO(100) terrace site. On steps and corners,
NO is adsorbed in the following three forms; (a) NO adspecies with N-end bridg-
ing over the step-sitting Mgxc-Oyc (X, Y = 3, 4) ion pairs, (b) NO,” with the O-N
bond chaining over the step-sitting Mgxc-Oyc (X, Y = 3, 4) ion pairs, (c) N,Os™
adspecies formed by attaching another NO molecule on the NO,” species.

Recently, Higashimoto et al. measured the concentration of two paramagnetic
species formed on adsorption of NO on MgO as a function of outgassing tempera-
ture of MgO.” They identified two paramagnetic species as NO physisorbed on
Mg " and NO,” formed by adsorption of NO on O.c”". The concentrations of
the physisorbed NO and NO,” are plotted against the outgassing temperature of
MgO. Both of the adsorbed species are maximized on the MgO pretreated at 1073
K. The maximum concentration of the physisorbed NO was approximately 8 x
10" spins m™, which corresponds to approximately 0.3% of all the surface Mg™*
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jons. The maximum concentration of NO,” was two orders of magnitude smaller
than that of the NO.

K. IR of adsorbed CO,

Pacchioni et al. used CO, as a probe molecule for the basic character of the O™
surface sites of MgO and Ca0.”” On MgO, CO; formed a weakly bound surface
complex, while on CaO the formation of a strongly bound carbonate species was
observed. A decomposition of the interaction energy into electrostatic, polariza-
tion and charge transfer contributions shows that CaO is a stronger base than
MgO. The ultimate reason for the different surface reactivities of MgO and CaO
can be simply explained in terms of electrostatic stabilization of the surface anion.
The O anion at the surface is stabilized by the Madelung potential of the ionic
crystal. This is smaller for CaO than for MgO (Table 3.1.5), thus leading to a
higher basicity and reactivity of CaO. In this respect, a regular surface site of CaO
behaves similarly to a low-coordinated site of MgO.

Table 3.1.5 Madelung potential st various sites of MgO and CaO surfaces

Madelung potential/eV

Site Madelung constant
MgO (r=0.2106 nm) CaO (r=10.2399 nm)
Og.” bulk 1.747 23.89 20.97
Os.” surface 1.681 22.98 20.18
04 step 1.591 21.76 19.10
0s.” corner 1.344 18.38 16.13

Reproduced with permission from G. Pacchioni, J. M. Ricart, F. Illas, J. Am. Chem. Soc., 116,
10152 (1994) Table 5.

L. TPD of adsorbed CO,

TPD of CO, is most frequently used to measure the number and strength of basic
sites.” ™ The strength and the number of basic sites are reflected in the desorption
temperature and the peak area, respectively. TPD profiles of CO, desorbed from
alkaline earth oxides are compared in Fig. 2.3.2 in which the amount of CO,
adsorbed on the samples was limited.®” The strength of basic sites is in the
increasing order MgO < CaO < SrO < BaO. The number of basic sites per unit
weight that can retain CO, under the adsorption condition increases in the order
BaO < SrO < MgO < CaO.

TPD study of C'*0, adsorbed on MgO indicated that CO, migrates over the
surface of MgO accompanied by O exchange with the lattice 0.” Tt is not possi-
ble for unidentate carbonate to exchange its O with lattice O. Bidentate carbonate
can undergo exchange by processes I, II and III, as shown in Fig. 3.1.11. TPD
results showed that the desorbed CO, contained a large fraction of C'°0,. A single
occurrence of process I, II or III should give only one O atom exchange. More
than one successive occurrence of any of the processes I, II and III is required for
exchange of two O atoms, which results in migration of adsorbed CO, over the
surface. CO; is desorbed from the site different from the site on which CO; is ini-
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Fig. 3.1.11 Proposed processes for mechanism of migration of surface bidentate carbonete.
Reproduced with permission from H. Tsuji, T. Shishido, A. Okamura, Y. Gao, H. Hattori,
H. Kita, J. Chem. Soc., Faraday Trans., 90, 803 (1994) Fig. 6.

tially adsorbed. Accordingly, the local structure of Mg-O site changes on adsorp-
tion and desorption of CO,.

M. 'HMAS NMR of surface OH groups

Chizallet et al. measured 'H MAS NMR spectrum of MgO treated at 673 K by
single pulse, Hahn-echo and 2D NOESY-like sequences.”*®” The spectrum is
shown in Fig. 3.1.12. The MgO was prepared by sol-gel method followed by
treatment in N, at 1023 K, hydration at 373 K and finally treated in N, at 673 K.
Six lines were identified at 1.2, 0.7, 0.0, —0.4, —0.7 and —1.8 ppm. These lines
were assigned by combining DFT embedded cluster calculations and experiments
using single pulse, Hahn-echo and 2D NOESY-like sequences. It was expected
that OH groups coming from protonation of O” ions and being more coordinated
would give a signal at a higher chemical shift than the OH groups formed by
coordination of a hydroxide ion to a Mg”*. Chemical shift calculations suggest the
qualitative classification of protons into three main categories. The highest
chemical shift (&g > —0.7 ppm) is proposed to be characteristic of hydrogen-donor
OH groups (threefold Osc-H, fourfold Ouc-H, and Osc-H localized on corners, edges
and in valleys, respectively). The lowest chemical shifts (y < —0.7 ppm) are
associated to isolated and hydrogen-bond acceptor twofold O,c-H and onefold
Oic-H, whereas the central signal at (&y = —0.7 ppm) would correspond to isolated
O;sc-H and Ouc-H on kinks and divacancies.
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Fig.3.1.12 'H Hahn- echo MASS NMR spectrum of MgO-sol-gel after treatment in flowing nitrogen
(20 cm’ min™) at 1023 K for 1 h, hydration at 373 K and subsequent treatment in flowing
nitrogen (20 cm® min™) at 673 K for 2 h. The spectrum of the empty rotor is given in

dashed line.
Reprinted with permission from C. Chizallet, G. Costentin, H. Lauron-Pernot, J. Maquet,

M. Che, Appl. Catal., 307, 239 (2006) Fig. 1.

3.1.4 Type of Reaction vs. Optimum Strength of Basic Site

The strength of basic sites required for promoting a certain reaction varies with the
type of reaction. Some reactions need strong basic sites, and some other reactions
proceed on weak basic sites. As noted above, the strength of basic sites is in the
order MgO < CaO < SrO < BaO. In addition, the strength of basic sites appearing
on the surfaces also depends on the pretreatment temperature.

Table 3.1.6 lists 19 types of reaction for which a series of alkaline earth oxides
were used as catalysts and pretreatment temperature-dependencies of the activity
of MgO were measured.” The reactions are characterized by the reaction temper-
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Table 3.1.6 Reaction characteristics over alkaline earth oxides

Entry Reaction Treacr”  Order of activity” Twax” Relative Ref.
activity”
1 Hydrogenation of 523 SrO > BaO > CaO > 1373 ~0 69
alkenes MgO
2 Hydrogenation of 273 CaO > SrO > MgO > 1273 ~0 70
conjugate dienes BaO
3 CHs-D; Exchange 573 CaO, MgO > SrO > BaO 1073 ~0
4 Amination of 273 CaO > SrO > MgO 1273 ~0 71
conjugate dienes
5  Tishchenko reaction 353 SrO > CaO > MgO > 1073 small 72
BaO
6 DBM? of 1-butene 273 CaO > MgO > SrO > 873 ~0 1,3,4
BaO
7  DBM? of 3-carene 353 CaO > MgO > SrO > 873 ~0 73
BaO
8  DBM" of 5-vinylbicyclo 273 CaO > MgO > SrO > 873 ~0 74
[2.2.1]hept-2-ene BaO
9  DBM of allylamine 313 CaO, MgO > SrO >BaO 1073 ~08 75
10 DBM" of 2-propenyl 273 SrO > CaO > MgO > - - 76
ether BaO
11 Aldol addition of 273 CaO > MgO 873 ~08 77
butyraldehyde
12 Transesterification” 273 BaO > SrO > MgO > - - 78
with methanol CaO
13 Transesterification” 273 SrO > BaO > CaO > - - 78
with 2-propanol MgO
14 Cyanoethylation of 323 SrO > BaO > MgO, CaO 1073 ~1 79
alcohol
15 Aldol addition of 273 CaO > BaO > SrO > 673 1 64
acetone MgO
16  Nitroaldol reaction® 313 MgO > CaO > SrO > 1073 ~1 81
BaO
17 Michael dimerization 323 MgO > CaO > SrO > 873 ~1 80
of methyl crotonate BaO
18  Addition of methanol 273 MgO > CaO > SrO > 673 1 82
to 3-butene-2-one BaO
19 Michael addition of 273 MgO > CaO > BaO, - - 83
nitromethane” SrO

“), Reaction temperature; b), Activity order among alkaline earth oxides; C), Pretreatment temperature
to give maximum activity of MgO; o Activity of MgO pretreated at 673 K relative to that of MgO
pretreated at Tyvax, O indicactes MgO pretreated at 673 K shows no activity, and 1 indicates Tuax is
673 K; e), Double bond migration; ﬂ, Transesterification of ethyl acetate; g’, Nitromethane with methyl
crotonate; ", Michael addition of nitromethane to o, B-unsaturated compounds.

ature, the order of activities among alkaline earth oxides, the pretreatment temper-
ature to give a maximum activity of MgO and the activity of the MgO pretreated
at 673 K relative to that of the MgO pretreated at the temperature to give a maxi-
mum activity. The last item represents the contribution of weak basic sites to the
activity. This is based on the assumption that MgO pretreated at 673 K possesses
weak basic sites. If the value is close to zero, the contribution of weak basic sites
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is small, and if the value is close to unity, weak basic sites and strong basic sites
contribute to the reaction to a similar extent. The order of activity is based on the
unit weight of the catalyst. However, the specific surface areas of alkaline earth
oxides are quite different. In particular, the specific surface area of BaO is much
lower than that of the others. Therefore, the position of BaO in the activity order
contains uncertainty to some extent. Regardless of the uncertainty, the types of
reaction are arranged in such a way that the reactions requiring stronger basic sites
are listed in the upper rows.

It may be said from Table 3.1.6 that the reactions with hydrocarbons need
strongly basic sites. Weak basic sites which are supposed to be present on the
MgO pretreated at 673 K are scarcely relevant to the reactions with hydrocarbons.
Although not shown, these reactions are very sensitive to the presence of CO, and
H,O in the reaction mixture; the reactions are strongly retarded by trace amounts
of CO, and H,O.

The reactions with the compounds containing functional groups such as
hydroxyl, nitro and carbonyl groups tend to proceed even on weakly basic sites.
Perhaps the adsorption of such compounds on the basic sites is strong, and the
abstraction of an H" from the compound is relatively easy. Strong adsorption of
the compounds causes a small poisoning effect by CO, and H,O. Actually the
reactions of entries 12, 13, 16, and 18 are not poisoned by CO, as described earlier.
The common feature of these reactions is that one of the reactants is an alcohol
except for the nitroaldol reaction. The adsorption of alcohol is compatible to or
stronger than that of CO,, and replacement of adsorbed CO, by alcohols is possible.
The adsorption of nitromethane used for the nitroaldol reaction is also strong.
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3.2 Rare Earth Oxides

Although rare earth oxides show strong basic properties, they have not been utilized
widely in base-catalyzed reactions. The oxides also show oxidation ability. The
catalytic behaviors are reviewed in reference 1.

3.2.1 Preparation

Rare earth oxides are prepared from the hydroxides by calcination in air or by
decomposition in a vacuum at high temperatures. The hydroxides are obtained
from aqueous nitrates by hydrolysis with aqueous ammonia. Except for those of
three elements (Ce, Pr and Tb), rare earth oxides thus prepared are stable in ses-
quioxide (M,0s) stoichiometry. The oxides of the three exceptions are stable in
the nominal compositions CeO,, PrsO;; and Tb,O;.

The formation of oxides from hydroxides normally proceeds via three distinct
steps. The thermogram of La(OH)s to La,O; in a vacuum is shown in Fig. 3.2.1.”
Following an initial small weight loss at 373 to 473 K (a — b) due to removal of
adsorbed water and/or crystallization water, the first true stage of La(OH); decom-
position occurs in the temperature range 523 to 623 K, and results in the formation
of a well-defined hexagonal LaO(OH) intermediate, represented by the break in
the integral TG curve at point c. Subsequent dehydration of oxyhydroxide to
La,O; occurs at 523 to 693 K (c — d) and is completed at the latter temperature.
The final broad weight loss that occurs in the temperature range 723 to 1073 K
(d — e) is due to decomposition of carbonate species that is invariably present in
the oxide as a result of interaction of the highly basic trihydroxide precursor with
atmospheric carbon dioxide during preparation and handling.

IR measurement during heat treatment of La(OH); indicates that CO, is
strongly adsorbed and retained on the surface following outgassing at 773 K. The
IR bands assigned to carbonates almost diminished following outgassing at 923 K.



92 3 Preparation and Catalytic Properties of Solid Base Catalysts I

Weight loss/%
oo
T

300 500 700 900 1100
Temperature/K

Fig. 3.2.1 Thermogram of prepared La(OH); obtained at 2 K/min in vacuum.
solid line, integral weight loss curve; broken line, time/temperature derivative; dotted line,
pathway followed by rehydrated La,Os sample during second stage of dehydration.
Reproduced with permission from M. P. Rosynek, D. T. Magnuson, J. Catal., 46, 407
(1977) Fig. 4.

Strong basic sites seem to exist in maximum number at the outgassing temperature
of 923 K.

Surface areas of the rare earth oxides prepared by decomposition of hydrox-
ides depend on the decomposition conditions, temperature, atmosphere, etc. The
oxides prepared by decomposition of hydroxides at 873 K in a vacuum have
specific surface areas in the range 10 to 50 m” g .

As the rare earth oxides interact strongly with CO, and H,O, they change their
structures during storage in air at room temperature unless special precautions are
taken. When a freshly prepared La,O; was stored under normal conditions for five
years, La,Os; underwent bulk hydration and carbonation, the hexagonal La(OH);
and amorphous hydroxycarbonate La,(OH),CO;-nH,O phase being formed.”
Thermal treatment at about 1100 K is necessary to regenerate the oxide phase.

3.2.2 Characterization

A. Indicator method

Amounts and strength of La,O; were measured by titration with benzoic acid using
2,4,6-trinitroaniline (pKgu = 12.2) as an indicator.” The maximum basicity upon
unit weight basis was observed with the pretreatment temperature at 773 K. The
amounts of the basic sites stronger than H_ = 12.2 correlated with the catalytic
activity for diacetone alcohol decomposition.



3.2 Rare Earth Oxides 93

B. IR of surface OH groups

Several OH groups differing in IR absorption frequency exist on rare earth oxides.
An example is shown in Fig. 3.2.2 for Ho,O; pretreated at 720 K in a vacuum.”
The spectrum displays five absorptions at 3775, 3720, 3695, 3655 and 3570 cm™
due to v(OH) vibrations of isolated OH groups. The former two absorptions at
3775 and 3720 cm™ are due to terminal OH groups, while the following two
absorption bands at 3696 and 3655 cm ™ are due to bridging OH groups. The band
at 3570 cm™' is due most likely to multicentered OH groups. The IR band at the
highest frequency has been assigned to the most basic OH groups. The band was
weakened by adsorption of CO, and the band at 3620 cm™ assigned to v(H-OCO,)
developed. This accounts for involvement of the most basic OH groups in the
formation of hydrogencarbonate species.

IR OH-spectrum of Ho,O3

Transmission/%
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Wavenumber/cm '

Fig. 3.2.2 IR v(OH) spectrum of Ho,Os after outgassing at 720 K.
Reprinted with permission from G. A. H. Mekhemer, Appl. Catal. A, 275, 1 (2004) Fig. 2.

C. IR of adsorbed CO,

Several bands appeared in the range 1700 to 1000 cm™' on adsorption of CO, on
the rare earth oxides. On Ho,Oj; pretreated at 720 K, all of hydrogencarbonate,
monodentate carbonate, bidentate carbonate, and polydentate carbonate were
observed. At high coverage, linear species (2350 and 1380 cm™') appeared.”

On the surface of La,Os dispersed on Si-MCM-41, unidentate carbonate and
bidentate carbonate were observed on adsorption of CO,.” Unidentate carbonate
having bands in the ranges 1510-1550 cm™ and 1360-1400 cm™ was formed on
strong basic sites, and bidentate carbonate having bands in the ranges 1610-1630
cm ' and 1320-1340 cm™ was formed on medium basic sites.

3.2.3 Catalytic Properties

The reactions for which basic properties of rare earth oxides are relevant are
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hydrogenation of alkenes, double bond isomerization of alkenes, aldol addition of
ketones, dehydration of alcohols, Meerwien-Pondorf-Verley reactions (transfer
hydrogenation), esterification and H-D exchange between hydrocarbons and
hydrogen.

The catalytic activities of rare earth oxides for base-catalyzed reactions are
dependent on the temperature of pretreatment of the catalyst. Fig. 3.2.3 shows the
variations of the activities of La,O; as a function of the pretreatment temperature
for 1-butene isomerization,4) 1,3-butadiene hydrogenation,7) and methane-D,
exchange.” Pretreatment at 923 K resulted in the maximum activity for all the
reactions. Essentially the same variation was observed for Nd,O; and Sm,O; in
that the maximum activity was obtained at the pretreatment temperature of 923 K.
This is the temperature required to remove all CO, from the surface as detected by
IR, indicating that strong basic sites are relevant to the catalytic activities for these
reactions.

Rare earth oxides show characteristic selectivity in dehydration of alcohols.
In many cases, catalysts of basic character promote dehydrogenation of alcohols
rather than dehydration of alcohols. Rare earth oxides, however, promote
dehydration. The dehydration over rare earth oxides is dissimilar to those
observed over acidic catalysts. 2-Alcohols undergo dehydration to form 1-alkenes
(Table 2.5.5). The formation of thermodynamically unstable 1-alkenes contrasts
with the formation of 2-alkenes observed in the dehydration over acidic catalysts.
Lundeen and Hoozen studied dehydration of 4-methyl-2-pentanol over a series of
rare earth oxides (oxides of Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and U) in the temperature range 623 to 700 K.” The selectivities to 1-alkene
exceeded 90% for all the catalysts except PrsO1; (86%) and UO, (81%). The cata-

Activity
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\

| | |
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Pretreatment temperature/K

Fig.3.2.3 Act1v1ty variation of La,05 with pretreatment temperature.
; 1-butene isomerization at 303 K (1 umt 6. 4 X 102 molecules min™" g™).
Al ; CHs-D; exchange at 573 K (1 unit: 10 % s
. 1,3-butadiene hydrogenation at 273 K (1 unit: 1. 2 x 10” molecules min~ )
Reprlnted with permission from K. Tanabe, M. Misono, Y. Ono, H. Hattori, New Solid
Acids and Bases, Kodansha-Elsevier (1985) Fig. 3.16.
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lytic activity of rare earth oxides in dehydration of alcohol is similar to that of
ZrO; in their preferential formation of 1-alkenes from 2-alcohols.

For hydrogenation of alkenes, rare earth oxides show characteristic features.
A series of rare earth oxides shows high activity for ethylene hydrogenation.'”
The reaction proceeds at 195 K. In particular, La,Os and Nd,Os have activities
comparable to those of transition metal oxides such as Cr,O;. Oxides such as
CeO; and PrsO;; with high oxidation states, however, show low activities.
Although the participation of basic sites in the reaction mechanism was not pic-
tured, the importance of basic sites for the hydrogenation was suggested.'” For
1,3- butadiene hydrogenation, 1,4-addition of H atoms to form 2-butene was
observed for La,0s, indicating that the reaction proceeds via m-allylic carbanion
intermediates.” Hydrogenation of butene to butane did not occur at all under the
same reaction conditions. This also supports a carbanionic hydrogenation taking
place over La,Os.

For butene isomerization over La,0;, reaction mechanisms were studied
mainly by a tracer study in which co-isomerization of a mixture containing
perdeuterio butene and non-deuterio butene was undertaken.*'"™"” All the results
indicated that the isomerization proceeded via m-allylic carbanion intermediates,
and intramolecular H transfer was involved in the reaction. Basic sites on La,O;
abstract an H' from butene to form 7-allylic carbanion to initiate the reaction.

The oxidation state of the metal cations in rare earth oxides affects much the
catalytic activities. The activity sequences of a series of rare earth oxides are
shown in Fig. 3.2.4 for 1-butene double bond isomerization, 1,3-butadiene
hydrogenation and acetone aldol addition.'” The activity sequence was the same
for 1-butene isomerization and 1,3-butadiene hydrogenation, which is different
from that of acetone aldol addition. For the former reaction group, one character-
istic feature is that the oxides of sesquioxide stoichiometry show the activity while
the oxides with metal cations of higher oxidation states are entirely inactive. The
situation is different in acetone aldol addition. Three oxides with high oxidation
state, CeO,, PrsO;; and TbsO7, showed considerable activity. Pr¢O;; in particular
showed activity close to the highest activity among rare earth oxides. It was
suggested that the oxides with metal cations of oxidation state higher than 3
possess weak basic sites which function as active sites for aldol addition, but are
not strong enough to catalyze hydrogenation and isomerization.

The catalytic properties of CeO, change much on the pretreatment with H, at
high temperatures. The activity for 1-butene isomerization at 323 K was one order
of magnitude higher for the CeO, pretreated with hydrogen in the range 673 to
1273 K than for the CeO, outgassed in the same temperature range. The reaction
has characteristic features of base-catalyzed isomerization; high cis-/trans-2-butene
ratio, and an involvement of intramelocular H(orD) transfer.” For the transfer-
hydrogenation of 1,3-butadiene with cyclohexadienes to butenes, CeO, became
active when treated with H; at 873 K. The hydrogenation of 1,3-butadiene with H,
proceeded on the reduced CeQ,, but the rate was three orders of magnitude lower
than that with 1,4-cyclohexadiene.'” Without pretreatment with H,, the CeO, did
not show any activity for the 1,3-butadiene hydrogenation with cyclohexadiene
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Fig. 3.2.4 Catalytic activities of rare earth oxides for 1-butene isomerization (O), 1.3-butadiene
hydrogenation (@) and acetone aldol addition(2).
Reprinted with permission from K. Tanabe, M. Misono, Y. Ono, H. Hattori, New Solid
Acids and Bases, Kodansha-Elsevier (1985) Fig. 3.15.

nor with H,. It was suggested on the basis of XRD measurements that Ce,Os with
the structure of rare earth type-A isomorphous with L,Os is produced by the reduc-
tion of CeO, with H, at high temperatures."”
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3.3 Zirconium Dioxide

Zirconium dioxide (ZrO») catalyzes various base-catalyzed reactions. The catalytic
behavior of ZrO,, however, is not the same as those of the other solid base catalysts
such as MgO and alkali compound-modified metal oxides. Alcohols undergo
dehydrogenation to form ketones or aldehydes over most of the solid base catalysts,
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but undergo dehydration over ZrO,. The catalytic behaviors that distinguish ZrO,
form the other solid base catalysts are frequently interpreted by the acid-base
bifunctional properties of ZrQO,.

Zirconium oxide is used in industrial processes more frequently than the other
solid base catalysts. Dehydration of 1-cyclohexylethanol to cyclohexylethylene,"”
dehydration of 2—hydr0xypropylamine,3) production of diisopropyl ketone from
isobutyraldehyde and water,” and hydrogenation of aromatic carboxylic acids to
aromatic aldehyde” are the industrial processes in which ZrO, is used as a catalyst.

3.3.1 Preparation and Phase Change

Raw materials of zirconium compounds are natural ores such as zircon (ZrSiO,)
and baddeleyite (ZrO,). The ores are treated by alkali fusion, plasma fusion, or
carbon reduction method. For ZrO, catalyst, ZrOCl, is widely used as a starting
material prepared by the following steps.6)

ZrSiO4 + 2 NaOH (or Na,CO;) —> Na,ZrSiOs + H,O (or CO») (3.3.1)

Na,ZrSiOs + 4 HCl —> ZrOCl; + 2 NaCl + SiO, + 2 H,O (3.3.2)

ZrOCl, is hydrolyzed with alkali to form hydrous zirconia followed by calcination
at 673-1073 K.

ZrOClL, + 2 NH,OH ——> ZrO(OH), + 2 NH4CI (hydrolysis with alkali) (3.3.3)

ZrO(OH), —> ZrO, + H,O (calcination) (3.3.4)

The natural ores contain 1-3% Hf, which is difficult to separate from
zirconium compounds. Accordingly, the main impurities possibly contained in the
final ZrO, prepared by the method described above are Hf, Si, Na and CI.

Zirconia has three crystalline structures: monoclinic phase, tetragonal phase
and cubic phase. The monoclinic phase is stable up to 1473 K, the tetragonal
phase is stable up to 2173 K, and the cubic phase is stable above 2173 K. When
hydrous zirconia is calcined at progressively higher temperature to obtain ZrO,,
the phases of the resulting ZrO, do not follow the thermodynamic stabilities of the
phases. The resulting phases depend on the preparation conditions as described
below. The phases of ZrO, used for catalyst are amorphous, metastable tetragonal
and monoclinic. The surface area of ZrO, is small in the form of stable tetragonal
and cubic phases.

Tetragonal phase and monoclinic phase can be determined clearly by XRD.
Monoclinic phase shows XRD peaks at ~ 28° and 31° in 26, for (111) and (111)
reflections, respectively, while tetragonal phase shows at 30° for (111) reflection.
However, it is difficult to distinguish tetragonal phase from cubic phase by XRD.
The XRD patterns of the cubic and the tetragonal zirconia are nearly identical
though small differences are observable; the tetragonal phase gives a limited
number of additional high order and low intensity reflections due to its lower
degree of symmetry. For the sample whose crystallization degree is low, it is not
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possible to determine clearly from broad XRD patterns whether the phase is
tetragonal or cubic.

The tetragonal and cubic phases may be readily identified and distinguished
from one another by means of Raman spectroscopy. Tetragonal zirconia is
expected to give a spectrum consisting of six Raman bands with frequency at
about 148, 263, 325, 472, 608 and 640 cm ', while cubic zirconia is expected to
give a single Raman band around 490 cm™.”

Figure 3.3.1 shows Raman spectra of ZrO, samples prepared by calcination of
hydrous zirconia at different temperatures together with a pure monoclinic sample.”
Zr0O, is tetragonal when hydrous zirconia is calcined at 723 K. The tetragonal
phase completely converts to monoclinic phase by calcination at 1123 K.

Appearance and transformation of the phases are strongly dependent on the
preparation conditions and procedures for ZrO,. The main factors determining the
crystalline phase are pH of the mother liquid during hydrothermal treatment (aging,
digestion), period of hydrothermal treatment, temperature and environment (type
of gas(es) in contact with the oxide) during heat treatment to obtain ZrO, from
hydrous zirconia, and presence of contaminants or additives.

The effects of the pH of the mother liquid are complicated. Denkewicz et al.
reported that at a high pH (> 13) of the mother liquid during hydrothermal treat-
ment of the precipitate at about 383 K, tetragonal phase of hydrous zirconia
formed predominantly, while at a low pH (< 3), monoclinic hydrous zirconia
formed predominantly.” At an intermediate pH (4—12), fraction of tetragonal
phase varied very much; in the pH range 4-6, tetragonal phase formed dominantly
while in the pH range 7-12, monoclinic phase formed dominantly. At a pH lower
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Fig.3.3.1 Typical Raman spectra of different ZrO, samples: (a) a predominantly “metastable” tetrag-
onal sample obtained by calcining hydrous zirconia at 723 K (triangles indicate strongest
bands resulting from the “metastable” tetragonal phase); (b) a predominantly monoclinic
sample obtained by calcining hydrous zirconia at 1123 K; and (c) a 100% monoclinic
sample (CERAC Chemicals, spectro grade monoclinic ZrO,).

Reprinted with permission from P. D. L. Mercera, J. G. Van Ommen, E. B. M. Doesburg,
A.J. Burggraaf, J. R. H. Ross, Appl. Catal., 57, 127 (1990) Fig. 2.
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than 3, no precipitation occurred immediately, but occurred after a prolonged
hydrothermal treatment. Clearfield et al. reported that on refluxing a 1 M solution
of ZrOCl, the pH decreased continuously, and precipitation began in about 20 h
when the pH became about 0.9.” The precipitate was a colloidal suspension of
monoclinic particles. Essentially the same results were reported by others.'” "

Without hydrothermal treatment, the hydrous zirconia precipitated at the
intermediate pH is amorphous. As the hydrothermal treatment is prolonged at
about 373 K, the phase of hydrous zirconia converts successively from amorphous,
tetragonal, and finally monoclinic. It is suggested that dewatering is facilitated
during hydrothermal treatment. The structures of zirconium polycations change
successively from o-type (Zrs(OH) 1™ to B-type (Zr,0,(OH)1,*"), and to v-type
(Zr;04(OH)s™) with hydrothermal treatment period.m The crystalline structure of
the hydrous zirconia is retained after calcination at about 573 K.

Type of gas(es) in contact with the oxide during calcination and the tempera-
ture affect the crystalline structure of the resulting ZrO,. When an amorphous
hydrous zirconia was heated at 573 K in a vacuum, in air, and under steaming, the
resulting ZrO,’s were amorphous, tetragonal and monoclinic, respectively.m
Further increase in a heat treatment temperature brought about a change in the
phase of ZrO..

DTA-TG analysis of an amorphous hydrous zirconia in air shows a sharp exo-
thermic peak at about 693 K which is not accompanied by weight change. The
peak is attributed to a phase change from amorphous phase to tetragonal phase.
The formation of tetragonal phase at this temperature (metastable tetragonal phase)
is contradictory to the thermodynamic stabilities of the phases; monoclinic phase
is thermodynamically more stable at about 693 K. The monoclinic phase appears
when the tetragonal phase is calcined above 1073 K in air and cooled to room tem-
perature.

The presence of contaminants or additives in hydrous zirconia affects the tem-
perature at which the phase transformation from amorphous to tetragonal occurs.
The exothermic peak at about 693 K in DTA curve shifts to a higher temperature
in the presence of contaminants or additives such as Na, Si, Cr, CI and S0..% The
exothermic peak appears at about 900 K for the hydrous zirconia which has been
impregnated with 2 M H,SO, followed by drying at 373 K.

As the thermodynamically stable phase at room temperature is monoclinic,
the existence of a low-temperature tetragonal phase seems to be in conflict with
the phase diagram of bulk zirconia. However, many of ZrO, samples calcined
below ca. 900 K have been reported to be in the tetragonal phase at room tempera-
ture. The monoclinic phase appears after heat treatment at a higher temperature.
Many explanations have been advanced for the initial transformation of amor-
phous phase to the tetragonal phase and not to the more stable monoclinic phase.
One of the explanations is a crystallite size effect.”'” While the monoclinic phase
has a lower bulk free energy, the tetragonal phase has a lower surface free energy.
For crystallites below a certain critical size, the surface energy term dominates the
bulk energy term, which results in stabilizing the tetragonal phase. Another expla-
nation is the short range structural similarities between the amorphous phase and
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the tetragonal phase. The amorphous phase converts faster to tetragonal phase
than to monoclinic phase.

It should be noted that the phase transformation from tetragonal to monoclinic
occurs during the cooling period of the calcined ZrO,, as clarified by Turrillas et
al."" They prepared hydrous zirconia from zirconium hydrogensulfate at pH
values of 8.37 and 10.35. The hydrous zirconia was heated at a high temperature,
and its phase change monitored during the cooling period by in situ measurement
of energy dispersive diffraction (EDD). The sample heated at 1573 K for 60 min
was tetragonal at this temperature and transformed to monoclinic at 1183-1093 K
of cooling process. The sample heated at 1173 K for 60 min was also tetragonal at
1173 K and transformed to monoclinic at 693-373 K. The tetragonal-monoclinic
transformation temperature varied with the pH value at which hydrous zirconia
was precipitated and the period of heating time at top temperature. They concluded
two principles. Firstly, the transformation temperature can be greatly increased by
the temperature and duration of heating. Secondly, whereas the high-pH-prepared
material intrinsically produces high transformation temperatures, it is the low-pH-
prepared material that is more sensitive to heat treatment temperature. For the
samples calcined below 1273 K, the high-pH material displays the higher transfor-
mation temperatures, whereas for the samples calcined above 1273 K, the low-pH
material displays the higher transformation temperature. If the material shows a
transformation temperature below room temperature, the material obtained by
cooling the calcined sample to room temperature will be tetragonal.

Ward and Ko reported essentially the same results as reported by Turrillas et
al. in the same year.lg) They prepared amorphous ZrO, aerogel by sol-gel method
and measured the structure by in situ XRD. The ZrO, aerogel was heat-treated at
different temperatures and its structural change monitored during cooling by in
situ XRD as shown in Fig. 3.3.2. All the samples heat-treated at 973, 1173 and
1373 K were tetragonal before cooling. The phase transformation from the tetrag-
onal to monoclinic phase occurred when the sample was cooled. The temperature
at which the transformation occurs varied with the heat treatment temperature. For
the sample heat-treated at 973 K, the tetragonal to monoclinic transformation
occurred at a low temperature of 673 K, the room temperature product being a
mixture of tetragonal and monoclinic phase. On the other hand, the sample heat-
treated at 1373 K, the transformation occurred at a high temperature of 973 K, the
room temperature product being a monoclinic phase.

An example of the variations in the surface area and the percentage of mono-
clinic phase as a function of the calcination temperature is shown in Fig. 3.3.3 for
the zirconia prepared from ZrOCl, by precipitation at pH 10.” The amorphous
phase is not counted in the percentages of these phases. The surface area markedly
decreases while the percentage of monoclinic phase increases with the calcination
temperature. Essentially the same changes in surface area and fraction of tetragonal
phase with calcination temperature were observed by other researchers.'”

As shown in Fig. 3.3.3, the surface area of ZrO, decreases markedly with cal-
cination temperature. Several preparation methods were proposed for ZrO, of
high surface area after calcination at high temperature.



Fig. 3.3.2

3.3 Zirconium Dioxide 101

973 K 1173 K 1373 K
| | | | i I
1073 K ll A & A
g i J\ A 973 K.k JL_}L/;A-;
ES on
£ £ ~
: < ,
:q 1 L @) 873K, J N M\ |
E L
E
é i TI3Ka A A I A |
|
v _RT._A A A |
T T T T T T T T
25 35/25 35/25 35

In situ X-ray diffraction patterns of zirconia aerogel. Each panel represents a sample that
was heated to the temperature indicated at the top, held at that temperature for 2 h and

cooled.

Reprinted with permission from D. A. Ward, E. I. Ko, Chem. Mater., 5, 956 (1993) Fig. 11.
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Fig. 3.3.3 Variations in surface area (O) and % monoclinic phase (@) as a function of calcination
temperature of hydrous zirconia.
Replotted from the data in reference 7 (P. D. L. Mercera, J. G. Van Ommen, E. B. M.
Doesburg, A.J. Burggraaf, J. R. H. Ross, Appl. Catal., 57, 127 (1990)).

Chuah et al. reported that prolonged hydrothermal treatment (digestion)
resulted in a ZrO, possessing a high surface area after calcination at high tempera-
ture.””*” The hydrous zirconia precipitated with NH,OH at pH 11 (initial) to 9.4
(final) followed by hydrothermal treatment for 192-500 h produced ZrO, possess-
ing a surface area of 240 ng" after calcination at 773 K. Without hydrothermal
treatment, the ZrO, obtained after calcination at 773 K had a surface area of 42.8
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m’g”". The hydrous zirconias precipitated with NaOH and KOH were more stable
to calcination at high temperature. The surface area did not decrease much up to
1073 K but decreased markedly beyond 1073 K. The crystalline phase was exclu-
sively tetragonal for the ZrO, calcined below 1273 K. Although Chuah et al.
deduced the increased surface area to the prolonged hydrothermal treatment, it
turned out that the surface area increase was due primarily to the dissolution of Si
from the glass container used in the hydrothermal treatment. It was also revealed,
however, that the prolonged hydrothermal treatment caused an increase in surface
area, though the effect was not so strong as that caused by the inclusion of Si from
the container. Increase in the surface area by prolonged hydrothermal treatment
was also reported by other researchers who prepared a hydrous zirconia in a glass
container.””

Sato et al. examined the effects of Si which might be dissolved from the glass
container during hydrothermal treatment.”” A Si component was intentionally
added to the mother liquid. The resulting ZrO, showed a high surface area. They
concluded that the high surface area of the ZrO, is primarily due to the inclusion
of the Si component into hydrous zirconia during hydrothermal treatment. This
conclusion was supported by other researchers.””

It is evident, however, that hydrothermal treatment is effective for the enlarge-
ment of the surface area of the resulting ZrO,. Sato et al. also reported that the
surface area of the ZrO, hydrothermal treated for 96 h in a container made of poly-
methylpentane was 78 m’°g”" after calcination at 773 K. Without hydrothermal
treatment, the surface area was 44 m’g”'. Chang et al. also reported an increase in
the surface area by hydrothermal treatment for the sample prepared in a Teflon
container.”” The surface area obtained after calcination at 1173 K was ca. 10
m’g”" for the sample without hydrothermal treatment and ca. 33 m’g™" for the
sample with hydrothermal treatment for 15 h.

A high surfrace area ZrO, is also prepared by sol-gel method. Into a mixture
containing HNOs, 1-propanol, and zirconium tetrapropoxide, a water-1-propanol
mixture was added to form a gel. The ratios H,0/Zr** and HNOy/Zr*" were 2.0 and
0.761, respectively. The alcohol contained in the gel was removed by supercritical
carbon dioxide. The alcohol was completely replaced by CO; in ca. 2 h. After
removal of the CO,, the resulting powder was evacuated at 383 K followed by cal-
cination under flowing O, at 773K. The resulting ZrO, had a surface area of 134

2 -1 19)
mg .

3.3.2 Characterization

A. TPD of adsorbed CO, and NHj;

The existence of both acidic sites and basic sites on the surface is a characteristic
of ZrO,, as evidenced by TPD of NH; and CO,. TPD plots of NH; and CO, on the
monoclinic ZrO, calcined at 1073 K together with those for SiO,-Al,Os; and MgO
are shown in Fig. 3.3.4.” ZrO, adsorbs both NH; and CO,, though adsorption of
NH; and CO; on ZrO, is not strong compared to the adsorption of NH; on SiO,-
AlO; and CO, on MgO, respectively. Co-adsorption of NH3 and CO, on ZrO,
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Fig. 3.3.4 TPD profiles of NH; and CO, on SiO-Al,O; (a), MgO (b) and ZrO; (c).
Reprinted with permission from B.-Q. Xu, T. Yamaguchi, K. Tanabe, Chem. Lett., 1988,
1663 Fig. 1.

revealed that there exist, in addition to independent acidic sites and basic sites,
pairs of acidic and basic sites located nearby so that the adsorbed NH; and
adsorbed CO, attract and interact with each other.”””

B. IR of surface OH groups

Generally from two to four discrete hydroxyl bands are observed in the O-H
stretching region of 4000-3500 cm™. Two main bands appear at 3780 cm™ and
3680 cm ™. There is no controversy as to the assignment of the band at 3780 cm™.
Although the peak position of this band is not the same in all reported papers, this
band is assigned to the OH groups which bind to one Zr atom through O (terminal
OH, unidentate type). For the other main band at 3680 cm™', Bachiller-Baeza et al.
assigned it to tribridged OH groups,”” while Yamaguchi et al.,”” Aboulayt et al.,””
Bensitel et al.’” and Ouyang et al.*’ assigned it to bridged OH groups which bind
to two Zr atoms through O.

In addition to the two main bands, the bands at about 3740 cm’l, 3540 cm™
and 3533 cm™' were reported in some cases. The band at 3740 cm™ was assigned
to bidentate OH by Bachiller-Baeza et al.”” but terminal OH on tetragonal ZrO, by
Hertl.”” The 3740 cm ™' band observed for ZrO, containing silica was assigned to
bridged OH groups on tetragonal ZrO,,”” and the bands at 3540 cm™' and 3533
cm” were assigned to OH groups on tetragonal phase and amorphous phase,
respectively. »

The reactivity toward D,, D,O, CO, CO,, CH;0H, and HCOOH is higher for
the terminal OH groups than for the bridged OH groups. This is due to the stronger
basicity of the terminal OH groups as compared to the bridged OH groups. It was
also reported that the concentration of OH groups is higher on the monoclinic ZrO,
than on the tetragonal 710,

C. IR of adsorbed CO,

Carbon dioxide is adsorbed on ZrO; in different forms as described in section
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241”779 Carbon dioxide is adsorbed more strongly on monoclinic ZrO, than
on tetragonal 7r0,.”* The adsorption sites on the monoclinic ZrO, with stronger
basicity are associated to cusZr'"-O” pairs.”” Unidentate carbonate is formed on
cusO” of high basicity.

For the formation of the ionic hydrogencarbonate species, the terminal OH
groups giving a band at the highest frequency (~3780 cm™') are more reactive than
the bridged OH groups giving a band at lower frequency (~ 3680 cm™). It is sug-
gested that the terminal OH groups are a stronger base than the bridged OH

31,32)
groups.

D. IR of adsorbed H,

Hydrogen is adsorbed on ZrO, to give several adsorbed species.”™® The forms of
the surface species depend on the adsorption temperature. Below 173 K, molecu-
larly adsorbed hydrogen was observed by IR, which gave an absorption band at
4029 cm™ and eliminated by outgassing. At 173 K, Zr-H resulting from homolytic
dissociative adsorption was also observed as a broad band centered at 1540 cm ™.
Above 223 K, heterolytic dissociative adsorption generating Zr-H and O-H species
giving bands at 1562 and 3668 cm™', respectively, were observed. Once heterolytic
adsorption occurred, Zr-H and O-H species were irreversibly observed in the tem-
perature range 223-373 K. Heterolytic dissociative adsorption of hydrogen indi-
cates that O™ and Zr* act as base and acid, respectively. Above 300 K, another
type of dissociative adsorption occurred, giving two different OH species at 3668
and 3778 cm™'. Judging from the absorption frequency, these two bands are the
terminal OH groups and the bridged OH groups, respectively. When the tempera-
ture was raised under hydrogen, the OH bands at 3668 and 3778 cm™' intensified,
while the band due to Zr-H species at 1562 cm™ reduced, and the band at 1562
cm”' disappeared at 525 K .

The reactivities of the OH species resulting from hydrogen adsorption are
similar to those present on the ZrO, pretreated at high temperature. The OH spe-
cies resulting from hydrogen adsorption reacts with CO to form formate ions at
373 K, and methoxide in addition to the formate at 473 K.

ZrO, catalyzes ethylene hydrogenation. However, Domen at al. concluded
that Zr-H and O-H formed by adsorption of hydrogen do not participate in the
hydrogenation of ethylene.39’4°) This is a point which distinguishes ZrO, from ZnO
on which Zn-H and O-H formed by hydrogen adsorption participate in the hydro-
genation of ethylene.4])

3.3.3 Catalytic Properties

Zirconia possesses both acidic sites and basic sites though they are not strong.
Many of the catalytic properties of ZrO, are explained by bifunctional catalysis in
which both acidic sites and basic sites participate. Cooperation of acidic sites with
basic sites results in an efficient catalytic property. For the reaction of 2-methyl-3-
butyn-2-ol (MBOH), which is a diagnostic reaction to examine the nature of active
sites, acidic, basic, or amphoteric, ZrO, yields mainly 3-hydroxy-3-methyl-2-
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butanone, indicating that the active sites on ZrO, are amphoteric.”™* The basic
OH group reacts with the -OH group of 3-methyl-3-butyn-2-ol to form water,
while the vacant Zr d-orbital (acidic site) interacts with acetylenic t-bond to yield
hydroxymethylbutanone.*”

For 1-butene isomerization, which is also a diagnostic reaction, ZrO, shows a
high cis-/trans- ratio in 2-butene, indicating a base-catalyzed reaction. The ratio
observed by Yamaguchi et al. was 7.3 at a reaction temperature of 373 K.* The
reaction was completely retarded by CO, which was retained on ZrO, after
evacuation of adsorbed CO, at 373 K. Pajonk and Tanany also reported a high
ratio of cis-/trans- ratio in 2-butene formed in 1-butene isomerization. They sug-
gested the participation of acidic sites from a strong poisoning effect by NH;.*”

Alcohols undergo dehydration to form alkenes over ZrO,. This is in contrast
with the general trend whereby alcohols undergo dehydrogenation over basic
catalyst, but dehydration over acidic catalyst. The selectivity to alkenes over ZrO,
is not the same as that observed for solid acid catalysts. In the dehydration of
2-alkanols, 1-alkenes are primarily formed over ZrO, while 2-alkenes are the main
products for solid acid catalysts. The reaction mechanisms for dehydration of
alcohols over ZrO, (E1cB mechanism) are different from those over solid acid
catalysts (E1 or E2 mechanism).

Yamaguchi et al. found that 2-butanol undergoes dehydration over ZrO, at
473 K to selectively yield 1-butene; 90.2% 1-butene was formed.” The activity
was slightly poisoned by butylamine injection, but gradually recovered with time
on stream, suggesting the participation of weak acid sites. Ferino et al. also
reported the preferential formation of 1-alkenes in dehydration of 4-methylpentan-
2-ol; the selectivity to 4-methyl-1-penten was 77% at a conversion of 63% at 603
K. They suggested an E2-like mechanism with the activated complex having a
marked carbanionic character.’”*¥ Basic sites and acidic sites cooperate in the
activation of alcohols in both of the above cases. By utilizing the selective forma-
tion of 1-alkenes in dehydration of 2-alcohols over ZrO,, the production of cyclo-
hexylethylene by dehydration of 1-cyclohexylethanol has been industrialized."”

Hydrogenation of conjugated dienes proceeds over ZrO,. 1,3-Butadiene
underwent hydrogenation at 323 K to produce n-butenes, trans-2-butene being the
major product. A negligible amount of n-butane was produced. Deuteration (using
D, in place of Hy) of 1,3-butadiene yielded exclusively butene isomers-d,, and °C
NMR of the produced trans-2-butene indicated that the two D atoms were located
almost exclusively on the C, and C, atoms."” 2-Methyl-1,3-butadiene (isoprene)
also underwent hydrogenation at 323 K to produce 2-methylbutenes: 60%
2-methyl-2-butene, 35% 2-methyl-1-butene and 5% 3-methyl-1-butene being
formed. This means that hydrogenation involves 60% 1,4-addition and 40% 1,2-
(and 3,4-) addition of hydrogen. The variation of the activity with the pretreat-
ment temperature of ZrO, runs parallel with that of H,-D, equilibration. It is sug-
gested that the dissociation of hydrogen is the key step for the direct
hydrogenation.™”

ZrO, promotes the transfer hydrogenation of conjugated dienes.”” Transfer
hydrogenation is hydrogenation with the aid of organic molecules as the hydrogen
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donor in place of hydrogen. The transfer hydrogenation of 1,3-butadiene with
cyclohexadiene proceeded at 323 K over ZrO,. The product distribution in
n-butenes was different for the transfer hydrogenation and for the direct hydroge-
nation with H,, 1-butene (1,2-addition) and trans-2-butene (1,4-addition) being the
major products in the transfer and direct hydrogenation, respectively. The first
step in transfer hydrogenation is the addition of H' to form a cationic intermediate,
while that in transfer hydrogenation is the addition of H™ to form an allylic anion.
The H" and H™ are provided by the dissociative adsorption of cyclohexadiene and
H,, respectively.

The intermediate of the hydrogenation is suggested to be of cationic character
for the transfer hydrogenation which leads to 1,2-addition of hydrogen atoms,
while it is the allylic anion for the direct hydrogenation which leads to 1,4-addi-
tion. Variation in the activity of ZrO, with pretreatment temperature for the trans-
fer hydrogenation runs parallel with that of 1-butene isomerization. The optimum
pretreatment temperature for both reactions is 1073 K. Both the transfer hydroge-
nation and 1-butene isomerization are initiated with the abstraction of an H* from
cyclohexadiene and 1-butene, respectively. The abstraction of an H' from cyclo-
hexadiene by a basic site is the key step for the transfer hydrogenation, and addi-
tion of the H" to 1,3-butadiene leads to the formation of the cationic intermediate.

ZrO, catalyzes the synthesis of dimethyl carbonate from methanol and CO,.
The reaction involves the following steps.””

CH;0H ——> CH;O(a) + H'(a) basic site (3.3.5)
CO, —> COy(a) Dbasic site (3.3.6)

CH;0 (a) + COy(a) —> CH30CO; (a)  basic site (3.3.7)
CH;0H ——> CH;'(a) + OH (a) acidic site (3.3.8)
CH;0CO, (a) + CHs'(a) —> (CH;0),CO (3.3.9)
H'(a) + OH (a) —> H,O (3.3.10)

Basic sites activate methanol and CO, to form methylcarbonate anions, while
acidic sites activate methanol to form methyl cations. The methylcarbonate anion
formed on the basic site reacts with the methyl cation formed on the acidic site to
form dimethylcarbonate.”®” Neighboring acid sites and basic sites are effective
for the reaction. Two reactant molecules are activated separately by basic sites
and acidic sites.

Jung and Bell proposed slightly different mechanisms for the formation of
dimethyl carbonate from methanol and CO, based on IR study.'” The ion pair
Zr**-0” adjacent to the OH group interacts with methanol in two ways; one to
form methoxide and the other to split the C-O bond in methanol.

Formation of aldehydes from aromatic carboxylic acids in H, is an industrial-
ized process in which ZrO, is used. The active sites for the reaction may be
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Fig. 3.3.5 Reaction mechanism proposed for reduction of benzoic acid to benzaldehyde over ZrO,.

understood by the cooperation of neighboring ion pairs. The reaction mechanisms
proposed are shown in Fig. 3.3.5.” The bidentate carboxylate is formed by the
abstraction of an H' from the carboxylic acid by a basic site. On the neighboring
ion pair, Hs is heterolytically dissociated to form an H" and H". The carboxylate
reacts with the H to form the aldehyde, leaving O™ on the Zr*" ion. The O reacts
with two H" ions left on the surface O atoms to form H,O which leaves the sur-
face.

In the decomposition of alkylamines to nitriles over ZrO,, acidic sites and
basic sites act at different stages of the reaction scheme. Triethylamine and
dimethylamine convert to acetonitrile over ZrO, catalyst at 673 K, as shown in
Fig. 3.3.6. The location of acid sites and basic sites nearby is efficient because

base CH;CN + H,
acid acid
EGN EtNH E(NH,
; ; acid C.H. + NH,
C.Hy C.Hy

Fig. 3.3.6 Participation of acid sites and basic sites in decomposition of triethylamine.
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diethylamine and ethylamine formed on an acidic site can rapidly migrate to a
basic site where dehydrogenation takes place to yield acetonitrile.

The first industrial process in which ZrO, was used is the production of
diisopropyl ketone from a equimolar mixture of isobutyraldehyde and water.” A
conversion of 90.8% and a selectivity of 92.3% were obtained at 733 K. The for-
mation of diisopropyl ketone involve five different types of reactions; Tishchenko
reaction, hydrolysis, dehydrogenation, decarbonation and dehydration.” Although
ZrO, was not recognized as a base catalyst when the process was industrialized, it
is now understood that basic sites together with acidic sites on ZrO, are relevant to
those five types of reactions.

Meerwein-Pondorf-Verley reduction and its reverse reaction Oppenauer
oxidation are catalyzed more efficiently by hydrous ZrO, than by crystalline ZrO..
Hydrous ZrO, shows catalytic activities for Meerwein-Pondorf-Verley reducction
(transfer hydrogenation) of a wide variety of compounds with 2-pr0panol.54’56)
The compounds include ketones, aldehyde, carboxylic acids, carboxylic acid
anhydrides, esters, lactones and nitriles (see section 4.10). For these reactions, the
hydrous ZrO, obtained by heat treatment at 573 K gave the highest activity. The
activities decreased when hydrous zirconia was calcined above 573 K to produce
tetragonal or monoclinic phases.

Hydrous ZrO, shows catalytic activities also for Oppenauer-type oxidation of
alcohols and hydroxyl esters with hydrogen acceptors such as ketones and
quinone.”” For the Oppenauer-type oxidation of primary alcohols to produce
aldehydes, surface modification of hydrous ZrO, with trimethylsilylchloride is
effective. The modification eliminates the acidic hydroxyl groups on the ZrO, that
act as active sites for aldol condensation of the hydrogen acceptor. As a result, the
selectivity to the target product of aldehyde improves.

3.3.4 Morphology dependence

Catalytic activity dependence on the crystalline phase of ZrO, is discussed for a
few reactions. All the studies suggest that monoclinic phase is more active than
tetragonal phase. Maruya et al. observed that the rate of hydrocarbon formation in
the CO hydrogenation correlated well with the fraction of monoclinic phase in
7r0,.” The high activity of monoclinic phase is caused by stronger basic sites on
monoclinic phase as compared to tetragonal phase. Yamamoto et al. also reported
that dehydration of 1,4-butanediol to yield 3-buten-1-ol proceeded over monoclinic
phase, while tetrahydrofuran was formed over tetragonal phase.”” They inter-
preted that the selectivity difference is caused by a difference in the densities of
acidic sites and basic sites. High densities of acidic sites and basic sites on mono-
clinic phase make it possible for an acidic site and a basic site to be located close
to each other while an acidic site and a basic site are separated on tetragonal phase.

Tomishige et al. reported that the highest activity for the formation of dimethyl
carbonate from methanol and CO, was observed for the ZrO, calcined at 673 K, at
which tetragonal phase began to appear in XRD pattern, but monoclinic phase was
dominant by Raman spectroscopy.%) Raman spectroscopy is surface sensitive, and
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accordingly, the surface phase of the active ZrO, is monoclinic. They concluded
that the phase of ZrO; active for the formation of dimethyl carbonate is monoclinic
phase.

The catalytic activity of ZrO, varies with the pretreatment temperature at
which ZrO, is prepared from hydrous ZrO,. The temperature for a maximum
activity varies with the type of reaction. Examples are shown in Fig. 3.3.7.%
Both hydrogenation of 1,3-butadiene and H» - D, equilibration show the activity
maxima at a pretreatment temperature of 873 K, and the activities are eliminated
upon pretreatment at 1073 K. On the other hand, isomerization of 1-butene and
transfer hydrogenation of 1,3-butadiene with cyclohexadiene show the activity
maxima at a pretreatment temperature of 1073 K. The surface area decreases and
the fraction of monoclinic phase increases with an increase in the pretreatment
temperature, as shown in Fig. 3.3.3. Tanabe and Yamaguchi postulate that the
variation in the activity with pretreatment temperature is caused by the variation of
bond distance between Zr and O with pretreatment temperature.”

An alternative explanation could be as follows. Both isomerization of 1-butene
and transfer hydrogenation of 1,3-butadiene with cyclohexadiene involve H"
abstraction as the initial step. The abstraction of an H'" from a butene or cyclo-
hexadiene molecule occurs on a strong basic site. Since monoclinic ZrO, has
strong basic sites, the abstraction of an H' proceeds more efficiently on the surface
of monoclinic ZrO,. On the other hand, hydrogenation of 1,3-butadiene and H»-D,
equilibration involve dissociation of the hydrogen molecule. The sites for the dis-
sociation of hydrogen may have a different cation-anion configuration in a
tetragonal structure than the sites corresponding to the monoclinic structure, and
such sites may not show strong basicity.

Relative activity
(3]
T

1 1 1 1 1
400 500 600 700 800 900
Pretreatment temperature °C

Fig. 3.3.7 Catalytic properties of ZrQ, pretreated at different temperatures. (O) hydrogenation of
1,3-butadiene with H,; (@) Ha-D; equilibration; (2) isomerization of 1-butene; (&)
hydrogenation of 1,3-butadiene with cyclohexadiene.

Reprinted with permission from K. Tanabe, T. Yamaguchi, Catal. Today, 20, 185 (1994)
Fig. 2.
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3.4 Titanium Dioxide

Titanium dioxide has three polymorphs stable at atmospheric pressure, rutile, ana-
tase and brookite. For catalysts and supports, rutile and anatase are commonly
used. Anatase converts to rutile when heated in air at about 1073 K or higher tem-
peratures. Titanium dioxide of both anatase and rutile polymorphs shows acidic
and basic properties on the surface, and catalyzes the reactions in which acidic
sites and/or basic sites are relevant. As compared the acidic character of TiO, with
those of ZrO, and CeO,, the order is TiO, > ZrO, > CeO; as experimentally shown
by infrared spectroscopy of adsorbed probe molecules.” The basic character is in
the opposite order.”

3.4.1 Preparation

Titanium dioxide is prepared normally from TiCl, or titanium alkoxides by hydro-
lysis followed by calcination. Use of Ti(SO4), or TiOSO, as a raw material results
in inclusion of SO, ions in the resulting TiO, even if the precipitate is extensively
washed. The TiO, containing SO,” has a high surface area and possesses strong
acid sites on the surface arising from the presence of SO, ions.

One example of preparation of TiO, from TiCl, is as follows. Into 360 mL of
iced water, 62.5 mL of TiCls is added dropwise to avoid temperature increase of
the solution. Ammonia water (28%) is added to the solution until pH of the
mother solution becomes 7.0. The precipitate is washed with deionized water until
no Cl ions are detected by 0.1 N AgNO; aqueous solution. The precipitate is
dried at room temperature then calcined at the desired high temperature. Another
example is hydrolysis of TiCls aqueous solution prepared as described above. The
TiO, aqueous solution is boiled for 7 h to form precipitate. The precipitate is
washed with deionized water as above.

An example of preparation of TiO, from titanium alkoxides is as follows.
Titanium tetraisopropoxide is purified by recrystallization from 2-propanol. Three
hundred grams of titanium isopropoxide is dissolved in 300 g of 2-propanol. The
isopropanol solution is added at a rate of 30 mL min™' into 5 L of water with stir-
ring. The precipitate is washed with water by decantation until no Cl” ions are
detected, and dried at 393 K. The dried sample is calcined at higher temperature.
The crystalline structures are amorphous by calcination below 573 K, anatase by
calcination in the temperature range 623-773 K, and rutile by calcination above
873 K.
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For a high surface area TiO,, a number of methods have been proposed. All
of them include a sol-gel process in which titanium alkoxides are used as the start-
ing materials. One type of method does not use structure-directing agent, and the
other type uses a structure-directing agent for the mesoporous structure. Two
methods of the former type and several examples of the latter type are described
here.

Tanaka et al. synthesized a titanium oxide with microporous structure by a
salt catalytic sol-gel process of dilute titanium n-butoxide and H,O solution without
any template molecule.” Under a nitrogen atmosphere, 10 mL of a butanol solu-
tion containing 12.5 mmol of titanium n-butoxide and 15 mL of another butanol
solution containing 12.5 mmol of ammonium acetate and 12.5 mmol of H,O were
prepared. A sol-gel reaction started when the two butanol solutions were mixed to
a total of 25 mL. Reaction temperature was kept constant at 298 K for 24 h and
kept at 338 K for a week. The precipitate was dried at 333 K and calcined at a
temperature range of 523-773 K for 90 min. The surface areas of the TiO,’s cal-
cined at 523, 573, 623, 673, 723 and 773 K were 270, 310, 310, 63, 4 and 3 ng’],
respectively. The TiO,’s calcined at 623 K and below were amorphous, and those
calcined at 673 K and above were anatase.

Liu et al. prepared mesoporous titanium oxide by a similar procedure in which
nitric acid was used in place of ammonium acetate as catalyst for hydrolysis.” The
resulting TiO, had a surface area of 470 m’g ™" as-prepared, and 106 m’g " after
calcination at 723 K.

The other method uses active carbon. A certain amount of active carbon of
particle size of 100 mesh and surface area of 1400 m’g”" was settled in ethanol
suspension followed by the addition of Ti(O'Pr)..” Once the suspension was
homogenized, the same volume of water was added. Precipitation was achieved
by pouring down NH4OH until pH reached 9. The precipitate was dried at 383 K
and calcined at 723 K for 3 h. The surface area of the resulting TiO, depended on
the content of active carbon and the ratio of carbon weight to total suspension. For
the TiO, percent relative to active carbon of 20% and the carbon weight to total
suspension ratio of 5/200, the surface area was 117 m’g”', which is significantly
larger than 13 m’g™' for TiO, prepared without the addition of active carbon.

For the mesoporous titanium dioxide, different types of structure-directing

Table 3.4.1 Selected examples of templates and surface areas of resulting mesoporous TiO,

Templates Surface area Pretreatment ~ Ref.
/m? g—]

Cetyletrimethylammonium chloride (C;sTMA'CI) ca. 300 Calcined at 537 K 7
B-Cyclodextrin and urea ca. 250-300 Dried at 373 K 8
Non-ionic surfactant (TX-100) 781 Calcined at 773 K 9
Non-ionic block copolymer (Pluronic P-123) 547 No calcination 10
Block copolymer (EO2PO70EOx) 128 Calcied at 673 K 11
Block copolymer surfactant (EO0sPO70EO06) 135 Calcined at 653 K 12

Dodecylamine 1200 13
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agents (templates) are normally used. Selected examples of templates and the sur-
face areas of the resulting TiO, are summarized in Table 3.4.1.

3.4.2 Characterization

The adsorption states of CO, on TiO, were studied by IR spectroscopy. Uniden-
tate carbonate, bidentate carbonate, and hydrogencarbonate were formed on TiO..
The formation of the carbonates depends on the pretreatment conditions of TiO,,
in particular oxidation and reduction conditions, and dehydroxylation conditions.

Tanaka and White observed the formation of hydrogencarbonate species when
CO, was adsorbed at room temperature on the oxidized anatase pretreated with
oxygen followed by evacuation at 673 K."” The hydrogencarbonate species
resulted from the reaction of coordinated CO, with basic OH on the surface. Pairs
of these hydrogencarbonate species slowly reacted to form bidentate carbonate and
water. Room temperature evacuation removed the bidentate carbonate, residual
hydrogencarbonate and coordinated CO, leaving some adsorbed water and
re-forming some adsorbed OH. On a reduced anatase sample, exposure to CO,
gave only a small amount of coordinated CO, which showed no tendency to con-
vert to carbonate of any kind. Surface basicity is reduced by reduction at 673 K
with H,. Essentially the same behavior of TiO, on adsorption of CO, was reported
by Morterra et al."”

The formation of hydrogencarbonate species on adsorption of CO, on TiO,
was observed by Primet et al. indicating that there are basic OH groups on the sur-
face.'” The adsorbed hydrogencarbonate was eliminated by evacuation at 298 K.
The basicity of the OH groups is weak.

Ferretto et al. observed unidentate carbonate on adsorption of CO, on TiO, of
rutile, in addition to bidentate carbonate and hydrogencarbonate."” The formation
of unidentate carbonate indicates the presence of basic oxygen sites. Raupp and
Dumesic also observed the formation of unidentate carbonate on adsorption of
CO, on TiO, prepared from metallic Ti foil by oxidation."” The desorption energy
of the unidentate carbonate was 45 kJ mol™'. This value is close to the value 63 kJ
mol™" reported by Goepel et al. for the heat of adsorption of CO, at the oxygen
anion site on a TiO, [110] surface.'”

On the reduced TiO,, adsorption of CO, formed bidentate carbonate, which
converted to adsorbed CO and O. The CO was desorbed and the O was retained
on the surface."*"”

3.4.3 Catalytic Properties

2-Propanol undergoes mainly dehydration to propene and dehydrogenation to ace-
tone over TiO,. The selectivity for dehydration varies with the reaction time and
co-presence of oxygen in the feed. Haffad et al. studied decomposition of 2-pro-
panol in the temperature range 423 to 523 K over TiO, prepared from titanium
isopropoxide by hydrolysis and calcination at 823 K and in the form of anatase.””
The initial product was acetone, but propene then appeared and became predominant



114 3 Preparation and Catalytic Properties of Solid Base Catalysts I

afterward. Selectivity to propene exceeded 95% at 473 K in the reaction time 2—6
h with the conversion ca. 30%. They observed that the conversion increased in the
presence of air in the feed, and the selectivity to acetone also increased to ca. 70%.
They suggested that an acid-base concerted mechanism is involved in the dehydra-
tion over TiO; in a helium flow. The acidic OH groups are participating in the
reaction together with basic sites which are either surface oxygen or O of the OH
groups. In the presence of oxygen in the feed, propene formed by dehydration
reacted with oxygen molecule to form acetone .

(CH3),CHOH + 1/2 O, —> (CHj3).CO + H,O (3.4.1)

Han et al. observed the same tendency on the effect of the presence of oxygen
in the feed of 2-propanol on the selectivity.”” Propene was the main product in the
absence of oxygen, while acetone was the main product in the presence of oxygen
at a reaction temperature of 553 K.

Aldolization of acetaldehyde to crotonaldehyde occurs more rapidly on rutile
than on anatase.”” At 313 K, the reaction occurred only on rutile, while anatase
was inactive at this temperature. At 373 K, the reaction proceeded at almost the
same rate over rutile and anatase. Acetaldehyde is adsorbed through the carbonyl
oxygen atom on the TiO, surafce. The OH groups on TiO, do not participate in
the adsorption of acetaldehyde.

Gandhe and Fernandes prepared TiO, of pure rutile structure using urea and
compared its activity for alkylation of phenol with methanol with those of a com-
mercial TiO, and another TiO, prepared without urea which contained consider-
able amount of anatase structure.”” The pure rutile was more active and selective
for ortho-selective alkylation. 100% ortho-selectivity was observed at 753 K at
40% conversion for the pure rutile TiO,, while ortho-selectivity was ca. 80% for
the TiO, prepared without urea. The high selectivity was attributed to the presence
of weak basic sites which is unique to the pure rutile TiO,.

1-Butene isomerization proceeds over TiO, at 473 K.*¥ The activity of TiO,
as well as the reaction mechanism varied with the pretreatment temperature in a
vacuum. As the pretreatment temperature was raised, the activity appeared at 473
K and increased with temperature to reach a maximum at 673 K. Above 673 K,
the activity decreased with temperature, but the ratio of cis-/trans- in the produced
2-butenes increased. On increasing the pretreatment temperature, Ti’* also
increased. The intensity of ESR signal assigned to Ti’* run parallel to the cis-/
trans- ratio. A tracer study of the co-isomerization of 1-butene dy/ds indicated that
an intermolecular H(or D) transfer was involved in the isomerization on the TiO,
pretreated below 673 K, while an intramolecular H(or D) transfer was involved on
the TiO, pretreated above 673 K. Acid-catalyzed isomerization prevailed on the
TiO, pretreated below 673 K, while base-catalyzed isomerization preferentially
occurred on the TiO, pretreated above 673 K. By pretreatment above 673 K, TiO,
was reduced to some extent, and basic sites were generated by reduction. It is
plausible that oxide ions adjacent to Ti’" act as basic sites to abstract an H' from
1-butene to form allylic carbanion.

Glucose undergoes dehydration to 1,6-anhydroglucose, and isomerization to
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fructose, which further undergoes dehydration to 5-hydroxymethyl-2-furalde-
hyde.”” Under the reaction conditions of hot-compressed water at 473 K, anatase
TiO, catalyzed both isomerization and dehydration to form all the products while
rutile TiO, was inactive for these reactions. By referring to the results obtained for
ZrO,, which promotes only isomerization, it was suggested that anatase TiO, pro-
motes isomerization by basic sites, and dehydration by acidic sites.

References

1. G. Busca, Phys. Chem. Chem. Phys., 1, 723 (1999).

D. Haffad, A. Chambellan, J. C. Lavalley, J. Mol. Catal. A, 168, 153 (2001).
K. Tanaka, Y. Murakami, T. Imai, T. Matsumoto, S. Furuno, W. Sugimoto, Y. Takasu, Chem.
Lett., 30, 1280 (2001).

4. T.Matsumoto, Y. Murakami, Y. Takasu, J. Phys. Chem. B, 104, 1916 (2000).
5. C.Liu, L. Fu, J. Economy, J. Mater. Chem., 14, 1187 (2004).

6. G. Colon, M. C. Hidalgo, J. A. Navio, Catal. Today, 76, 91 (2002).

7. D.T.On, Langmuir, 15, 8561 (1999).

8. J.-Y.Zheng, J.-B. Pang, K.-Y. Qiu, Y. Wei, J. Mater. Chem., 11, 3367 (2001).
9. P.Kluson, P. Kacer, T. Cajthaml, M. Kalaji, J. Mater. Chem., 11, 644 (2001).
10. G. Calleja, D. P. Serrano, R. Sanz, P. Pizarro, A. Garcia, Ind. Eng. Chem. Res., 43, 2485 (2004).
11. J.C. Yu, L. Zhang, J. Yu, Chem. Mater., 14, 4647 (2002).

12. H.Luo, C. Wang, Y. Yan, Chem Mater., 15, 3841 (2003).

13. H. Yoshitake, T. Sugihara, T. Tatsumi, Chem. Mater., 14, 1023 (2002).

14

15

16

17

18

19

20

w N

. K. Tanaka, J. M. White, J. Phys. Chem., 86, 4708 (1982).

. C. Morterra, A. Chiorino, F. Boccuzzi, Z. Phys. Chem., 124,211 (1981).

. M. Primet, P. Pichat, M.-V. Mathieu, J. Phys. Chem., 75, 1221 (1971).

. L. Ferretto, A. Glisenti, Chem. Mater., 15, 1181 (2003).

. G. B. Raupp, J. M. Dumesic, J. Phys. Chem., 89, 5240 (1985).

. W. Goepel, G. Rocker, R. Feierabend, Phys. Rev. B, 28, 3427 (2983).

. D. Haffad, A. Chambellan, J. C. Lavalley, J. Mol. Catal. A, 168, 153 (2001).
21. C.Han, B. Liu, H. Zhang, J. Shen, Acta Phys. -Chim. Sin., 22, 993 (2006).
22. J.E. Rekoske, M. A. Barteau, Langmuir, 15, 2061 (1999).

23. A.R. Gandhe, J. B. Fernandes, Catal. Commun., 5, 89 (2004).

24. H. Hattori, M. Ito, K. Tanabe, J. Catal., 38, 172 (1975).

25. H. Hattori, M. Ito, K. Tanabe, J. Catal., 41, 46 (1976).

26. M. Watanabe, Y. Aizawa, T. lida, R. Nishimura, H. Inomata, Appl. Catal. A, 295, 150 (2005).

3.5 Zinc Oxide

Zinc oxide is considered to be amphoteric, and the existence of both acidity and
basicity have been experimentally shown. As a catalyst, ZnO promotes reactions
by the way of base-catalyzed reaction, though acidic sites are involved in the
reactions.

3.5.1 Preparation

Zinc oxide is normally prepared by precipitation of the hydroxide upon addition of
ammonium hydroxide to an aqueous solution of zinc nitrate at 353 K until precipi-
tation is almost complete.” The precipitate is filtered, washed with water, dried
and calcined in air in the temperature range 673—773 K. It was reported that the
catalytic activity for methanol synthesis varied with the precipitating reagent; the
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catalyst prepared using sodium carbonate showed higher activity than that pre-
pared using ammonium hydroxide.”

Zinc oxide is also prepared by ignition of zinc metal. For many catalytic
studies, commercial ZnO (Kadox-25) supplied from New Jersey Zinc Co. have
been used. Kadox-25 is prepared by ignition of zinc metal.

3.5.2 Characterization

IR spectroscopy of NH; adsorbed indicated the presence of Lewis acidity.” Acid
strength of Hy < 3.3 appears when calcined in the temperature range 573-773 K.”
Nagao et al. measured ca. 100 kJ mol™' for the heat of NH; adsorption.” The
values ranging 60 - 80 kJ mol™' were reported by Yasumoto.”

IR spectroscopy of adsorbed CO, indicated the formation of carbonate.” The
heat of adsorption was measured to be 60—120 kJ mol”' by Yasumoto,” and ca. 80
kJ mol™' by Nagao et al.” The basicity on the basis of IR study of adsorbed mole-
cules which possess different pK, values was reported.s) Propene (pK, = 35) is dis-
sociated, but NH; (pK, = 36) is not. The basicity of ZnO is considered to be less
than 36 in H_ scale.

Adsorption of hydrogen on ZnO involves two types: reversible adsorption at
room temperature IR active, and irreversible adsorption IR inactive.”'” The IR
spectrum in hydrogen shows two strong bands at 3489 and 1709 cm™. These
bands, first reported by Eischens at al.,'"” are assigned to an OH and ZnH species,
respectively. Hydrogen is adsorbed in a heterolytic fashion at the highly polar
active site.

7ZnO + H, —> Zn-H + O-H 3.5.1)

The hydrogen attached to the oxygen has a protonic character and the hydrogen
attached to the zinc has a hydridic character.

Griffin and Yates proposed on the basis of coverage induced frequency shifts
of OH and ZnH bands that hydrogen is adsorbed on the Zn-rich ZnO [0001] sur-
face."”

Propene is adsorbed on ZnO to form allylic species and hydroxyl species.13
Fig. 3.5.1 shows the spectra of chemisorbed CH;-CH=CD, and CD;-CH=CH, in
the C-H deformation region. The spectra of the species formed from these two
compounds are the same within experimental error. The coincidence of the spec-
tra strongly suggests that propene is adsorbed to form a symmetric allylic species.

)

_ D v H _ (3.5.2)
CDs~CH=CH, —> CD, —CH—CH, <— CH;~CH=CD,

On adsorption of CH3-CH=CD, and CDs;-CH=CH,, O-H and O-D stretching vibra-
tions appear, respectively. It is plausible that an H' (or D*) is abstracted from pro-
pene by basic O on ZnO to form allylic anions.
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Fig. 3.5.1 Spectrum of chemisorbed propene (CDs;-CH = CH, and CH;-CH = CD,): dotted line,
chemisorbed CDs;-CH = CH, on zinc oxide; solid line, chemisorbed CH3-CH = CD, on zinc
oxide.

Reprinted with permission from A. L. Dent, R. J. Kokes, J. Am. Chem. Soc., 92, 6709
(1970) Fig. 7.

3.5.3 Catalytic Properties

Formic acid decomposes on ZnO into CO, and Ho, indicating that ZnO acts as solid
base catalyst. IR study of decomposition of formic acid demonstrated that the
reaction proceeds via a formate species.m)

Zn formate —> Zn-H + CO, (3.5.3)

HCOOH + ZnH —> Zn formate + H, (3.54)

2-Propanol undergoes exclusively dehydrogenation to acetone on ZnO at 483
K, indicating the basic properties of ZnO."” Berlowitz and Kung measured the
dehydrogenation of 2-propanol on ZnO single crystal, and reported that the rate
was highest on the Zn polar surface [0001], 3—5 times higher than on the O polar
surface [OOOT] surface.'” Vohs and Barteau reported essentially the same conclu-
sions that 2-propanol decomposed primarily to acetone on Zn polar surface (0001)
through an alkoxide intermediate.'” On the O polar surface, 2-propanol was
adsorbed only in molecular form and desorbed below 300 K by evacuation.

The diagnostic reaction of 2-methyl-3-butyn-2-ol (MBOH) proceeds over
ZnO at 453 K to yield acetone and acetylene in a ratio 1 to 1, indicating that a
base-catalyzed reaction is operating."”

1-Butene undergoes double bond isomerization on ZnO at room temperature
to form cis-2-butene and trans-2-butene, initial cis to trans ratio being 13."%' The
high selectivity to cis-2-butene indicates that the isomerization proceeds via the
allylic carbanion which is formed by the abstraction of an H" by a basic site. cis-
2-Butene also isomerizes to 1-butene and trans-2-butene with an initial 1- to trans
ratio of unity. IR study of adsorbed cis-2-butene together with IR study of
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adsorbed propene indicated that the intermediate is an allylic species. Since the
initial 1- to trans ratio was unity, it was suggested that direct cis-trans isomeriza-
tion occurs.

cis-1,3-Pentadiene undergoes cis-trans isomerization over ZnO to yield trans-
1,3-pentadiene, and no double bond isomerization to 1,4-pentadiene at 293 K.
1,3-Pentadiene is more reactive than 1-butene and 1-pentene. The most plausible
intermediates for cis-trans isomerization of 1,3-pentadiene are allylic carbanions
formed by the abstraction of an H' from the methyl group in 1,3-pentadiene. The
electron delocalization of the allylic carbanion extends to the terminal double bond
to stabilize the intermediates more, which makes 1,3-pentadiene more reactive
than 1-butene.

Imizu et al. reported that the activities for isomerization of 1-butene, 1-pen-
tene and 1,3-pentadiene were enhanced by modification of ZnO with alkylsi-
lylation.”” In particular, the activity for 1,3-pentadiene was enhanced by a factor
of 89 by modification with triethylsilane. The enhancement was attributed to pre-
vention of irreversible adsorption of the reactant to keep active sites free from self
poisoning.
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3.6 Alumina

Alumina (ALOs) is used both as a catalyst for various kinds of reactions and as a
support for metals and metal oxides. Dehydration of alcohols to yield alkenes is a
representative reaction for which Al,Os acts as a catalyst. H-D exchange between
CH, and D;, is a reaction specific to Al,Os; the reaction proceeds even at room tem-
perature. Al,Os is very frequently used as a support of industrial catalysts for its
mechanical strength as well as its strong interaction with metals and metal oxides
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that enables high dispersion of the supported compounds. As for the surface prop-
erties, alumina is generally regarded as acidic rather than basic. However, partici-
pation of basic sites in the catalytic behavior of alumina is indispensable.

3.6.1 Structure and Preparation of Alumina

Alumina is prepared from hydroxide (Al(OH);) and oxyhydroxide (AIO(OH)) by
dehydration at elevated temperatures. The hydroxide, oxyhydroxide and oxide of
Al exist in o and y forms. These Al compounds are commonly referred to by the
mineral names."

Chemical formula Form Mineral name Form Mineral name

Al(OH); [0 bayerite Y  gibbsite, hydrargillite, nordstrandite
AlO(OH) [0 diaspore Y  boehmite
AlLO; [0 corundum Yy -

ALO; exists in different crystal phases depending on the precursors and the
conditions of heat treatment. The most stable crystal form of alumina is o--alumina,
and heating the precursors above 1470 K results in the formation of o-alumina. At
lower temperatures a variety of phases are formed which are collectively known as
v-alumina, and in various studies most of the Greek alphabet has been used in
naming them, e.g., %, 0, €, Y, M, K, 0, and p. These phases represent various
degrees of ordering of Al atoms in an essentially cubic closest packing of O atoms,
described as a defect spinel structure, since there are only 21 and 1/3 metal atoms
arranged at random in the 16 octahedral and 8 tetrahedral positions of that structure.
Among these transition aluminas, y- and n-aluminas are important as catalysts
primarily because of their high surface area.

The pathways for the formation of different transition aluminas proposed

Gibbsite | x| K- | 6 | o
Hydroxide )
(A1(OH)3) Bayerite ‘ n- ‘ 0- ‘ o-

Nordstrandite | n- ‘ 6- | o
Oxyhydrate Boehmite | Y- | & | 6 [ o
(AlO (OH))

Diaspore ‘ o

1 1 1 1 1 1
600 800 1000 1200 1400 1600
Calcination temperature/K

Fig. 3.6.1 Pathways for formation of different transition alumina.
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display some discrepancies between researchers, but the following pathways are
typical of the schemes postulated as the result of X-ray and DTA studies.”(Fig.
3.6.1)

A. Conventional preparation of n-alumina
One preparation method for n-alumina through bayerite reported by Kul’ko et al.
is described below.” Bayerite was prepared by the precipitation from an aqueous
solution of AI(NO); with concentrated aqueous ammonia at constant pH 10.0 £0.2
and at 295 2 K, followed by aging the suspension at room temperature for 10
days. After aging, the precipitate was filtered off and washed with distilled water
until no NO; ™ ions were detected in the filtrate. The filtered cake was dried at 383
K for one day. The material obtained was bayerite which contained 2.99 mol H,O/
(mol Al,O3), which is close to the theoretical value of 3.0 mol H,O/(mol Al,O3).
n-Alumina was obtained by calcination of the bayerite at 873 K or 1073 K in air
for 4 h. The m-alumina thus obtained changed gradually into 0-Al,O; on heat
treatment in the range 1173—-1273 K, and then into a-Al,Os3 above ca. 1573K. Sur-
face area of the m-alumina obtained by calcination at 873 K and 6-Al,0; obtained
by calcination at 1173 K was 280 and 110 m’g”", respectively.

Other preparation methods for n-alumina as well as y-alumina were reported
by Maclver at al.?

B. pH swing method

Control of pore structure of alumina by pH swing method was reported by Ono et
al.” Into a water kept at 373 K, aluminum nitrate was dissolved followed by addi-
tion of sodium aluminate to form particles of alumina hydrate dispersed in the
water. Into the aqueous suspension, aluminum nitrate and sodium aluminate were
alternatively added. The pH value of the suspension changed alternatively. At a
low pH when aluminum nitrate was added, fine particles of the alumina hydrate
dissolved and large particles of the alumina hydrate remained. The pH swinging
resulted in the formation of well-controlled alumina hydrate particles. Finally, the
alumina sol was filtered, washed with water and dried to form alumina hydrate gel.
The gel was calcined at 773 K to form y-alumina with a narrow pore size distribu-
tion. The pore size varied with the range of pH swinging and number of pH
swinging.”

C. Sol-gel preparation of alumina

A sol-gel preparation of ALO; reported by Wang et al. is as follows.” Aluminum
s-butoxide (25.73 mL) was dissolved into a given amount of butanol. Oxalic acid
(1 g) was added to the solution as a hydrolysis catalyst. pH of the solution was
kept at 5. Then 15 mL of water was slowly added into the solution followed by
refluxing for 3 h at 343 K with continuous stirring until a gel was formed. The gel
was dried at 343 K and calcined at 673, 873 or 1073 K. The Al,O; calcined at
673, 873, and 1073 K had surface areas of 504.7, 346.8 and 172.9 ng", respec-
tively. The Al,O; calcined at 673 K was composed of boehmite and y-alumina.
The samples of Al,O; calcined at 873 K and 1073 K were composed of y- and 6-
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Al Os. The relative composition of 6-alumina was higher for the 873 K-calcined
sample as compared to the 1073 K-calcined sample.

D. Mesoporous alumina

Vaudry et al. prepared mesoporous alumina as follows.” An aluminum hydroxide
suspension was obtained by hydrolysis of 43.8 g of aluminum s-butoxide with
10.3 g of deionized water in 275 g of 1-propanol. After 60 min of stirring, 10.8 g
of lauric acid was added. The mixture was aged for 24 h at room temperature and
heated under static condition at 383 K for 2 days. The solid was filtered, washed
with ethanol, and dried at room temperature. A mesoporous alumina having pores
of 2.1 nm and surface area of 710 m’g™' was obtained after calcining at 703 K for
2 hin air.

Following Vaudry et al., a number of papers were reported and they were
reviewed by Marquez-Alvarez et al.” The synthesis approaches for mesoporous
aluminas are based on sol-gel processes of anionic surfactants such as dodecyl-
sulfate, cationic surfactants such as alkyltrimethylammonium, or non-ionic surfac-
tants such as di- or triblock copolymers like Triton.

3.6.2 Surface Properties of Alumina

Surface properties of alumina have been studied primarily by IR of the surface OH
groups and the adsorbed probe molecules.

A. IR of surface OH groups
The surface hydroxyl groups on transition aluminas were studied by IR, and the
exact assignments of the O-H bands have been a subject of discussion.'”

Peri observed five distinct O-H stretching bands; three major OH bands (3800,
3744 and 3700 cm") and two minor bands (3780 and 3733 cm’l).”"z) Relative
intensities of these bands varied with the temperature of evacuation. Peri proposed
the surface model of Al,O; by assuming that the (100) plane of a cubic, close-
packed oxide lattice and that aluminum ions are located in all interstices between
oxide ions. Based on the model, he assigned the five bands to isolated hydroxyl
groups in different environments, each with a different number of oxide ions as
nearest neighbors on the surface. The bands at 3800, 3780, 3744, 3733 and 3700
cm”' were assigned to the OH groups with the number of the nearest neighbor
oxide ions of 4, 3, 2, 1 and 0, respectively. The limit of Peri’s model is the
assumption of the (100) crystal face as the only possible termination for the crys-
tallites of alumina, in that only octahedrally coordinated Al atoms (Alw) would be
present in the uppermost layer.

Tsyganenko and Filimonov examined the vou vibrations of a very large
number of metal oxides including alumina and grouped according to the crystal
structure.™'”  Considering the most probable terminations of the crystallites and
the geometry of the OH groups in these terminations, they concluded that the
number of nearest neighbors has a negligible effect on the frequency of the OH
species, whereas the determining factor is the number of lattice metal atoms that
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Fig. 3.6.2 Types of OH groups and IR absoption frequencies (cm ™) proposed by researchers.

OH groups are attached to. There exist three types of OH groups of type I, II and
I, differing in the coordination number of the OH groups, 1, 2 and 3, respectively
(Fig. 3.6.2). They also suggested that the further splitting of the each band could
be caused by the difference in the coordination number of the aluminum atoms.

Knozinger and Ratnasamy proposed a very detailed model for the surface of
transition alumina."”” The basic assumptions of the model are: (1) the termination
of alumina crystallites occurs along crystal planes, the (111), (110) and (100)
planes, and (2) the frequency of OH species is imposed by the net electrical charge
at the OH group. The net charge is determined by the coordination number of
both OH groups and Al cations. Based on these considerations, they singled out,
within the three crystal planes and nine possible OH configurations, five configura-
tions as shown in Fig. 3.6.2 by neglecting possible differences of relative orienta-
tion of the OH group with respect to Al.

Busca et al. modified the model of Knozinger and Ratnasamy, who considered
only regular surface terminations by taking account of cation vacancies, and
reassigned the various OH species as shown in Fig. 3.6.2.'""”

Digne et al. made the vibrational analysis of the OH groups on (110), (100)
and (111) surfaces of the bulk model of y-Al,O; based on DFT (density functional
theory) calculation."™” The model they used was also constructed by DFT
calculation for the dehydration of boehmite to y-Al,Os. The most stable structure
turned out to be nonspinel with 25% tetrahedral Al atoms, which is not a traditional
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defective spinel-like structure.”” They calculated OH vibration frequencies for 12
different OH groups. Selected OH groups and their frequencies are included in
Fig. 3.6.2.

Although the assignment of the O-H vibration peaks is not always the same
for all investigators, they agree on the point that the OH groups giving the bands at
higher frequencies are stronger in basic properties than the other OH groups, with
some exceptions. Peri suggested that the electron density of the OH group show-
ing IR band at 3800 cm™' is the highest because it is surrounded by 4 O atoms, and
therefore, the most basic. Knozinger and Ratnasamy suggested that the net charge
of the OH group showing 3785 cm™' is the most negative, and therefore, the basic
strength is the highest. In addition, the highest two peaks at 3785 and 3775 cm™'
remained almost entirely unaffected by CO, while the three bands at lower fre-
quency, 3725, 3715 and 3695 cm', were completely eroded. CO interacts with
acidic OH groups. The strong nucleophilic character of the two OH-groups
showing higher frequencies shown by their anion exchange ability with F and
with molybdate anions supports their strong basic properties. Digne et al. calcu-
lated that on introduction of HCI, energetically favorable substitution of OH with
Cl occurs on OH groups which show peaks at higher frequencies.'” Actually,
Vigué at al. observed that peaks at 3787, 3778 and 3722 cm™' disappeared, while
peaks at 3675 and 3596 cm ™' remained after chlorination.””

Morterra et al. pointed out that the OH groups of the second highest frequency
are more reactive than the OH groups of the highest frequency.'” They assumed
that the higher reactivity is due to a higher accessibility of the OH species to probe
molecules and the possible presence of the OH group in particularly exposed zones
of the surface.

B. IR of adsorbed CO,

The existence of basic OH groups and basic oxide ions is revealed by IR studies of
adsorbed CO,. As described in Chapter 2.4.1, adsorption of CO, on Al,O; results
in the formation of several surface species such as linear CO,, bridged carbonate,
bidentate carbonate, unidentate carbonate and hydrogencarbonate.””” The spectra
of adsorbed CO; reported by various authors differ considerably, due primarily to
the degree of dehydration of Al,O;. The phase of alumina does not significantly
influence the spectra.%)

Below ca. 673 K of heat treatment, the Al,Os surface is full of OH groups, and
adsorption of CO, results in the predominant formation of hydrogencarbonate
species and the formation of linear CO; to a small extent. Above ca. 673 K, oxide
ions and exposed Al ions exist together with OH groups. Adsorption of CO, on
alumina heat-treated at high temperatures results in the formation of bidentate car-
bonate, unidentate carbonate, bridged carbonate, linear CO,, and hydrogencarbonate.
For the formation of bidentate carbonate and bridged carbonate, the presence of
both exposed Al ion and coordinatively unsaturated O ion (Ocys) on the surface is
required. For the linear CO,, coordinatively unsaturated Al atom of tetrahedral
coordination (Al"cus) or that of octahedral coordination (Al cys) is responsible.
For the unidentate carbonate, only oxide ions are required. Accordingly, except
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for the formation of the linear CO,, the surface oxide ions in different coordination
states are involved in the formation of the carbonates species. In all cases, these
oxide ions undergo nucleophilic attack to C in CO,, and, therefore, act as a base
toward CO,.

The linear CO, shows three bands at 2347, 2370 and 2407 cm™'. Morterra et al.
measured the dependency of the peak intensity on the CO, pressure, co-presence
of CO, and the sample heat-treatment temperature.” They assigned the band at
2347 cm™' to CO, interacting with a coordinative vacancy on an Al"', and the two
bands at 2370 and 2407 cm™' to that on an Al''. Their assignment coincides with
Peri’s assignment that the band at 2370 cm™ is ascribed to CO, held by a strained
Al-O-Al linkage (o site) by ion-quadrupole interaction if Peri’s o site is Al". In
addition, they observed a connection between sites responsible for the strongly
held linear CO, and those for bridged carbonate as suggested by Peri that the 2370
cm' and 1870 cm™' bands are related through an equilibrium between the linear
CO; and bridged carbonate.

Hydrogencarbonate species were not formed on adsorption of CO, on the
AlLOj; heat-treated above 973 K,”” though Peri observed hydrogencarbonate for-
mation on the Al,O; outgassed at 1073 K. On adsorption of CO,, hydrogencar-
bonate is formed at the expense of the OH band at 3770-3780 cm™', which is the
highest frequency band for the ALO; heat-treated at 773 K.*’ Hydrogencarbonate
is formed even on the hydroxylated Al,Os outgassed at 298 K.

The mechanism of hydrogencarbonate formation on the hydroxylated y-Al,O;
was proposed by Baltrusaitis et al. by IR combined with isotope labeling and
quantum chemical calculation.” The mechanism is illustratd in eq. 2.4.2 (p. 26).

Among unidentate, bidentate and bridged carbonates, unidentate carbonate is
the most strongly adsorbed.™ This is due to the formation of unidentate carbonate
on a particularly basic Ocys ion.

3.6.3 Catalytic Properties

Reactions catalyzed by Al,Os include dehydration of alcohols, isomerization of
alkenes, H-D exchange between D, and CH,4 or alkenes, H-D exchange between
CH4-CDs, and among alkenes, and H,/D, equilibration for which different surface
sites on Al,Os are involved in different ways. For the diagnostic reaction of
2-methyl-3-butyn-2-ol (MBOH), alumina gives a dehydrated product 3-methyl-3-
butene-2-one (MIPK) indicating amphoteric properties.

A. Dehydration of alcohol

Alumina catalyzes intramolecular dehydration of alcohols to form alkenes and
intermolecular dehydration to form ethers. The selectivity of alkene formation vs.
ether formation is primarily determined by the reaction temperature as well as the
structure of alcohols. Alkene formation is favored at high temperatures, while
ether formation is favored at low temperatures. The alcohols without 3-H atoms
(such as benzylalcohol) yield only ethers. The tendency toward ether formation is
reduced as the chain length and chain branching of alcohols increase; tertiary
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alcohols (such as #-butyl alcohol) form exclusively alkenes. Reaction mechanisms
and, therefore, surface sites involved in the reaction are different for alkene formation
and ether formation. Basic sites (O ions) participate in both types of dehydration.

Intramolecular dehydration of alcohols on AL,O; proceeds via the E2 mecha-
nism in which elimination of the OH group and B-H of the alcohol is concerted
without formation of ionic intermediates. Both surface OH groups and basic sites
(02’ ions) are involved. Lewis acid sites (coordinatively unsaturated Al ions) do
not participate in the reaction. This is based on poisoning experiments with varying
amounts of preadsorbed pyridine in dehydration of #-butyl alcohol and isobutyl
alcohol. The dehydration is not retarded by preadsorption of pyridine, which is
adsorbed on Lewis acid site. Preadsorption of TCNE, which is adsorbed on the
basic sites, on the other hand, strongly retards the dehydration.zg) Oxide ions and
OH groups in suitable arrangements and configurations appear to form the active
sites for alkene formation.

Knozinger proposed the mechanism of the activation of alcohol as follows.
The activation is assumed to be initiated by proton fluctuations between adsorbed
alcohol molecules and the surface, which may result in polarization of the mole-
cule. The alcohol molecule itself is suggested to possess some vibrational or rota-
tional freedom relative to the surface so that the f-H may approach a basic O” ion
while the alcohol is in the antiperiplanar conformation. The rate-determining step
is the abstraction of H attached to B-C by basic site on Al,O; (0™), which is esti-
mated from the primary isotope effect observed when the H attached to B-C is
substituted by D.”” The mechanism for intramolecular dehydration of alcohols is
shown in Fig. 3. 6 3.2

30,31)

R

~ / H ~ . H
c C
N\
o/\>c4R o, g
Ton CH H H H
/ O’, O/f O/
~ / \ / ~ ~ N N

Fig. 3.6.3 Intramolecular dehydration of alcohols.

For intermolecular dehydration of alcohols to ethers, three types of centers are
involved; Al-O pair sites and OH groups. Unlike intramolecular dehydration,
intermolecular dehydration is strongly poisoned by pyridine, indicating the partici-
pation of Lewis acid sites (A13+). TCNE also retards ether formation, indicating
the participation of basic sites. It was shown that as the chain length of alcohol is
reduced, the tendency to form alcoholates on Al,Oj; increases, and the tendency to
form ethers also increases, suggesting that alcoholates formed on Al-O pair sites
are reaction intermediates. The second molecules to react with the alcoholates are
assumed to be the alcohol molecules which are H-bonded to the surface OH
groups.

B. Isomerization of alkenes
Butenes undergo double bond and cis-trans isomerization over Al,O; above room
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temperature. Hightower et al. studied co-isomerization of 1-butene dy/ds and cis-
2-butene do/dg on alumina at 300 K, and showed that the cis-trans isomerization
involves primarily intramolecular H (or D) transfer, but no decision could be
reached concerning double bond migration. Reactivity of d, butene isomers was
higher than ds isomers; definite isotope effects were observed for all the isomeriza-
tion reactions. The cis to trans ratio in 2-butene produced in 1-butene isomeriza-
tion was 6.25 at 300 K. The ratio of 1-butene to trans-2-butene was 0.22 in cis-2-
butene isomerization; double bond migration was slower than cis-trans
isomerization, which is not typical for base-catalyzed cis-2-butene isomerization.
As they noted, the reaction may proceed by different pathways.33)

Whatever the active sites and mechanisms are, one point has been clearly
established: all the isomerization reactions over alumina involve C-H bond cleavage
in the rate-determining step. For the main pathway for double bond migration,
Gerberich and Hall proposed a cyclic intermediate which is draped over a surface
oxide ion in the form of cis configuration to explain the high cis/trans ratio in
1-butene isomerization.*” Although Gerberich and Hall did not state that the
reaction intermediates are carbanion, it is plausible to assume that the double bond
migration of 1-butene proceeds via the abstraction of an allylic H by basic site
(O™) to form an allylic carbanion intermediate which then accepts the abstracted
H" at the terminal C to form primarily cis-2-butene.

Peri observed that 1-butene isomerization was poisoned by ammonia.”” He
also measured the adsorbed ammonia on alumina by IR spectroscopy. Adsorption
of ammonia occurs in several ways. Certain sites that adsorb ammonia as NH,~
and hydroxyl ions appear essential for butene isomerization. The sites are sug-
gested to be “acid-base” or “ion-pair” sites. He proposed the reaction occurs
through transient formation of a carbanion.

Gati and Knozinger reported isomerization of substituted alkenes over
AlL,0;.”® Based on the reactivity of substituted alkenes and product distribution,
they proposed carbanion-like intermediates for the isomerization.

Corad et al. postulated two types of sites active for double bond isomerization
of 2,3-dimethyl-1-butene at 353 K.” The catalyst deactivates during the reaction.
The hydrogen transfer during the isomerization changes from predominantly intra-
molecular to intermolecular during the deactivation. The sites of the first type pre-
dominate on the fresh catalyst, but they are blocked by self-poisoning during the
reaction. The sites of the second type are responsible for stable activity. They
specified the active site of the second type to be made up by a basic oxygen ion, an
incompletely coordinated Al ion and a hydroxyl group. A cyclic allylic carbanion-
like species was proposed as an intermediate for the intermolecular isomerization.

Although basic sites appear to be responsible for alkene isomerization over
AL O3, CO, does not poison the isomerization, while CO, strongly poisons the H-D
exchange reactions such as C4Hg-D, and CeHe-CsDs.”**”  Different poisoning
effects by CO; on the isomerization and exchange reactions indicate that the isom-
erization and the exchange reactions occur independently, though the exact struc-
tures of these sites are not clear.
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C. H-D exchange

Alumina exhibits particularly high activity for the H-D exchange of CH, with D,,
CDy and surface OD groups. Larson and Hall reported that the mixing of isotopes
between CH4 and CD4 took place at a readily measurable rate at room temperature
with an activation energy of 23.8 kJ mol™.*” The H-D exchange of CD4-H»
occurred at about the same rate as CD4-CH, equilibration. The H,-D, equilibration
was much faster (virtually instantaneous at 195 K). The mixing of CH4 with D,
proceeds about 1.8 times faster than the rate of mixing of CD4 with H,. It was
inferred that the rate-determining step in the mixing of CD, with CHy is the break-
ing of C-D bonds.

Alumina is also active for exchange of D, with alkenes and cyclic alkenes. At
temperatures below 373 K, only those H atoms which were initially vinyl, or
which could become vinyl by isomerization of alkene underwent exchange. As
methylenecyclopentane isomerizes to 1-methylcyclopentene, only 6 of 10 H atoms
undergo exchange with D,. 3-Methylcyclopentene does not isomerize, and only
2 H atoms undergo exchange.”*” Hydrogen atoms in benzene also exchange with
D, at room temperature over alumina.”” Utilizing the high ability of alumina for
exchange with D, without considerable hydrogenation, Larson et al. prepared per-
deuterio alkenes and cyclopropane in the temperature range 300483 K.*”

All the H-D exchange reactions are poisoned by CO,. This is in contrast to
the alkene isomerization which CO, does not poison, as described in the previous
section. Rosynek et al. reported CO, poisoning effects on 1-butene isomerization
and C;Hs-D» exchange.‘m) They postulated that the exposed Al jons are responsible
for the exchange. CO, is adsorbed on an exposed AT’ jon to give an IR band at
1780 cm™', which was assigned by Parkyns to the linear CO, adsorbed on Al**.
Later, they favored a bicarbonate on an exposed Al’* ion showing a band at 1480
cm™' as the CO, species that blocked the exchange sites.™

D. Reaction of 2-methyl-3-butyn-2-ol (MBOH)

Lauron-Pernot et al. carried out the reaction of MBOH over alumina at 453 K.
The products were sensitive to the amount of Na,O contained as an impurity.
Among aluminas examined, the alumina containing the smallest amount of Na,O
at 250 ppm yielded 3-methylbut-3-ene-2-one (MIPK) as the main product, indicat-
ing the amphoteric properties of alumina. The alumina containing larger amounts
of Na,O at 2700 ppm, on the other hand, yielded acetylene and acetone indicating
that basic properties predominate.

45)
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3.7 Mixed Oxides

Mixed oxides are combinations of two kinds of metal oxides. Among mixed
oxides which show basic properties, those containing alkali metal oxides and the
Al-Mg oxides obtained by calcination of hydrotalcite are widely studied. These
mixed oxides are described in sections 3.8 and 4.1, respectively, and not included
here.

Regarding mixed oxides that show basic properties, at least one of the compo-

nent oxides possesses basic properties. No basic mixed oxide in which neither
component oxide shows basic properties has been discovered. In most cases, the
basicity of one component oxide is modified to some extent by the addition of the
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second component oxide. Remarkable enhancement of the basic properties by
mixing two oxides has not been observed. This is different from acidic mixed
oxides for which marked enhancement of acidic properties is observed by mixing.
Although a marked change in basic property has not been observed, marked
changes in the activity and selectivity have been observed for certain reactions.

Mixed oxides are prepared by different methods such as coprecipitation, sol-
gel method, kneading method, impregnation, fast combustion method, molten
mixture method and others. The coprecipitation method is most commonly
employed. To a mixed aqueous solution containing two metal salts, alkaline solu-
tion is added to increase pH to precipitate two metal components at the same time.
The resulting precipitate is washed with water and calcined at an elevated temper-
ature to obtain a mixed oxide. In some mixed solutions, the component forms sol
and gel when alkaline solution is added. For example, as ammonia was added to a
mixed aqueous solution of Ce(NOs);-6H,0O and La(NOs);-6H,O to pH 9, a gel of
the mixed hydroxides was obtained.” The gel was filtered and washed, dried at
383 K and calcined at 873 K to obtain CeO,-La,0s3. Preparation from a mixture of
metal alkoxides in alcoholic solution is also a sol-gel method. The kneading
method is employed for the mixed oxides whose components precipitate at quite
different pHs. This method was employed for preparation of MgO-TiO,. A mix-
ture of MgO and TiO, was kneaded with a small amount of water for 2 h, followed
by calcination at 573-973 K in air.” The impregnation method is a convenient
method to prepare mixed oxides if the salt of the second component metal is
decomposed to oxide by heating in air. This method is called “doping” in many
cases. The fast combustion method was employed for preparation of CexZrx0,.”
A solution containing (NH4)>Ce(NOs)s and ZrO(NOs), was ignited at 623 K using
carbohydrazide as a fuel to obtain fine powders of CexZr;_xO,. The molten mix-
ture method is an amorphous citrate process” and was employed for the prepara-
tion of C602-F6203,5) Ce0,-Zn0® and Ceoz-MgO.7) For Ce0,-MgO, a mixture
containing Ce(NOs);*6H,0, Mg(NOs),*6H,0 and citric acid monohydrate was
heated at 343 K to melt. Then the molten mixture was evacuated in a rotary evap-
orator at 343 K to be gradually solidified and expanded. The resulting solid was
finally calcined at 823 K in air.

3.7.1 Mixed Oxides Containing MgO

Ueda et al. added several metal ions to MgO and measured basicity by TPD of
adsorbed CO,.” Addition of metal ions whose ionic radii are slightly larger than
that of Mg”* brought about an increase in the basicity, while addition of metal ions
smaller than Mg”* was not effective in enhancing basicity (Fig. 3.7.1). Thus, addi-
tion of Ni** and Cu”" increased the basicity. Addition of metal ions far larger than
Mg such as Mn** and Cd** resulted in a small effect. Enhancement of basicity is
ascribed to the distortion of the lattice surrounding the metal ions added. The dis-
tortion results in the expansion of the Mg-O bond and localization of electrons on
the O atom. Ions that are too large cannot be incorporated into the lattice, and are
thus ineffective in enhancement of basicity. The catalytic activities of MgQO’s
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Fig.3.7.1 Relation between the amount of surface basic sites of metal ion-containing MgO and the
ionic radius of added metal ion.

Reprinted with permission from W. Ueda, T. Yokoyama, Y. Moro-oka, T. Ikawa, Chem.
Lett., 1985, 1059, Fig. 1.

loaded with metal cations for dehydrogenation of 2-propanol correlate well with
the basicities.

Noller et al. prepared MgO-AlL,O; and MgO-SiO, mixed oxides of different
compositions, and examined their basic character by O, and Mg, binding ener-
gies in XPS, O-H stretching frequency shift caused by adsorption of acetone in IR
and catalytic activities for 1-butanol decomposition and diacetone alcohol
decomposition.” They concluded that the basic strength found with the mixed
oxides is always in between the limits found for the components. In other words,
the basic strength of mixed oxides is well expressed by Sanderson’s intermediate
electronegativity.

Tanabe et al. prepared MgO-TiO, mixed oxides of different compositions.”
The maximum number of basic sites at H- = 15.0 was observed for the mixed oxide
MgO : TiO, =9 : I in wt%. Considering an increase in surface area by mixing, it
cannot be said that basic sites are generated by mixing of two oxides. With further
increase in TiO; fraction, basic sites decreased while acidic sites increased. At the
composition MgO : TiO, = 1 : 1, the catalytic activity for alkylation of phenol with
methanol showed the maximum. The MgO-TiO; 1 : 1 mixed oxide possesses both
acidic sites and basic sites though the number of these sites is not large. It was
suggested that the reaction proceeds by an acid-base bifunctional mechanism.

Increase in the basicity by mixing MgO with TiO, and with ZrO, was reported
by Aramendia et al.'” The basicity was estimated by TPD of CO,, and catalytic
activity was examined for 2-methyl-3-butyn-2-ol (MBOH) test reaction, decompo-
sition of 2-propanol, double bond isomerization of allylbenzene, and aldol conden-
sation of acetone. The basic site density was in the order MgO-TiO, > MgO-ZrO, >
ZrO, > MgO. All catalysts gave the products characteristic of base-catalyzed
reactions except for MBOH reaction on ZrO, showing amphoteric character.

The appearance of strong basic sites on MgO-La,O3; mixed oxide was
reported.'”'” The mixed oxide was prepared by coprecipitation from aqueous
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solution of Mg and La nitrates, KOH and K,CO; being used to adjust the pH of the
mother liquid to 10. The resulting mixed oxide contained 5.4% K, and had a
surface area of 37.6 m’g”" after calcination at 923K. The heat of adsorption of
CO, exceeded 140 kJ mol’l, which is higher than 120 and 100 kJ mol™ observed
for KF/Al,O3 and rehydrated hydrotalcite, respectively. The MgO-La,Os; mixed
oxide showed high activities for transesterification between diethyl carbonate and
alcohols, and Michael addition of the compounds having active methylene groups
with a variety of unsaturated carbonyl compounds. The activities of the MgO-
La,0O; mixed oxide were higher than those of hydrotalcite and KF/AL,Os. The high
activity in the Michael addition of nitromethane (pK, = 17.2) with trans-chalcone
indicates that the mixed oxide possesses basic sites stronger than H- = 17.2.

Ortho-selective alkylation of phenol with methanol proceeds effectively over
the MgO-CeO, mixed oxide in the temperature range 723-823 K.” Sato et al.
prepared MgO catalysts combined with various metal oxides for the alkylation of
phenol and found that only MgO-CeO, exhibited efficient catalytic activity without
decay. Strong basic sites on MgO were eliminated by the addition of CeO, and
weak basic sites which desorb CO, below 423 K in TPD were relevant to the reac-
tion. The number of weak basic sites was maximized at the CeO, content of 11.2
mol%. They postulated that the active MgO-CeO, catalyst consists of the intersti-
tial solid solution of fluorite-type MgxCe _x»0, dispersed in the MgO matrix.

3.7.2 Mixed Oxides Containing CeO,

Cerium oxide is a weakly basic oxide. Combination of CeO, with other metal
oxides modifies the acidic and basic properties of the metal oxides. The basic
properties have been studied for the metal oxides La,Os, ZrO, and ZnO with which
Ce0, is combined.

Although both CeO, and La,O3 are known to produce 1-alkene in the
dehydration of 2-alkanols, the selectivity further increased by combining the two
oxides.""” The selectivity to 4-methyl-1-pentene against 4-methyl-2-pentene in
the dehydration of 4-methyl-2-pentanol was maximized for the CeO,-La,O3; mixed
oxide containing 20—60 atom% of La. It was assumed that well-balanced numbers
of weak acidic sites and strong basic sites made possible efficient dehydration by
ElcB mechanism.

The combination of CeO, with ZrO, gives similar results to those of CeO,
with La,O; in both generation of acidic and basic sites and catalytic activity for
4-methyl-2-pentanol dehydration.'*"” The mixed oxide containing 75 mol% CeO,
showed maximum selectivity to 4-methyl-1-pentene due to increased numbers of
strong basic sites and weak acidic sites to result in a well-balanced number of
these sites.

ZrO; is active for transfer hydrogenation with 2-propanol (Meerwein-
Ponndorf-Verley reduction) as described in section 3.3. The mixed oxide CeO,-
ZrO, shows higher activity and selectivity than pure ZrO, for transfer hydrogena-
tion of cyclohexanone to cyclohexanol with 2-propanol.” The mixed oxide of the
composition Ce,Zry30, showed a selectivity higher than 98% at a conversion of
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53% at 575 K. The activity was the highest for the Ce4Zros0>. The high activity
and selectivity was postulated to be due to the reduction of the acidic property of
ZrO, by combination with CeO, to form moderate acid-base pair sites.

ZnO is active for dehydrogenation of cyclohexanol and transfer hydrogenation
of cyclohexanone with 2-propanol.” The activities for both reactions increased on
combination with CeO,. Combination with CeO, reduced the strong basicity and
enhanced acidity of ZnQO, resulting in an increase in the activities for the two
reactions.

Ce0, is active for the formation of 3-pentanone from 1-propanol at a reaction
temperature of 723 K. Kamimura et al. reported that the addition of Fe,Os to CeO,
enhanced the catalytic ability of CeQ,.” The reaction started with dehydrogena-
tion to propanal which underwent aldol addition to 3-hydroxy-2-methylpentanal,
followed by decomposition into 3-pentanone. Instead of CO expected from stoi-
chiometry, CO2 was formed in the final products. The excess O may originate
from impurity in the carrier gas or water produced by dehydration of 3-hydroxy-2-
methylpentanal.

> C,HsCOC,Hs + H, + CO;, 3.7.1)

The basicity and the activity increased on addition of 20~30 mol% Fe to CeO..
Although Kamimura et al. mentioned the importance of redox properties in addition
to acid-base properties, they stated that the addition of Fe,Os to CeO, enhanced the
ability of dehydrogenation of 1-propanol to propanal without losing the ability for
the dimerization of propanal (aldol addition).

3.7.3 Mixed Oxides Containing ALLO;

Basicity of Al,Os is enhanced by addition of alkali metals and alkali metal oxides,
as described in section 3.9. Addition of alkaline earth oxides and rare earth oxides
to ALLO; also enhances the basicity of the resulting mixed oxides. Horiuchi et al.
added a series of alkali metal oxides, alkaline earth oxides and rare earth oxides to
Al,O3 in 4 umol m ", and measured the heat of adsorption of CO, by gas chroma-
tography in the column temperature range 600 to 900 K.'” While the heat of
adsorption was 80 kJ mol™ for AL, Os, the heats of adsorption were ca. 160 kJ mol™
for the Al,O3’s loaded with BaO, and SrO, and ca. 140 kJ mol™ for the AlLO;’s
loaded with CaO, MgO, La,0;, Nd,O3, and Pr,0s.

Introduction of TiO, and ZrO, to Al,Os decreases the basicity of Al,Os.
Lahousse et al. prepared TiO,-ALO;'” and Zr0,-ALOs" with different composi-
tions, and carried out the hydrolysis of COS and 2-propanol decomposition over
these catalysts. The activity for COS hydrolysis was directly connected to the
number of OH groups involved in the formation of hydrogencarbonate species
when adsorbing CO,, which was confirmed by Bachelier et al.'”” The activities of
the TiO, and ZrO, for COS hydrolysis decreased on addition of Al,O;. The number
of OH groups sufficiently basic to interact with CO, was minimal for TiO,-Al,O3
containing 30% Al,O;. The activity for 2-propanol dehydration was maximized
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for TiO,-AlLO; containing 70% Al,Os. For ZrO,-Al,Os, the activity of ZrO, for
COS hydrolysis decreased with the Al,Os; content, but the activity for 2-propanol
dehydration increased with the Al,O; content. The increase in the dehydration
activity for both mixed oxides is due to an increase in the acidity by mixing two
oxides.
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3.8 Metal Oxides Loaded with Alkali Metal Compounds

Because of the chemical nature of the alkali metal compounds, the materials
modified by alkali metal compounds exhibit basic properties in many cases.
Modification of the surface properties by loading alkali metal compounds results
from various reasons, and it is often difficult to find the precise explanation for the
activity enhancement in each case.

1) Alkali metal ions poison or neutralize acidic sites and reduce the rates of
the reactions catalyzed by acid sites.

2) Alkali metal ions located either in the bulk or on the surface modify the
electron density of the surface oxygen ions.

3) Alkali metal compounds are transformed by the appropriate pretreatment
(calcination, heat treatment) into basic compounds such as alkali metal oxides
which show basic properties.

4) Alkali metal compounds react with the support material to develop com-
pletely new compounds (or catalytically active sites).

Among the materials modified by alkali metal compounds, Al,Os; and MgO
have been studied most extensively for their basic and catalytic properties. The
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catalytic properties of alkali metal compound-loaded catalysts vary with the type
of alkali metal compound. In this section, Al,O3;, MgO, SiO,, TiO,, and ZrO,
loaded with alkali metal compounds, KF-and CsF-loaded Al,O;, and KNH,-loaded
Al,Oj5 are described.

3.8.1 Alkali Metal Compounds-loaded Al,Os

Alumina possesses both acidic and basic properties. Adding alkali compounds to
AlLO; enhances the basic properties and weakens the acidic properties. This was
evidenced by microcalorimetric measurements of CO, and NH3 adsorption on
K,O/ALOs."” These changes caused by the addition of alkali compounds are
reflected on the catalytic activities. Dehydration of 2-propanol, a representative
reaction catalyzed by Al,Os, was inhibited by the addition of alkali compounds.”
Although the basic properties were enhanced, dehydrogenation of 2-propanol did
not proceed over alkali compounds-loaded Al,O;.

Increase in the heat of adsorption of CO, by the addition of alkali compounds
to ALOs was observed as shown in Fig. 3.8.1.7 Strong basic sites were generated
by addition of K" ion to y-AlLO; followed by calcination at 873 K. The heat of
adsorption was 170 kJ mol™' for K* ion-loaded y-ALO; while it was 100 kJ mol™'
for pure y -AlO;.

Several OH bands are observable for Al,O;. Addition of Na" ion causes a
complex change in the intensity of the OH bands. Paukshtis et al. observed that
the band at 3803 cm™' decreased moderately upon introduction of Na*.” The band
at 3780 cm™' decreased markedly with increasing Na™ concentration, whereas the
band at 3756 cm™ increased. The proton affinity of the OH group was estimated
from the band shift caused by the interaction with chloroform. As a result of
hydrogen bond formation with chloroform, the band at 3756 cm™ shifted to the
lower frequency region by 20-25 cm™', which corresponds to the proton affinity of
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Fig. 3.8.1 Differential heat vs. adsorbate coverage for adsorption of CO, at 323 K on y-ALO; (L),
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Reprinted with permission from H. Zou, X. Ge, J. Shen, Thermochimica Acta, 397, 81

(2003) Fig. 3.
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15401570 kJ mol™'. The portion of acidic OH groups showing bands at 3735-
3670 cm™' decreased by Na” addition. Similar behavior of OH bands was reported
by Srinivasan et al.” The highest frequency band of 3770 cm™ of ALO; dis-
appeared and a band appeared at 3750 cm™' on addition of Na*.

SO is a stronger acid than CO, and, accordingly, preadsorption of SO, on
ALO; blocks the subsequent adsorption of CO,, indicating that both probes SO,
and CO, are adsorbed on common sites.” SO, is adsorbed on the basic sites of
ALO; and 3% Na' ion-loaded Al,O; mostly in the form of sulfite (-Al-O-SO,) as
characterized by an IR band near 1060 cm™'. The band position of the sulfite
species is the same for both Al,O; and Na” ion-loaded Al,Os, but band intensity
was stronger for the Na'/Al,Os. The strength of adsorption and the quantity of
adsorbed SO, were greater for Na'/Al,O;, indicating the greater basicity of the Na*
ion-loaded Al,Os. The reactivity of the adsorbed sulfite toward H,S, which is
important for the Claus reaction, was lower on Na' ion-loaded Al,O; than on
ALQOs;. This is due to the stronger adsorption of SO, on Na" ion-loaded AL,O3;
strongly adsorbed SO, is more stable, and therefore less reactive. In addition to
the sulfite, hydrogensulfite species SOsH™ or HOSO, was suggested. Adsorption
of SO, on the OH groups was also stronger on Na® ion-loaded Al,O; than on
ALO;."

Remarkable increase in the catalytic activities of alkali metal compounds-
loaded Al,O; was observed for the double bond isomerization of alkenes.
Yamaguchi et al. impregnated Al,O; with different amounts of KNOs followed by
decomposition of the salts at elevated temperatures, and measured the catalytic
activity for double bond migration of cis-2-butene and 3-methyl-1-butene.'”’ The
maximum activity for the cis-2-butene isomerization was obtained for the Al,O3
loaded with 12 x 10" K" ions m™ and decomposed at 773 K. The activity was
higher than that of MgO; the reaction proceeded at 273 K (with 2.5 mg of catalyst)
in a closed recirculation reactor. Use of K,COs instead of KNOj; resulted in the
same activity. Cs" ion-loaded Al,Os exhibited even much higher activity than K*
ion-loaded Al,Os for the double bond isomerization of 3-methyl-1-butene. A
marked increase in activity for double bond isomerization by loading alkali ions
was observed only for A,O;. The other metal oxides such as SiO, and TiO, did
not become active by alkali ion loading under the same reaction conditions.

Yamaguchi et al. proposed the generation of strong basic sites on Al,Oz by
loading alkali or alkaline earth salts followed by heat treatment at a high tempera-
ture.'>"? During heat treatment after addition of the salts, decomposition of the
salts occurred in two steps. An example is shown in Fig. 3.8.2 for the KNO;-
loaded Al,Os prepared by grinding ALLOs; with KNO; (13 K cation per nm™ ALOj)
with a small amount of water to form a paste followed by drying at 383 K. The
sample was then subjected to TPD measurement monitoring the decomposition
process. Two TPD peaks appeared. The low temperature peak was composed
mostly of NO, caused by the decomposition of dissociated free NO; ™ ions, while the
high temperature peak was composed of NO and O, caused by the decomposition
of the agglomerated phase of KNOj;. Similar two-step decomposition was
observed for the ALL,Os’s impregnated with alkali carbonates, and alkali and alka-
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Fig. 2.

line earth nitrates. The authors proposed that the strong basic sites were generated
by the decomposition of the dissociated free anions forming O* or O anions

which act as strong basic sites.
(MH-COy” ——> (MH-0" + CO, (3.8.1)
(M or M)-NO; —> (M+ or M*H)-0 + NO, (3.8.2)

The decomposition of the agglomerated phase does not produce O or O, but
only metal oxides. These are not so strong as the O”” or O anions.

2MNO; —> M;0+2NO +3/20; (3.8.4)

3.8.2 Alkali Metal Compound-loaded Alkaline Earth Oxides

In 1985, it was reported that Li-promoted MgO exhibited activity for the oxidative
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coupling of methane to produce ethane and ethene in good selectivity in the pres-
ence of oxygen.M) Ito et al. prepared the Li-promoted MgO by adding MgO and
Li,CO; to deionized water and evaporating the water, while stirring, until only a
thick paste remained. The paste was dried at 313 K for more than 5 h and calcined
at 738 K. The Li/MgO was examined by ESR spectroscopy. The signal assigned
to [Li*O7] centers was observed at g, = 2.054. They proposed the mechanism for
the [Li'O"] formation which is analogous to that described by Abraham and co-
workers.”"¥ For every two Li* jons leaving the carbonate phase, only one Mg™*
enters to form MgCOs. From stoichiometric considerations, this excess of cations
in the MgO matrix suggests the formation of oxygen vacancies which may exist
on the surface. Gaseous oxygen molecules immediately react with the vacancies
at high temperature, resulting in O” ions and holes. The [Li’O] centers are pro-
duced by these holes being trapped at O” ions which are adjacent to Li* ions.
This process is expressed as follows.

2LITO" + [1+120, —> 2Li'O" + OF (3.8.5)

where [] denotes an oxygen vacancy. The [Li'O] centers act as active sites for
the formation of methyl radicals from methane.

Following the report by Ito and Lunsford, many studies have been performed
on the catalytic activities of alkali metal compound-loaded MgO. Most of the
studies focused on the oxidative coupling of methane. Application of the alkali
metal ion-promoted MgO to base-catalyzed reactions appeared later.

Normally, alkali compounds such as alkali carbonate are loaded on the surface
by an impregnation method then calcined at a high temperature. In most cases,
loading alkali ions on MgO results in a considerable decrease in surface area.
Nevertheless, the catalytic activities for a number of base-catalyzed reactions are
enhanced. The degree of the promotive effects depends on the type of alkali com-
pound and the type of reaction.

For 1-butene isomerization, an increase in the activity by loading alkali metal
jons on MgO was reported.'” Among Li*, K" and Na’, Li* was the most effective
in enhancing the activity. However, too much loading caused a decrease in the
activity. As compared to unmodified MgO, the Li,O/MgO of 1 wt% Li showed
activity about three times higher, while the Li,O/MgO of 10 wt% Li showed one
third at a reaction temperature of 273 K.

For decomposition of 2-propanol, loading alkali metal cations changes not
only the activity but the selectivity as well. Loading all Li*, Na", K" and Cs" cat-
ions on MgO increased the decomposition rate, but the enhancing effects were dif-
ferent for dehydrogenation and dehydration.” Loading Li* greatly enhanced the
dehydrogenation activity, but loading Na" and Cs" enhanced the dehydration
activity. It was interpreted that loading Cs” generates very strong basic sites which
promote dehydration, while loading Li* generates basic sites of medium strength
which promote dehydrogenation. For decomposition of 2-butanol, however, the
selectivity for dehydrogenation as well as the decomposition activity increased
upon loading Cs* cations on MgO.””

Aldol condensation is also promoted by loading alkali ions on MgO. The
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effective alkali metal cations are different depending on the reaction. For the
vapor-phase condensation of acetone to finally form isophorone at 573 K, Li" was
most effective among Li*, Na”, K and Cs*.* Isophorone was formed by sub-
sequent aldol condensation to phorone via mesityl oxide (MO), followed by intra-
molecular Michael addition of phorone. For the aldol condensation of citral with
acetone to pseudoionone, however, Li*-loaded MgO was not so active as compared
to Na'-loaded MgO, though the Li*-loaded MgO was more active than pure MgO.””

Oxidative coupling of methane and oxidative methylation of toluene over
MgO was greatly enhanced by loading two kinds of alkali compoundsZ4). The high
basicity of the bi-alkali-promoted MgO was deduced to the high enrichment of the
surface with alkali atoms as observed by XPS study. The enrichment was much
higher in the bi-alkali-promoted system than in the respective mono-alkali-pro-
moted system.

It was observed in many cases as described above that Li* ion is most effec-
tive for enhancing the basic properties of MgO. Kanno and Kobayashi measured
TPD and IR of CO, adsorbed on MgO loaded with alkali metal cations.” They
also observed that Li* ion was most effective in enhancing the basic properties of
MgO. The TPD peak appeared at the highest temperature of 673 K for Li"/MgO.
In IR spectra of adsorbed CO,, the largest difference was observed for Li’/MgO in
IR band position between symmetric vibration and asymmetric vibration of the
bidentate carbonate. They suggested that similarity in the diameter between Mg™*
(0.066 nm) and Li* (0.068 nm) makes it easier to substitute Mg™* by Li*, which
results in the generation of strong basic sites.

Although the surface area of alkali ion-loaded MgO is normally small, Li"
ion-loaded MgO with high surface area was prepared by the sol-gel method.”” A
methanol solution containing Mg(OCHs;), and LiNOs; was mixed with water solu-
tion in methanol at room temperature and allowed to stand for 24 h for gelation.
After drying at 323 K in a vacuum for 7 h, the gel was calcined at 773 K in air for
1 h. The resulting gel containing 1 wt% Li had a surface area of 190 m” g”', which
was not significantly smaller than the surface area of pure MgO 250 m* g”'. On
calcination at 973 K, the surface area decreased to 60 m’ g’], but it was still higher
than the surface area of the Li*-impregnated MgO 10 m” g .

Loading alkali metal compounds on CaO also enhances basic properties.

3.8.3 Alkali Metal Compound-loaded SiO, and Other Supports

A. Alkali metal compound-loaded SiO,

Bal et al. prepared alkali-loaded SiO, and measured IR of adsorbed CO, and cata-
lytic activities for 2-propanol decomposition and methylation of phenol with
methanol.”” The catalysts were prepared by impregnation of SiO, with the alkali
metal acetates or hydroxides followed by calcination at 773 K. Enhancement of
basic properties by alkali loading was confirmed by IR measurements of adsorbed
CO,. The adsorbed CO, transformed into a more stable bidentate carbonate species
with increasing basicity of the alkali oxides loaded on SiO,. The activities
increased with increasing basicity of the alkali metal (Li to Cs) in both 2-propanol
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decomposition and methylation of phenol with methanol. In the decomposition of
2-propanol, dehydrogenation to acetone proceeded preferentially, and in the meth-
ylation, O-alkylation to produce anisol took place selectively. They applied the
series of alkali-loaded SiO, to O-alkylation of 2-naphthol,28) dihydroxybenzeneszg)
with methanol, as well as O-alkylation of phenol with methanol, ethanol, propanol
and butanol.’” The order of activity followed the basicity for all the O-alkylations:
Li,0/Si0; < Na,0/Si0, < K,0/Si0, < Cs,0/Si0,.

Cs,0-loaded SiO; is being used in two industrial processes in the production
of vinyl ether from glycol ether (eq. 3.8.6) and N-vinyl-2-pyrrolidone from N-(2-
hydroxyethyl)-2-pyrrolidone (eq. 3.8.7). Both reactions are intramolecular de-
hydration.

ROCH,CH,OH ——> ROCH = CH, + H,0O (3.8.6)
(R = CH;, C,Hs, i- and n-C;H3, i-, n-, and -C,Hy, Ph,)

O O
IifN/\/OH . N+ HO (3.87)

For the intramolecular dehydration of 2-ethoxyethanol to ethyl vinyl ether, the
Si0O; loaded with Cs,0O in the Cs/Si atomic ratio of 0.03 showed a maximum con-
version of 95.5% with a selectivity of 80% at a reaction temperature of 693 K.*”
A higher selectivity of 84.2% was obtained with the catalyst loaded with Cs,0 in
the Cs/Si atomic ratio of 0.005. High activities and selectivities were observed for
the other 2-alkoxyethanols such as ethoxy-, isopropoxy-, n-propoxy-, isobutoxy-,
t-butoxy-, and phenoxyethanols. The high activity and selectivity were attributed
to the existence of the acid and base pair sites whose acid and base strengths were
lower than Hy = +6.8 and H- = +9.4, respectively.

For the intramolecular dehydration of N-(2-hydroxyethy)-2-pyrrolidone to
N-vinyl-2-pyrrolidone, the SiO,’s loaded with a small amount of alkali metal
oxides exhibited pronounced catalytic performance in the temperature range 633—
673 K.”” Similar to the case of dehydration of 2-ethoxyethanol to ethyl vinyl
ether, loading a small amount of alkali metal oxides generated weak acid-weak
base pair sites on SiO, surface, which acted as active sites for the intramolecular
dehydration.

Adjustment of acid-base pair sites by loading alkali metal cations together
with phosphorus on SiO, produces an active catalyst for the production of ethylen-
imine by intramolecular dehydration of monoethanolamine. The SiO, loaded with
Cs and P in the atomic ratio Si/Cs/P = 1/0.1/0.08 gave a selectivity of 78.1% at a
conversion of 70.1% at 643 K. The vapor phase process has been industrialized

H
|
—HzO
Ho SN ——— N (3.8.8)

monoethanolamine ethyleneimine
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for the production of ethyleneimine used for a raw material of pharmaceuticals and
amino resins.””

Kelly et al. reported that Na,O-loaded SiO, showed a high activity for vapor-
phase aldol condensation of aldehydes (n-butanal and n-hexanal) in the tempera-
ture range 623-723 K. By combination of Na,O-loaded SiO, with hydrogenation
catalysts such as Pd and CuO/ZnO, saturated aldehyde and alcohols were produced
in one step.34'35)

Zhu’s group attempted to generate strong basic sites on SiO, by loading KNO3
followed by decomposition of the supported KNO; in the presence of methanol
(redox strategy). Decomposition temperature was significantly lower in the pres-
ence of methanol. Low temperature decomposition of KNO; avoids the reaction
of K compound with SiO, and generates strong basic sites of H_ of 22.5.°° The
redox strategy could be successfully applied to other systems such as TiO,* and
zeolite Y.’ They also prepared strong basic sites on mesoporous silica SBA-15
by coating with MgO on which KNO; was supported. MgO layer on SiO, passi-
vated silanol groups.”™ Mesoporous structure was retained after heat treatment at
high temperature because KNO; did not react with SiO, to collapse the structure.
The resulting material possessed strong basic sites of H_ of 27.0. This method was
applied to zeolite Y.

B. Alkali metal compound-loaded TiO,

Zaroma et al. prepared alkali metal ion-loaded TiO, catalysts by sol-gel method in
which titaniun n-butoxide aqueous solution was added drop wise to a refluxed
mixed solution of water, ethanol, alkaline chloride, and nitric acid at pH 3, fol-
lowed by drying and calcining at 673 K.*** The basic strengths of the catalysts
measured by TPD of CO, were in the order Li*/TiO; < TiO, < Rb*/TiO, < Na'/
TiO, < K/TiO, < Cs*/TiO, after calcination at 673 K. On calcination at 873 K,
the basic strength of Rb*/TiO, became between that of K*/TiO, and Cs*/TiO,. The
catalytic activities of the alkali ion-loaded TiO, for the condensation of acetone to
mesityl oxide and isomesityl oxide at 573 K increased with an increase in the
strength of basic sites. The catalysts possessing basic sites stronger than Li’/TiO,
promoted further condensation to mesitylene.

C. Alkali metal compound-loaded ZrO,

4-Methylpentan-2-ol undergoes dehydration and dehydrogenation over ZrO,. The
selectivities to 4-methyl-1-pentene, 4-methyl-2-pentene and 4-methylpentan-2-one
depend on the preparation conditions. In particular, doping of Na* on ZrO, greatly
affects the selectivity. The ZrO, on which Na* was loaded by immersion in
aqueous NaOH or impregnation with aqueous NaOH showed a high selectivity to
4-methyl-1-pentene against 4-methyl—2-pentene.43) On the ZrO, immersed in
aqueous NaOH and calcined at 673 K, 4-methylpentan-2-one was mainly yielded,
the ratio of 1-alkene to 2-alkene being quite high in alkene products. Strong basic
sites generated by Na* loading abstract B-H (methyl H) to form a carbanionic
species (an enolate ion), which can undergo cleavage of either a-H-C bond to
produce ketone or C-OH bond to produce 1-alkene.
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The ZrO; catalyst on which KNOj3 is mounted and decomposed at 873 K
shows a high activity for cis-2-butene isomerization at 273 K. The reaction does
not occur at all on pure ZrO, at 273 K. Generation of basic sites stronger than H-
27 was observed for the ZrO, on which 15% KNO; was mounted and decomposed
at 873 K.*¥ In 2-propanol decomposition, dehydrogenation to form acetone
increased and dehydration to form propene decreased with the amount of KNO3
loaded.

D. Alkali metal compound-loaded carbon

Wang et al. prepared alkali-loaded carbon catalysts by impregnation of activated
carbon with an aqueous solution of alkali salts followed by heating under an N,
stream at 773 K.* The catalysts prepared using NaNO;, KNOs;, CH;COONa and
NaHCO; showed high activities for the formation of propionitrile from acetonitrile
and methanol at 673 K. The most active catalyst was prepared by using NaHCO:s,
the selectivity being more than 80% at a conversion of 70% at a reaction tempera-
ture of 753 K. The catalysts prepared using the salts that need a high temperature
to decompose such as CsNO;, Na,SO., Na,HPO, and NaCl showed low activities.
The extent of the decomposition of the salts is not sufficient for these catalysts of
low activitiy. Impregnation with NaHCOs is effective only for activated carbon.
High activities were not observed for other supports such as CaO, MgO, TiO,,
8102 and A1203.

3.8.4 KF/ALOs and CsF/ALLOs

KF/Al,O5; was developed by researchers engaged in synthetic organic chemistry
and is now listed among the commercially available chemical reagents. Later,
CsF/ALO; was found to show higher catalytic activity than KF/AL,Os for certain
types of base-catalyzed reactions.

A. Characterization

The basic strength of KF/Al,O3 was measured by Hammett indicator method to be
in the range 12—15 in H- scale.*” The mechanism of basic site appearance is con-
troversial. It is established that the following reactions occur during the prepara-
tion of KF/ALO:s.

12 KF + Al,O3 + 3 H,O —> 2 K;AlFs + 6 KOH (3.8.9)

6 KF +2 ALO; —» K;AIFs + 3 KAIO, (3.8.10)

Ando et al. reported that there are three basic species or mechanisms of appear-
ance of the basicity of KF/ALO;"™ : (1) the presence of active fluoride, (2) the
presence of [Al-O7] ion which generates OH™ when water is added and (3) the
cooperation of F~ and [Al-OH].

The above mechanisms were proposed for the appearance of basic sites on
KF/Al,O3; which had not been pretreated at a high temperature around 623 K. Y
MAS NMR studies of the pretreated KF/Al,O5 suggested that the state of F show-
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ing a peak at —135 ppm*’"
activities.”"

Figueras et al. studied "F NMR of KF/a-ALO; and KF/y-Al,O; with different
loadings of KF.”® The peaks ascribed to liquid-like F, KF, and K;AlFs were
identified by F NMR. With KF/a-Al,Os, all three species were observed. With
KF/y-AlOs, no peaks ascribed to liquid-like F~ and KF were observed; nearly all
KF reacted with y-Al,Os; when y-Al,O3; was impregnated with KF aqueous
solution. KF species appeared by decomposition of K;AlFs at higher temperatures
for KF/y-ALLOs. Considering that KF/a-AlbO; exhibits catalytic activity without
pretreatment and that KF/y-Al,O3 shows significant activity only after activation at
high temperature as reported,”” the authors concluded that KF reproduced on ALO;
is the catalytically active phase of KF/Al,O; catalysts.

Calorimetric measurement for CO, adsorption indicates that KF/o-Al,Os is a
stronger base than KF/y-Al,O;. Higher catalytic activity of KF/o-Al,O3 than that
of KF/y-Al,Os; was observed for a number of base-catalyzed reactions; isophorone
isomerization,54) Michael addition of 2-cyclohexen-1-one to nitroalkanes,53) trans-
esterification of diethyl carbonate with alcohols to unsymmetrical carbonates.”>>”

The state of F is also different on o-Al,O; and on y-ALO;. "F MAS NMR

or a peak at —150 ppm is relevant to the catalytic
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Fig. 3.8.3 F-MAS NMR spectra of (a) CsF/o-AlOs stored at ambient condition, (b) CsF/a-AlLO;
after vacuum treatment at 723 K, (c) CsF/y-Al,Os; stored at ambient conditions and (d) after
vacuum treatment at 723 K.
Reprinted with permission from J.-M. Clacens, D. Genuit, B. Veldurthy, G. Bergeret, L.
Delmotte, A. Garcia-Ruiz, F. Figueras, Appl. Catal. B, 53, 95 (2004) Fig. 3.
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spectra of CsF/o-Al,O; and CsF/y-AlO; either kept in air or dried in a vacuum at
723 K are shown in Fig. 3.8.3.”” CsF/y-Al,O; measured in air gives a single broad
line at —128 to 142 ppm which could be assigned to Cs3AlFs. This line was not
displaced by heat treatment. CsF/o-Al,O; showed a more complex spectrum with
at least three species. A line at —100 ppm, which disappeared upon evacuation at
723 K, was attributed to a hydrated fluoride, for instance, CsF 2H,O. A line at
—115 ppm, which grew in intensity upon dehydration and could be assigned to the
intact CsF species, and a line at —128 ppm was attributed to Cs;AlF.

B. Catalytic properties

KF is known to act as a base in a wide variety of organic reactions.” A typical
reaction that KF promotes is the hydrogen-bond-assisted reaction shown in eq.
3.8.11.%7

[F--H-ZR] + R-X —> R"ZR + HFX" (3.8.11)

The idea originates from the strong hydrogen bond between the F anion and a
protic compound HZR " as a result of the large electron density of the small F .
The electron density (nucleophilicity of Z) is enhanced, and various types of
nucleophilic substitution can be promoted in the presence of KF.

Ando and Yamawaki first found that KF supported on Celite was an efficient
reagent for the alkylation of various protic compounds.”” Later, they found KF/
ALO; to be the most efficient reagent for alkylation.m) An example is shown in
eq. 3.8.12.

This reaction is not a catalytic reaction; KF/Al,O; acts as a reagent.

The other reactions which are promoted in the presence of KF/Al,O; include
the Wittig reaction,”” Wittig-Honor reaction,”*” Danzens condensation®**” and
alkene-, acetylene-forming elimination.”” In these reactions too, KF/AL,O; acts as
a reagent.

KF/AlLO; acts also as a catalyst for a wide variety of base-catalyzed reactions
such as Michael addition,“’m) Knoevenagel condensation,62’64’66'68) nitroaldol reac-
tion (Henry reaction),” nitrile hydration,”” and elimination.®” Selected examples
of these reactions are shown below. All the reactions were carried out at room
temperature.

Michael addition®™
CH3;CH:NO, + CH;COCH=CH, —> CH3;COCH:CH(NO,)CHj3
0.25 mol 0.0125 mol  KF/AL,O; 5 min 100% (3.8.13)
0.025 mol KF
Knoevenagel condensation®™
PhCHO + PhCH,CN —> PhCH=C(CN)Ph
1 1 0.5 KF/AL,O; 21 h 82% (3.8.14)

(molar ratio)
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Nitroaldol reaction (Henry reaction )»

C,HsCHO + CH:3;NO; —> C,Hs-CH(OH)CH,NO: 1815
25mmol  25mmol  KF/ALO: 4.5 mmol 71% (3.8.15)
5h
Nitrile hydration™
p-CHsPhCN + H,O — p-CH;PhC(=0)NH, (3.8.16)
10 mmol KF/ALL,O; 3 g 40% e
t-butanol 24 h

For these reactions, KF/Al,O3; was used without any pretreatment or after
heated at 473 K to dry. It was revealed later that the activity of KF/Al,Os varies
greatly with the pretreatment temperature under a vacuum. As shown in Fig. 3.8.4,
all the activities for the isomerization of 1-pentene,’” the isomerization of
2,3—dimethyl—l—butene,m the Tishchenko reaction of benzaldehyde,s') and the dis-
proportionation of trimethylsilylacetylene’” changed markedly with the pretreat-
ment temperature. The activity for the Michael addition of nitromethane to
butene-2-one, however, did not change much with the pretreatment temperature.””
The strong dependency of the activity on the pretreatment temperature indicates
that new active sites are generated by outgassing at about 623 K in addition to the
active sites present without pretreatment as done in usual practice.

CsF/AlLOs also acts as an efficient catalyst for base-catalyzed reactions such
as Michael addition and transesterification.”” The catalytic activity is higher when
CsF is supported on o-Al,Os than on y-ALOs. CsF/o-Al O3 is more active than
KF/o-AlLO; for Michael addition of nitroalkanes to cyclohexen-1-one at 323 K.

100

Yield/%

400 500 600 700 800 900
Pretreatment temperature/K

Fig. 3.8.4 Variations in the activities of KF/AL,O; for (&) Michael addition of nitromethane to
butene-2-one, (A) 1-pentene isomerization, ([]) disproportionation of trimethylsilyl-
acetylene, (O) self-condensation of benzaldehyde, (.) 2,3-dimethyl-1-butene isomeriza-
tion as a function of pretreatment temperature.
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The conversions of the Michael addition of nitroethane to cyclohexen-1-one in 50
min were about 90, 60, 10 and 10% for CsF/o-Al,Os, KF/a-AlLOs;, KF/y-ALOs,
and CsF/y-AlLQOs, respectively. For the transesterification of diethyl carbonate by
I-phenylethanol at 403 K, o-AlOs-supported CsF and KF are more active as com-
pared to y-AlOs-supported CsF and KE>® A quantitative yield was achieved in
0.45 h over CsF/0-Al,Os, and in 5 h over KF/a-Al,Os, while 57% and 36% yields
were obtained for CsF/y-AlOs in 12 h and KF/y-AlLOs in 12 h, respectively.

The first order rate constants of the transesterification of diethyl carbonate by
I-phenylethanol are plotted against the number of strong basic sites adsorbing CO,
with an enthalpy > 120 kJ mol™' for various solid base catalysts (Fig. 3.8.5).” A
rough correlation appears between the number of the basic sites and the rate, but
CsF/o-Al,O5 falls well away from the line. The specificity of CsF/a-Al,Os was
explained by a large Pauling radius of Cs (0.169 nm) as compared with K (0.133
nm). Because of the large radius of Cs’ ion, the alkoxide anion formed by proton
abstraction from alcohol is weakly coordinated to the surface Cs" cation, and more
negatively charged. The alkoxides conjugated with Cs” are believed to constitute
“naked anions” exhibiting enhanced nucleophilicity. Therefore, it is believed that
the Cs-alkoxides constitute weakly coordinated species that enhance nucleophilicity
to a degree that affects the rate of nucleophilic attack on diethyl carbonate, resulting
in a high rate.

KF/Al,Os is used as a base which is generally required for Miyaura-Suzuki
coupling reactions. Kabalka et al. used KF/AlL,Os-supported Pd’ for the coupling
reaction of iodobenzene and arylboronic acid to form 4-methylbiphenyl in a yield
of 88-98% in 4 h at 373 K.”” The use of KF/ALOs as a support of Pd for Miyaura-
Suzuki coupling reactions has been reported for several other reactions.”*””

Pd(0)/bis-phosphine complex catalyzes amination of halopyridine in the pres-
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Fig. 3.8.5 Correlation between the reaction rate constant and the number of strong basic sites, adsorb-
ing CO, with an enthalpy > 120 kJ mol ™.
Reprinted with permission from B. Veldurthy, J.-M. Clacens, F. Figueras, J. Catal., 229,
237 (2005) Fig. 5.
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ence of strong bases such as sodium #-butoxide. Instead of a strong base, KF/
AlyOj; can be used. Amination of various halopyridines with amines takes place at
350-373 K over Pd-phosphine supported on KF/ALO;.”

3.8.5 KNH,/ALO;

KNH,/AlL0; is also a unique solid base catalyst in the sense that basic sites are not
oxygen atoms or ions on the surface, and exhibits high activity particularly in
double bond migration of unsaturated compounds.77'78) The catalyst was found in
the course of investigation of the supported metal catalysts prepared by impregna-
tion with ammoniacal solution of alkali metals. Among the catalysts prepared
from the ammoniacal solutions, K(NH3)/Al,O3 and Na(NH3)/Al,O3 prepared by
impregnation of alumina with ammoniacal solution of K and Na, respectively,
showed extraordinary high activity for a base-catalyzed reaction when pretreated
in the temperature range 400-600 K.”” The catalysts could promote 1-pentene
isomerization even at 201 K. This activity is far higher than that of the Na/Al,Os
prepared by the vapor deposition of Na metal on Al,O;. Based on the studies of the
active species in K(NH3)/ALOs by IR spectroscopy and TPD, it was revealed that
the active species in K(NH3)/Al,O3 is KNH, on Al,Os. This finding was confirmed
by the very high activity of the KNH,/AL,Os prepared by direct loading of KNH,
on Al,Os as described below.

Alumina and a small amount of Fe,O; (a catalyst for converting K into KNH,
in liquid ammonia) are heated in the reactor under a vacuum at 773 K for 3 h. A
piece of potassium metal is then put into the reactor under nitrogen. After evacua-
tion, ammonia is liquefied into the reactor to dissolve the metal. Blue color due to
solvated electrons disappears in about 10 min, indicating the formation of KNH,.
After 1 h, the reactor is warmed to room temperature to remove most of the
ammonia and then heated at 573 K for 1 h under a vacuum.

The catalytic activity varies with KNH, loading as well as heat-treatment tem-
perature. Fig. 3.8.6 shows effect of the loaded amount of K on the catalytic activ-
ity for isomerization of 2.3-dimethyl-1-butene at 201 K.”” The activity was negli-
gible up to a loading of 3 wt%, which is almost equal to the amount of OH groups
on the surface, indicating that the OH groups on the Al,O; surface react with
KNH, and that the resulting K compounds are inactive. The activity increased as
the loading exceeded 3 wt% and reached maximum at 8—10 wt% loading. Fig.
3.8.7 shows the variation in the activity of KNH»/Al,Os for 2,3-dimethyl-1-butene
isomerization at 201 K as a function of the evacuation temperature. The catalytic
activity strongly depends on the heating temperature and gives the maximum at
about 573 K. At 673 K, the activity declines sharply. Although KNH, supported
on alumina has been proposed as a base catalyst, the catalyst was used after drying
at a low temperature of 338 K.*” However, high temperature treatment at about
573 K is indispensable for KNH,/Al,O3 to show the potential activities for various
base-catalyzed reactions.””

The NH, groups in KNH,/Al,O; undergo H exchange with H,, CHy4, CoHs, and
3-methylbut-1-ene. The H exchange of 3-methyl-1-butene is involved in the double
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Fig. 3.8.6 Dependence of loaded amount of K on the catalytic activgity of KNH,/Al,Os for the isom-
erization of dimethyl-1-butene (24 mmol) at 201 K. Reaction time; 10 min. Catalyst; 63 mg.
Reprinted with permission from Y. Ono, T. Baba, Catal. Today, 38, 321 (1997) Fig. 2.
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Fig. 3.8.7 Influence of the evacuation temperature on the catalytic activity of KNH,/ALOs for the
isomerization of 2,3-dimethyl-1-butene (24 mmol) at 201 K. Reaction time; 10 min.
Catalyst; 63 mg. K-loading; 8 wt% as K.
Reprinted with permission from Y. Ono, T. Baba, Catal. Today, 38, 321 (1997) Fig. 3.

bond migration. Hydrogen atoms in 3-methyl-1-butene are incorporated into the
NH, groups of the catalyst during the double bond migration.

The H exchange ability of the NH,, together with the fact that the activity
declines by decomposition of the NH, groups to N, and H, above 600 K, indicates
that the N atoms in NH, groups act as basic sites. The N atoms abstract an H"
from the reactants to form anionic intermediates. This is dissimilar to most of the
other solid base catalysts in which O atoms act as the basic sites.

KNH,/AlO; shows catalytic activities also for the double bond isomerization
of alkenes,79) the double bond isomerization of unsaturated amines to enamines,gl)
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the dimerization of phenylacetylene,sz) the disproportionation of trimethylsilylacet-

ylene,

83) 84)

and the reaction of diethylsilane with toluene to diethylbenzylsilane.
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Metal Oxides and Carbon Materials Loaded with
Alkali Metals

Addition of alkali metals to certain types of metal oxides results in the formation
of strong basic sites. In 1955, Pines reported that Al,O; became highly active for
double bond migration of alkenes when modified with Na metal.” This is one of
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the earlier papers on solid base catalysts. Following Pines, there have been a con-
siderable number of papers describing alkali metal addition to various types of
metal oxides and carbons. The metal oxides to which alkali metals were added
include ALQOs3, Si0,, MgO, CaO and zeolites. Carbon materials in different forms
were also used for modification by the metals. In all cases, enhancement or gener-
ation of basic sites were observed. Enhancement or generation of basic sites is
more effective by alkali metal than by alkali metal cation. The mechanisms for
forming basic sites by addition of alkali metals and alkali metal cations vary.
Alkali metal-modified zeolites are described in section 4.2.3.

3.9.1 Preparation of Alkali Metal-modified Catalysts

Modification of metal oxides and carbons with alkali metals is performed in several
different ways. Three methods are frequently employed. The first method is to
expose the metal oxides to alkali metal vapor. Predried metal oxide or carbon and
alkali metal are placed together in a vessel and heated to slightly above the melting
point of the alkali metal to generate alkali metal vapor. The metal oxide or carbon
is exposed to the vapor of alkali metal. The second method is also exposure of the
metal oxide to alkali metal vapor, but the vapor is produced by the decomposition
of alkali azide above the decomposition temperature of the alkali azide in a vacuum.
Alkali azides decompose to yield alkali metal vapor and nitrogen. The third method
is to impregnate the metal oxide with alcoholic solutions of alkali azide followed
by the controlled decomposition of the azide in a vacuum or flowing inert gas.
One other method is impregnation with the ammoniacal solution of an alkali metal.

There are many variations of the above three methods for addition of alkali
metals. As one specific way to prepare a strong solid base, Na/NaOH/Al,Os is
described below as an example.” To 30 g of calcined v-Al,O3 5 g of NaOH was
added in portions at 583-593 K with stirring under a flowing N, flow to remove
water vapor generated. The stirring was continued for 3 h to give a white solid.
Then 1.2 g of Na metal was added, and the reaction mixture was stirred for 1 h at
the same temperature to finally yield a pale blue solid.

It should be noted that the states of alkali metals are not necessarily metallic
on the surface of the metal oxide support. In most cases, the alkali metals added
change to the ionic state.

3.9.2 State of Alkali Metal

In the literature published in 1950’s, the alkali metals added on the supports were
supposed to be in a metallic state. The catalytic reactions were well interpreted by
a calalysis by alkali metals. Later, spectroscopic measurements revealed that the
alkali metals were transformed to the ionic state.

The MgO modified with Na metal gave an ESR signal with a g value of 2.004
assigned to an F' center which was formed by electron trapped in an oxygen
Vacancy.3) The electron is released from Na metal which turns to Na' ion. The
ESR signal intensity increased with the added Na metal to reach maximum.
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Fig. 3.9.1 *Na MAS NMR spectra of o-ALOs-NaOH-Na (left) and v-Al,03-NaOH-Na (right).
Reprinted with permission from G. Suzukamo, M. Fukao, T. Hibi, K. Tanaka, M. Minobe,
Stud. Surf. Sci. Catal., 108, 649 (1997) Fig. 2.

Further increase in the amount of Na metal added to MgO resulted in a decrease in
the signal intensity. The F* center traps one more electron to form a diamagnetic
F center, which is the oxygen vacancy trapping two electrons. Strong basic sites
generated by the addition of Na metal to MgO are proposed to be O’ ions adjacent
to Mg”"-[e] (F" center) or Mg *-[ee] (F center) as will be shown later.

The state of Na in Na/NaOH/Al,O; prepared by addition of NaOH and Na
metal to o- and y-ALO; was examined by “Na MAS NMR.” The Na/NaOH/
a-AlOs, which is inactive for base-catalyzed reactions, shows a peak of metallic
Na at 8 = 1133 ppm, while the Na/NaOH/ y-Al,O; shows only one peak at & = 30
ppm, which is assigned to the Na* ion. Even when Na metal was added, all Na
species ware ionized on the surface of Na/NaOH/ y-AL,O; (Fig. 3.9.1).

3.9.3 Strength of Basic Sites

The strength of basic sites generated by modification with alkali metals was esti-
mated by indicator method, TPD of CO,, XPS of Oy, and catalytic performance in
base-catalyzed reactions.

Kijenski and Malinowski measured the strength of basic sites of MgO, MgO
loaded with NaOH (NaOH/MgO), and MgO loaded with Na metal (Na/MgO).”
The maximum strength of the basic sites of each sample was 27 < H_ < 33 for
MgO and NaOH/MgO and H- > 35 for Na/MgO; all MgO samples were pretreated
at 823 K in Ar. Loading alkali metals is more effective in enhancing the basic
strength. Gorzawski and Holderich prepared Na/NaOH/Al,O3; and Na/NaOH/
MgO and measured the basic strength by indicator method. While the basic
strength of both of Al,O; and MgO was 9.3 < H_ < 15, that of Na/NaOH/AL,Os; and
Na/NaOH/MgO was 35 < H. < 37.°

TPD of CO, showed that Na metal-loaded Al,O; possessed stronger basic
sites than Na* ion-loaded Al,Os;. More strong basic sites appeared on the sample
prepared by loading Na metal on Na' ion-loaded Al,Os;. TPD of CO, is shown in
Fig. 3.9.2 for these three samples.”
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Fig 3.9.2 TPD analysis of CO, for (a) Na/NaOH/y-ALOs, (b) Na/y-AL,Os; and NaOH/y-ALO;.
Reprinted with permission from H.-J. Kim, B.-S. Kang, M.-J. Kim, Y. M. Park, D.-K. Kim,
J.-S. Lee, K.-Y. Lee, Catal. Today, 93-95, 315 (2004) Fig. 4.

XPS of Oy, binding energy also supported the above order of the three alkali-
modified Al,O; samples.” The XPS peaks shifted to lower binding energies in the
order Al,O3;, NaOH/ALO;, Na/Al,O3; and Na/NaOH/AI,Os, indicating that the
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Fig. 3.9.3 XPS analysis of Oy, orbital.

Reprinted with permission from H.-J. Kim, B.-S. Kang, M.-J. Kim, Y. M. Park, D.-K. Kim,
J.-S. Lee, K.-Y. Lee, Catal. Today, 93-95, 315 (2004) Fig. 3.
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basic strength increased in the same order (Fig. 3.9.3). The same change in Oy,
binding energy was reported by Suzukamo et al.”

Enhancement of basic sites of MgO by alkali metal loading was evidenced by
TPD of CO,.”

3.9.4 Model of Basic Sites

A model has been proposed by Matsuhashi et al. for the generation of strongly basic
sites on addition of alkali metals to MgO, as shown in Fig. 3.9.4 on the basis of
ESR measurements as described in section 3.9.2.” When an alkali metal is
adsorbed on the surface, it releases an electron to form the alkali cation. The elec-
tron released from the alkali metal is trapped in a single oxygen vacancy on the
subsurface to form an electron (F' center) or paired electrons (F center). The three
O ions existing on the (111) microplane neighboring the F* center or F center are
the strong basic sites.

o Active site

= Mg
o o

F'center (surface)

Alkali metal (5¢)

Fig. 3.9.4 Model structure of superbasic sites on alkali metal-loaded MgO.
Reprinted with permission from H. Matsuhashi, M. Oikawa, K. Arata, Langmuir, 16, 8201
(1997) Fig. 7.

3.9.5 Catalytic Properties

A. Alkali metal-modified MgO and CaO

The effect of alkali metal on alkaline earth oxide was examined long ago for the
Na/CaO system in the addition of butadiene to alkylaromatic hydrocarbons.” For
the addition of butadiene to toluene, Na and K metals added to CaO afforded
5-phenyl-2-pentene at 364-366 K. Side-chain alkylation occurred. It was pro-
posed that the reaction was initiated by the metalation of toluene with Na metal to
form benzylsodium which underwent 1,4-addition to butadiene followed by trans-
metalation. In the proposed mechanism, the active component is Na metal on the
surface of CaO, and participation of basic sites was not considered.
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Ph—-CH; + Na —> Ph-CH,Na + 1/2 H, (3.9.1)
Ph-CH,Na + CH,=CH-CH=CH, —> Ph-CH,CH,-CH=CH-CH,Na  (3.9.2)

Ph—-CH,CH,—CH=CH,Na + Ph—CHj;
—> Ph-CH,CH,-CH=CH-CH; + Ph-CH,Na (3.9.3)

The idea that the alkali metal added to the metal oxide is directly involved in
the reaction was proposed in early papers, but it became more common to consider
the basic sites generated by the addition of alkali metals as active sites for the
reactions occurring on the alkali metal-modified metal oxides. Participation of the
basic sites generated by modification with Na metal was suggested for the decom-
position of methyl formate to CO and H, at 473 K,'” and for the formation of pen-
tenes and heptenes from a mixture containing equal amounts of propene and
ethylene over K metal-modified MgO at 483 K.'" The high activity of Na metal-
modified MgO for double bond isomerization of 3-methyl-1-butene was also con-
sidered to be due to the strong basic sites (lattice 0") existing on the (111) micro-
plane neighboring the F* or F centers which are formed by modification of MgO
with Na metal.'”

Kijenski and Malinowski reported that MgO modified with Na vapor showed
high activity for double bond isomerization of 1-pentene and 1-hexene at 298 K.
They supposed two mechanisms: a ion-type mechanism involving basic sites and a
radical-type mechanism involving one electron donor site."”

Kijenski et al. studied side-chain alkylation of aromatics such as toluene,
ethylbenzene, cumene and xylene with ethylene and propene.'” Based on ESR
measurement of the adsorbed states of the reactants as well as catalyst poisoning
by the radical trap TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) they proposed
the active sites to be F* centers formed by the modification of MgO with K metal
and not to be basic sites.

B. Alkali metal-loaded ALLOs

In 1955, Pines et al. reported that Na metal loaded on Al,Os exhibited high activi-
ties for double bond isomerization of 1-butene and 1-decene, and dehydrogenation
of limonene to p-cymene.” It was suggested that the reaction proceeded via carb-
anions as reaction intermediates. This paper triggered the study of solid base cata-
lysts. Pines et al. successively reported high activities of Na metal-modified Al,O3
for 1-pentene isomerization” and side-chain alkylation of alkyl aromatics such as
toluene, cumene, xylene and indane with ethylene.'” High activity of alkali metal-
modified Al,Os for double bond isomerization of 1-butene was demonstrated by
O’Grady et al."”"® The reaction proceeded even at 213 K.

Alkali metal-modified Al,O; was used as the catalyst for other reactions such
as hydrogenation of ethylene, H,-D, exchange,'” and hydrogenation of conjugated
dienes to monoolefins. Until the 1970’s alkali metals dispersed on Al,Os; were
considered to be the active sites for the reactions.

Suzukamo et al. prepared a strong basic catalyst Na/NaOH/AlL,Os as described
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in section 3.9.1. The catalyst is effective for the isomerization of 5-vinylbicyclo
[2.2.1]hept-2-ene 1 to 5-ethylidenebicyclo[2.2.1]hept-2-ene 2, which is an impor-
tant third comonomer of ethene-propene synthetic rubber, and actually used in the
industrial process. The reaction proceeds completely even at 243 K.>**"

- Q-
~ N (3.9.4)

1 E-2 Z-2

Na/NaOH/AI,O; exhibits high activity also for the double bond isomerization
of 4-methyl-1-pentene, 2,3-dimethyl-1-butene to 2,3-dimethyl-2-butene, and safrol
to isosafrol.

In addition, Na/NaOH/AILO; is an effective catalyst for the side-chain alkyla-
tion of alkylbenzenes such as cumene, toluene and ethylbenzene with olefins such
as ethylene and propylene. For these side-chain alkylation reactions, K/KOH/
Al,Os5 is much more active than the Na/NaOH/AL,Os. Alkylation of cumene with
ethylene proceeded at 313 K.

Although Na metal is added to NaOH/ALOs, the state of Na in Na/NaOH/
ALOs is not metallic but ionic, which was confirmed by ’Na MAS NMR as
described in section 2.8. The binding energy of Os observed by XPS was lower
for K/KOH/AI,O; than for Na/NaOH/ALOs3, suggesting that the surface O is more
electron-rich for the former than the latter, corresponding to the activities for the
side-chain alkylation. Accordingly, it is plausible that the active sites on Na/
NaOH/ALOs; are the basic surface O atoms created by the addition of NaOH and
Na metal to Al,Os.

Seki et al. prepared Na metal-modified mesoporous Al,Oz by impregnation
with NaNj3 followed by decomposition, and measured its catalytic activities for
double bond migration of 2,3-dimethyl-1-butene to 2,3-dimethyl-2-butene and
o-pinene to B-pinenezz) . A high activity was obtained for the former reaction due to
generation of strong basic sites, and a high selectivity was observed for the latter
reaction due to suppression of acidic sites.

C. Alkali metal-loaded carbon

Foley’s group prepared a Cs metal-modified nanoporous carbon catalyst by expo-
sure of the carbogenic molecular sieves with a pore-size distribution centered
around 0.5 nm and surface area of about 1000 m” g to Cs metal vapor.” The
resulting materials showed high activity for 1-butene isomerization at 273 K and
side-chain alkylation of toluene with propene at 423 K> A high cis to trans ratio
of 9 in the 1-butene isomerization was indicative of an allylic carbanion intermedi-
ate. A high iso to normal ratio of butylbenzene in the side chain alkylation also
indicated an anionic rather than free-radical mechanism.” For the benzene cou-
pling to biphenyl in the temperature range 423—623 K, anion radicals of benzene
were suggested to be the intermediates.””



156

3 Preparation and Catalytic Properties of Solid Base Catalysts I

The same catalyst enhanced the catalytic activity for aldol condensation of
acetone to isophorone when the catalyst was oxidized by exposure to air.

27)

Crystalline form of CsOH formed. The resulting catalyst was much more active
than the carbogenic molecular sieves impregnated with CsOH solution.
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4.

Preparation and Catalytic Properties of
Solid Base Catalysts — II. Specific Materials for
Solid Bases

4.1 Hydrotalcite and Mixed Oxides Derived from
Hydrotalcite

Hydrotalcite and related materials are very important catalysts and catalyst precur-
sors. The synthesis, structure and catalytic application of hydrotalcite have been
reviewed by several authors.'™ The catalytic aspects of hydrotalcite have also
been reviewed."”

4.1.1 Structure of Hydrotalcite

Hydrotalcite is a natural mineral with the approximate formula MgsAl,(OH),CO5*
4H,0. The structure of hydrotalcite consists of positively charged, brucite-like
hydroxide layers with negatively charged interlayers. In brucite, the magnesium
cation is octahedrally surrounded by hydroxyl groups; the resulting octahedral
share edges to form infinite sheets. In hydrotalcite, some of the magnesium ions
in the brucite layer are isomorphously replaced by AI’* ions. In natural hydro-
talcite, CO;™ ions exist in the interlayers.

The composition of hydrotalcite can be modified in various ways. The com-
position of Mg/(Mg + Al) ratio, x, is changeable. Thus, the composition can be
expressed as [MgHAIX(OH)z]“[CO32’]X/2 ‘nH,O. The value of x can be varied from
about 0.1 to 0.34.*” The materials are often called layered double hydroxide. By
synthesis, Mg can be isomorphously replaced by Zn, Fe, Co, Ni, Cu, while Al can
be replaced by Cr, Fe, In.

The interlayer anion, CO5™, can be replaced by a wide variety of anions, as
described below. The layer spacings depend on the nature of the interlayer anions
and the state of hydrostatic attraction between the layers and interlayer anions.
The modified hydrotalcite materials are often called hydrotalcite-like materials.

A layered double hydroxide, [ALLLi(OH)¢].COs is also used as a source of
Al,05-Li,O mixed oxide, which exhibits catalytic activities for various base-
catalyzed reactions.””

As for the base catalysts, Mg, Al-containing hydrotalcite with COs” ions are
most often used as starting materials. The description in this section deals with
these materials unless otherwise noted.
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4.1.2 Synthesis of Hydrotalcite

The various ways to prepare hydrotalcite-like materials has been reviewed.”'”
The most common way is coprecipitation followed by hydrothermal treatment. A
homogeneous precipitation method using urea hydrolysis is also proposed to give
well-defined particles of controlled sizes."'® The production of hydrotalcite in a
continuous mode (in-line dispersion-precipitation method) was demonstrated by
Abell6 et al.'” Preparation by sol-gel method is also a very useful method." "
Comparative study of coprecipitation method, urea method, and sol-gel method on
the morphology, crystal size and catalytic activity for aldol condensation of
acetone was reported by Greenwell et al.'” Typical examples of the preparation
methods are given below.

A. Coprecipitation method™

Aqueous solutions containing 0.3 mol of MgCl,*6H,0, 0.1 mol of AICl;-6H,0,
0.8 mol of NaOH and 0.02 mol of Na,COs were slowly mixed under vigorous stir-
ring, maintaining the pH between 8 and 10, at 343 £5 K. The precipitate formed
was aged in the mother liquor at this temperature for 15 h under stirring, and was
then washed several times until the solution was free of chloride ions. The prod-
ucts were dried at 313 K. They contain both CI” and COs” as charge compensat-
ing ions.

The exchange of CI” anions was performed by contacting the hydrotalcite with
a solution of Na,COs; 2 g of the dried sample was dispersed in a 1.5 x 10~ M solu-
tion of Na,CO; and stirred at 343 K for 2 h. After filtration, the solids were
washed and dried at 313 K. In order to achieve a higher degree of exchange, a
successive exchange was carried out.

Aging or hydrothermal treatment is often performed to improve the crystallin-
ity.2‘23) The time required for aging can greatly shortened by microwave irradia-
tion.”*® Microwave irradiation also modifies the textual properties, giving larger
surface area.””

To obtain better solid base catalysts, the exchange of CI” ions in the precipi-
tate with CO;" is essential since the Cl” ions in the calcined samples markedly
reduce the adsorption amount of CO, and the catalytic activity for base-catalyzed
reactions.'>***” The effect of Cl” ions in the mixed oxides is also evidenced by the
adsorption capacity and heat of adsorption of C0,.”® The catalytic activity of
rehydrated hydrotalcite is also retarded by the presence of CI™ in the starting
hydrotalcite.'"” Thus metal nitrates are often used instead of chlorides.

B. Sol-gel method"

A 0.15 mol sample of magnesium ethoxide is dissolved by acid hydrolysis with
HCI or HNO:s in ethanol; the solution is refluxed at 353 K under constant stirring.
A second solution, containing a suitable amount of aluminum acetylacetonate in a
1 : 1 mixture of acetone/ethanol in order to obtain Mg”*/Al’" ratios in the range of
3 - 6, is slowly added, and the pH is adjusted at about 10 with NH,OH. Water in
molar amounts equal to the Mg content is then slowly added. The solution is
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refluxed at 353 K up to 17 h until gel formation. The gel is stirred into a 10" M
Na,COj; aqueous solution to exchange Cl” ions coming from HCI. The samples are
repeatedly washed in deionized water and then dried overnight at 353 K.

4.1.3 Thermal Decomposition of Hydrotalcite

The thermal decomposition of hydrotalcite has been studied extensively. Below
473 K, only interstitial water is lost. Though XRD shows that the layer structure
is retained by dehydration, *’Al MAS NMR indicates that a certain amount of tetra-
hedrally coordinated Al appears at this temperature. Around 500 K, dehydroxylation
of brucite layers starts. Between 523 K and 673 K, both carbon dioxide and more
water by the dehydroxylation are lost. On calcination at 623 K to 973 K, the peri-
clase (MgO) structure is formed, probably containing Al in solid solutionzg)(Fig.
4.1.1). On calcination at 1273 K, XRD shows the presence of MgAl,O4 together
with periclase, and the MgAl,O, structure cannot be reconstructed into hydro-
talcite structure by rehydration.

SEM analysis of the periclase phase shows retention of the original morphol-
ogy of hydrotalcite, indicating that during the thermal decomposition steam and
carbon dioxide escape through holes in the surface.””

Al MAS NMR shows that as-synthesized hydrotalcite shows a single reso-
nance (+10 ppm) due to octahedral aluminum. After the sample is heated to 723
K, a shoulder develops at +75 ppm due to tetrahedral aluminum, in addition to
octahedrally coordinated aluminium in periclase.SMz)

XPS shows that Mg/Al ratio at the surface of the calcined material is less than
the bulk composition, indicating that the Al is not randomly distributed but con-
centrated near the surface.”” These findings indicate that magnesium aluminate-
type species are located at the outer surface of periclase-type MgO-AlLO; solid
solution. Therefore, the effect of the surface phase cannot be neglected in the sur-
face properties of the calcined hydrotalcite.

A

5 15 25 35 45 55 65 75 85 95 105

20/degrees

Fig. 4.1.1 XRD patterns of (a) as-synthesized hydrotalcite, (b) hydrotalcite calcined at 723 K and (c)
hydrotalcite rehydrated in water.
Reprinted with permission from F. Winter, A. Jos van Dillen, K. P. de Jong, J. Mol. Catal.,
A, 219, 273 (2004) p.275 Fig.2.
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The surface area increases by calcination from ~50 m’g™" of as-synthesized
hydrotalcite. The surface area shows maximum at the calcination temperature of
723-773 K (200-270 m’g""). The mixed oxides derived from hydrotalcite by sol-
gel method exhibits 10-25% higher surface area than that by the coprecipitation

method."”

4.1.4 Rehydration of Calcined Hydrotalcite

Although hydrotalcite is converted to the periclase structure by calcination, this
reaction is reversible, provided that the upper temperature does not exceed 773—
873 K.29,30,34)

XRD shows that hydration of the calcined product results in the reconstruc-
tion of the original structure®(Fig. 4.1.1). This phenomenon is known as the
memory effect. When the calcined sample is rehydrated by exposure to atmos-
phere or liquid water, >’A1 NMR spectrum shows only the signal due to octahedral
aluminum, indicating also that the original structure is restored.””

Rehydration can be carried out either by exposing calcined hydrotalcite in
nitrogen saturated with water vapor or by immersing calcined hydrotalcite in
decarbonated water. The rate of rehydration depends on the calcination temperature
of the original hydrotalcite and the temperature of rehydration.35) The hydrotalcite
reconstructed contains OH  ions in the interlayes. When rehydration is carried out
in air or non-decarbonized water, CO5” ions are incorporated in the interlayers.

Various anions can be incorporated by utilizing the memory effect.’® When
calcined hydrotalcite is rehydrated in aqueous solution containing anions, the orig-
inal hydrotalcite structure is reconstructed and the corresponding anions are incor-
porated in the interlayers. By this method large anions such as p-toluenesulfonate
and polyoxometalate (V.()Ozs)(” or (M07024)(k can be incorporated.

4.1.5 Introduction of Anions into Interlayers

Anions can be introduced into interlayers mainly by four methods: (a) synthesis,
(b) anion exchange, (c) reconstruction (memory effect) and (d) chemical reaction.
(a) By synthesis

Anions can be introduced into interlayers through the synthesis step by using com-
pounds having the desired anions. The anions introduced by this method include
CO,™, CI', NOy, ClO, "OCO(CH,),COO0O", terephthalate, alkoxides. When
hydrotalcite with anions other than COs™ is prepared, exposure to air must be
avoided and decarbonated water has to be used in all the synthetic procedures,
since CO; is easily incorporated as carbonate from the atmosphere.

(b) By ion exchange

Hydrotalcite or its analogues are anion exchangers. The order of stability for
anions is approximately as follows.””

OH >F >CI >Br >NO; >1
CO;” > S04~
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Multiply charged anions are much more stable than monovalent anions. Complex
anions such as Fe(CN)GS’, Fe(CN){P, Co(CN)GS’, NiCL™, polyoxometalate ions and
alkylbenzenesulfonate ions can also be introduced by the anion exchange method.
'BuO" ions can be incorporated by exchanging NO;™ ions in the layers with 0.1
M solution of potassium z-butoxide in THF.™*” The material is a very active cata-
lyst for base-catalyzed reactions, as described below.
(c) Under reconstruction conditions
Various anions can be incorporated in the interlayers of hydrotalcite structure by
using the memory effect. The most important application with respect to base
catalysis is the incorporation of OH™ ions from pure water. F ions can also be
incorporated from an aqueous solution of KF."” The strongly basic ions, BuO~
and isopropylamide ions, can also be introduced by the addition of calcined hydro-
talcite to a solution of KO'Bu and lithium diisoproylamide, respectively, in
THF.*"*? L-Proline anion can be incorporated into the interlayers by using the
memory effect.*¥
(d) By chemical reactions
Exchange of halide ions in the interlayers of hydrotalcite materials can be achieved
by the reaction with alkyl halide. I" (or Br’) ions in Zn,CrOH)el-2H,O (or
Zn,Cr(OH)sBr-2H,0) can be substituted with Br™ (or I') ions by the reaction with
alkyl bromides (or iodide) in liquid phase (363 K) and in vapor phase (423 K).?
Fig. 4.1.2 shows the reaction of Mg¢Al,(OH);6Cl, and alkyl halides.”” The reac-
tion was carried out using 1 g of hydrotalcite (C1" = 3.3 mmol) and 33 mmol of
alkyl halide in toluene at 353 K. In the case of benzyl bromide, 92% of CI” ions
was replaced by Br ions in 30 min. The rate of the substitution depends on the
alkyl groups. The order is isobutyl < isopropyl < butyl = propyl < benzyl. The
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Fig. 4.1.2 Time course of the reaction of Cl” containing hydrotalcite with alkyl bromide. Conditions:
hydrotalcite 1 g (CI" = 3.3 mol), alkyl bromide 33 mmol in toluene, 353 K
Reprinted with permission from T. Matsui, E. L. Salinas, E. Suzuki, Y. Ono, Trans. Mater.
Res. Soc. Jpn., 15A, 145 (1994).
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rate is also solvent dependent: DMSO > DMF > toluene. These orders are in gen-
eral agreement with the reaction rates of alkyl halide in nucleophilic substitution
reactions. Since benzyl bromide cannot penetrate into the interlayers, the reaction
can occur only at the edges of the layers. The dependence of the rate on the alkyl
groups shows that the rate-determining step is the chemical reaction at the edges,
but not the diffusion of anions in the interlayers. Using these phenomena, hydro-
talcite4 containing halide ions can be used as catalysts for halide substitution reac-
tions."*”

C6H5CH2C1 + C4H9BI' _—> C4H9C1 + C6H5CH2BI' (411)

C@HsCHzCl + C4H91 —> C4H9C1 + C6H5CH21 (4 1 2)

Substitution of CN™ ions in hydrotalcite with benzyl chloride proceeds to form
benzyl cyanide.*” Chloride ligands of [NiCL]™ in interlayers are also completely
removed by the reaction with C4HyBr to form interstitial [NiBrs]” and C4HoCl in
DMF.””

4.1.6 Application of Hydrotalcite-derived Materials to Base
Catalysis

Hydrotalcite is used extensively as the basic catalyst for many organic reactions.
The base catalysts derived from hydrotalcite can be divided into two categories.
In the first group, the catalysts retain the hydrotalcite layer structure, though the
interlayer anion is changeable. In the second category, the catalysts are mixed
oxides, which are obtained by calcination of materials with the hydrotalcite struc-
ture.

A. Catalysis by as-synthesized hydrotalcite

For many reactions, the as-synthesized form of hydrotalcite is not catalytically
active and the mixed oxides derived from hydrotalcite are much more active than
the as-synthesized form. But for certain reactions, high activities of as-synthesized
hydrotalcite are observed.

Constantino and Pinnavaia studied the reaction of 2-methyl-3-butyn-2-ol
(MBOH) over hydrotalcite, [Mg:34Al(OH)e63](CO3)o5°2.6H,0, heat-treated at
various temperatures in a He flow for 2 h.”” The results are shown in Table 2.5.8.
In every case, the reaction products are acetone and acetylene. This indicates the
basic nature of the catalysts [see section 2.5.4]. At 423 K, all of the hydrotalcite-
derived catalysts exhibited high MBOH conversion. However, the reaction at 353
K clearly shows that hydrotalcite activated below the structural decomposition
temperature (< 523 K) is an order of magnitude more active than the metal oxides
generated at 723 K. The removal of water from the interlayer has a large effect on
the catalytic activity. The results indicate that the nature of the basic sites of the
dehydrated hydrotalcite and those on the mixed oxide derived from hydrotalcite
are quite different.
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A Ni-Al hydrotalcite-like compound was prepared by a urea hydrolysis
method and its catalytic activity for Knoevenagel condensation studied.'” When
dried at 423 K, the material had the composition of [Niy73Aly27(OH),](CO3)g.135.
Aliphatic and aromatic aldehydes react with ethyl cyanoacetate or malononitrile
without solvent at 333 K. However, the material is not active for the condensation
of benzaldehyde with dimethyl malonate (pK, = 13). The base strength of the
material by the indicator method was estimated to be H_. = 11-11.8. These results
show that the base strength of the as-synthesized Ni, Al-hydrotalcite is weaker
than the mixed oxide obtained by calcination of Mg-Al hydrotacite.

As-synthesized hydrotalcite is active for Michael addition of 2-methylcyclo-
hexane-1,3-dione, 2-acetylcyclopentanone, and 2-acetylcyclohexanone to methyl
vinyl ketone.”” The catalytic activity depends on the Mg/Al ratio of the materials.
Calcined materials are also effective for these addition reactions. For Michael
addition with less acidic donors, however, neither as-synthsized nor calcined
hydrotalcites are active.”” The activity develops only after the calcined hydro-
talcite is rehydrated.

Kishore and Kantam found that as-synthesized hydrotalsite materials are very
efficient catalysts for isomerization of some alkenes, namely, safrole to isosafrole,
eugenol to isoeugenol and estragole to anethole [see 6.1.51”. The as-synthe-
sized materials are far more active than the mixed oxides. The active sites are
considered to be the OH groups on the edges or the outer surface of hydrotalcite.

As-synthesized hydrotalcite is useful for the synthesis of Hantzsch dihydro-
pyridine (DHP) by the condensation of benzaldehyde, ethyl acetocetate and
ammonium acetate at room temperature.””

0)

2

O (0]
+ 2 L + NH4OAc
O/U\/U\

4.1.3)

DHP

Hydrotalcite with Mg/Al = 2 gave a yield of 61% in 6.5 h using acetonitrile as
solvent. Besides benzaldehyde, furfural and 2-methylpropanal are also converted
into dihydropyridines. Calcined hydrotalcite did not show significant conversion,
indicating the necessity of structural hydroxyl groups.

As-synthesized hydrotalcite is also effective for the epoxidation of alkenes
and sulfoxidation of thioethers with hydrogen peroxide [see section 5.12].
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B. Catalysis by mixed oxides derived from hydrotalcite

In 1971, Miyata et al. showed the effects of calcination of hydrotalcite on its sur-
face area, structure, acid and base properties.”” As described above, calcination of
hydrotalcite at 500 to 800 K gives the oxide with the periclase structure. The sur-
face area and the amount of basic sites show maximum values at around 773 K.

Earlier works on base catalysis over mixed oxides derived from hydrotalcites
include the polymerization of propylene oxide’” and propiolactone,™ aldol con-
densation of acetone™ and aldol condensation between acetone and formalde-
hyde.m) Later, the reactions were extended to a variety of base-catalyzed reactions
such as Knoevenagel condensation, aldol condensation, Michael addition, epoxi-
dation of alkenes, transfer hydrogenation, transesterification and alkylation of phe-
nol and aniline. Most of the reactions are described in Chapter 5.

Calcination of hydrotalcite-type materials is one of the standard methods for
preparing mixed oxides because of their high surface area and chemical homoge-
neity, though the presence of other species such as magnesim aluminate on the
surface must not be neglected.

The base strength of hydrotalcite calcined at 723 K was estimated to be 18.0 >
H_>17.2 by an indicator method.” On the other hand, Shaper et al. reported the
base strength to be between 17.2 and 26.5 for the sample with Mg/Al ratio of 5
obtained by calcination at 773 K to 873 K.” Corma et al. estimated the base
strength of calcined hydrotalcite by carrying out the condensation of benzaldehyde
and molecules having activated methylene groups with different pK, values in the
presence of MgO-Al,O; and concluded that this material shows basic sites with H_
value up to 16.5.°Y However, most of the basic sites show H_values in the range
10.7-13.3, the base strength being higher than that of Cs"-exchanged X-zeolite or
Cs*-exchanged sepiolite.””

The TPD profiles of CO, on MgO, Al,Os, and MgO-Al,O; mixed oxides sam-
ples prepared by calcination of hydrotalcite with varying Mg/Al ratio was studied
by Diez et al.”? The surfaces of MgO and the mixed oxides are not uniform and
contain several types of adsorbed CO,. The TPD profiles are deconvoluted into
three desorption peaks: a low temperature peak (L-peak) at 370 - 400 K, a middle
temperature peak (M-peak) at 460 K and a high temperature peak (H-peak) at 550
K (Fig. 2.3.3, Table 2.3.1). The M-peak and H-peak are dominant on MgO and
Mg,AlO, samples with y > 1. In Al rich samples (y < 1), the relative contributions of
the M- and H-temperature peaks decrease with increasing Al content. Pure Al,Os
and Mg ,;AlO« samples showed no contribution of the high-temperature peak in
their TPD profiles. They also studied the IR spectrum of adsorbed CO, and
observed bands due to several CO, species on the surface (Fig. 2.4.3). From the
thermal stability of each band, they attributed L-, M-, and H-peaks to hydrogen-
carbonate formed on basic OH groups, bidentate carbonates on metal-oxygen pairs
and unidentate carbonates on low coordination oxygen anions, respectively.

The mixed oxides also have acidic sites. An infrared study of adsorbed pyri-
dine shows that acidity is entirely due to Lewis acid sites (the surface Mg and
AI’* jons), and no Brgnsted acid sites exist.”” The acid strength is rather weak.
Most pyridine desorbs by heating at 473 K, except for an Al rich sample (x = 0.6).
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The catalytic activities of the mixed oxides prepared from a variety of hydro-
talcite-like compounds have been tested. The activity is the highest for MgO-
ALOs in most cases. The anions in the precursor hydrotalcite also influence the
activity.

For Oppenauer oxidation of cyclohexanol with benzophenone,63)
Mg, Al > Co, Al > Fe, Ni > Mn, Al > Mg, Fe > Mg, Fe, Ni >Zn, Al
CO;” > CI" > SO,” > NO;5~

For vapor-phase aldol condensation of acetone and formaldehyde,(’o)

Mg, Al > Li, Al > Zn, Cr > Ni, Al
CO;” >NO; > S0, > CrO,~

For reductive dehydration of propiophenone with 2-propanol,64)

Mg, Al > Co, Al > Ni, Al > Cu, Al
CO;” >SS0 >CI’

For MgO-AlOs, the basic character and catalytic activity depend on the Mg/
Al ratio. The number of basic sites as determined by a titration method has the
maximum value at Mg/Al = 3 (x = 0.25). The basicity also depends on the calci-
nation temperature and the maximum value was obtained at a calcination tempera-
ture of ca. 773 K. The catalytic activity of the methanolysis of soybean oil showed
maximum value when hydrotalcite with Mg/Al = 3 was calcined at 773 K.** For
alkylation of phenol with methanol, the highest activity was also observed at Mg/
Al = 3. In the isomerization of 1-pentene at 573 K, the sample with Mg/Al = 5 is
more active than those with the ratio of 3 and 10.” For the transfer hydrogenation
of phenylacetophenone with 2-propanol, the activity decreases in the order Mg/Al
=5>4>3."" The activities of the mixed oxides are higher than that of MgO.

The structure of hydrocalmite is very similar to that of hydrotalcite, except
that Ca and Al octahedral are accommodated in an orderly manner in the layers.
Calcination of synthetic hydrocalmite [Ca,AI(OH)¢]NOs*mH,O at 573, 773, and
873 K gives an amorphous pattern, CaO structure, and Ca;,Al4O33, respectively,
their surface area being 116, 180 and 184 m’g', respectively. Temperature pro-
grammed desorption of CO, shows that strong basic sites develop by calcination at
higher temperatures. The material obtained by calcination at 973 K shows very
high activity for the isomerizaion of 1-butene at 473 K.*”

C. Catalysis by rehydrated hydrotalcite

As described above, hydrotalcite gives MgO-Al,O; mixed oxide with periclase
structure when calcined at 673 K to 773 K. The mixed oxide thus prepared recovers
the materials with hydrotalcite (layered) structure when rehydrated. Rehydration
occurs even under ambient conditions. In this case, CO;™ ions are incorporated in
the interlayers by adsorbing carbon dioxide from the air. When rehyration is
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performed without exposure to air, rehydrated materials contain OH ions in the
interlayers. The structure is called the mexielite structure after the mineral having
the composition MgsAl,(OH)(OH),*4H,O. By rehydration, the surface area of
materials usually decreases significantly.

In 1998, Figueras and coworkers reported that rehydrated hydrotalcite was a
much more active catalyst for base catalyzed reactions such as aldol condensation,
Knoevenagel reaction and cyanoethylation of alcohols.”* The best performance
for aldol condensation of benzaldehyde and acetone was obtained when hydro-
talcite was calcined at 723 K and rehydrated under flowing nitrogen saturated with
water for 7 h. The material thus obtained was over four times more active than the
MgO-AlO; obtained by calcination.”” The number of basic sites and their
strength as determined by calorimetry for CO, adsorption, however, showed lower
basicity of the surface after rehydration. This indicates the difference in nature of
the active sites, the active sites after rehydration being OH.*”

The catalytic activity depends on the “water content” of the rehydrated cata-
lysts. The maximum catalytic activity is usually observed when 30—40 wt% water
is added to the calcined materials in aldol condensation reactions.” "

Roelofs et al. also confirmed that rehydrated hydrotalcite is about six times
more active than calcined hydrotalcite for the condensation of citral and acetone.””
The adsorption of CO, at 273 K is only 5% the amount of AI’* (or the expected
amount of OH"). They suggested that only the OH  ions located at the edges of
hydrotalcite platelets are available and highly active for the condensation. Similar
conclusions were also reached in the self-condensation of acetone.”””

Abell6 et al. studied the conditions of rehydration and their effects on the
morphology and catalytic activity of the rehydrated materials: (1) rehydration in
liquid phase leads to a much larger surface area (200-400 m’g ") and much higher
catalytic activity than that in gas phase (15 m’g™"), (2) in liquid phase rehydration,
stirring speed shows a profound effect on the surface area of the rehydrated mate-
rials, (3) ultrasound irradiation is also useful for obtaining the high surface area
material (440 ng’]), (4) the higher surface area is the result of the exfoliation and
formation of defects in the lamellar structure during rehydration, (5) the rates of
the base catalyzed reactions, namely, the condensation of citral with acetone or
methyl ethyl ketone and the epoxidation of styrene with hydrogene peroxide, are
higher with the rehydrated samples with higher surface area.”’” The effective-
ness of ultrasound during reconstruction was confirmed by the enhanced catalytic
activity in the epoxidation of styrene with hydrogen peroxide.”” The high cata-
Iytic performance was attributed to the formation of defects in the lamellar struc-
ture of the small hydrotalcite particles.

Greenwell et al. prepared hydrotalcite by three different methods: coprecipita-
tion, urea hydrolysis and sol-gel method.'” Greater activity for aldol condensation
was observed for the rehydrated hydrotalcite materials prepared by urea hydroly-
sis. These samples exhibited large crystallites with higher aspect ratios and
improved crystallinity compared to coprecipitated or sol-gel samples. From these
results, the authors suggest that it is less likely that basic sites are situated only at
crystalline edges. Essentially the same results have been reported by Lei et al.””
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Many more examples showing that rehydrated hydrotalcite exhibits higher
activity than calcined hydrotalcite are found in the literature. Such reactions
include Michaels addition™ and oxidation of benzothiophene with hydrogen per-
oxide.” On the other hand, the mixed oxide was more active in the conversion of
triglyceride transesterification with methanol.*”

D. Catalysis by hydrotalcite with ‘BuO™, F~ and diisopropylamide anions

t-Butoxy ions can be incorporated in the interlayer by ion exchange method with
potassium 7-butoxide in THE.” The material is very active for a variety of aldol
condensation reactions (section 5.2) in liquid phase. In the aldol condensation of
benzaldehyde and acetone, about 90% conversion was obtained over rehydrated
hydrotalcite in 3 h, while the aldol product was obtained with a 95% yield in 15
min at 273 K in the presence of ‘BuO -containing material.”¥ As shown in Table
4.1.1, the material is more active for the cyanoethylation reaction between acrylo-
nitrile and methanol than rehydrated hydrotalcite, which is far much more active
than the mixed oxide (calcined hydrotalcite).*” ‘BuO™ ions can also be introduced
by the memory effect. For the Wittig-Hornor reaction, the catalysts prepared by
the memory effect is superior to the one prepared by the ion-exchange method.*

High catalytic activity of ‘BuO ion-incorporated hydrotalcite is also demon-
strated in the epoxidation of alkenes,83) transesterification,84) Henry reaction,ss)
Michael addition™ and Knoevenagel condensation.”

Choudary et al. also prepared hydrotalcite containing F~ by using the memory
effect.”” The material thus obtained showed very high activities for Knoevenagel
condensation and Michael addition reactions. The activity is much higher than
KF/AlLO; for both types of reactions. The Knoevenagel condensation between
benzaldehyde and malononitrile gave 100% yield of the product in 15 min at room
temperature.

Table 4.1.1 Cyanoethylation reaction between acrylonitrile with methanol using various base

catalysts”

Catalyst Time/min Conversion/%" Specific activity/mmol g h™ ¥
Hydrotalcite (uncalcined) 120 2.5 0.5
Hydrotalcite (calcined) 120 20 4.0
Hydrotalcite (rehydrated) 45 99.8 58.2
Hydrotalcite with fBuO™ 40 92 110.4
MgO 120 98.7 19.7
CaO 120 94.7 18.9
BaO 120 78.2 15.6
7-ALOs 120 0 0
KF/ALO; 120 52.3 10.5
KOH/ALO; 120 85.3 17.1

¥ Reaction temperature, 323 K, catalyst 0.100 g ” Conversion was calculated by the decrease in
acrylonitrile © 0.05 g catalyst, isolated yield ® mmol of 3-methoxyproponitrile obtained per gram
of catalyst per hour

Reprinted with permission from B. M. Choudary, M. Lakshmi Kantam, B. Kavita, Green Chem., 289

(1999) Table 2, p.291.



168

4 Preparation and Catalytic Properties of Solid Base Catalysts 11

Diisopropylamide anions were intercalated by ion exchange of NO;™ ions of

as-synthesized hydrotalcite or by using the memory effect from calcined hydro-

talcite with litium isopropylamide in THF.

* The materials thus prepared are

active for a variety of base catalyzed reactions: aldol, Knoevenagel, nitroaldol,
Michael, transesterification and epoxidation reactions.
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4.2 Zeolites

Alkali cation-exchanged zeolites are weak bases, and the zeolites to which alkali
cations are added in excess of the ion exchange capacity (alkali metal oxide-loaded
zeolites) are stronger bases. Addition of alkali metals to zeolites results in a fur-
ther increase in basicity as compared to alkali metal oxide-loaded zeolites. The
catalytic properties of these zeolites containing alkali metals in different forms have
been reviewed by several researchers.”” Characterization of zeolite basicity by IR
and MAS NMR using probe molecules has been reviewed by Sdnchez-Sanchez
and Blasco.”

4.2.1 Alkali Cation-exchanged Zeolites

It was discovered some time ago that the faujasites (X and Y type zeolites)
exchanged with alkali cations such as Cs* and Rb" catalyze the side-chain alkyla-
tion of toluene with methanol or formaldehyde to yield styrene and ethylbenzene,
X-zeolites being more efficient than Y-zeolites.”'” In general, base catalysts lead to
side-chain alkylation while acid catalysts bring about ring alkylation. Occurrence
of the side-chain alkylation of toluene indicates that alkali cation-exchanged zeo-
lites possess basic sites. Since then, alkali cation-exchanged zeolites, in particular
faujasite type zeolites, have been extensively studied for their basic and catalytic
properties.

In addition to zeolites, alkali ion-exchanged titanosilicates are included in this
section.

A. Genaration of basic properties

It is generally observed that the catalytic activities of alkali cation-exchanged zeo-
lites increase with an increase in both the atomic number of the alkali metal and the
Al/Si ratio of the zeolite framework. These general tendencies were interpreted by
Barthomeuf'' ™" in terms of the negative charge of the framework oxygen (O)
which is calculated based on the Sanderson’s elctronegativity equalization princi-
ple.””

Sanderson’s electronegativity equalization principle was introduced to the
field of zeolites by Mortier'® for the first time. The intermediate electro-
negativity Si, of a given material reflects the mean electronegativity reached by all
the atoms as a result of electron transfer during the formation of the compound.
For a compound P,Q,R,, the intermediate electronegativity Siy is given by

S = {(Sp) (SQ)(Se) } " 9+ 7 4.2.1)

where S;j denotes the electronegativity of atom j.
The mean charge (§;) on an atom j is calculated by

8 = (Sint - S)/2.08 (S0)"” (4.2.2)
which gives the mean charge of the O atom do with S; = 5.21 for O.
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0o = (Sim - 5.21)/4.75 (4.2.3)

The charges of negative oxygen for a series of alkali cation-exchanged zeolites
are in negative values, and in the order Li < Na < K < Rb < Cs. The basicity,
therefore, follows the order Li < Na < K < Rb < Cs. For a given alkali cation-
exchanged zeolite, the oxygen charge increases with the Al to Si ratio in the zeo-
lite framework; a higher Al/Si ratio renders the zeolite more basic.

In calculating the oxygen charge, no effect of the structure is considered, so
the calculated oxygen charge is the averaged oxygen charge of the framework.
Nevertheless the calculated oxygen charge based on the electronegativity is an use-
ful method in estimating the basicity of alkali cation-exchanged zeolites.
Barthomeuf reported that the oxygen charges of alkali cation-exchanged zeolites
calculated based on Sanderson’s Si, correlated well with the N-H vibration wave-
number of adsorbed pyrrole,m) as shown in Fig. 2.4.4. The wavenumber of N-H
vibration shifted to a lower frequency with the basic strength of the oxygen of
framework of zeolite on which pyrrole was adsorbed through the H of NH group
in pyrrole. The correlation between the wavenumber shift and oxygen charge,
however, holds within zeolites of similar structure.

The IR and XPS studies performed by Kaliaguine’s group' " confirmed the
general trends which were observed by Barthomeuf. The model for pyrrole che-
misorbed on a basic site is shown in Fig. 4.2.1. In the IR study of adsorbed pyr-
role, they observed two bands for the zeolites containing two kinds of cations. For
example, NaCsX zeolites showed the bands at 3175 and 3280 cm™'. Since the lat-
ter band corresponded to the v(NH) band of pyrrole in NaX zeolites, this band was
ascribed to pyrrole molecules interacting with oxygen ions adjacent to Na" ions.
The 3175 cm™' band was assigned to pyrrole adsorbed on oxygen ions adjacent to
Cs* ions. They also observed a band at 3375 cm™', which was assigned to the
V(NH) band of pyrrole situated on oxygen ions without any adjacent metal cations.
These findings suggest that the basic properties in zeolites are mainly determined
by the local environment rather than the zeolite structure. A detailed analysis of
the infrared bands of pyrrole adsorbed on faujasites and EMT zeolite revealed the

location of oxygen anions with which pyrrole molecules interact in each zeo-
lite.”"*”

—20)

In the XPS study of pyrrole adsorbed on X- and Y-zeolites, two kinds of N,
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Fig. 4.2.1 Model for pyrrole chemisorbed on basic site of alkali ion-exchanged zeolite
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Fig. 4.2.2 Relationship Between N, binding energies and NH stretching vibration frequencies of che-
misorbed pyrrole on X zeolites and Y zeolites.
Reprinted with permission from M. Huang, A. Adnot, S. Kaliaguine, J. Catal., 137, 322
(1992) Fig. 3.

peaks of chemisorbed pyrrole were observed.'”"™"” One (399.0-400.0 eV) was
assigned to pyrrole molecules on the oxygen atoms adjacent to metal cations,
while the other at 401.5 eV was assigned to those on the oxygen atoms with no
adjacent cations in the case of X-zeolite. The binding energy of the former species
decreased in the order Li > Na > K > Rb > Cs. When the samples have two kinds
of cations in the supercages, two peaks are observed. Similar results were also
obtained in the case of Y-zeolites. These results are in good conformity with the
results of IR spectroscopy. Fig. 4.2.2 shows that the shifts of binding energy in
XPS are well correlated with the shifts of NH stretching frequency in IR spectra.'”
A small peak at 401.5 eV was also observed for all the X-zeolites and assigned to
weakly adsorbed pyrrole without any neighboring cations, corresponding to the
3375 cm™' N-H band in their IR spectra.

Pyrrole adsorbed on alkali cation-exchanged X- and Y-zeolites was also stud-
ied by '"H MAS NMR.” The 'H MAS NMR of adsorbed pyrrole shows three
peaks with relative intensity 1 : 2 : 2 corresponding to the three types of protons in
the molecule (Fig. 4.2.3). The less intense peak is due to the N-H group, whereas
the other two are from the four C-H protons in the five-membered heterocycle; the
two C-H groups in the ¢ position and the two in the B position give rise to the
intermediate and high field resonance, respectively. The N-H peak of liquid pyr-
role appears at 6 7.1 and shifts to a higher frequency when it is adsorbed on the
zeolites. The chemical shifts indicate that the basic strength of the zeolites
increases in the order LiY < NaY < KY < LiX < CsY < NaX < KX. It was also
shown by 'Li and *Na MAS NMR spectra of Li, Na-Y with adsorbed pyrrole that
the molecules interact with metal cations through its aromatic ring as well as with
framework oxygen atoms through the N-H group. They studied the adsorption of
pyrrole on alkali cation-exchanged X, and Y-zeolites with IR, MAS NMR, XRD
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Fig. 4.2.3 'H-MAS NMR spectra of pyrrole adsorbed on zeolites.
Reprinted with permission from M. Sanchez-Sanchez, T. Blasco, Chem. Commun., 2000,
491 Fig. 1.

techniques in more detail and concluded that the adsorption state of pyrrole was
influenced by the kind and location of cations and also by the Al distribution in the
framework.””

XPS studies of the framework of zeolites give information about basicity.
The XPS binding energy (BE) for oxygen reflects the electron charge of the frame-
work oxygen. As O;; BE decreases, the ability of electron pair donation becomes
stronger.

Okamoto et al. studied the effects of the type of ion-exchanged cation and the
Al/Si ratio of the framework on the BE of framework O in X and Y type zeo-
lites.” Fig. 4.2.4 shows the BE of the Oy, as a function of the electronegativity
(Pauling’s electronegativity y) of the ion-exchanged cation. With increasing elec-
tronegativity of the exchangeable cation, the O, BE decreased. For the same
alkali cation, the O BE was lower for the X zeolite than for the Y zeolite. The
BE of the O, was also affected by the Al/Si ratio. The BE of the O, decreased
linearly with the Al/Si ratio in the framework (Fig. 4.2.5). The framework oxygen
basicity increased as the electronegativity of the ion-exchanged cation decreased,
and also as the Al/Si ratio increased.

Barr measured BE of Oy, for NaA, NaX, NaY, Na-mordenite and Na-ZSM5.%
The Al/Si ratio decreased going from NaA to Na-ZSMS5. It was shown that the BE
of Oy decreased with a decrease in the oxygen charge calculated from Sanderson’s
electronegativity, indicating that the basic strength is enhanced as the Al/Si ratio
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Fig. 4.2.4 Dependencies of the Oy, binding energy for the X and Y zeolites on the electronegativity of
cations (@) X and (O) Y.
Reprinted with permission from Y. Okamoto, M. Ogawa, A. Maezawa, T. Imanaka, J.
Catal., 112, 427 (1988) Fig. 3.
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Fig. 4.2.5 Correlation between the binding energy of the Oy, band and the Al/Si atomic ratio.

Reprinted with permission from Y. Okamoto, M. Ogawa, A. Maezawa, T. Imanaka, J.
Catal., 112, 427 (1988) Fig. 1.

increases for the same exchanged cation. Decrease in the BE of O, with the Al/Si
ratio was also observed by Gruenert et al.””

B. Catalytic properties

The characteristic features of the catalysis by alkali cation-exchanged zeolites
arise from weak basicity and narrow pore structure. The alkali cation-exchanged
zeolites possess weak basic sites compared with alkaline earth oxides and zeolites
containing alkali compounds in excess of the ion-exchanged capacity. Accord-
ingly, preadsorbed H,O and CO, are desorbed by pretreatment at a relatively low
temperature, and the catalysts can be used for the reactions producing H,O or CO,
as a product at a temperature at which H,O and CO, are desorbed. Although the
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basic sites are weak, the strength can be controlled by selecting the appropriate
type of alkali cation. This merit makes it possible to use the ion-exchanged zeo-
lites as versatile solid base catalysts. The narrow pore structure brings about shape
selectivity but presents difficulties in the diffusion of the reactants and products.
The diffusion problems become more serious when the catalysts are used in liquid
phase reactions.

The selectivity for 2-proponol dehydration/dehydrogenation varies with the
kinds of alkali cation and zeolite. Yashima et al. reported the activities and selec-
tivity for 2-propanol dehydration/dehydrogenation over a series of alkali cation-
excahnged zeolite X and Y.* For zeolites X and Y exchanged with Li* and Na®,
dehydration proceeded dominantly, while for zeolites exchanged with K*, Rb* and
Cs’, dehydrogenation became appreciable, though selectivity to dehydration
exceeded that to dehydrogenation at 698 K. Dehydrogenation to acetone increased
as the exchanged cations changed from K*, Rb", to Cs* except for CsX. The dehy-
dration was suppressed by the introduction of pyridine, while the dehydrogenation
was suppressed by the introduction of phenol. They interpreted the increase in the
dehydrogenation selectivity as a result of basic site generation for K*-, Rb*-, and
Cs™-exchanged zeolites X and Y. Philippou et al. reported that dehydrogenation
to acetone was dominant for KX and CsX, while dehydration was dominant for
NaX at 723 K.*” They concluded that K* and Cs" ions are more effective for the
generation of basic sites than Na" ion as ion-exchanged cations of zeolite X.

The effects of the framework element are also strong. Concepcion-Heydorn
et al. reported that the composition of the framework (X vs. Y, Ge in place of Si)
appeared to have a stronger influence on the basicity than the charge balancing
cations.”” They prepared four alkali cation-exchanged zeolites, a CsY zeolite with
an intact faujasite structure and an exchange degree of nearly 100% prepared by
solid-state ion exchange, a CsNaY obtained from CsY through exchange with
aqueous NaCl solution, a CsNaX obtained from NaX and CsCl solution, and a
Na(Ge)X with Si replaced by Ge. They measured the conversion of 2-propanol as
a test reaction for basicity, and IR of adsorbed CO,. Na(Ge)X was the only sample
to form monodentate carbonates upon CO, adsorption, and to produce acetone
much more than propene. It was concluded the order of basicity to be Na(Ge)X >
CsNaX > CsNaY ~ NaY. Both Na(Ge)X and CsNaX underwent structural change
during preparation or catalytic reaction. They suggested that the basicity arises
not from the ion-exchanged zeolite but from trace impurities formed during prepa-
ration such as extra-framework Al and Ge species.

The effects of the introduction of Ge into the framework were also reported
by Corma et al. in Knoevenagel condensation.’” The activity was enhanced
because of basicity enhancement by the introduction of Ge.

Meerwein-Ponndorf-Verley (M-P-V) reduction of aldehydes with 2-propanol
to yield corresponding 1-alcohol proceeds over Na" ion-exchanged X zeolite at
373 K and 453 K.*? Although the authors did not mention the relation between
the activity and basicity of the catalyst, they suggested that the initial step of the
reaction is abstraction of proton from 2-propanol by the framework O adjacent to
Na" cation, the O acting as a base toward 2-propanol.
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In the reaction of citronellal with 2-propanol, different products were obtained
depending on the exchangeable alkali cations. Citronellal can be converted either
to citronellol by M-P-V reduction or to isopulegol by ring closure. Over CsX, cit-
ronellol was produced with 92% selectivity at 77% conversion, while over NaX,
86% isopulegol and 14% citronellol were produced at 87% conversion.”” The
selectivity difference between NaX and CsX was attributed to the steric hindrance
caused by the large Cs® ion preventing the cyclic compound from being formed.
However, the selectivity difference may be caused by a small change in the acid-
base relationship with the type of ion-exchanged alkali cation, as pointed out by
Holderich.® The CsX is more basic than NaX and LiX, resulting in the selective
formation of citronellol over CsX.

LiX
NaX

OH o) OH (4.2.4)

isopulegnol citronellal citronellol

Corma et al. measured the activities of ion-exchanged zeolite X and Y for
Konoevenagel condensation of benzaldehydes with esters and compared the basic-
ities of zeolites with those of pyridine and piperidine34) (see section 2.5.5). The
activities for the condensation of benzaldehyde with ethyl cyanoacetate in the tem-
perature range 383—413 K were in the following order: all Y’s < LiX < pyridine
(pK», = 8.8) < NaX < KX < CsX < piperidine (pKp = 11.12). The rate was influ-
enced by the pK, of the reactant. The rate decreased with an increase in the pK,
value of the ester, the reactivities were in the order; ethyl cyanoacetate (pK, < 9) >
ethyl acetoacetate (pK, = 10.7) > ethyl malonate (pK, = 13.3). They concluded
that most of the basic sites of alkali cation-exchanged X- and Y-zeolites possess
basic sites in the range H- < 10.3, and a few sites H_ < 13 for Cs-X.

The activity of NaX for Knoevenagel condensation of benzaldehyde deriva-
tives with activated methylenic compounds is enhanced by the substitution of
framework Si by Ge.” The high activity of Ge-substituted zeolite indicates stron-
ger basic properties. Generation of stronger basic properties of Ge-substituted
zeolite could not be interpreted by the average Sanderson’s electronegativity (3.28
and 3.25 for Ge and Si faujasites, respectively). Corma et al. concluded that the
higher basicity of Ge zeolite is due to the difference in the T-O-T bond angle; unit
cell sizes are 25.57 A and 24.95 A for Ge substituted NaX and NaX, respectively.

Nitroaldol cendensation of aromatic aldehydes with nitroalkanes affording
nitroalkenes is catalyzed by alkali cation-exchanged X and Y zeolites at 413 K.*
The activity increased with increase in both the Al content in the framework and
the radius of the counter cation: the activity increased from Li to Cs and from Y
to X zeolites. The presence of an electron acceptor group on the aromatic ring of
benzaldehyde increased the yield. The role of basic sites is the abstraction of an
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H' from nitroalkane to form nitroalkanide anion which attacks carbonyl carbon of
the aldehyde.

In the reaction of aldehyde with nitroalkane, the produced nitroalkene has the
possibility to undergo Michael addition to the reactant aldehyde to afford a bulky
cyclic compound, isoxazole. The Michael addition producing the bulky product is
suppressed in zeolite due to the shape selectivity of the zeolites.

*HZO
CIOCHO + CH;-CH,-NO, —>
CH; | cH,-cH,-NO, (4.2.5)
CIQCH=C/ — > 70
3 =N
NO»

Hs;C

A similar minimization of Michael addition by shape selectivity of alkali cation-
exchanged zeolites was reported in the Knoevenagel condensation of benzalde-
hyde with ethyl cyanoacetate.36)

Huang and Kaliaguine examined the activities and selectivities of Na" cation-
exchanged zeolites A, X, Y, L, mordenite and ZSM-5 for a diagnostic reaction of
2-methyl-3-butyn-2-ol (MBOH).”” For zeolites A, X, Y, L and mordenite, the
main products were acetone and acetylene, indicating the basic nature of these
zeolites. For ZSM-5, on the other hand, the main products were 3-methyl-3-bu-
ten-1-yne and 3-methyl-2-butenal, indicating the acid nature of the zeolite. The
yields of acetone and acetylene increased in the order mordenite <L <Y < X <A,
which is the same order as the negative charges of the framework O calculated
from Sanderson’s electronegativity equalization method. The acid-catalyzed reac-
tion occurring over Na-ZSM-5 is interpreted by a larger positive charge on Na"
cation in ZSM-5 than in L-, Y-, X- and A-zeolites.

C. Alkali cation-exchanged titanosilicate EST-10

ETS-10, a crystalline titanosilicate, is a zeotype material which contains a three-
dimensional 12-ring pore system, and has an ideal chemical formula of
M,,Si5Ti013, where M represents a cation with a charge of +n, and is ion-
exchangeable. ETS-10 containing alkali cations exhibited catalytic activities for
base-catalyzed reactions such as dehydration of #-butyl alcohol,™ dehydrogenation
of leropanol,”) aldol condensation of acetone,"” and Knoevenagel condensa-
tion.*"

Philippou et al. reported dehydration of #-butyl alcohol, dehydrogenation/
dehydration of 2-propanol and aldol condensation of acetone over ETS-10."**"
Dehydration of #-butyl alcohol proceeds in the temperature range 373-573 K over
EST-10."*” The reaction is a base-catalyzed dehydration and highly selective for
isobutene formation as compared to an acid-catalyzed dehydration over SiO,-
Al,O3 catalyst where considerable amounts of C4 to Co hydrocarbons are formed.
In 2-propanol reaction at 623 K, dehydrogenation to form acetone is predominant
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over ETS-10.”” Cs ion-exchanged ETS-10 resulted in a small decrease in the
activity but an increase in the selectivity to acetone in comparison with as-synthe-
sized ETS-10. Cs,O-impregnated ETS-10 showed an activity similar to as-synthe-
sized ETS-10, but higher selectivity to acetone. Based on the activity and selectivity,
basicity of as-synthesized ETS-10 was estimated to be comparable to that of Cs,O-
impregnated Cs-X.

Goa et al. studied the catalytic properties of alkali cation-exchanged ETS-10
for Knoevenagel reactions of benzaldehyde with ethyl cyanoacetate, and acetone
with malononitrile, and correlated the basic strength of the catalyst, accessibility
of the substrates to basic sites and reactivity of carbonyl compounds with the cata-
lytic activityfm The order of the basic strength estimated by N-H stretching vibra-
tion frequency of adsorbed pyrrole was Cs-ETS-10 > Cs-Y > [Na,K]-ETS-10 >
Na-Y. The activities for the reaction of benzaldehyde with ethyl cyanoacetate at
323 K were in the order Li-ETS-10 > [Na, K]-ETS-10 > Rb-ETS-10 > Cs-ETS-10,
which accords with the micropore size, indicating that this rather facile reaction is
controlled by diffusion. For the reaction of acetone with malononitrile, the activ-
ity of alkali-exchange ETS-10 at 313 K increased in the order Li-ETS-10 < [Na,
K]- ETS-10 < K-ETS-10 < Rb-ETS-10 < Cs-ETS-10. In this case, the reaction
rate is controlled by the surface reaction, and thus plausibly reflects the basic
strength of the catalyst.

4.2.2 Alkali Metal Oxide-loaded Zeolites

Basicity is enhanced by loading zeolites with alkali ions in excess of the ion-
exchange capacity. Hathaway and Davis prepared catalysts by impregnation of
Cs* and Na' ion-exchanged X and Y zeolites with a cesium acetate aqueous solu-
tion followed by thermal decomposition of the cesium acetate in an He stream into
oxide at 773 K.*™ Tsuji et al. prepared similar catalysts by impregnation of the
Na" ion-exchanged X and Y zeolites with cesium acetate followed by calcination
at 673 K in an O, stream and outgassed at 673 K.*” Regardless of the differences
in the preparation procedures, the resulting zeolites show much higher activities
for a wide variety of base-catalyzed reactions as compared to Cs* ion-exchanged
zeolites. This results from the formation of strong basic sites in the cavities for
alkali metal oxide-loaded zeolites.

A. Location and state of loaded alkali metal compounds

The location and state of alkali compounds in excess of the ion-exchange capacity
were studied by Cs MAS NMR and TPD of O, and CO, for Cs* ion-loaded X
and Y zeolites by Kim et al.*” and Yagi et al."”

Kim et al. measured ’Cs MAS NMR of zeolite X containing Cs acetate in
excess of the ion-exchange capacity.45) For the fully hydrated sample, two reso-
nance peaks appeared at 47 and —31 ppm, which were assigned to the ion-
exchanged Cs" and the occluded Cs,O (or hydrated versions thereof), respectively.

Yagi et al. also measured '’Cs MAS NMR for zeolite X containing different
amounts of Cs" ions in excess of ion-exchange capacity.”” The samples were cal-
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Fig. 4.2.6 'Cs MAS NMR spectra of zeolites X containing different amounts of Cs. (a) Cs* ion-
exchanged zeolite X, (b) Cs1.1-X, (c) Cs2.9-X, (d) Cs5.1-X, (e) Cs9.8-X. All samples were
calcined in oxygen at 673 K and hydrated in the water vapor of saturated aqueous ammonium
chloride for more than 24 h. The number expressed after Cs denotes the number of excess

Cs atoms per supercage.
Reprinted with permission from F. Yagi, N. Kanuka, H. Tsuji, H. Kita, H. Hattori,

Microporous Mater., 9, 229 (1987) Fig. 2.

cined at 673 K in oxygen and hydrated at room temperature for more than one day.
The spectra are shown in Fig. 4.2.6. The peak position and shape are dependent
on the amount of Cs” ions. For the sample in which all Cs" ions were in exchange-
able sites (< 7.8 Cs’ per supercage), only one BCs resonance peak was observed
at 26 ppm. As the Cs content increased, the peak shifted to a lower field, and
when the Cs amount exceeded 2.9 Cs atoms per supercage, the peak split into two.
The resonance peak at the higher field (11-17 ppm) was ascribed to the Cs"
located on the outer surface of the zeolite. It was concluded that Cs” ions added to
X zeolite in excess of the ion-exchange capacity are located in the intracrystalline
cavities if the amount of the Cs” ions is less than 2.9 Cs atoms per supercage. At a
loading of Cs” ions higher than 2.9 Cs atoms per supercage, the excess of Cs” ions
are located on the outer surface of the zeolite crystallites. *Na MAS NMR was
affected by the presence of Cs" ion up to 2.9 Cs atoms per supercage, but was not
affected much if the content of Cs" ions exceeded 2.9 Cs atoms per supercage.
This confirmed the location of the Cs” ions as described above, because Na' ions
left unexchanged in the X zeolite should be located at the hexagonal prism sites far
distant from the outer surface and would not be affected much by the Cs” ions

present on the outer surface.
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Hunger et al. measured '’Cs MAS NMR for Y zeolite ion-exchanged with
Cs" ion followed by impregnation with CsOH and subsequent calcination at 673
K.* In addition to four peaks assigned to Cs* ion at ion-exchangeable positions, a
broad peak centered at ca. —30 ppm, which was assigned to oxidic species of Cs,
was observed. The peak position for bulk Cs,O was 236 ppm. They stated that
this significant difference in the chemical shift between the bulk phase compounds
and the Cs;0 in the zeolite indicated that the latter species do not exist in the form
of large clusters and hint of a high dispersion of the oxidic guest compound at the
zeolite host.

The state of Cs is difficult to identify by Cs MAS NMR because the sam-
ples must be hydrated to obtain clear resonance peaks. Accordingly, any form of
cesium oxides or hydroxide becomes Cs* ions on hydration. The state of Cs in a
dried condition was identified by TPD of CO, and O,.

Kim et al. measured TPD of CO, for the same sample as they measured es
MAS NMR as described above. TPD of CO, gave two peaks at 523 and 623 K.
Referring to TPD of CO, from bulk Cs,0O, they assigned these two peaks to CO,
from small particles of Cs,O occluded in the intracryatalline cavities.*”

Yagi et al. proposed from the results of TPD of '*O, that the form of Cs is
small Cs,0 particles in the intracrystalline cavities.”” When "®0, was adsorbed on
the dried X zeolite containing Cs" ions in excess of ion-exchange capacity, the
desorbed oxygen molecules in TPD were composed mainly of °O, and "*0O,, the
content of '°0'®0 being small. This indicates that a pair of oxygen atoms in the
Cs-containing zeolite is exchanged with an oxygen molecule. The retention of the
molecular identity of oxygen during the exchange suggests the existence of the
Cs,0 particles in the zeolite cavities. On adsorption of O,, part of the surface layers
of the Cs,0 particles converts into the structure similar to those of per- and super-
oxides (Cs»0,, Cs,0; and Cs;04) in which Cs” ions form bonds with negatively
charged oxygen pairs O,” and O,. When the peroxide and superoxides convert
into Cs,0, the paired oxygen atoms can leave the peroxide and superoxide without
breaking the bond between the two oxygen atoms, resulting in the retention of
molecular identity. Following desorption of pairs of O atoms, the oxygen deficient
peroxide and superoxide convert to Cs,O by rearrangement of Cs and O.
Accordingly, the Cs atoms exist in the zeolite cavities in the form of Cs,O when
the zeolite is calcined and evacuated at 673 K.

It should be noted that cesium oxide exists in different forms depending on
the environment. Cesium superoxide (CsO,), cesium peroxide (Cs,0,), cesium
oxide (Cs,0), cesium suboxide (Cs;0), cesium metal and any combination thereof
can be formed under a particular oxygen environment. Accordingly, the state of
cesium occluded in zeolites should change depending on the oxygen environment
or pretreatment condition. This is reasonably expressed by CsOx-loaded zeolite
for the zeolite containing cesium in excess of the ion-exchange capacity.

B. Strength of basic sites
Enhancement of basic strength by loading alkali metal oxides on X-zeolite in excess
of the ion exchange capacity was demonstrated by TPD plots of CO,, as shown in
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Fig. 4.2.7 TPD plots of CO, adsorbed on alkali metal ion-excahnged (a) and alkali metal ion-loaded
zeolites (b).

Reprinted with permission from F. Yagi, H. Tsuji, H. Hattori, Microporous Mater., 9, 237
(1997) Fig. 9.

Fig. 4.2.7°” The peak areas are larger for the alkali metal oxide-loaded zeolites
(b) than for the ion-exchanged zeolites (a). In particular, desorption of CO, con-
tinues up to 673 K for alkali metal oxide-loaded zeolites.

Calorimetric measurements of heat of adsorption of CO, showed the initial
heat of adsorption of CO, on Cs,0-loaded NaX to be ~180 kJ mol™', which was
much higher than < 80 kJ mol™ for ion-exchanged NaX.”" Similar results are pre-
sented in ref. 52.

The state of strongly adsorbed CO, is controversial. Unidentate carbonate and
hydrogencarbonate have been proposed. Doskocil and Davis reported that basic
sites created by loading CsO, onto K* ion-exchanged X zeolite strongly adsorbed
CO, in the form of unidentate carbonate.”” On outgassing at 673 K, CO, was
completely eliminated from K* ion-exchanged zeolite X, but retained on CsOx-
loaded KX. The retained CO, on the CsOx-loaded KX was measured by IR and
identified to be unidentate carbonate.” On the other hand, Yagi et al. reported
that CO, was adsorbed in the form of bidentate carbonate on the strong basic sites
relevant to 1-butene isomerization.””

The basic strength of CsO,-loaded zeolites was also studied by "C MAS
NMR of adsorbed methyl iodide (see section 2.4.8).54)

C. Catalytic properties
Generation of stronger base sites on alkali metal oxide-loaded zeolites as com-
pared to those on alkali cation-exchanged zeolites is reflected clearly in the cata-
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lytic activity for 1-butene isomerization. Kim et al. reported that 1-butene isomer-
ization on the Cs,O-loaded zeolites proceeded at 423 K with a flow type reactor,
while no reaction took place on the ion-exchanged zeolite."” Yagi et al. also
reported that 1-butene isomerization proceeded even at 273 K with a closed recir-
culation reactor over alkali metal oxide-loaded zeolites, while no reaction took
place over ion-exchanged zeolites at 273 K.>” Among the alkali metal ion-loaded
zeolite, CsO,-loaded X exhibited the highest activity.

The active sites for 1-butene isomerization are strong and retain CO, up to
573 K in the form of bidentate carbonate giving IR bands at 1570 and 1380 cm™.
Once the active sites are poisoned by CO,, the activity begins to recover by out-
gassing at 573 K, and the original activity is completely restored by outgassing at
673 K.

The active sites were also poisoned by 0,." Although the adsorbed O, was
completely desorbed by outgassing at 523 K, the activity was not restored until the
outgassing temperature was raised to 673 K. On adsorption of O, on CsO,-loaded
KX, the surface layers of the Cs,O particles change into per- and superoxide lay-
ers. On desorption of O, at 523 K from the per- and superoxide layers, oxygen-
deficient per- and superoxide layers form. These are not active for 1-butene isom-
erization. To convert the oxygen-deficient per- and superoxide layers into Cs,O
particles, heating at 673 K is required.

Li and Davis also reported the enhanced activity of alkali metal oxide-loaded
zeolites for 1-butene isomerization at 373 K. Initial turnover frequency based on
the excess Cs atoms followed the order CsO,/CsX > CsO/KX > KO/KX.
Selective poisoning by CO; indicated that only about 5% of the sites for CO,
adsorption at 373 K was active for 1-butene isomerization. Zhu et al. reported that
KNOs/KL showed activity for cis-2-butene isomerization at 273 K when pretreated
at 773 K in a vacuum, though none of NaY, NaX, KL, KNOs/NaY and KF/NaX
showed any activity at 273 K. This is in coincidence with the results reported.””

For decomposition of 2-propanol, activity enhancement by loading CsO, on
NaX was observed. Doskocil and Mankidy prepared NaO,-loaded NaX zeolites
with different loadings of NaO,.”” The rate of acetone formation was proportional
to the NaO, loading up to 3 NaO, per supercage. The selectivity to acetone
exceeded 90% over NaO,-loaded NaX, while it was only 24% over NaX at 513 K.
The propene formation rate was reduced by loading of CsO, on NaX up to 2 NaO,
per supercage; this resulted from neutralization of acidic sites present on the NaX
by loading of CsO,. The increase in the dehydrogenation rate for NaO,-loaded
zeolite was ascribed to the formation of strong basic sites. This was confirmed by
calorimetric measurement of heat of adsorption of CO, as described above.

The catalytic activity for the dehydrogenation of 2-propanol increased an
order of magnitude by loading CsO, onto CsY. The activity of Cs,O-loaded
CsNaY was as high as that of MgO on a surface area basis. Due to the high sur-
face area of the zeolite, the activity of Cs,O-loaded CsNaY became five times
greater than that of MgO on a weight basis.”

Knoevenagel reaction of benzaldehyde and ethyl cyanoacetate was promoted
by the loading of alkali metal oxides onto zeolites. The optimum loading is differ-
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ent for X zeolite than for Y zeolite. The activity increases with a loading of CsO,
on CsNaX up to 16 Cs atoms per unit cell (2 Cs atoms per supercage), while load-
ing of about 7 Cs atoms per unit cell gives the maximum activity for CsO,-loaded
CsNayY.”® Rymsa et al. also reported that for the Knoevenagel condensation of
benzaldehyde and malononitrile, alkali-impregnated catalysts were more active
than ion-exchanged catalysts for X, Y and [-zeolites, CsO, being the most effec-
tive among the alkali metal oxides in promoting the activity.*”

For the diagnostic reaction of the decomposition of 2-methyl-3-butyn-2-ol
(MBOH), the activity of alkali metal oxide-loaded zeolites for the formation of
acetone and acetylene increased with a decrease in the electronegativity of the
over-loaded alkali metal cations, and CsO,-loaded CsX showed the highest activ-
ity. For CsO,-loaded NaX, the optimum loading was 1.46 mmol cesium acetate/g
zeolite X (3.4Cs/supercage), which showed the highest amount of basic sites mea-
sured by TPD of Cc0,.”

The formation of 4-methylthiazole from acetone, methylamine and SO, is cat-
alyzed by alkali metal oxide-loaded zeolites at 723—773 K in vapor phase. This
reaction was studied for a commercial process.

/
>:O + CH:NH, —— >:N + H,O (4.2.6)

/ Cs-Zeolite N
N o+ 80 ———— \
S “4.2.7)

4-methyl thiazole

The zeolites ZSM-5 and 3 were used for their hydrothermal stability. The activi-
ties follow the order CsO, > RbO, > KO,. When NaO, was loaded, the activity
dropped. Among the source of Cs salts, cesium sulfate was the most suitable.”

Mesoporous materials such as MCM-41 and MCM-48 become active for
base-catalyzed reactions of Knoevenagel condensation and Michael addition when
loaded with alkali metal oxides. Kloestra and Bekkum reported that MCM-41
containing intraporous CsO, particles showed a high regioselectivity in the
Michael addition of diethyl malonate to neopentyl glycol diacrylate at 293 K, and
the Michael addition of chalcone to diethyl malonate at 423 K.***” For both reac-
tions, CsO,-loaded MCM-41 showed high activities due to the generation of strong
basic sites by loading intraporous CsO, evidenced by CO, TPD. In the former
Michael addition, regioselectivity was observed; the mono-adduct was selectively
formed over CsO/MCM-41, while the bis-adduct was selectively formed over
bulk Cs,0 catalyst.

Ernst et al. also reported on the influence of ion-exchange with Cs” cation and
impregnation with cesium acetate on the catalytic activity of MCM-41 and MCM-
48 for the Knoevenagel condensation of benzaldehyde with malononitrile or ethyl
cyanoacetate.%) While the parent mesoporous materials exhibited only a low
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activity, an ion-exchange with Cs” ions led to a considerable increase in activity.
Higher activity was obtained for the catalyst impregnated with cesium acetate in
addition to the exchanged Cs' ions followed by calcination at 723 K, though the
structure was destroyed to some extent. They did not state that the high activities
resulted from an increase in the strength of basic sites, but it seems apparent that
the high activities are due to the generation of strong basic sites.

High activities of MCM-41 catalysts modified with CsO, and KO, were
reported for the cyclization of acetonylacetone to methylcyclopentanone and
dimethylfuran.””® Tt is known that the ratio methylcyclopentanone/dimethylfurane
is a criterion of the acidic-basic character of the catalysts; a high value of the ratio
is obtained for basic catalysts (see section 2.5.7).69‘70) CsO,- and KO,-loaded
MCM-41 yielded exclusively methylcyclopentanone, indicating their basic character.

4.2.3 Alkali Metal-loaded Zeolites

Addition of alkali metals to zeolites is performed mainly by two methods: direct
exposure of the zeolites to the vapor of alkali metals, and impregnation of the zeo-
lites with alcoholic solution of alkali metal azides followed by decomposition of
the azides at a high temperature.

In zeolite cavities, alkali metal azides are stabilized and require higher tem-
peratures to decompose to give metallic alkalis as compared to pure alkali metal
azides. The LiN; and NaN3 in the cavities of NaY decompose at 660 K and 633 K,
higher than the decomposition temperatures for pure azides by 155 K and 10 K,
respectively. The CsNs in NaY cavities decomposes in two steps at 718 K and 813
K. This is higher than the decomposition temperature of 687 K for pure CsNs.””

A. State of loaded alkali metal

The state of alkali metals loaded on zeolites varies with the preparation procedure.
Martens et al. reported that three kinds of clusters were formed upon thermal acti-
vation of the Y zeolite impregnated with methanolic solution of sodium azide: (1)
large extra lattice particle (Na,%) characterized by a broad ESR line at g = 2.078, (2)
intracrystalline neutral cluster (Na,%) giving a sharp line at g = 2.003 and (3) ionic
clusters (Nas3+) located in the sodalite cages of the zeolite, showing a 13-line
hyperfine ESR signal.”” The distribution of the three types of clusters depended
primarily on the heating rate for decomposition of the azide. Fast heating (25 K
min~') resulted in ionic clusters while slower heating (1 K min™') gave primarily
neutral metal clusters.

Although ionic and neutral alkali metal clusters were detected, the clusters
were not necessarily the active sites for base-catalyzed reactions. Martens et al.
measured the catalytic activities of the alkali metal-loaded zeolites for 1-butene
isomerization, and claimed that 1-butene isomerization activity is due to the pres-
ence of neutral intracrystalline sodium clusters.” However, they also described in
a later paper that basic active sites were basic framework oxygen anions in the
neighborhood of intracrystalline neutral sodium clusters.””
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Fig. 4.2.8 Differential heats of adsorption as a function of CO, uptake for Cs/CsX (20 occluded Cs
atoms per unit cell) and CsO,/CsX (16 occluded Cs atoms per unit cell).
Reprinted with permission from S. V. Bordawekar, R. J. Davis, J. Catal., 189, 79 (2000)
Fig. 5.

B. Strength of basic sites

Enhancement of the strength of basic sites by alkali metal loading is evidenced by
measuring heat of adsorption of CO,. Fig. 4.2.8 shows examples of the differen-
tial heat of adsorption of CO, on CsO,-loaded CsX and Cs metal-loaded CsX (Cs
content: ca. 3.6 mmol g') measured by microcalorimetry.”” The initial heat of
adsorption was about 180 kJ mol™' for Cs metal-loaded CsX, while it was about
120 kJ mol™" for both CsO,-loaded CsX and ion-exchanged CsX (not shown).
Addition of alkali metal is more efficient than addition of alkali metal oxide in the
formation of strong basic sites.

Doskoil and Mankidy reported similar results using CO, calorimetry for the
samples containing different amounts of Na species on NaX.”” Na metal-loaded
NaX showed stronger basic sites than NaO,-loaded NaX. Increasing the loading
Na metal resulted in an increase in the number of CO, adsorption sites, but did not
significantly increase the highest strength of basic sites. For the sample containing
1.8 mmol g”' Na metal, the initial heat of adsorption of about 185 kJ mol'
decreased to a plateau in the range of 140-160 kJ mol™ for the CO, uptake 0.05—
0.25 mmol™'. For the sample containing 0.6 mmol g”' Na metal, initial heat of
adsorption of about 185 kJ mol™" decreased continuously with CO, uptake to ca.
60 kJ mol ™', an energy corresponding to CO, physisorption at room temperature, at
about 0.12 mmol™' of CO, uptake.

C. Catalytic properties

Zeolites on which alkali metals are loaded show significant catalytic activity for
several reactions for which alkali cation-exchanged or alkali metal oxide-loaded
zeolites show no activity. Marten et al. formed metallic sodium particles in zeo-
lites by decomposition of occluded sodium azide.”””” The catalyst Na/NaY
showed high activity for isomerization of n-butenes at 325 K and for hydrogenation
of cis-2-butene and acetylene at ca. 350 K, but no activity for hydrogenation of
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benzene. The side-chain alkylation of toluene with ethylene proceeded over Na
metal- and Cs metal-loaded zeolites (NaX, CsX, NaY, CsY) at 523 K, while the
reaction did not proceed over alkali metal oxide-loaded zeolites under the same
reaction conditions.””’” The same observation was reported for the side-chain
alkenylation of o-xylene with 1,3-butadiene to form 5-0-toly1-2-pentene.53) CsO,-
loaded CsX did not show any activity for the reaction, while the zeolites to which
Na, K, or Cs metal was added from azides showed considerable activity at 416—
418 K, though alkali metals leached out of the catalyst to some extent.

For the Michael addition of ethyl acrylate to acetone at 363 K, Na metal-
loaded NaX showed better performance than CsO,/CsX, Na/NaOH/y-Al,O3 and
CsO./y-AlLO3, while NaX and CsX showed no activity.m The order of the activity
followed the order of basic strength: CsO,/y-Al,O3 (H- > 37) > Na/NaOH/y-ALO3
(37 > H- > 35) > CsO,/CsX (18.4 > H_>17.2) > NaX (9.3 > H.). Although the
basic strength of Na metal-loaded NaX could not be measured by the indicator
method because the catalyst is purple, the highest activity suggested the strongest
basic sites for Na metal-loaded NaX.

Doskocil and Mankidy prepared zoelite NaX containing Na metal and NaO,
at loadings of 0.25, 1 and 3 Na species per cage by thermal decomposition of
impregnated NaNs; and sodium acetate, respectively, and examined the activity for
2-propanol dehydrogenation.”™ Loadings of 0.25, 1 and 3 Na per supercage corre-
spond to 0.15, 0.60 and 1.8 mmol g', respectively. Basicity was measured by
microcalorimetry of CO,. Increasing the loading of Na metal or NaO, resulted in
an increase in the number of CO, adsorption sites, but did not significantly
increase the highest strength of the basic sites. They measured the rates of
dehydrogenation and dehydration at 513 K as a function of Na metal loading (Fig.
4.2.9). The dehydrogenation of 2-propanol increased linearly with the amount of
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Fig. 4.2.9 Effect of increased loading of NaO, on the rate of acetone and propene formation over
Na/NaX catalysts
Reprinted with permission from E. J. Doskocil, P. J. Mankidy, Appl. Catal. A, 252, 119
(2003) Fig. 6.
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Na metal loaded. The rate of dehydration, however, initially decreased with the
amount of loaded Na metal, attained a minimum at about 1.5 Na per supercage,
and increased again with further increase in the amount of loaded Na metal. The
same tendency was observed for NaO,-loaded NaX. The Na metal-loaded NaX
was more active than NaO,-loaded NaX at the same loaded amount of Na species.

Reaction of 2-methyl-3-butyn-2-ol (MBOH) was examined over Na metal-

loaded on different types of zeolite and AL,O;. Acetone was formed over all the
catalysts, indicating base-catalyzed decomposition. The activity varied with the
type of zeolite on which NaN; was impregnated and decomposed. The order of
the activities was NaX > NaY > NaL > Naf > AL,O,.””
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4.3 Metal Phosphates
4.3.1 Metal Phosphates

Basic properties of alkali and alkaline earth phosphates were determined by indi-
cator method.” The results are shown in Table 4.3.1. Among the phosphates stud-

ied,

K5PO, shows the highest base strength. Cas(PO.), and Na;PO4 have weak

basic sites. The catalytic activities of the phosphates for retro-aldol reaction of
diacetone alcohol are in good agreement with the base strength.

Calcium phosphate, Ca3(PQO.),, is highly selective for the methylation of

phenol to o-cresol and 2,6-dimethylphenol.” At 733 K, the selectivity for ortho-
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Table 4.3.1 Basic strength of alkali and alkaline earth metal phosphates

Basic strength (H.)"

Original metal phosphate Calcination temp./K
7.1 9.3 15.0 17.2

Li;PO, 295 - 673 - - - -
Na;PO4 12H,0 295-973 + + - -
Na,HPO,-12H;0 295 -333 - - - -

423 -1773 + + - -
NaH,PO,-2H,O 295 -673 - - - -
Na,P,07-10H,O 295 -1773 - - - -
KsPO, 295 -1073 + + + +
Ks;HPO, 295 -1773 + - - -
KH;PO, 295 -673 - - - -
Cay(POy), 295 - 873 + + - -
Ca(H;PO4),-H;0 295 -673 - - - -

¥ + or — denotes yes or no.
Reprinted with permission from A. Tada, Bull. Chem. Soc. Jpn, 48, 1391 (1975) p.1391,
Table 1.

alkylation was 68.2% at a phenol conversion of 77.7%. The selectivity based on
methanol is also very high (93%), only a small amount of methanol being decom-
posed. Cas(PO.), has basic sites with H- > 7.1. No basic sites are observed on
CaHPO,, Ca(H,PO,), and BPO,, and these phosphates show low activity and
selectivity for ortho-alkylation.

Potassium phosphate, KsPOy, is highly active for cyanosilylation of 2-octanone
with cyanotrimethylsilane.” On the other hand, acidic phosphates, Ca(HPO,) and
NizPO, showed hardly any activities.

In the alkylation of toluene with methanol, K;PO4/activated carbon and
Ca;3(PO.), gave ethylbenzene selectively at 773 K.*

The synthetic diphosphate, Na,CaP,05, is an active catalyst for base-catalyzed
reactions such as Knoevenagel condensation and Michael addition.”” The
Knoevenagel condensation of aldehydes and active methylene proceeds in metha-
nol or ethanol in the presence of Na,CaP,O; at room temperature.” The activity is
enhanced when water is added, leading to quantitative yields in a few minutes.

The potassium exchanged layered hydrogen zirconium phosphate, Zr(KPO.),,
is an efficient catalyst for Michael addition of B-dicarbonyl compounds® and the
Knoevenagel condensation of aldehydes and active methylene compounds” in
solvent-free conditions. Zr(KPO,), was prepared by exfoliation of layered hydro-
gen phosphate by intercalation of propylamine followed by ion-exchange with K*,
the surface area being 15.5 m’g". It is suggested that the surface =P-O™ group acts
as a strong Brgnsted base.”

4.3.2 Hydroxyapatite, Fluoroapatite

Preparation techniques and characterization of hydroxyapatite (Ca;o(PO4)s(OH),,
HAP) have been reviewed.'”



190 4 Preparation and Catalytic Properties of Solid Base Catalysts 11

Acid-base properties of hydroxyapatite, Ca;o_.(HPO4),(PO4)s.OH,_, depend
on its composition.'"'” Hydroxyapatites vary from the stoichiometric composi-
tion, (HAP, x = 0), to the calcium-deficient nonstoichiometric form (NHAP, up to
x = 1), without any fundamental change in the crystal lattice."” For moderate
change in the Ca/P ratio, calcium deficiencies are compensated by protons. A stoi-
chiometric preparation is basic, while NHAP is acidic because of protons.

Dehydration of alcohols over hydroxyapatite was studied in detail by Kibby
and Hall.'"" HAP catalyzed both dehydration and dehydrogenation of alcohols,
while a NHAP (x = 1) is acidic and active only for dehydration.”‘”) The dehydra-
tion was much faster over NHAP than over HAP. From the evidence, the dehy-
dration was concluded to proceed via an “El-like mechanism” on acidic sites. On
the other hand, the dehydrogenation was concluded to proceed through negatively-
charged transition state. Hydrogen transfer reaction from alcohols to ketones pro-
ceeds much faster over HAP than ovre NHAP. Both dehydrogenation of alcohols
and the hydrogen transfer reactions plausibly proceed on the same sites and
involve the same reaction intermediate species.m

In the reaction of ethanol, dehydration is predominant over the NHAP (x =
0.46), while 1-butanol due to Guerbet reaction was a main product with HAP. (x =
0-0.1)."”

The effect of high temperature treatment of hydroxyapatite under vacuum on
the catalytic activity for 1-butene isomerization was reported by Imizu et al.'”” The
HPA evacuated at 573 K showed no activity. When HAP was evacuated at 973 K,
the isomerization proceeded with a large cis/trans ratio of produced 2-butene even
at 273 K. The catalytic activity was completely retarded by adsorption of CO..
The reaction of the mixture of cis-2-butene-d, and cis-2-butene-ds showed that the
isomerization occurred through intramolecular hydrogen shift. These results indi-
cate that strongly basic sites develop upon high-temperature evacuation of HPA.

Hydroxyapatite (HAP) is very active for cyanosilylation of various carbonyl
compounds.” For example, the reaction of benzophenone with cyanotrimethyl-
silane in toluene at 273 K gave the addition product in 98% yield at 273 K in 0.3 h.
The reaction was completely retarded upon addition of CClz;COOH, indicating the
basic character of hydroxyapatite (see Fig. 2.3.1). The hydrosilylation of various
carbonyl compounds with triethoxysilane proceeds over hydroxyapatite at 363 K
(section 6.4.3)."”

Synthetic hydroxyapatite is an efficient catalyst for the Michael addition of
mercaptanes to chalcone derivatives with high yields'” (section 5.5.2), and also for
epoxidation of alkenes."”

The hydration of nitriles such as benzonitrile proceeds over NaNOs-modified
hydroxyapatite and natural phosphate in the absence of organic solvents."” The
corresponding amides were obtained efficiently and selectively in good yields.

Hydroxyapatite and fluoroapatite, Ca,o(PO4)sF», is an effective catalyst for the
Knoevenagel condensation without a solvent.””” The activities are enhanced by
water, benzyltriethylammonium chloride (BTEAC) or both. The hydroxyapatite
and fluoroapatite activated with water and BTEAC are excellent catalysts for the
Knoevenagel condensation, leading to excellent yields in a few minutes.
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Fig. 4.3.1 Kinetic of the alkene synthesis from benzaldehyde and malononitrile in the presence of
FAP, HAP, KF/FAP, KF/HAP at room temperature.
Reaction conditions: benzaldehyde: 1.5 mmol, malononitrile: 1.5 mmol, catalyst: 0.1 g,
solvent: methanol 1 ml
Reprinted with permission from A. Smahi, A. Solhy, H. Elbadaoui, A. Amouki, A. Tikad,
M. Maizi, S. Sebti, Appl. Catal., A, 250, 151 (2003) p. 157, Fig. 8.

Loading of KF on hydroxyapatite and fluoroapatite also shows the positive
effect on the rate of the Knoevenagel condensation.”™ Fig. 4.3.1 shows the kinetic
curves of the reaction between benzaldehyde and malononitrile in the presence of
hydroxyapatite (HAP), fluoroapatite (FAP), KF/hydroxyapatite and KF/fluoroapa-
tite. The activity increases in the order FAP < HAP < KF/HAP < KF/HAP.

4.3.3 Natural Phosphate

Sebti and coworkers studied extensively the catalytic use of a natural phosphate
for a variety of base-catalyzed reactions such as Knoevenagel condensation and
Michael addition.”*”® The natural phosphate comes from an extracted ore in the
region of Khouriga (Morocco) and the structure is similar to that of fluoroapatite.
The activity is greatly enhanced by doping KF or by loading NaNO; (or LiNO3)
followed by calcination.
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4.4 Metal Oxynitrides

Certain metal oxides exhibit basic properties when O atoms are partly substituted
by N atoms and show catalytic activities for base-catalyzed reactions. These metal
oxides include silica, aluminum phosphate, aluminum vanadate, zirconium phos-
phate and silica alumina in either amorphous or crystalline form.

Base catalysis by oxynitride was first reported by Lednor and de Ruiter for
silicon oxynitride.” Soon after, aluminum phosphate, aluminum vanadate and
zirconium phosphate were nitridated and the resulting oxynitrides were examined
for their catalytic activities for base-catalyzed reactions. The nitridation was per-
formed also on the ordered microporous and mesoporous materials. The resulting
oxynitrides keep their porous properties and thus show characteristic catalytic
properties arising from the pore structure.

4.4.1 Preparation

The most common way to prepare metal oxynitrides is to utilize the reaction of
metal oxides with NH; at high temperature. For silicon oxynitride, SiO, was
heated in a flowing NH; at 1373 K.” The degree of nitridation depends on the
crystallinity; amorphous forms of SiO, give rise to higher bulk nitrogen contents
than the crystalline ones when nitrided at the same temperature.” Starting from
Aerosil silica, the nitrided material had a composition corresponding to Si,N,O, i.e.,
28 wt% N with a surface area of 150 m’g " after NH; treatment at 1373 K for 24 h.
For aluminum phosphate oxynitride, aluminum phosphate (AIPO,) was treated
with flowing NH; up to 1073 K. The degree of nitridation is dependent on the
temperature and time. Different N-related species are formed by treatment with
NH;, which is dependent on the treatment temperature. The surface area did not
change much on nitridation.”
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Table 4.4.1 Temperature for nitridation of different metal oxides

Metal oxide precursor NH; Treatment temperature/K Metal oxynitride
Aluminum phosphate (AIPO) 1023-1073 AIPON
Aluminum gallium phosphate 1023 AlGaPON
(AlGaPO)

Zirconium phosphate (ZrPO) 823-1073 ZrPON
Aluminum vanadate (VAIO) 873-1073 VAIPON

Silica (SiO,), SBA-15 1073-1323

AIPO,-5 1073-1148

NaY 1123

ZSM-5 1323-1373

The proper temperature for nitridation depends on the type of metal oxide. In
Table 4.4.1 are summarized the temperatures at which metal oxides were treated
with NHj for metal oxynitrides. The oxides containing P (or V) can be nitrided
much easier than the oxides composed of Si and Al without P (or V).

Two methods have been reported for the preparation of oxynitrides other than
NH; treatment. One is liquid phase synthesis.” Silicon oxynitride was prepared as
follows. A solution of SiCl, in a mixture of benzene and cyclohexane is allowed
to react with liquid ammonia. Silicon diimide and ammonium chloride precipitate.
The latter is washed out with liquid ammonia and the residue is then heated in a
flowing gaseous ammonia at 1273 K for 5 h to give an amorphous product com-
posed of Si 57%, N 25% and O 23%. The oxygen in the product probably arises
from insufficient exclusion of air in manipulating the very moisture-sensitive SiCly
and air-sensitive silicon diimide.

Direct nitridation with N, was reported by Kapoor and Inagaki.” They started
with a periodic ethane-bridged mesoporous silica having =Si-CH,-CH»-Si= units
with hexagonal symmetry. The precursor was heated above 973 K under N, to
form a mesoporous silicon oxynitride. The resulting material contained C, which
could be removed by calcination in air. The mesoporous structure was retained up
to a nitridation and calcination temperature of 1273 K.

Mesoporous structure of MCM-48 and MCM-41 is retained after nitridation at
a high temperature. Xia and Mokaya prepared Na free MCM-48 and calcined at
823 K in air for 6 h followed by nitridation with NH; at 1173 K. Upon nitrida-
tion, d spacing, pore volume and pore size were reduced to a considerable extent,
but surface area increased by ca. 7%. It should be noted that when MCM-48 was
subjected to heat treatment at 1127 K in air for the same duration as for the nitrida-
tion (i.e., 20 h), it was virtually destroyed; surface area and pore volume were
reduced to 62 m°g " and 0.07 cm3g", respectively. This implies that an NH; atmo-
sphere is an important factor in maintaining structural ordering during nitridation.*”

Crystalline structures of ZSM-5, NaY and AIPO,-5 are retained after nitrida-
tion with NH; up to 1323 K for ZSM-5 and 1173 K for NaY and AIPO,-5.*"
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4.4.2 Nitridation Mechanisms

The mechanisms of the reaction forming silicon oxynitride by high temperature
treatment of SiO, with NH; were examined by Chino and Okubo."” Mesoporous
silica SBA-15 was used as a starting Si0,."” IR of O-H and N-H stretching region
and *’Si MAS NMR were employed for tracing the structural change. It was
revealed that in the temperature range 873-973 K, only NH, groups formed and in
the range 973-1073 K, Si-NH-Si groups formed in addition to NH, groups. Above
1173 K, the NH, groups were mostly eliminated and the NH groups were pre-
dominant. *’Si MAS NMR can distinguish among different components of Si:
Si04, Si03(OH), SiNOs3, SiN,O,, SiN3;O and SiN4. The fraction of these compo-
nents varied with the nitridation temperature, as shown in Fig. 4.4.1.

Chino and Okubo proposed based on the IR and *’Si MAS NMR observation
that the nitridation progresses by the following equations as the temperature of
NH; treatment is raised.

Si-OH + NH;3 —> Si-NH, + O ~873K 4.4.1)

\ \ \
NSBA-15-1273

.

NSBA-15-1173

N e .

NSBA-15-1073

The ratio of SiN, O, species

SBA-15

SiO,

Si0;(OH)
SiNO;
SiN,0, —
SiN;O
SiN,

Fig. 4.4.1 Distribution of SiN,O, components (x = 04, y = (4*)5))9 on SBA-15 and nitrided SBA-15
(NSBA-15) samples. These results were obtained from ~Si MAS NMR data.
Reprinted with permission from N. Chino, T. Okubo, Micropor. Mesopor. Mater., 87, 15
(2005) Fig. 5.
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Si-NH, + Si-NH, —> Si-NH-Si+ NH; ~973 K (4.4.2)
Si-O-Si + N — Si-NH-Si+ H,O ~1173 K (4.4.3)
Si-NH, + Si-NH-Si —> N(Si); + NH; ~1273 K (4.4.4)

Similar results were reported by Wang and Liu.""”

The nitrided aluminophosphate known as AIPON is the most extensively
studied for its catalytic activities. Nitridation of aluminumphosphate with NHj is
negligible below 923 K and phosporus begins to be eliminated as PH; above
1073 K."”?

Benitez et al. measured XPS of the AIPON."” They observed that the binding
energy (BE) of Al,, did not shift on nitridation, but that of P,, and N, shifted to
lower values, indicating that N was preferentially bonded to P. The presence of a
band at 1563 cm™ is indicative of the -PNH, groups as chain termination in the
AIPON framework.

Blasco et al. measured 3]P, Al MAS NMR and IR spectra for AIPON treated
with NH; at 1073-1123 K and 1273 K."” They observed IR bands at 1550 cm™'
and 3480 cm™' which were assigned to bending vibration and stretching vibration,
respectively, of P-NH, groups. The P-NH, groups are formed by the reaction

O3EA1-O-PEO3 + NH; —> O}EAI-OH + HzN-PEO3 (445)

By the NHj; treatment at 1273 K, an aluminophosphate trydimite phase
appeared with PO,.N, entities. Although IR spectra showed a band 3370 cm™
assigned to -NH- stretching vibration, no NMR spectra showing the presence of
AI-NH-P were obtained.

Benitez et al. studied the nitridation process for AIPON by XPS and IR
(DRIFTS) for varying degree of nitridation."” The degree of nitridation can be
controlled by the NH; treatment temperature and duration. At a low nitridation
degree, the N5 peak in XPS appeared at 398.9 eV assigned to -NH,. At a higher
degree of nitridation, the Nj; peak at 398.9 eV did not increase, but the other Nj
peak at 397.5 eV assigned to structural nitrogen (> N-, =N-, or -NH-) continuously
increased with nitridation degree. In IR (DRIFTS) bands at 980 and 760 cm’
assigned to v, and v, of P-O-P bonds, respectively, appeared at a low nitridation
degree. These bands became weaker and the band at 910 cm™ assigned to v, of
P-N-P or P-NH-P bonds was intensified. As the nitridation degree progressed, the
band at 1560 cm™ assigned to -NH, associated with P grew and the bands at 3785
and 3670 cm™' assigned to Al-OH and P-OH, respectively, decreased and the band
at 3350 cm™' assigned to structural N-H stretching grew. It was proposed that
nitridation starts at the surface of AIPO, by breaking P-O bonds and generating
terminal P-NH,. Once surface P-NH, saturation is achieved (above 3.6 wt% N),
bulk nitridation occurs.

As described above, N is bonded to P and not to Al. This is due to the
enhanced strength of P-N and Al-O bonds with respect to P-O and Al-N.""

Nitridation of aluminovanadate occurs to form oxynitride (VAIPON) when
treated with NH;3 at high temperature. In XPS, BE of V,, 3, shifted to a lower
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value by NHj treatment in the range 673-873 K, while BE of Al,, remained con-
stant in the temperature range 500-1273 K, indicating that nitridation begins
between 673 and 873 K and affects only the V environment.'”

In the treatment of zirconophosphate with NHj3, the nitridation takes place in
the temperature range 823-1073 K to form oxynitride phase (ZrPON).'” 1In the
initial stage of nitridation, hydrogenated surface species such as NH,", NH;, -NH,
and -NH- are formed. The -NH, species are present preferentially in the coordina-
tion sphere of P."” As the nitridation proceeds, the nitride anions, N~ form accord-
ingly. Above 1073 K, the reduction of phosphorus P¥ to P" occurs, resulting in
the formation of phosphine volatile species. When heated under an NH; flow up
to 157315(, the phosphorus is completely removed and ZrO, and Zr;N4Os phases
appear.

4.4.3 Characterization of Basic Sites

The basic sites on metal oxynitrides are weak and their strength cannot be clearly
estimated by TPD of CO,. For some oxynitrides, the strength of basic sites has
been measured by calorimetry of SO, adsorption and IR of adsorbed CDCI; and
compared with those of other metal oxides.

Differential heats of adsorption of SO, are 130-160 kJ mol™ '” and ~ 140 kJ
mol™ " for ZrPON and AlGaPON, respectively. These values are lower than 194
kJ mol ™ for Al,Os and 215 kJ mol™' for MgO, but higher than 60 kJ mol™' for SiO,.

The IR absorption band due to C-D stretching vibration of adsorbed CDCl;
reflects the strength of basic sites. The CDCI; adsorbed on VAION and AIGaPON
show the bands at 2250 and 2249 cm™, respectively. In references, when CDCl; is
adsorbed on Si0O,, ALLOs;, CsNaY and MgO, the bands appear at 2265, 2253, 2243
and 2230 cm', respectively. The basic sites on the oxynitrides are stronger than
those on Si0,, weaker than those on CsNaY and MgO, and comparable to those on
AlOs.

The strength of basic sites of AIPONs was estimated to be 10.7-11.2 in the H_
scale. Massion et al. compared the catalytic activity of AIPON with homogeneous
bases of different pK,.”” They used different reactants with different pK,. The
Knoevenagel condensations of benzaldehyde with malononitrile (pK, = 9) and
with ethyl cyanoacetate (pK, = 9) proceeded, but not with diethyl malonate (pK, =
13). The Knoevenagel condensations of benzaldehyde with malononitrile and
with ethyl cyanoacetate were catalyzed neither by pyridine (pK, 5.25) nor by mor-
pholine (pK, = 8.33), but catalyzed by pyrrolidine (pK, = 11.25) whose activity
was comparable to that of AIPON. Taking into account of the results of Corma
et al.”"*” that the Knoevenagel condensations were catalyzed by basic oxides with
H_ < 10.7, the series of AIPON catalysts containing different amounts of N possess
basic sites in the range 10.7-11.2 in H_ scale.

4.4.4 Catalytic Properties

The catalytic properties of metal oxynitrides have been most commonly examined
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for Knoevenagel condensations, in particular, the Knoevenagel condensation of
benzaldehyde with malononitrile.

C¢HsCHO + CH,(CN), —> CsHsCH=C(CN); + H,O (4.4.6)

Over some metal oxynitrides, dehydration and dehydrogenation of alcohols,
alkylation of toluene and 1-butene isomerization were examined.

The first oxynitride used for catalytic reaction was silicon oxynitride (SiON)
by Lednor and de Ruiter in Knoevenagel condensations of benzaldehyde with
ethyl cyanoacetate and with malonitrile at a reaction temperature of 323 K.” The
SiON was obtained by treatment of SiO, with NHj at 1373 K and possessed a sur-
face area of 185 m’g”' with a composition of 28 wt% N.*” The SiON functions as
a solid base catalyst due to the presence of nitrogen on the surface; silica is inac-
tive for the Knoevenagel condensation. Although the SiON functions as a solid
base catalyst for the Knoevenagel condensation, it is inactive toward double bond
isomerization of 1-butene even at 673 K."

Inaki et al. prepared mesoporous silicon oxynitride by treatment of mesopo-
rous silica FSM-16 with NHj at different temperatures, 473 K and 923 K> The
catalytic activity for the Knoevenagel condensation of benzaldehyde with ethyl
cyanoacetate at 323 K was higher for the catalyst treated at 473 K than for that
treated at 923 K when compared on the unit amount of N contained in the catalyst.
The treatment with NHj at 473 K produced a pair of Si-NH, and Si-OH, while the
treatment at 923 K produced an isolated Si-NH, (OH). They concluded that the
pair of Si-NH, and Si-OH acts more efficiently as an active site for the
Knoevenagel condensation.

Mesoporous silicon oxynitride was also prepared from MCM-48 by treatment
with NH; at 1173 K and showed the activity for the Knoevenagel condensation of
benzaldehyde with malononitrile at 333 K.*” The active sites are suggested to be
surface NHy species.

SBA-15 nitrided with NH; at 1273 K retains its mesoporous structure and
shows catalytic activity for the Knoevenagel condensation of benzaldehyde with
malononitrile at 303 K. The activity of the mesoporous silicon oxynitride exhibits
much higher activity than an amorphous silicon oxynitride and crystallized
nitrogen-containing microporous molecular sieves (AIPO,-5 and ZSM-5).

The catalytic activity of AIPON was reported by Grange et al.” They pre-
pared AIPON by treatment of aluminumphosphate (AIPO) with NH; at 1023—-1073
K and examined its catalytic activity for the Knoevenagel condensation of benzal-
dehyde with malononitrile at 323 K. The AIPON containing N 20% was more
active than MgO (commercial MgO catalyst). The activity increased with an
increase of N content in the range 2.6-22.0 wt%, while the P-O stretching fre-
quency observed by IR decreased with the N content. Although the basic sites
were not identified, it was proposed that the decrease in the P-O stretching fre-
quency reflects the basicity of AIPONs.'"”

Climent et al. measured the rates of Knoevenagel condensation of benz-
aldehyde with each of ethylcyanoacetate, malononitrile and diethyl malonate at
333 K over AIPON catalysts with different N contents.”” All the rates increased
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with N content, but the dependency of the rate on the N content was different for
different reactants. With malononitrile, the rate increased linearly with the N con-
tent, but with ethyl cyanoacetate and diethyl malonate, the rates increased expo-
nentially with the N content. The ratio of the groups (-NH- / -NH,) formed during
nitridation increased with N content; the proportion of the stronger basic sites
(-NH-) increased with N content. It was suggested that the -NH- groups and -NH,
groups are equally active for the Knoevenagel condensation with malononitrile,
but the -NH- groups are more effective than the -NH, groups for the reactions with
diethyl malonate and with ethyl cyanomalonate.

One characteristic feature of AIPON as compared with MgO and hydrotalcite
is its high selectivity for Knoevenagel condensation of benzaldehyde with diethyl
malonate. For example, the Knoevenagel condensation product has the possibility
to undergo Michael addition to diethyl malonate. While the Michael addition
proceeded over MgO or hydrotalcite, the Michael addition did not proceed over
AIPON. The basic strength of AIPON is sufficient for Knoevenagel condensation,
but not sufficient for the Michael addition.

Due to the mild strength of basic sites on AIPON, 1,1-dicyano-2,4-diphenyl-
1,3-butadiene (5) is effectively produced from acetophenone, malononitrile and
benzaldehyde in one pot.”® The first step is the Konevenagel condensation of ace-
tophenone (1) with malononitrile (2) to yield a-methybenzyldenemalononitrile (3).
The second step is the condensation of 3 with benzaldehyde (4) to yield the target
product 5, but needs a higher temperature as compared to the first step. One pot
reaction was carried out by the reaction between 1 and 2 first at 373 K in the pres-
ence of APION until the yield of 3 was 90% and then benzaldehyde was added and
the temperature was raised to 423 K. In 6 h, the product § was obtained in 76%
yield. MgO and hydrotalcite yielded several by-products to a considerable degree.

NC CN
(0]
(7 e T
CN 4.4.
+ NN 3 (4.4.7)
1 2 3
A
NC CN NC. CN
| CHO |
Y
CN3 - + HZO (448)
4 4.
3 4 5
B

Both 2-butanol and 1-butanol undergo dehydration over AIPON. 2-Butanol is
much more reactive than 1-butanol because basicity is higher for 2-butanol.
2-Butanol undergoes dehydration over AIPON at 473 K to form 1-butene, trans-2-
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butene and cis-2-butene in the ratio, ca. 20, 41 and 39%, respectively. No
dehydrogenation to methyl ethyl ketone takes place. The product distribution is
typical of E1 mechanism. 1-Butanol undergoes dehydration at a considerably
higher temperature of 548 K to form 1-butene (29%), trans-2-butene (7%), cis-2-
butene (7%) and dibutyl ether (57%). No dehydrogenation to butyraldehyde takes
place. These results suggest that 2-butanol undergoes dehydration by the El
mechanism even on weak acid sites and 1-butanol by the E2 mechanism with co-
operation of acidic and basic sites. Also, there are no strong basic sites which
allow significant dehydration through the E1cB mechanism or dehydrogenation.zg)

ZrPON is also active for the Knoevenagel condensation of benzaldehyde with
malononitrile at 323 K. The activity increased with the N content up to 19%, but
not linearly. The activity was low when the N content was less than 5.4% and
markedly increased as the N content exceeded 5.4% up to 19%. The NHy species
was almost saturated at 5.4% N content from the result of the point of zero charge
(PZC). It was assumed that neither the -NH, nor the -NH- group contributes to the
catalytic activity for the Knoevenagel condensation. The active sites are assumed
to be either nitride N’ or non-bridging or double bonded O atoms appearing when
divalent O atoms are replaced by trivalent N atoms.'*'?

Aluminovanadate oxynitride (VAION) showed activity for the Knoevenagel
condensation of benzaldehyde with malononitrile at 323 K. The selectivity was
100% for the Knoevenagel condensation product benzylidene malononitrile. The
Michael addition, which would involve the reaction of another malonate carbanion
with the double bond of the benzylidene malononitrile, did not proceed. The
activity was proportional to the amount of NH," present on the surface, as mea-
sured by IR. The active site for the reaction was proposed to be the O of an OH
group whose negative charge is increased by interaction with NH;. The active site
can be described as V-O™ "Hy;N. The model proposed for the basic site is shown in
Fig. 4.4.2. An H" is abstracted from malononitrile by the O™ to form a carbanion
which is stabilized by NH,". Benzaldehyde is also activated by acidic site (NH,"),
which makes the benzaldehyde more reactive toward the carbanion. An acid-base
concerted mechanism was proposed.”)

H
H-N*H
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V. _V

e ‘\
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o V!
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0

Fig. 4.4.2 Model proposed for the basic site in alumino vanadate oxynitride.
Reprinted with permission from H. Wiame, C. Cellier, P. Grange, J. Catal., 190, 406 (2000)
Scheme 3.
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1-Butanol undergoes dehydrogenation over VAION, which is in contrast to the
other oxynitride catalysts like VAIPON and AlGaPON, which favor dehydration.’”
The reaction takes place in the temperature range 423-523 K and the selectivity
for butyraldehyde is high (up to 75%).

Delsarte et al. showed that AIGaPON was active for the Knoevenagel conden-
sation of benzaldehyde with malononitrile at 323 K.'”*” The activity decreased as
the catalyst was treated with He flow at a high temperature. They proposed that
unstable N species are relevant to the reaction. Such N species are surface -NH,
groups and/or the surface O atoms whose negative charge is increased by NH3
adsorption.

2-Butanol undergoes dehydration over AlIGaPON at 473 K.* The activity
decreases with N content. The selectivity for butene isomers is similar to those
obtained with AIPO, and Si0O,-Al,O; and indicates operation of the E; mechanism.
In the reaction of 1-butanol at 548 K, intermolecular dehydration to form dibutyl
ether is the main reaction, similar to the case of AIPON. Dehydrogenation to buta-
nol takes place over AlIGaPON to a small extent. This is different from the case of
AIPON in which no butanol is formed.

Zeolites and related microporous materials such as AIPO4-5, SAPO-11 and
ZSM-5 were nitrided and the catalytic activity of the resulting materials measured
for the Knoevenagel condensation of benzaldehyde with malononitrile.

Crystalline microporous material AIPO4-5 become active for the Knoevenagel
condensation at 353 K when nitrided with NH, above 1073 K. The activity is
maximized at the NH; treatment temperature of 1148 K. The activity is lower than
AIPON prepared from amorphous AIPO,.

Zeolite NaY bocomes active for the Knoevenagel condensation when nitrided
above 1073 K. The activity increases markedly when the nitriding temperature is
raised from 1073 K to 1123 K. The activity of nitrided NaY is higher than that of
nitrided NaX.”

Xiong et al. nitrided SAPO-11 doped with 2 wt% Ru at a low temperature of
673 K and examined for the Knoevenagel condensation activity at 323 K.** The
active sites were assumed to be AIN,, AIN>O, and PN, groups together with the
terminal -NH, group. Without Ru, the activity was scarcely observed for the
SAPO-11 nitrided in the range 673—-1073 K. The surface area decreased markedly
when SAPO-11 was nitrided at 1073 K.

Zhang et al. prepared nitrided ZSM-5 with a bimodal pore structure by calci-
nation in air at 1273 K followed by NH; treatment at 1323 K or 1373 K.” The
resulting materials showed activities for the Knoevenagel condensation at 323 K.
The activity was higher for the sample treated at 1323 K. The sample treated at
1373 K lost some crystalline structure. On the sample treated at 1323 K, alkyla-
tion of toluene with methanol took place at the ring position, but no side-chain
alkylation occurred. The basic sites generated by NHj treatment are not strong
enough to promote side-chain alkylation at 773 K, but the remaining acidic sites
promote alkylation at the ring position at 723 K.
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4.5 Anion Exchange Resins

Typical ion exchange resins are based on cross-linked polystyrene. The required
active groups are introduced after polymerization. Anion exchange resins are clas-
sified into strong or weak bases types, depending on whether the functional group
is a quaternary ammonium (-NR;") or an amino group (-NR;). Two structural
types of resins are used. With gel type resins, catalytic groups in a resin particle
are entirely inaccessible to reactant molecules in the absence of strongly polar
compounds such as water, which swell the resin network and allow the access of
reactant molecules between polymer strands to the possible interior. Therefore, in
nonaqueous or nonpolar systems, these resins have a negligible pore structure and
show little activity. The macroreticular resins are much more useful for reactions
involving weakly polar reactants. The catalytic activity is affected by the extent of
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cross-linking and water content. The disadvantages of the anion exchange resins
are low resistance to temperature and abrasion.

The various reactions are catalyzed by anion exchange resins. The aldol addi-
tion of acetone to diacetone alcohol is catalyzed by strongly basic anion exchange
resin IRA-900 in the hydroxide form. Addition of water to the reaction system
increased the catalyst life time and selectivity toward diacetone alcohol.”

For Knoevenagel condensation, weakly basic resins (amine form) are more
effective than strongly basic ones (ammonium form), while, for aldol condensation
and cyanoethylation of alcohols with acrylonitrile, strongly basic resins are more
effective.” High water content and low thermal stability of anion exchange resins
limit their usage. The catalytic activity is markedly influenced by the water con-
tent. Weakly acidic resins are effective as catalysts for Knoevenagel condensation
even though one of the reactants is an acid as exemplified by the condensation of
cyanoacetic acid with aldehydes or cyclohexanone.” Furthermoe, the salts of the
amine resins, such as benzoate, phenylacetate,etc, are more effective catalysts than
the free amine resins.

Weakly basic resin Amberlyst A-21 is a good catalyst for the synthesis of sub-
stituted 4H-chromens from o-hydroxybenzaldehydes and ethyl cyanoacetate, or
malononitrile at room temperature.” The catalyst was recycled up to eight times
with only a slight decrease in the conversion (97-86%) in the reaction of salicilal-
dehyde and malononitrile (section 5.4.2).

R,\Q[CHO <CN Amberlyst-21
+ >
¢ OH CO,Et EtOH, r.t.
NC_ _COEt 4.5.1)
R< CO,Et
I
O">NH,
R
R,\Q[CHO <CN Amberlyst-21
.
OH CN EtOH, r.t.
R
NC_CN (4.5.2)
R< CN
I
O"~NH,
R

Amberlyst 21 catalyzes the synthesis of S-alkanols by nitroaldol reaction from
a wide variety of starting materials. No dehydrated products were formed.”

Amberlyst 27, a macroreticular anionic resin with [-N(CHs);'] as the func-
tional group, is an efficient catalyst for the Michael reaction of nitroalkanes with a
variety of electrophilic alkenes, even those substituted at ﬁ—position.w The
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Michael reaction between methyl 1-oxoindan-2-carboxylate and methyl vinyl
ketone in toluene was achieved in a flow reactor.”

Carbonylation of methanol with carbon monoxide gives methyl formate in the
presence of strong bases such as sodium methoxide. The reaction was studied by
Girolamo and coworkers using various types of anion exchange resins.”'”

CH;0H + CO ——> HCOOCH; (4.5.3)

Characteristics of the basic ion exchange resins used and catalytic results are
shown in Tables 4.5.1 and 4.5.2, respectively. Each resin was carefully activated
to assure the complete exchange of the CI ions with OH ions and subsequently
with CH;O0™ groups. The strongly basic resins Amberlyst A 26 and IRA 900 dis-
played higher activities than sodium methoxide, the industrial catalyst, in turnover
frequency basis. The lower activity of Amberlyst A 27 compared with Amberlyst
A 26 was attributed to its fragility. The low activity of Amberlite 416, functional-
ized with ethanolamine groups, was related to the lower basic strength of its func-
tional groups. Though deactivation was observed, the activity of Amberlyst A 26
was restored simply through caustic washing. The catalyst is stable even at 343 K.

Table 4.5.1 Characteristics of anion exchange resins

Resins Morphology Functional Moisture/% Exchange Maximum

group” capacity/ operating
mmol g’ temperature/K

Amberlyst 26 Macroporous 1 61 44 333

Amberlyst 27 Macroporous 1 45 2.6 333

IRA 900 Macroporous 1 59 3.7 333

IRA 400 Gel I 46 4.4 333

IRA 416 Gel I 50 3.8 308

“ Functional group: I = -CH,N(CHs);* OCH;, Il = -CH,N(CH;),(CH,CH,OH)"OCH;"
Reprinted with permission from C. Carlini, M. Di Girolamo, M. Marchionna, A. M. Raspolli Galletti,
G. Sbrana, Stud. Surf. Sci. Catal., 119, 491 (1998) p.492, Table 1.

Table 4.5.2 Methanol carbonylation with basic catalysts”

Catalyst Conversion/% TOF/M™
EtONa 32 22.4
MeONBuy 15 10.5
Amberlyst A26 40 28.0
Amberlyst A27 29 20.3
IRA 900 34 23.8
IRA 400 40 28.0
IRA 416 19 13.3

Y Reaction conditions: MeOH: 1.25 mmol; CO: 5 MPa, 333 K,
Catalyst: 3.57 meq. Time: 5 h, Turnover after 3 h

Reprinted with permission from C. Carlini, M. Di Girolamo, M.

Marchionna, A.M. Raspolli Galletti, G. Sbrana, Stud. Surf. Sci.

Catal., 119, 491 (1998) p.493, Table 2.
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Table 4.5.3 Hexanol carbonylation with basic catalysts”

Catalyst Conversion/% TOF/h™!
3h 5h

Amgerlyst A26 68 85 79.3

Amgerlyst A27 16 27 18.6

IRA 900 47 61 54.8

IRA 400 84 89 98.0

IRA 416 12 20 14.0

¥ Reaction conditions: hexanol: 1 mol; CO: 5 MPa, 333 K, Catalyst:
2.85 meq. Turnover after 3 h

Reprinted with permission from C. Carlini, M. Di Girolamo, M.

Marchionna, A. M. Raspolli Galletti, G. Sbrana, Stud. Surf. Sci.

Catal., 119, 491 (1998) p.495, Table 4.

Unexpected high thermal stability was explained by the presence of -OMe instead
of -OH counter anions under reaction conditions.
The reaction mechanism is considered to be as follows.

MeO + CO ——> (MeOCO)" (4.5.4)

(MeOCO) + MeOH ——> HCOOMe + MeO" (4.5.5)

The strongly basic resins are also effective for carbonylation of ethanol and
hexanol to the corresponding alkyl formates.” The result for carbonylation of
haxanol is shown in Table 4.5.3.

Thermally stable anion exchange resin was developed by Mitsubishi Chemical
Corporation. This resin has -(CH,)4JN(CH3);" groups attached to the benzene ring
of polystyrene structure instead of conventional -CH,N(CH3);" groups, its maxi-
mum operating temperature being 373 K."” Aika et al. used this resin for carbon-
ylation of methanol.'”” The extent of methanol carbonylation reached 80% of the
equilibrium in 5 min and the equilibrium was attained in 40 min at 373-393 K.
Then they tried direct methanol synthesis from CO and H, in the presence of
hydrogenation catalyst (Raney Cu) together with the resin, since the hydrogena-
tion of methyl formate gives methanol.

HCOOCH; + 2 H, —> 2 CH;0H (4.5.6)

After 4 h, 72% of CO was converted to produce 33 mmol of methanol and 6.9
mmol of methyl formate at 393 K. This method provides a mild synthetic way for
methanol production.

The transesterification of ethylene carbonate with methanol was studied in a
flow reactor with a variety of anionic resins with tertiary amines and quaternary
ammonium ions.”” Amberlite IRA-68, having dimethylamino functionality bonded
to acrylic-divinylbenzene polymer, gave 23.8% dimethyl carbonate and ethylene
glycol. Estimated selectivities are 98 and > 99 mol%, respectively. Similar results
are realized with Amberlyst A-21, where dimethylamino functionality is bonded to
a macroreticular resin. Amberlist IRA-68 maintains activity over 1000 h. No loss
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in performance occurred and the physical appearance, color and the composition
of the resin indicated no major deterioration."” The reaction was also studied in a
slurry reactor with anion exchange resins with diethylamino- and trimethyl-
ammonium functionality."*"

When weakly acidic cation exchange resin in -COOH form (Amberlite IRC-
50) is partially exchanged with H,N(CH,),N(CH;)," OH™ (n = 2-5), the resin
becomes an efficient catalyst for Knoevenagel condensation.'” The catalytic activ-
ity depends on the value of n and the extent of neutralization. The reaction is
believed to proceed by the cooperative action of an acidic component (-COOH)
and an ammonium group fixed by (-COQO").
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4.6 Amines and Ammonium Ions Tethered to Solid Surfaces

Since amines and alkyl ammonium ions are common catalysts for base-catalyzed
reactions, immobilization of these basic moieties has been studied extensively.
Various types of amino and ammonium groups are tethered to silica materials as
shown in Fig. 4.6.1. The preparation of these organic-inorganic hybrid catalysts
has been reviewed."”

4.6.1 Loading of Basic Functional Groups to High Surface-area
Silica Materials

A. Grafting method (post synthesis)

The most common method for tethering of amino and ammonium groups to solid
surfaces is the reaction of hydroxyl groups of silica with silane coupling agent
with having these functional groups. The method is often called the grafting
method or post-synthesis method.
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Fig. 4.6.1 Amino- and ammonium groups tethered to silica materials.
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Angeletti et al. prepared aminopropyl (A) and N,N-dimethylaminopropyl (C)
groups immobilized on silica gel by using trimethoxy(3-aminopropyl)silane and
3-(N,N-dimethylamino)propyltrimethoxysilane, rsepectively, as coupling agents,
and their high catalytic activities for a variety of Knoevenagel condensation.™”
Silica with aminopropyl groups (A) was more active than the one with N,N-
dimethylaminopropyl (C) groups. The authors proposed a mechanism, where the
amino group abstracts a proton from the active methylene compound and the
remaining silaniol groups activate the carbonyl compounds and promotes the
dehydration of aldol.

Since the discovery of the MCM-41 types of mesoporous materials, grafting
of amino groups on their surfaces is attempted to use the advantage of their high
surface area. Brunel and coworkers introduced amino-groups (A) on the surface
of MCM-41 and showed that the materials had high activity for Knoevenagel con-
densation.”® They also prepared MCM-41 tethered with piperidino groups (E). In
this case, MCM-41 is first reacted with 3-chloro- or 3-iodo-propyltrialkoxysilane
followed by nucleophilic displacement of the halogen atom by piperidine. The
MCM-41 bearing piperidino groups (E) is less active than that with aminopropyl
groups (A) for Knoevenagel condensation. The authors proposed a reaction mech-
anism in which primary amino groups play an essential role (Fig. 4.6.2). The for-
mation of benzaldimine groups (1645 cm™) and thier reaction with ethyl cyano-
acetate were confirmed by attenuated total reflection infrared spectroscopy”.

Mhoe et al. prepared the N,N-dimethyl-3-aminopropyl (C)-derived amorophous
silica and MCM-41 by a post synthesis method.” A higher amount of amino
groups could be introduced on MCM-41 (2.2 mmol g™') than on amorphous silica
(0.85 mmol), and the former showed higher activity than the latter for Michael
addition.”

1,5,7-Triazabicyclo[4,4,0]dec-5-ene (TBD) is a strong base which has a pK,
value of 25. Subba Rao et al. introduced TBD moieties by a two-step procedureg)
(Fig. 4.6.3). MCM-41-TBD(]I) is very active for Michael addition, which requires
stronger bases than Knoevenagel condensation. The material is also active for the
epoxidation of alkenes with hydrogen peroxide” and transesterification of
B-ketoesters.'”

Derrien et al. also introduced TBD moities (J ).”) The procedures include the
introduction of chloropropyl groups by the reaction of surface hydroxyl groups
with chloropropyltrimethoxysilane (CPS) followed by elimination of the residual
hydroxyl groups by the reaction with hexamethyldisilazane (HMDZ), and the reac-
tion of chloropropyl groups with TBD, as shown in Fig. 4.6.4."” The removal of
the hydroxyl groups is expected to avoid their interaction with the imine-type N
atoms of TBD moieties.'” The end-capped catalyst was much higher activity than
the catalyst with OH groups in the transesterification of ethyl propionate with
butanol. The basic strength of TBD-anchored silica (J) was estimated as H- =
~15."

1,2,3-Tricyclohexylguanidine (TCG, K) can be anchored on MCM-41 in a
manner similar to that of Subba Rao et al. and used for aldol condensation between
benzaldehyde and acetone.” An 89% yield of the condensation product was
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Fig. 4.6.2 Mechanism of Knoevenagel condensation over MCM-41 tethered with aminopropyl groups.
Riprinted with permission from M. Laspéras, T. Llorett, L. Chavez, I. Rodriguez, A. Cauvel,
D. Brunel, Stud. Surf. Sci. Catal., 108, 75 (1997) p.80 Scheme 3.

obtained in the reaction in methanol at 298 K; 8-10% of TCG leached out during
the reaction.

Tetralkylammonium moieties (N) were introduced on MCM-41."""" The
preparation involves the reaction of 3-trimethoxysilylpropyl(trimethyl)ammonium
chloride with hydroxyl groups on dehydrated MCM-41, followed by the ion
exchange of chloride ions with OH™ in a methanolic solution of N(CH3),OH. The
material showed high activities for Knoevenagel condensation, Michael addition
and aldol condensation.

Udayakumar et al. introduced tetraalkylammonium moieties by the reaction of
chloropropylated MCM-41 with trialkylamines and tested the prepared materials
(O) for the reacton of allyl glycidyl ether with carbon dioxide.'”

Yamguchi et al. prepared an N-octyldihydroimidazolium hydroxide fragment
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Fig 4.6.3 Immobilization of 1,5,7-triazabicyclo [4,4,0] dec-5-ene (TBD) in MCM-41.
Reprinted with permission from Y. V. Subba Rao, D. E. DeVos, P. A. Jacobs, Angew.
Chem. Int. Ed. Engl., 36, 2061 (1997) p.2662, Scheme 1.
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Fig. 4.6.4 Immobilization of 1.5.7-triazabicyclo [4,4,0] dec-5-ene (TBD) in mesoporous silica.
Reprinted with permission from A. Derrien, G. Renard, D. Brunel, Stud. Surf. Sci. Catal.,
117, 445 (1998) p.445, Scheme 1.
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(P) onto silica gel by a post-modification method."” The catalyst was active for
the cyanosilylation of carbonyl compounds with trimethylsilyl cyanide and the
epoxidation of electron-deficient alkenes with hydrogen peroxide.

L-Proline (Q) grafted to MCM-41 gives high enantioselectivity in the aldol
reactions of hydroxyacetone and different aldehydes."” The rate is greatly
enhanced by microwave irradiation. Thus the reaction of hydroxyacetone with
cyclohexylaldehyde gave 90% conversion to give the aldol product with e.e >99%
in 10 min under microwave irradiation.

X-type zeolites grafted with aminopropyl groups (A) are active for Claisen-
Schmidt condensation between benzaldehyde and acetophenone under ultrasonic
irradiation."”’

B. Direct method

The second method for preparing silica materials bearing amino groups uses
trialkoxisilanes with amino groups as one of the starting substances in the synthesis
step of amorphous or ordered mesoporous silica. The method is called the direct
or co-condensation method.

Macquarrie prepared HMS (hexagonal mesoporous silica) with aminopropyl
groups (A) using tetraethoxysilane and trimethoxy(3-aminopropyl)silane.
Mesoporous materials with high surface area (600-750 m” g”') were obtained and a
higher amount of amino-groups (2.5 mmol g™') could be loaded.”**"” The materials
thus obtained were active for Knoevenagel condensation.”” Besides aminopropyl
groups (A), N-methylaminopropyl (B), N,N-dimethylaminopropyl (C), and
N-(2-aminoethyl)aminopropyl (F) groups were also introduced to HMS by the
direct method.” Introduction of various amino-groups to MCM-41 by the direct
method is also possible.””

SBA-15 with A, B or F groups synthesized by a sol-gel method has a well-
ordered structure and has been tested for Knoevenagel condensation, Michael
addition and flavanone synthesis.zg’m

Ethylenediamine attached silica (G) was prepared by DeOliveira and Prado.”
Teteramethoxysilane and 3-glycocidoxypropyltrimethoxysilane were co-condensed
using a neutral n-decylamine as a template. The glycidoxy ring was opened by the
reaction with ethylenediamine. The material had a surface area of 796 m” g™ and
a mesoporous structure with pore diameter of approximately 50 nm. The material
thus prepared had a high catalytic activity for Michael addition of nitromethane to
cyclopentenone.

Magnesium organo-silicate (MOS) with a talc-like structure was synthesized by
sol-gel method and the applicability of amine (A)- and diamine (F)-functionalized
MOS was tested as catalysts for aldol condensation reactions including the syn-
thesis of jasminealdehyde by condensation of 1-heptanal with benzaldehyde.”‘w
Although the catalysts had small surface area (2-3 m’ g'), they were active for a
variety of aldol condensation.

Crystalline metal-organic frameworks (MOFs) having amino-groups in the
structure shows catalytic activities for the Knoevenagel condensation.”® For
example, MOFs based on 2-aminoterephthalic acid are highly active and stable for
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the Knoevenagel condensation of benzaldehyde and ethyl acetoacetate.” The
amino groups in IRMOF-3"" are more active than aniline. The reaction mecha-
nism involving benzaldimine intermediates is proposed based on DRIFTS.

4.6.2 Catalysis Using Basic Functional Groups Tethered to Silica
Materials

Lin et al. prepared five types of amines anchored on MCM-41; amninopropyl (A),
1-piperidinopropyl (D), 1-pyrrolidinylpropyl (E), 1-pyridiminopropyl (H) and
TBD-propyl (J) groups.” The materials were tested for the synthesis of mono-
glycerides from glycidol and lauric acid. The reactivity order was TBD > 1-piper-
idino > 1-pyrrolidinyl > pyrimidyl > amino. The activity order correlates approxi-
mately with the basic strength of the organic bases except for the catalyst with
pyrrolidinyl groups. This was considered to be due to the high chloride content
found on this catalyst.

Zhang et al. introduced four types of functional groups, namely, A, F, H, and
J on silica by a grafting method under microwave irradiation.”” The amount of A
loaded under microwave irradiation (2.00 mmmol g') is much larger than that
prepared without irradiation (1.13 mmol g™'). The basic strength of the four mate-
rials was measured by an indicator method. As shown in Table 4.6.1, TBD/SiO,
(J) has the highest strength of H_~ 15.0, while A and F only have a basicity of H_~
9.3 and 9.3 < H_ < —15.0, respectively. Among the four modified silica materials,
H has the weakest basicity of H_ < 7.2. Thus, the basic strength of the samples is
in the order J > F > A > H. They also studied the catalytic activities of the four
materials for the reaction of propylene oxide with methanol. For this reaction, the
materials A, F, and J showed high propylene oxide conversion (> 94%), but with
different isomer selectivity (Table 4.6.1). The lower isomer selectivity of TBD-
Si0, (J) was attributed to the large molecular framework of TBD.

When MCM-41 was modified with primary (A), secondary (B) and tertiary

Table 4.6.1 Base strength of amine-grafted silica and results for the synthesis of
1-methoxy-2-propanol from propylene oxide and methanol

Catalyst pK. value of indicators Reaction results
7.2 9.3 15.0 Conversion/% Isomer selectivity/%
None 27.3 723
Porous silica 35.7 68.3
H/SiO, - - - 89.0 68.6
A/SiO; + + - 94.1 82.8
F/SiO, + + - 100.0 84.1
J/Si0, + + + 94.5 73.7

(+) color changes clearly; (-) color does not change; (+) color changes unclearly. Reaction
conditions: 403 K, catalyst: 1.5 g, reaction time 10 h. Isomer selectivity = 1-methoxy-2-
propanol/total propylene glycol methyl ester.

Reprinted with permission from X. Zhang, W. Zhang, J. Li, N, Zhao, W. Wei, Y. Sun,
Catal. Commun., 8, 2007, 437, p.440, Table 3.
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amino (C) groups by a post synthesis method, the order of catalytic activities of
amine moieties for the reactions of benzaldehyde and nitromethane or nitroethane
was primary > secondary > tertiary."” The authors explained the higher activity of
primary amine (A) by the mechanism which involves the formation of anchored
imine, similar to the mechanism shown in Fig. 4.6.2 proposed by Laspéras et al.
for Knoevenagel condensation.” Actually, when the catalyst was treated with
benzaldehyde, a new IR peak appeared at 1636 cm™' due to C-N stretching. On the
other hand, for the Michael addition of nitromethane to 2-cyclohexen-1-one, the
secondary amine moiety was most efficient.

Amine-functionalized silica materials were tested for nitroaldol and Michael
reactions.” For nitroaldol reaction of benzaldehyde with nitromethane, the silica
grafted with a primary amine was the most effective for nitroaldol reaction. This
was again ascribed to the formation of the imine-type intermediates in the case of
primary amine. On the other hand, for Michael reaction, the primary amine gave
an extremely poor yield compared to secondary or tertiary amines. In this case,
the basic strength of the amine is a decisive factor for the catalysis.

Hagiwara et al. prepared silica gel having aminopropyl (A), N-methyl-
aminopropyl (B), and N,N-diethylaminopropyl (C) groups and tested for trans-
esterification of ﬁ—ketoesters42) and aldol condensation of decanal.”’ The silica gel
having N,N-diethylaminopropyl groups was the most active for the trans-
esterification while silica gel having N-methylaminopropyl groups was the most
active for aldol condensation.

The effect of the preparation methods of aminopropyated silica was also
studied.*” Four aminopropylsilicas were prepared by different synthetic proce-
dures, i.e., the grafting method (amorphous silica, MCM-41) and the sol-gel
method (MCM-41, amorphous silica), and tested for the nitroaldol condensation
between nitromethane and benzaldehyde and the Michael addition of nitromethane
to 2-cyclohexen-1-one. For both reactions, the catalysts prepared by the grafting
method showed much higher activity than those prepared by the sol-gel method.
The results were attributed to the difference in the accessibility of the reactants to
the aminopropyl groups.

Silica-supported imines such as L and M were prepared and tested for
Knoevenagel condensation and Michael addition.”” These imine-loaded catalysts
outperform aminopropylated silica catalysts for the Knoevenagel reaction.

The pore structure of amine-grafted mesoporous silica is an important factor
especially in liquid-phase reactions. Suzuki et al. prepared mesoporous silica with
similar particle sizes but different pore sizes (0—2.66 nm) and introduced amino-
propyl groups (A) on the surfaces by a grafting method.” The optimum pore
sizes on the catalytic activities for nitroaldol reactions between substituted benz-
aldehydes and nitromethane depended on the type and number of the substituent
groups on the reactants.

Das et al. prepared MCM-41 with expanded pores (up to 20 nm)."” The
expansion of pores was performed by using long chain N,N-dimethylalkylamines.
The material was then grafted with various amino (or ammonium) groups and
measured for activity for Knoevenagel condensation. Even after aminopropyl
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groups are grafted to the material (pore diameter = 11 nm), the pore diameter was
still as large as 8.2 nm. The activities of the materials with the expanded pores are
higher than that with ordinary pore sizes (3 nm) for Knoevenagel condensation,
probably because of enhanced diffusion of the reactants and/or products in the
pores. Large-pore mesoporous silica (3.8—-6.8 nm) was synthesized and function-
alized with aminopropyl groups.” The distinct effect of pore size on the activity
and selectivity was observed in the reaction of benzaldehyde and 2’-hydroxy-
acetophenone (flavanone synthesis).

Suzuki et al. prepared monodispersed silica functionalized with amino-groups
by the direct method.*” They succeeded in preparing the functionalized silica with
different particle diameter with the same mesopore size, and used these materials
for nitroaldol reactions of 4-methoxybenzaldehyde with nitromethane and esti-
mated the catalytic effectiveness factor, which varied between 0.80 and 0.82. On
the other hand, the material prepared by the grafting method showed a value of
0.62. Sujandi prepared amino-functionalized SBA-15 type mesoporous silica hav-
ing unique hexagonal platelet morphologies with short channels (100-300 nm) by
a direct method’”. This material showed much higher activity than the ordinary
SBA-15 to which the amino groups are tethered either by direct or grafting method
for base-catalyzed reactions, i.e., Knoevenagel condensation, nitroaldol reaction
and Claisen-Schmidt condensation. No serious diffusion or mass transfer limits
was observed.

4.6.3 Acid-Base Bifunctional Catalysis

The effect of hydroxyl groups near anchored amino groups is controversial. While
hydroxyl groups are proposed to be involved in the catalytic cycles of Knoevenagel”
and nitroaldol condensations,”” works by Brunel and coworkers showed that the
removal of the OH groups by the reaction with hexamethyldisilazane improved
the catalytic activities for monoglyceride synthesis and transesterification.”""”
Macquarrie prepared HMS with phenyl groups in addition to propylamino groups
by a deirect method.” This material was far more active than HMS without phenyl
groups for Knoevenagel condensation reactions. The rate enhancement was
ascribed to the change in the polarity of the HMS surface. The enhancement effect
of the second groups was also observed in the nitroaldol reactions over MCM-41
with methyl groups in addition to aminopropyl groups.”” Here, the catalysts were
prepared by a grafting method.

The effect of the environment of the amino groups, “outer-sphere effect” was
proposed by Bass et al.”>¥ They prepared three kinds of modified silica catalysts
with aminopropyl groups: (I) silica with OH groups, (II) silica of which OH
groups are replaced by OSi(CH,);CH; groups, (III) silica of which OH groups
were replaced by -OSi(CH;);CN. In the Knoevenagel condensation of 3-nitro-
benzaldehyde and malononitrile, catalyst I is far more effective than catalysts II
and III, indicating the acid (-OH) and base (-NH,) bifunctionality of the catalysis.
Catalyst III is more active than II. In addition, for the Michael addition of malono-
nitrile to S-nirostyrene, catalyst III is also much more active than II. The higher
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activities of III over II in these reactions were attributed to the “dielectric outer
sphere effect.” The high dielectric environment of the amino groups in III facili-
tates ion-pair formation and charge separation in the transition state in the deprot-
onation step of malononitrile.

For nitroaldol reaction between 4-nitrobenazldehyde and nitromethane, the
activity and product selectivity depended greatly on the catalyst, and two types of
mechanisms were proposed, an imine mechanism (Fig 4.6.5) and an ion-pair
mechanism (Fig. 4.6.6). In the imine mechanism, both imine formation and imine
protonation steps to form iminium ions are promoted by acid (-OH) and base
(-NH,) bifunctionality. This mechanism is operative in the case of catalyst I. In
the case of catalysts II and III, the ion-pair mechanism is assumed to be operative.
The reaction product is expected to reflect the difference in the reaction mecha-
nism; the a,B-unsaturated product is formed via the imine mechanism and the
B-nitro alcohol via the ion-pair mechanism. For nitroaldol reaction between
4-nitrobenazldehyde and nitromethane, the product ratios, ,B-unsaturated prod-
uct and B-nitroalcohol, were 80 : 20, 40 : 60, and 1 : 99 for catalysts, L, II, and III.
The catalystic activity of III is ~50 times higher than II. This was again attributed
to the dielectric environment effect.

Zeidan and Davis prepared mesoporous silica materials having both amino-
propyl groups and acidic functional groups by one-pot synthesis.”® The acidic
functional groups are sulfonic, phosphoric and carbonic acids. The catalysts were
tested for aldol condensation of p-nitrobenzaldehyde and acetone. As shown in
Table 4.6.2, materials with only aminopropyl groups gave a conversion of 33%.
The materials with only an acidic functionality were totally inactive. When the
materials have both acidic and basic functionalities, high activities for the reaction
were attained. The results indicate the importance of the synergetic effects of
acidic and basic sites.

Motokuma et al. prepared SiO,-Al,Os grafted with amino- or diethylamino-
groups (SA-NR,).”” The catalyst was very active for cyano-ethoxycarbonylation
(section 5.8.4), the Michael addition and nitroaldol reaction. The activity of
SA-NR; was much higher than SiO, grafted with the same groups. The high activ-
ity of SA-NR, was attributed to the higher acidity of the OH groups on SiO,-Al,O3
compared with those on SiO,. The authors proposes a bifunctional mechanism
which involves the basic (-NEt,) and acdic (OH) groups as active centers.

The catalytic activity of mesoporous silica carrying tertiary amine for the con-
jugate addition of acetylacetone to nitrostyrene is greatly enhanced by coloading
thiourea residue.™

O O
o

0]
S+ N0 o (4.6.1)
Ph :

The yield of the adduct was 43% over silica loaded with dimethylamno groups,
while it was 80% when the amino group and thiourea residue were coloaded.
Strivastava et al. prepared SBA-15 having an adenine moiety (P) and attempted
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Fig. 4.6..5 Imine catalytic mechanism for the production of the dehydrated product for the nitroaldol

reaction.
Reprinted with permission from J. D. Bass, A. Andrew, J. Pascail, A. Katz, J. Amer. Chem.
Soc., 128, 3737 (2006) p.3743, Scheme 5.

Fig. 4.6.6 Ton-pair mechanism for the production of -nitro-alcohol product in the nitroaldol reaction.
Reprinted with permission from J. D. Bass, A. Andrew, J. Pascail, A. Katz, J. Amer. Chem.
Soc., 128, 3737 (2006) p.3743, Scheme 6.
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Table 4.6.2 Acid-base catalysis in aldol catalysis

O OH O 0}
O 20h,323K A
H + E— +
OzN OzN OzN
A B
Entry Catalyst (10 mol%) Al% B/% Conv./%"

SBA-15 7 " NH,

1 SBA-15 45 17
SO;H
2 J—Q—som 8 8 16
SBA-15

62

3 SBA-157 ""NH, 25 8 33
SBA-15-A/SBA-15-B” 30 14 44
5 SBA-15 0 0 0
A~ NH:
6 y 0 0 0
@SO}H
7 U NH: 3 5 8

8 @SOgH 3 1 4

¥ Total conversion. Yields determined through 'H NMR spectroscopic analysis with THF as the
internal standard. ™ 1 : 1 mixture of sulfonic acid functionalized SBA-15 (SBA-15-A) and amine-
functionalized SBA-15 (SBA-15-B).

Reprinted with permission from R. K. Zeidan, M. E. Davis, J. Catal., 247, 379 (2007) p.382, Table 1.

the addition of carbon dioxide to epichlorohydrin.”*” The conversion of the

epoxide was 80.5% with selectivity to cyclic carbonate of 75%. By incorporating
Ti or Al in the SBA-15 framework, both the conversion and selectivity were
improved. The conversion and selectivity were 91.9% and 89.1%, respectively,
over Ti-SBA-15 tethered with adenine, and they were 98.1% and 89.1%, over
Al-SBA-tethered with adenine. The enhancement was attributed to the coopera-
tive effect of amine moeties and Lewis acid sites (Ti, Al) on the surfaces.

4.6.4 Catalysis by Occluded Structure Directing Agent

Kubota found that as-synthesized ordered mesoporous materials containing alkyl-
ammonim cations in the pores were effective catalysts for base-catalyzed reactions
such as Knoevenagel condensation, Michael addition and aldol condensation.®"*”
Thus, MCM-41 synthesized using hexadodecyltrimethylammonium cation as a
structure directing agent works as a catalyst for Knoevenagel condensation of
benzaldehyde with cyanoacetate. The yield of the condensation product was 82%
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after 1 h reaction at 393 K. The material is also active for Michael reaction of
chalcone with dimethyl malonate.

Three-dimensional layered silicate PLS-1 contains tetramethylammonium
hydroxide (TMAOH) in the interlayers. The material is active for Knoevenagel
condensation of benzaldehyde and cyanoacetate and nitroaldol reaction of nitro-
methane and aldehydes.63) The active species is considered to be TMAOH. The
activity of the recycled materials decreased because of the leaching of TMAOH.
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5.
Reactions Catalyzed by Solid Bases

5.1 Isomerization of Alkenes and Alkynes

5.1.1 Isomerization of Alkenes

In 1958, Pines and Haag reported that when sodium dispersed on powdered
alumina (8 wt%) was used as a catalyst, double bond isomerization of 1-butene
proceeded at 310 K." The ratio of cis/trans was much greater than that of the
thermodynamic equilibrium mixture. In contrast to the well-known acid-catalyzed
isomerization proceeding through carbenium ions, no rearrangements of the
carbon skeleton were observed in the base-catalyzed reactions, indicating the
anionic nature of the intermediate. This was the first report on solid base catalysis.

Tanabe et al. showed that CaO treated in air did not catalyze the isomerization
of 1-butene at 473 K, while CaO treated under vacuum above 673 K catalyzed the
isomerization even at 303 K.” Hattori et al. showed that MgO became active for
double bond migration of 1-butene when pretreated above 673 K (see. Fig. 3.1.3)
at which temperature the oxide surfaces begin to be exposed by removal of H,O
and CO,, and the basic sites were generated.” The activity of MgO was so high
that the reaction proceeded even at 223 K. These discoveries were the initiation of
alkaline earth oxides as solid base catalysts.

The reaction mechanism of double bond migration of 1-butene over solid
bases is shown in Fig. 2.5.2 (section 2.5.2). The reaction is initiated by the
abstraction of an allylic proton by a basic site to form the cis and trans forms of
the allyl anion. The cis-2-butene is predominantly formed at the initial stage of
the reaction. A high cis/trans ratio is characteristic of base-catalyzed double bond
isomerization. This is caused by the higher stability of the cis-allylic anion over
the trans-2-allylic anion.*”

Intermediacy of the m-allyl species was confirmed by the infrared spectros-
copy of adsorbed butenes during isomerization over ZnO.>” The analysis of the
band shift indicates that the 7-allyl species have a carbanion character. Two types
of the m-allyl species, trans and cis forms, were distinguished in the spectra.

When a dose of cis-2-butene was added to a zinc oxide sample, only the cis-
m-allyl species was observed besides the z-bonded butenes. No frans-m-allyl spe-
cies was observed even when equilibrium was approached. In the adsorption
of trans-2-butene, the trans-m-allyl species was observed in the beginning, but the
intensity of this species decreased with time and finally only cis-7-allyl was
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observed. In the case of 1-butene, only the cis-r-allyl was observed, the trans-
form being not observed during the reaction. The product ratio, cis/trans, was
10.5. These results indicate the much higher stability of the cis-form than
the trans-form on the surface. The interconversion between the z-allyl species
was proposed to occur via a dynamic ¢ — 7 equilibrium.

The formation of the 7-allyl species from propene on ZnO was also confirmed
by infrared spectroscopy. The chemisorbed species from CH3;-CH=CD, and CDs-
CH=CH, gave essentially identical spectra except that the former yielded an OH
fragment on adsorption, and the latter an OD fragment.s)

Various catalysts are reported for the isomerization of butenes, as shown in
Table 2.5.4 (section 2.5.2). Since the pK, values of alkenes are rather high, only
strong solid bases are useful if the z-allyl anions are not stabilized by the attached
groups. Table 5.1.1 compares the catalytic activities of strong bases for the iso-

Table 5.1.1 The catalytic activities of solid base catalysts for the isomerization of 2,3-dimethylbut-
1-ene to 2,3-dimethylbut-2-ene at 313 K for 20 h”

Catalyst Pretreatment Conversion/%
Temperature/K Time/h
Metals supported from liq. NH;
KNH,/ALO3(2.6) 573 1 91.3
K(NH;)/ALO5(2.0) 423 1 89.4
Na(NH3)/ALOs3(3.5) 423 1 89.3
Eu(NH;)/AL05(0.5) 523 1 83.4
Yb(NH;)/ALLO5(0.5) 473 1 29.4
Eu(NH;)/ALL05(0.5) 423 1 2.3
Yb(NH;)/AL05(0.5) 473 1 1.0
Alkali metals/AlLO;
KNO+/ALO5(5.0) 873 3 90.7
KOH/AL,O5(5.0) 673 3 86.0
KF/ALO5(5.0) 623 3 25.6
Metal oxides
CaO 1073 3 89.8
MgO 873 3 84.9
SrO 1023 3 1.6
BaO 1073 3 0.4
Sm,03 773 3 12
EUZO3 923 3 1.0
Yb,0s 923 3 0.9
ALO; 773 3 39
Mixed oxides ¢
4 Ca0, ALLO; 1073 1 11.9
4 MgO, ALOs 773 4 1.3
Zeolites
KY 773 3 <0.1

“ Conditions: catalyst = 0.25 g, 2,3-dimethylbut-1-ene = 3 mL (24 mmol). * Number in parentheses:
supported amount in mmol g”'. ¢ KNH,/ALO; prepared by loading KNH, on AL,O; from
anmmoniacal solution of KNH,, M(NH3;) (M = K, Na, Eu and Yb) prepared by impregnation from
the metal dissolved in liquid ammonia. o Prepared from hydrotalcite structure.

Reprinted with permission from H. Handa, T. Baba, Y. Ono, Catal. Lett., 59, 195 (1999) p.197, Table 1
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merization of 2,3-dimethyl-1-butene to 2,3-dimethy1-2-butene.9) The reaction pro-
ceeds even at 201 K over most active catalysts.”

Alkenes with exo-double bonds such as B-pinene are quantitatively converted
into the isomers over alkaline earth oxides.'*""

(5.1.1)

W s

The isomerization of S-pinene [eq. (5.1.1)] was also studied by various solid
superbases. Na/NaOH/ALOs; and CsyO/Al,O3; showed the highest activity, the
reaction at room temperature giving 98% conversion in 30 min at a reactant/cata-
lyst ratio of 30."” The catalysts were deactivated and the activity could not be
regained under the applied conditions of regeneration.

The isomerization of 5-vinylbicyclo[2,2,1]-2-heptene to 5-ethylidenebicyclo
[2,2,1]-2-heptene, a compound used for vulcanization purposes, proceeds com-
pletely even at 243 K.

—> Ek (5.1.3)
|

KNH»/Al,0Os; is also active, and the conversion of the reactant (21 mmol)
reached 98% in 10 min at 273 K in the presence of 63 mg of the catalyst."”
Alkaline earth oxides (CaO, MgQO) are also effective for the isomerization when
properly activated.'®"”

Allylamines are isomerized to enamines. 1-N-pyrrolidino-2-propene to
1-N-pyrrolidino-1-propene over alkaline earth oxides proceeds at 313 K."”

CH, :CH—CHz—l@ . H,C —CH= CH—@ (5.1.4)

N, N-Dimethyl-3,7-dimethyloct-2-enylamine gives the corresponding enamine
with a 100% E configuration in the presence of KNH,/Al,O; at 353 K."”

)\WNEtz > WNEQ (5.1.5)

The isomerization of N, N-dimethyl-3,7-dimethylocta-2(Z),6-dienylamine 1,
proceeds over KNH,/Al,O; at 313 K to afford exclusively N, N-diethyl-3,7-
dimethylocta-1,3-dienylamine 2."” The ratio of E/Z of the double bond at the
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3-position in the product is almost 1 : 1. The double bond at the 1-position is
100% E.

)\/\/g\ — )\/W NEL 516

NEt,
1 2

Passing an ethyl acetate-hexane solution of 2 through a column of silicagel
yielded quantitatively 3,7-dimethyl-2-octene-1-al. The E/Z ratio of the aldehyde
was 12 : 1. This shows that the selective isomerization of 1 to 2 offers a conve-
nient route to monoterpene aldehyde, since the reactant is easily prepared by the
dimeric addition of isoprene to the dialkylamine in the presence of a base catalyst.

The isomerization of propenyl ethers over a variety of metal oxides was
reported by Matsuhashi and Hattori.”” Among the metal oxides studied, CaO
exhibited the highest activity, and La,Os, StO and MgO also showed high activi-
ties. The reaction temperatures required to initiate the reactions are different for
each reactant.

C=C-C-OC;H; —> C - C=C-0C,H;s (5.1.7)

c:c—c—o@ — c—c:c—o@ (5.1.8)
) - L) (5.1.9)

O O

The isomerization of alkenyl aromatics of perfumery interest is described in
6.1.5 (a).

5.1.2  Isomerization of Alkynes

Alkynes are easily isomerized in the presence of KNH»/AL,Os.*" Thus, 1-hexyne
is isomerized exclusively to 2-hexyne in a 92% yield in dioxane at 333 K in 20 h.
CaO, prepared by evacuating CaCOs at 998 K also catalyzed the isomerization of
I-hexyne. The yields of 2-hexyne and 3-hexyne were 79% and 13%, respectively
at313Kin20 h.*"

The isomerization of substituted 2-propynyl alcohols to ¢,3-unsaturated
ketones proceeds over solid bases.” Thus, in the reaction of 3 with Cs,COs/AlLO;
for 20 h in dioxane, 4 was obtained in a 97% yield.

H O
£

IOH
@CEC'?O QC\ (5.1.10)
H H

3 4
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5.2 Aldol Addition and Aldol Condensation

Aldol addition and aldol condensation are very useful for C-C bond formation.
These reactions are catalyzed by an acid or base. In the presence of a base, the
aldol addition occurs by nucleophilic addition of the enolate ion of an aldehyde or
ketone to the carbonyl group of another molecule to form B-hydroxyaldehyde or
ketone (aldol addition).

The f-hydroxyaldehyde or ketone formed in aldol addition can be easily
dehydrated to yield o,B-unsaturated ketone under the reaction conditions (aldol
condensation).

Aldol addition of acetone to diacetone alcohol is often used for the character-
ization of solid base catalysts (see section 2.5.6).

5.2.1 Condensation of Propanal and Butanal

The aldol addition of butanal in the presence of metal oxides was studied by
Tanabe and coworkers."”” Alkaline earth oxides showed high activities, while
La,;O; and ZrO, showed low activities at 273 K. The order of activity per unit sur-
face area is SrO > CaO > MgO > La,0;. > ZrO,.” Alumina also showed activity,
but it was lower than that of MgO and CaO.” The products are not only simple
dimerization products but contain a large amount of trimers (trimeric glycol ester),
which are the products of the Tishchenko-type cross-esterification of the aldol dimer
with butanal (Fig. 5.2.1). In the case of MgO, the products consist of 2-ethyl-3-
hydroxylhexanal (81.7%), 2-ethylhexenal (2.8%), the trimer (16.3%) and a small
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Tishchenko reaction CsHy—CH,-O— C —CH,

|
C:H,~CHO + C,Hs-CH-CHO

Butanal

H / Butyl butyrate
\ Csz (IIZHS

CsH— CH CH—CHO — C;H;,-CH=C-CHO
Aldol reaction

2- Ethyl -3-hydroxyhexanal  2-Ethyl-2-hexenal
Tishchenko reaction C;H,—~CHO

?sz
C3H7—?H—CH—CH2—O—% -C:Hy
OH
Trimeric glycol ester
Fig. 5.2.1 Reaction scheme for self-condensation of butanal over solid base catalysts.

Reprinted with permission from H. Tsuji, F. Yagi, H. Hattori, H. Kita, J. Catal., 148, 759
(1994) p.766, Fig 4.

amount of butyl butyrate and butanol. In the case of CaO, the trimer accounts for
56.9% of the products. Butyl butyrate is the Tishchenko reaction product of
butanal. The authors suggest that aldol addition proceeds on basic sites and
Tishchenko reactions require both acidic and basic sites. Actually, when alumina
was loaded with an alkali metal oxide, the activity was greatly enhanced.” The
selectivity for the aldol addition product also greatly increased to >92%, while the
trimer yield was diminished to below 3%.

Self-aldol condensation of unmodified aldehydes such as decanal to the corre-
sponding enals is catalyzed by N-methylaminopropyl groups tethered to silica gel
under supercritical carbon dioxide.”

Aldol condensation of propanal to 2-methylpentenal was studied in liquid
phase in the presence of alkali ion-exchanged zeolites, alumina, KOH-loaded alu-
mina and MgO-AlLO; mixed oxides derived from hydrotalcite.” The maximum
conversion (97%) of propanal with 99% selectivity for 2-methylpentenal was
obtained in 10 h using MgO-AlL,O3; mixed oxide (Mg/Al = 3.5). The catalyst could
be recycled six times without significant loss in conversion or selectivity.

Magnesium organo-silicate (MOS) with a talc-like structure was synthesized
by the sol-gel method and the applicability of amine- and diamine-functionalized
MOS as catalysts for a variety of self- and cross aldol condensation was tested.”
Although the catalysts had a small surface area (2-3 m’ g'), they were active for
the aldol condensation. In the case of propanal, the conversion of propanal
reached 86% with 95% selectivity for 2-methylpentenal in DMSO over amine-
functionalized MOS in 10 h at 373 K.

The reaction of propanal in the presence of rehydrated hydrotalcite gives
hemiacetal 1.” Though the hemiacetal is not stable for analyses using gas-
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chromatography, it can be converted into 1,1-dimethoxy-2-methyl-3-pentanol 2 in
methanol in the presence of solid acid catalyst, Ti4+-exchanged montmollironite.

O (0]
H
_— _
HJJ\/ Hydrotalcite H Hydrotalcite
J\/ OCH; OH (5:2.1)
00 MeOH
Ti** —mont H;CO
1 2

An 89% yield of 2 was obtained by the reaction in water at room temperature for 1 h
Acetaldehyde also gives the corresponding dimethoxyacetal in 85% yield in 2 h. As
the hydrophilic hydrotalcite existed in the aqueous phase, water insoluble butanal
resulted in a low yield (9%). Addition of a cationic surfactant, dodecyltrimethyl-
ammonium bromide, however, could accelerate the aldol reaction of butanal to
give a 90% yield of the corresponding products within 2 h. The same catalalyst is
also effective for cross aldol reaction of aliphatic aldehydes with ketones when
excess ketones is used to avoid self-aldolization of the aldehyde. Acetone reacted
with isovaleraldehyde to give 4-hydroxy-6-methyl-2-heptanone in 78% yield in 10 h.

5.2.2 Condensation of Glyceraldehyde Acetonide with Acetone

Durbey et al. showed that ordered mesoporous MgO is an effective catalyst for
Knoevenagel condensation, Michael addition and aldol condensation.” They also
showed that mesoporous MgO catalyzed the aldol condensation reaction of glycer-
aldehyde acetonide with acetone, a very useful reaction to synthesize o,f3-
unsaturated compounds.”

0 0 70
MCOHJf Mo LW (5.2.2)

o
The reaction was carried out with the acetone/glyceraldehyde acetonide ratio
of 30 without solvent at 373 K. The conversion of glyceraldehyde acetonide was
85% with 82.5% selectivity for the desired product in 24 h reaction. Mesoporous
MgO was more active and selective than MgO-Al,O; mixed oxide derived from
hydrotalcite.”

5.2.3 Claisen-Schmidt Condensation

Claisen-Schmidt condensation (aldol condensation between aromatic aldehyde and
aliphatic carbonyl compound) are catalyzed by a variety of solid bases.
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Barium hydroxide was reported to be effective catalysts for Claisen-Schmidt
condensation of substituted benzaldehyde and methyl alkyl ketone.”

Rl\©\ O R1
+ N, —
R? R? 523
CHO = ( )

o

The catalyst was prepared by partial dehydration of commercial Ba(OH),-
8H,O by heating in air at 473 K.Y Aldehyde (0.04 mol) and ketone (0.08 mol) are
mixed with 96% ethanol (20 mL), the catalyst (1 g) is added, and the mixture is
refluxed for 1 h. The results are shown in Table 5.2 1. Distyryl ketones can be
also prepared in good yields.”

0]
R]
+ A
H.C
CHO I iy

R3

(5.2.4)

The condensation of benzaldehyde with acetone and methyl ethyl ketone pro-
ceeds in liquid phase in the presence of alumina.” The reaction of substituted
benzaldehyde and acetone gives the Hammett reaction constant (p = 1.43). The
reaction of benzaldehyde with methyl ethyl ketone affords 1-phenyl-1-penten-3-
one and 4-phenyl-3-methyl-3-butene-2-one, the former being predominant. These
results indicate that the active centers are basic sites on AL Os.

MgO is active for Claisen-Scmidt condensation. Usually, MgO (100) facet is
the most stable and the sole surface generated by wet chemical methods. Zhu et al.

Table 5.2.1 Claisen-Scmidt reactions [eq. 5.2.3] in the persence of Ba(OH),

R' R’ Yield” /% R' R’ Yield/%
H CH; 89-93 Cl n-C4Ho 83-87
H n-C3Hy 79-83 Cl iso-CsH, 85-89
H iSO-C3H7 92-95 Cl l’l-CsHl 1 90-93
H +-C4Hy 93-96 NO, CeHs 94-97
H CsHs 94-98 NO, +-CHo 242599
OCH; n-CsH; 79-84 CH; iso-CsH, 99-100
OCH; n-CsHy, 81-85 CH; is0-C4Ho 70-71
OCH; iso-CsHy 81-85 CH; n-CsH, 99-100
OCH; iso-CsHio 86-89 CH; n-C4Ho 54-55
Cl n-C3Hy 83-85

“ Reaction conditions: see text

" Recrystallized or distilled product

¢ Reaction time: 1 h

¥ Product polymerized in presence of catalyst

Reprinted with permission from J. V. Siniesterra, A. Garcia-Raso, J. A. Cabello, J. M.
Marinas, Synthesis, 1984, 502 p. 503, Table 1.
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prepared a MgO nanosheet that possess the (111) lattice plane as the main surface
and compared the catalytic activity of this material for Claisen-Scmidt condensa-
tion of benzaldehyde with acetophenone with those of MgO crystallites prepared
by different methods.'” The order of the catalytic activity decreased in the order
Mg(111) nanosheet > aerogel-prepared MgO > conventionally prepared MgO >
commercial MgO. Mg(111) surface was much more active than high-surface-area
MgO prepared by aerogel method. The reaction was completed within 5 min at
383 K.

MgO-AlO; mixed oxides which are prepared by calcinations of hydrotalcite
are active for Claisen-Scmidt reactions.'"'” Furthermore, hydrotalcite, which is
reconstructed from the oxides by rehydration shows much higher activities for the
Claisen-Schmidt reactions between acetone and substituted benzaldehydes."'"
The condensation reactions proceeded to the dehydrated products at 333 K.
When the reaction was carried out at 273 K, the reaction of benzaldehyde and ace-
tone selectively provided aldol instead of the dehydrated products.”” Under the
same reaction conditions, the mixed oxides (calcined hydrotalcites) showed very
little activity. It is noteworthy that the amount of CO, adsorbed and the heat of
adsorption of CO, suggests a higher basicity of the mixed oxides compared with
the rehydrated hydrotalcite. This shows that OH ions in the interlayer are much
more effective than surface oxygen anions on the mixed oxide for the reaction.
The reaction was first order with respect to acetone and reciprocally first order
with respect to benzaldehyde.

The higher activities of rehydrated hydrotalcites over the mixed oxides were
also observed in the Claisen-Schmidt condensation of benzaldehyde and aceto-
phenone.'” In this case, rehydration was done by simply adding the optimum
amount of water (35 wt%) to the calcined hydrotalcite. Various types of chalcone
derivatives were synthesized with rehydrated hydrotalcite (Table 5.2.2).

When #-butoxide ions are introduced by ion exchange into the interlayers of
hydrotalcite, very basic catalysts are formed. This catalyst shows very high activi-
ties for the reactions of substituted benzaldehydes with acetone.'” The reactions
proceed efficiently at 273 K and give high conversions in 15 min. Aldol products
are obtained selectively.

Choudary et al. reported the reactions of various aldehydes with acetone over
a diamino-functionalized MCM-41 at 323 K. The products were a mixture of
aldol adduct and the dehydrated product, the ratio being dependent on the alde-
hyde.ls) The reaction of 4-nitrobenzaldehyde and acetone proceeds in the presence
of amine-functionalized mesoporous silica.'”*” Among the immobilized amines,
secondary amine showed the highest activity.'”*” Particularly high activity was
shown by FSM-16 with N-methylaminopropyl groups, the yields of the aldol
adduct and its dehydration product being 86% and 7%, respectively, at 303 K.

Amino-grafted X-zeolite shows a high activity for the condensation of benz-
aldehyde and acetophenone under ultrasound irradiation.”” A 99% yield of chal-
cone was obtained at 323 K in 3 h under ultrasound irradiation. Similarly,
4’-hydroxy-2,4-dichlorochalcone and 4°-carboxy-2,4-dichlorochalcone were
obtained in 45% and 65% yields, respectively, in 5 h under ultrasound irradiation.

13)
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Table 5.2.2 Synthesis of chalcone derivatives using rehydrated hydrotalcite (HTc)

Entry Aldehyde Alkyl aryl ketone  Chalcone derivative /K Yield/%  Selectivity/%

(0] o

)K© \ O 333 87(2h) 99

O S OO 333 68 (2 h) 99

(@)

=0 =0

=0

(0] 333 26 (7 h) 99

0 mowon s

O 9 )

T éﬁ@ S eI
O

o0 Q N Q 333 45 (7h) 99
A@ B 373 75(4h) 99
=
 Reaction conditions: ketone (10 mmol); aldehyde (10 mmol), using HTc¢(0.025), (10 wt%) with 35
wt% of water (HTc-A (0.25) sample). Reactions were carried out in the absence of solvent except
for entry 4.
10 mL of CH,Cl, as a solvent.

Reprinted with permission from M. J. Climent, A. Corma, S. Iborra, A. Verty, J. Catal., 221, 474
(2004) p.479, Table 3.

=0

(9,3
\_/Z

Without irradiation, the yields of these compounds were around 20% and 35%,
respectively.

Chitosan is a polysaccharide and obtained by removing most of acetyl groups
from chitin, Because of the presence of amino groups, it can be used as a solid
base catalyst. Aldol reactions between aromatic aldehydes and acetone were stud-
ied in the presence of chitosan in DMSO®”. The aromatic aldehydes, having an
electron-withdrawing substituents such as p-nitrobenzaldehyde, gave the corre-
sponding aldol products in high yields with good selectivities.”

5.2.4 Mukaiyama Aldol Reactions

Mukaiyama aldol reactios of silylenol ether and aldehyde are promoted by
1,5,7-triazabicyclo[4,4,0]-5-decene (TBD)-tethered to SBA-15.>”

H,C  OSi(CHy);s OH O
RCHO + )= — RMOCHS (5.2.5)
H3C OCH% H3C CH3

Table 5.2.3 shows the experimental results for Mukaiyama reactions of several
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Table 5.2.3 Aldol condensation of 1-methoxy-2-methyl-1-trimethylsilylpropene with a variety
of aldehydes [eq. (5.2.5)] in the presence of TBD tethered to SBA-15

Entry no. Aldehyde Yield/%

1 Q CHO 70
2 HsC @ CHO 81
3 O,N @ CHO 58
4 H}CO@CHO 57

OHC

5 47
8

6 “"""cHO 62 (12)"

7 @CHzCHO 60 (10)?
CHO
8 @f 85

Reaction conditions: 1-methoxy-2-methyl-1-trimethylsiloxypropene (6 mmol), aldehyde (3 mmol),
catalysts (0.3 mmol), reaction temperature (383 K), run time (12 h).

¥ Values in parentheses represent the percentage yield of self-condensed product.

Reprinted with permission from R. Srivastava, J. Mol. Catal., A, 264, 149 (2007) p. 151, Table 2.

aldehydes with 1-methoxy-2-methyl-1-trimethylsiloxypropene at room tempera-
ture.

5.2.5 Reactions of Aldehydes and Imines with Ethyl Diazoacetate

The direct aldol-type reaction of ethyl diazoacetate and various aldehydes affords
the corresponding c-diazo-f-hydroxy esters in the presence of high-surface-area
MgO.*¥

o CO:Et OH
1+ f N R)\”/COzEt (52.6)
R™ "H N> N
2
A variety of different aromatic aldehydes containing electron-withdrawing or
donating groups were subjected to this reaction, as shown in Table 5.2.4. DMSO
was found to be the best solvent. Excellent yields were also obtained for hetero-
cyclic aldehydes such as 2-, 3-, 4-pyridylaldehydes, 2-furfurylaldehyde and 2-thio-
phenylaldehyde.
The same type of reaction also proceeds over MgO-La,0O; mixed oxide.”” In
this case, the reaction proceeds in water, though the rate is slower.
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Table 5.2.4 Aldol-type reaction of various aldehydes and ethyl diazoacetate [eq. (5.2.6)]

using MgO
Entry Substrate (R) Time/h Yield”/%
1 CsHs 2 78
2 4-Cl-C¢Hy 1 92
3 4-CN-CqH, 1 98, 937
4 4-CF;-C¢Ha 0.5 98
5 4-F-CeHy4 2 83
6 4-NO,-CcH,4 2 65
7 2-Cl-CsHa 2 81
8 2-NO»-CsHy 2 93
9 3-NO,-C¢Hs 2 93
10 4-Br-C¢Hs 2 72
11 4-OMe-CqH,4 6 50
12 4-CH;-CsH, 6 92
13 2-Naphthyl 3 83
14 Cyclohexyl 6 91
15 6-Bromo piperonyl 3 80
*NAP-MgO (50 mg), aldehyde (0.5 mmol), EDA (0.55 mmol), DMSO (2 mL), r.t.
"Isolated yield.

Yield after third cycle.
Reprinted with permission from M. L. Kantam, L. Chakrapani, T. Ramani, Tetrahedron Lett.,
48, 6121 (2007) p. 6122, Table 1.

5.2.6  Vapor Phase Aldol Condensation

Aldol condensation can be performed in the vapor phase. Since the reaction tem-
perature inevitably becomes high, control of the side reactions are key for high
performance. The balance of acidity and basicity is very important.

Aldol reaction of acetone in liquid phase gives diacetone alcohol as described
above. However, if the reaction is conducted in gas phase at higher temperatures,
diacetone alcohol dehydrates rapidly to yield mesityl oxide, which in turn under-
goes reactions leading to phorones and other carbonyl compounds. For example,
the reaction of acetone over MgO at 573 K gave isomesityl oxide, mesityl oxide
and isophorne.26) The selectivity for the three compounds was 18%, 67% and
15%, respectively, at a conversion of 24%. The activity was enhanced by loading
alkali and alkaline earth ions on MgO and correlated with the number of basic
sites (irreversibly adsorbed CO,).

MgO-Al,O; oxides (calcined hydrotalcite) are used as catalysts for vapor-phase
reaction of formaldehyde and acetone to form methyl vinyl ketone (MVK).”” An
MVK yield of 20% was obtained with the selectivity of 95% and 20% based on
acetone and formaldehyde, respectively, at 673 K.

HCHO + CH;COCH; —> CH,=CHCOCH; + H,O (5.2.7)

Aldol condensation of formaldehyde and acetaldehyde to form acrylaldehyde
(2-propenal) was studied by Ai.””
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HCHO + CH;CHO ——> CH,=CHCHO + H;O (5.2.8)

Among the binary oxides, MgO-SiO,, Li,O-Si0,, Na,0-SiO, and ZnO-SiO,
showed the highest yield. The yield of acrylaldehyde was 96% at a temperature
between 553 K and 613 K. The feed was composed of acetaldehyde/formalde-
hyde/methanol/water/N, with rates of 13/26/5.6/71/350 mmol h™', respectively. Ai
also noted that several phosphate catalysts showed good performance.zg) The
weakly basic sites are suggested to be responsible for the catalysis.

The same reaction was studied using MgO-Al,O; mixed oxides derived from
hydrotalcite-like materials.”” The oxide containing Mg and Al or Co and Al
showed high selectivity (80%) for acrylaldehyde. In the proposed mechanism, the
basic sites of certain strength activate the acetaldehyde by the absraction of an H
atom at the ar-position, while the acidic sites of weak strength activate formalde-
hyde by an increase in the electrophilicity of the carbon atom.

Synthesis of methyl methacrylate by aldol condensation of formaldehyde and
methyl propionate over zeolite catalysts was reported.”” A 74.1% selectivity for
methyl methacrylate based on methyl propionate at a methyl propionate conver-
sion of 13.8% was obtained over KOH-loaded KY under the reaction conditions of
a methyl methacrylate/ formaldehyde ratio of 3.4 and at 633 K.

The reaction of formaldehyde and propionic acid formed methacrylic acid
over a series of alkali ion-doped silica.”™ Activity and selectivity increased in
the order Li < Na < K < Cs.”” The characterization suggested that both acid and
base sites are needed to catalyze the reaction.” Cs-loaded SiO, gave 100% selec-
tivity at 14.7% conversion of propionic acid in the feed of a propionic acid : form-
aldehyde ratio of 3 : 2 at 598 K.*”
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5.3 Nitroaldol Reactions (Henry Reaction)

The nitroaldol reaction, or Henry reaction, is an aldol type reaction between a nitro
compound and a carbonyl compound. The primary aldol products may be
dehydrated to the corresponding nitroalkenes.

NO
5\102 0 1 JW;RZ ON R?
+ — — y=(
R' RZJLR3 R OHR3 R' R’ (5:3.1)

Rosini et al. reported that 2-nitroalkanols were effectively synthesized from
nitroalkanes and aldehydes on an alumina surface without solvent.” In this case,
the reactants were completely adsorbed on alumina and the products were extracted
after 24-36 h with dichloromethane. Therefore, a large amount of alumina was
required for the syntheses. Nitroaldol reactions proceed more efficiently when
KF/ALO:; is used as a catalyst.”

When the reaction of aldehydes and nitromethane was carried out with excess
nitromethane in the presence of basic alumina at refluxing temperature, 1,3-
dinitroalkane was obtained in good yields (60-78%).” The reaction proceeds as
follows.

o Al O3 (basic) OH
fl

o+ aaNo, ———|  ~_L_No;

Ph H Ph

l (5.3.2)

A)/\Iioz ‘ Sono. X NO:

Ballini et al. showed that Amberlyst 21 (an anion exchange resin with alkyl-
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amine function) is a far better catalyst than alumina or KF/Al,O; for various com-
binations of nitroalkanes with aliphatic and aromatic aldehydes for the nitroaldol
reaction.” No dehydrated products were formed.

Akutsu et al. investigated the nitroaldol reaction of a variety of combinations
of carbonyl- and nitro-compounds over various solid base catalysts.” Among the
catalysts examined, MgO, CaO, Ba(OH),, KOH/Al,Os, KF/Al,O;, MgO-AlL,Os and
MgCOs; exhibited high activity for nitroaldol reaction of nitromethane with propio-
naldehyde, the activities being in this order. Over these catalysts, the yields
exceeded 20% at a reaction temperature of 313 K and a reaction time of 1 h,
1-niro-2-butanol being the main product. Mg(OH),, y-AL,Os, SrO,, Ca(OH),,
BaCOs;, SrCOs, BaO and La,O; exhibited moderate activities; the yields were in
the range 20 - 2%. CaCQOs;, ZrO, and ZnO scarcely showed any activity. They
concluded that strong basic sites are not required for the reaction because the
abstraction of a proton from a nitro compound is easy.

The reactivity of the nitro compounds over MgO were nitroethane > nitro-
methane > 2-nitropropane, and those of carbonyl compounds were propanal >
isobutyraldehyde > pivalaldehyde > acetone > benzaldehyde > methyl propionate.
The reactivities of the carbonyl compounds were attributed to the steric hindrance
around the carbonyl carbon. For the reactivities of the nitro compounds, three fac-
tors were taken into consideration: ease of formation of the carbanion from nitroal-
kane, reactivity of the carbanion, and steric hindrance of the negatively charged C
in the carbanion. A stable carbanion is more easily formed than an unstable carb-
anion, while an unstable carbanion may be more reactive than a stable carbanion
in the nucleophilic addition to the adsorbed carbonyl compound. The higher reac-
tivity of the unstable carbanion may be the reason why nitroethane reacted faster
than nitromethane with propanal. 2-Nitropropane, however, reacted most slowely
among the nitro compounds examined. The tertiary carbanion formed from
2-nitropropane is sterically hidered at the central C, and, accordingly, reacted
slowly with the adsorbed propanol.

The nitroaldol reaction of nitromethane with propanal over MgO was scarcely
poisoned by CO, and H,O; nitromethane is so acidic that it was able to be
adsorbed on the catalyst on which CO, or H,O was preadsorbed, as observed by
IR study of co-adsorption of nitromethane, CO,, and H,O.

Nitroaldol reactions of aromatic aldehydes and nitromethane/nitroethane in
the presence of silica or mesoporous silica containing aminopropyl groups as cata-
lysts have been reported by Sartori and coworkers.” The amino group was intro-
duced by a sol-gel method. The products were nitrostyrenes, formed by dehydra-
tion of primary addition products. The activity depended on the loading amount
of the amino group, the highest yield being obtained at the amino group content of
5-6 mmol g'. In the reaction of benzaldehyde and nitromethane, the yield of
(E)-nitrostyrene yield reached 95% with selectivity of 97% in 2 h at 363 K.
Amorphous silica grafted with aminopropyl groups by a post synthesis method are
also active for various Henry reactions to afford nitroaldols at room temperature.”

When MCM-41 was modified with amino groups by a post synthesis method,
the order of catalytic activities of amine moieties for the reactions of benzaldehyde
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Table 5.3.1 Synthesis of nitroaldols by the reaction of aldehydes (R'CHO) and nitroalkenes
(R’CH,NO,) catalyzed by rehydrated and ‘BuO~ hydrotalcite

Rehydrated hydrotalcite” Hydrotalcite with ‘BuO™ ions”

R' R’ Time/min Yield”/% Time/min Yield”/%
@ H 30 95% 15 98
C\< H 60 98 30 9

OCH;

Q H 90 98 60 63
H:CO
om@ H 30 100 30 92
c1® H 60 95 60 95
CH:CH, H 60 100 30 92
(CH3),CHy H 40 94
[‘ l‘ H 60 92 30 73
6}
CH;CH, CH; 120 92
(CH;),CH,” CH, 120 9
om@ CH; 90 93
[‘ l‘ CH; 120 82
6}

¢ Determined by 'H NMR.
¥ isolated yield.

and nitromethane or nitroethane was primary > secondary > tertiary.” The product
is almost exclusively (E)-nitrostyrene. The higher activity of the primary amine
(propylamine) moieties was explained by the mechanism which involves the for-
mation of anchored imine (section 4.6.2) In fact, when the catalyst was treated
with benzaldehyde, a new IR peak appeared at 1636 cm™' due to C-N stretching.
In contrast, Aman et al. reported that the selectivity to nitroalcohol or nitroakene
depends on the amino groups in the reaction of p-nitrobenzaldehyde and nitro-
methane; nitroalkene was the main product over MCM-41 anchored to propyl-
amino groups, while nitroalkene was the predominant product over MCM-41
anchored to methylaminopropyl- or diethylaminopropyl groups.”

Sujandi et al. prepared short-channeled aminopropylated SBA-15 by a direct
method. This material showed greatly improved catalytic activity for nitroaldol
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Table 5.3.2 1,3-Dinitroalkane synthesis from various aldehydes and nitromethane®

NOz
SA-NH., NEt,
X + 2CHNO, —— L
R0 e K R NO;
Entry Aldehyde t/h Conversion/%" Yield/%"
e
X

1 X=H 8 >99 93
2 X =Me 5 99 93
3 X =0Me 5 99 91
4 X =0H 5 >99 91
5 X=Cl 8 98 83 (8)?
6 X =NO, 8 95 48 (36)”

O N
O
MeO
S
8 j@ﬂo 5 99 88
MeO

~
9 OO 0 5 99 89
s
10 @A\O 8 94 80

Y Reaction conditions: aldehyde (1 mmol), nitromethane (2 mL), SA-NH,, NEt, (0.1 g, NH,: 0.044
mmol, NEt,: 0.036 mmol), 373 K. ” Determined by 'H NMR spectroscopy, based on aldehyde.
 Yield of nitroalcohol.

Reprinted with permission from K. Motokuma, M. Tada, Y. Iwasawa, Angew. Chem., Int. Ed., 47,

9230. p. 9232, Table 3.

reactions over typical fibrous SBA-15 catalyst with long channels. In this case the
products were ¢,f-unsaturated alkenes.'”

The modification of OH groups in the propylamino-modified silica affects the
product distribution of the reaction between 4-nitrobenzaldehyde and nitro-
methane.'” When the OH groups exist, the product is mainly o, fB-unsaturated
product. On the other hand, when the OH groups are replaced by OSi(CH,);CN,
the product is fB-nitro alcohol. The authors proposed a change in the reaction
mechanism due to the modification (section 4.6.3).

Mesoporous silica which contains diamino functions [Si-O-(CH,);-NH-
(CH,),-NH,] is also active for nitroaldol reactions.'” Reactions were carried out
using toluene as a solvent at 323 K. When nitromethane was used as the nucleo-
phile, all the substrates except p-nitrobenzaldehyde and propanal afforded
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nitroalkenes exclusively, while with nitroethane all the substrates gave only
dehydrated products.

MgO-AlL,O; mixed oxides (calcined hydrotalcite) are also effective for the
Henry reactions.”” Both aliphatic and 